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ABSTRACT

KEYWORDS

Porous hydroxyapatite sintered samples possesses suitable chemical,
physical and mechanical properties were successfully prepared using
combining forming techniques. Starch consolidation (using native potato
starch) and pore forming (using hydrogen peroxide) techniques were
applied in this concern. The chemical, physical and mechanical properties
of the consolidated samples after sintering were studied. The chemical
properties of the sintered samples in terms of phase analysis using XRD
and FT-IR analysis proves that, while, both potato starch and sintering
temperature influence the phase composition of the final sintered samples
the hydrogen peroxide addition not show any effect. A hydrogen peroxide
amount was found to have a tremendous effect on both physical and
mechanical properties of the final sintered samples. The apparent porosity
was found to highly increase from ~25% to ~ 70% with increasing the
hydrogen peroxide amount from 0 to 5 wt.%, respectively. While, the pore
size distribution was found to be highly changed from mono-modal to muilti-
modal typewith increasing peroxide amount from O to 5wt.%, respectively.
On the other hand, the compressive strength of the final sintered samples
was found to be highly retarded with increasing peroxide amount. For
porous samples having higher porosity (with 5wt.% H,O, addition), beside,
it shows a suitable porosity and pore size distribution, it was found to
possess a reasonable compressive strength for being applied as implant.
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INTRODUCTION

About 60 wt.% of boneismade of carbonate sub-
stituted apatite Ca, (PO,),(OH),_, (CO3),) therefore
itisclear why hydroxyapatite (Ca), (PO,),(OH),) and
related calcium phosphates have been intensively

investigated asthe ma or component of scaffold ma-
terials for bone tissue engineering. Calcium phos-
phates have excellent biocompatibility due to their
close chemical and crystal resemblanceto bone min-
eral™. Numerous in vivo and in vitro assessments
have shown that cal cium phosphates, whether bulk,
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coating, powder, porous and crystalline or amor-
phous, aways support the attachment, differentia-
tion, and proliferation of osteoblasts and mesenchy-
mal cells, with hydroxyapatites being the most effi-
cient among them?,

However, despite chemical similarities, me-
chanical performance of synthetic HA is very poor
compared to bone®. The formation of tissues with
desirable properties relies on scaffold material me-
chanical propertieson both the macroscopic and the
microscopic level. Macroscopically, the scaffold
must bear loadsto provide stability to the tissues as
they form while maintainingitsoriginal volume. On
the other hand, cell growth and differentiation and
ultimate tissue formation on the microscopic level
are dependent on mechanical input to the cellg4.

Biological studies and clinical practices have
established that in addition to the requirements for
compositional and the mechanical properties of the
material, a 3D interconnected porous structure is
necessary to allow cell attachment, proliferation, and
differentiation, and to provide pathwaysfor biotuids.
However, it is well known that the mechanical
strength of amaterial generally decreases asits po-
rosity increases. The conliicting interests between
biological and mechanical requirementsthusposea
challenge in developing porous scaffolds for load-
bearing bonetissue engineering®.

Porous HA exhibits strong bonding to the bone;
the pores provide a mechanical interlock leading to
afirm fixation of the material. Bone tissue grows
well into the pores, thus increasing strength of the
HA implant. Theideal bone substituteis amaterial
that will form a secure bond with the tissues by al-
lowing, and even encouraging, new cells to grow
and penetrate. One way to achieve thisisto use a
material that is osteophilic and porous, so that new
tissue, and ultimately new bone, can be induced to
grow into the pores and help to prevent loosening
and movement of theimplant!®.

Accordingly, beside the importance of the me-
chanical properties of the scaffold, most of investi-
gatorsrestricted the application of the calcium phos-
phate ceramic porous body on the porosity and pore
sizedistribution in thefinal sintered product. These
restrictions have been identified by various investi-
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gators depending on the pore size that should bein-
cluded in the porous body. It is feasible to design
the porosity of the materialsto be similar to that of
trabecular bone, which has a 50-95% of porosity
and a network of interconnected pores”. In this
sense, it isof great interest to obtain pore diameters
of ahundred microng®® and anumber of designing
pore interconnections to verify in the shortest pos-
sible time a bioresorption of the scaffold and the
subsequent new bone formation. For thispurpose, it
isnecessary to design highly porous scaffolds, which
must include the necessary macroporosity to ensure
bone oxygenation and angiogenesig'?. Therefore,
designed porous scaffol ds should have anetwork of
interconnected poreswhere more than 60% of pores
should have asizeranging from 150 to 400 um and,
at least 20% should be smaller than 20 um. Pores
with sizesof lessthan 1 pm are appropriate to inter-
act with proteins and are the main responsible for
bioactivity. On the other hand, pores with sizes be-
tween 1 and 20 pm are important in cellular devel-
opment, type of cells attracted and orientation and
directionality of cellular ingrowth. Moreover, pores
of sizes between 100 and 1000 pm play an impor-
tant rolein cellular and boneingrowth, being neces-
sary for blood Gow distribution and having a pre-
dominant function in the mechanical strength of the
substrate. Finally, the presence of pores of sizes
greater than 1000 um will have an important role in
theimplant functionality and in its shape and esthet-
ics.

Consequently, porosity of three-dimensional
scaffoldsis avery important matter dueto its great
influence on theimplant final behavior. Accordingly,
anumber of bioceramicsfabrication techniqueshave
been proposed. There are replica technique, e.g.
replamineform and PU impregnationi*13, sacrificia
templ ate technique, e.g. dual-phase mixing and cam-
phene-based freeze casting**'4 and direct foaming
technique, e.g. foaming method, starch consolida-
tion and gelcasting!*>!617). However, almost previ-
ous studies were based on using asingle technique.
A few works focused on porous fabrication using a
combination of these techniques. Padilla et all*®.
studied on porous HA using a combination of PU
impregnation (replica) and gel casting (direct foam-
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ing) techniques; and Batulli et all*9. studied on po-
rous zirconiausing polyethylene sphere asa sacrifi-
cial template and gel casting techniques. In spite of
these, it seemsno study on the fabrication of porous
HA using combination of starch consolidation tech-
nique with pore forming technique have been per-
formed. Herein trials have been madein combining
both of these techniques for fabricating a 3D hy-
droxyapatite sintered body achieving thefull require-
ments of implant applications from its chemical,
physica and mechanical point of views. This in-
cludes the phase composition, the pore size distri-
bution as well as the compressive strength of the
fina sintered body. In this concern, hydrogen per-
oxide, have been added in different weight percent-
age (based on the total solid content) on slurry pre-
pared from HA powder with 10% potato starch.

EXPERIMENTAL PROCEDURES

Materials

The hydroxyapatite powder used in thisinvesti-
gation wasdelivered by Riedel-de Haen Co., Sedlze,
Germany. The bulk characteristics, which are taken
from themanufacturer, indicated that the powder only
contains minor amounts of compounds other than
calcium and phosphates. A stock of the powder was
calcined at 1100 °C.

The dispersant applied in thisinvestigation was
Acumer 9400 supplied by The Dow Chemical Com-
pany, Midland, Michigan, USA. Itisawater soluble
sodium salt polymer used to disperse and stabilize
high-solid mineral slurries. It isan anionic dispers-
ant of sodium polyacrylate polymer (SPA) with the
solid content of 4143 wt.% and molecular weight
of 30004000 g/mol. The amount of SPA was fixed
during the preparing of variousHA suspensions (with
and without corn starch) at 0.36 wt.% based on the
total weight of hydroxyapatite. The temperature of
heat trestment (1100 °C) and amount of dispersing
agent (0.36 wt.%) were found to be optimal for
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preparing well dispersed HA suspensions accord-
ing to the separate study currently submitted for pub-
lication elsewhere.

The commercial potato starch used in thiswork
was supplied by El-Gomhoria Company, Egypt. This
starch had no physical or chemical modifications. It
was selected primarily dueto itslow price and easy
reproducibility.

The physical properties of both hydroxyapatite
powders (as-received and heat treated) and corn
starchintermsof density and surface areaare shown
inTABLE 2.

Processing

Suspensions from both hydroxyapatite powders
heat treated at 1100 °C were prepared by adding the
predetermined amount of powder gradually toapre-
determined amount of bi-distilled water under con-
tinuous stirring. The amount of Acumar required to
stabilize the HA particles (0.36 wt.% based on the
total weight of hydroxyapatite) was dissolved in bi-
distilled water and then added to the suspensions.
The pH of all suspensions was adjusted at 11. The
solid loading of al suspensions was adjusted at 59
vol.%. Afterwards, the suspensions were mixed in
aplanetary mill for 24 husing zirconiaballsto avoid
the agglomeration? and to allow the deflocculant
to adsorb onto the particle surfaces. The volume of
suspension was kept asthetwice of thetotal volume
of the ballsto avoid grinding of powder during mix-
ingi?Y. TheHA suspensions (of 59 vol.%) werethen
transferred into a new pots and 10vol.% of potato
starch was added and mixed under vigorous conten-
tious mechanical stirring for 3 h to ensure the ho-
mogeni zation of the suspensions. Thetota solid load-
ing (HA and potato starch) of al suspensions was
kept constant at 59 vol.%. Regarding that the potato
starch powder has lower density than hydroxyapa
tite powder (TABLE 1). The adjustment of the solid
loading was achieved viathe addition of predeter-
mined amounts of distilled water during the addi-
tion of potato starch to the HA suspension. After 3h

TABLE 1: Properties of as received hydroxyapatite powder, calcined HA powder and potato starch

Asrecdved powder

Powde calcined at 1100°C Pot ato starch

3.156
73.867

Density, glcm®
Surface area, m?/g

3.156
1.895

1.45
0.666
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of vigorous mechanical stirring for homogenization
and conditioning the suspensions, various amount of
hydrogen peroxideranged from 0.2 to 5 wt.% (based
on thetotal solid weight) was then added to the pre-
pared slurry with mild stirring for 10 min. Theslurry
is then ready for casting. After casting the suspen-
sions into non-porous moulds (Teflon), they were
heated in adryer at 80 °C for 24 h. The drying pro-
cess was carried out in an ordinary dryer oven
Carbolite Fan Convection Oven (Hope Valley, UK)
with a heating rate of 5 °C/min. According to the
fact that the potato starch gelatinization started at
50-56 °C and ended at 68 °C[?>%3, Also, at 60°C the
decomposition of H,O, produced the foam of the
paste?!. The drying temperature of all sampleswas
fixed at 80 °C throughout the investigation.

The produced green sampleswere then subjected
firstly to binder removal prior to sintering step. The
removal of starch was performed in a muffle fur-
nace (Nabertherm, Germany) at acontrolled heating
rateto prevent blistering, cracking, or delamination
that would be caused by (i) a mismatch of thermal
expansion between the HA and organic phaseor (ii)
the expansion of exhaust gases. Then the sintering of
the green samples was performed in the same fur-
nace. Sintering in the conventional programmable
furnace isthe most practical and simple procedure.
The main problem associated with this method is
the generation of thermal and residual stressfields
due to low heat conductivity and high shrinkage of
the HA. It may lead, in particular, to the formation
of micro- and macrocracksin the specimen. Toavoid
this problem, the temperature ramp (depending on
the sample size) usually should not exceed 5a%C/
min. The green sampleswere sintered at 1350°C for
2 hrs, while, thefurnace reachesthese sintering tem-
peratures with aheating rate of 5°C/min.

Characterizations

X-ray diffraction (XRD, Bruker axs D8,
Karlsruhe, Germany) with Cu-K_ (4 = 1.5406 A)
radiation and secondary monochromator in the 26
rangefrom 20to 100° was used to identify the formed
phases and determine the crystallite size of the pro-
duced powder. The functional group analysis was
performed by Fourier transform infrared spectros-

copy (FT-IR). The measurements were carried out
in the transmission mode in the mid-infrared range
(4004000 cm'?) at theresolution of 4 cm™. The stud-
ies were performed using the instrument JASCO
3600, Tokyo, Japan. For FT-IR measurements, KBr
pellets contai ning the exact wei ghted amount of the
examined substance were prepared. M orphology of
sintered sampleswas examined using scanning el ec-
tron microscope (JEOL-JSM-5410 Tokyo, Japan)
equipped with EDX unit (England, Oxford, ANCK).

The apparent porosity for sinter samples were
determined by Archimedes immersion techniques,
wheresas, the linear change of sintered sampleswas
determined by common meansg?!. The measurement
was performed on a five sintered specimens. The
pore size distribution was determined by Hg-intru-
sion porosimeter (Poresizer 9320, Micrometrics,
USA).

Since, bioceramics are very brittle, it is very
difficult to make the desired shape needed for me-
chanical characterization by different machining
method. Therefore, conventional methods of me-
chanical characterization such ashiaxial, tensile, and
impact testing are not applicable to porous
bioceramics. Instead, the compression test has been
widely applied for characterization of porous scaf-
folds. For this purpose, samples consisting of cylin-
drical bars (12 mmin diameter and 12 mmin length)
were selected and the compressive tests were per-
formed at a crosshead speed of 0.5 mm/minusing a
universa testing machine. The compressive strength
was eval uated from the maximum point of the stress/
strain graph, which occurs when the first crack ap-
peared in the samples. The average of three samples
wastaken asthe measure of the compressive strength
of thesample.

RESULTSAND DISCUSSION

XRD and FT-IR analysis

The phase composition of the sintered samples
produced from consolidated HA slurry with and
without peroxide addition wasinvestigated viaXRD
and FT-IR analysis. The analysis was performed in
order to evaluate the effect of sintering procedure
aswell asthe peroxide amount on the type of phase
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Figure1: XRD patterns for HA powder and samples containing 10 vol.% potato starch with and without peroxide

addition

formed after sintering.

Figure 1 showsthe X-ray diffraction patternsfor
porous hydroxyapatite samples produced from the
sintering of aconsolidated slurry contained 10 vol.%
potato starch with and without different amount of
hydrogen peroxide. After sintering, specimens had
been crushed and the powders were examined by
X-ray diffraction method. For comparison the XRD
pattern of the starting powder was inserted in al
graphs. Itisclear that, thestarting HA powder (which
is aready calcined at 1100°C) shows a diffraction
pattern in which all peaksis corresponded solely to
hydroxyapatite phase (JCPDS 9-432). In contrary,
the patterns of samples produced with 10 vol.% po-
tato starch with and without peroxide addition show
an additional peaks (assigned by the black arrow in
thefigure) beside the main phase of hydroxyapatite.
These additional peaks were identified as corre-
sponding to B-TCP phase (JCPDS 9-169).

However, the appearance of the additional peaks
corresponding to B-TCP isbelieved to be according
to the dissociation of hydroxyapatite during sinter-
ing. Thisdissociation may result from two main rea-
sons. Firstly, it may be related to the applied sinter-
ing temperature. Several authorg?27 have reported
on thetemperature dependency of HA stability; which
could lead to the dissociation of the HA according
to the dehydroxylation behavior of HA forming a

nonstoi chiometric phase based on the following re-
action:
Cayp(PO4)s(OH); —
Ca0(PO4)s0x(OH)z(1 _y) + xH20

In this reaction, the water is liberated from hy-
droxyapatite gradually and hydroxyoxyapatite
Ca,(PO,),O,(CH), ., (HOA) with a gradually de-
creasing content of OH groups is formed before
oxyaptite. This dehydroxylation process is revers-
ible, hasno significant effect on the crystal structure
of HA and upon attainment of the critical tempera-
ture, 75-80% of the bonded water remained. If
the critical point is exceeded, complete and irre-
versible dehydroxylation occurs, resulting in the
decomposition of the HA to anhydrous TCP1. How-
ever, there are disagreements about thiscritical tem-
perature of HA decomposition, the reasons mainly
involving different powder characteristics and fir-
ing conditiong?®. Generally, the sintering of HA is
highly complicated, while someauthorsrevea ed that
HA will decomposeto anhydrous cal cium phosphates
such as tricalcium phosphate (TCP) in the range of
1200-1450a%C"?>, This explainsthe appearance
of the B-TCP in all sintered specimens. Secondly,
the presence of carbonateionsin the reaction media
may be another reason for HA decomposition. The
presence of carbonate ions in the apatite structure
weakens the bonds, increases the dissolution rate
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and the solubility®¥, So the higher amount of car-
bonate content seemsto destabilize the apatite struc-
ture leading to the formation B-TCP phase with the
presence of HA phase®3. During sintering of con-
solidated specimens, a considerable amount of car-
bonate ions is released as a result of starch evapo-
ration, enhancing HA decomposition. One or even
both of the above mentioned reasons could respon-
sible for the partial dissociation of the main HA
phaseinto B-TCP phaseinthefinal sintered samples.
It isworth mentioning that, patterns of sample sin-
tered from consolidated slurries with and without
peroxide addition isapproximately typical. Thisre-
ved sthat addition of peroxide during green samples
formation have no effect on the phase composition
of thefinal sintered samples.

TheFT-IR andysisfor all samplesproduced from
sintering of consolidated HA slurrieswith and with-
out peroxide addition was carried out and the pro-
duced spectra were carefully analyzed. Figure 2
showsthe FT-IR spectraof these sasmplesaswell as
that corresponding to the starting HA powder which
inserted as a matter of comparison. Although there
are some common features of the spectra produced
from various samples some differences between
these spectra are clearly noticeable.

Thecommon featuresare

1. Appearance of absorption bandsin therange of
~964, 1045, and 570 cm?, which are charac-
teristic bands of crystallized apatite phase™.

2. All vibration modes of PO, (v,, v, v, and v,)
are clearly identified in al spectra. Bands ap-
peared at ~964, 470, 1045-1095, and 570-605
cm are characteristic bands for v,, v, v, and
v, starching modes of PO, ions, respectively.

3. Bands at 3444 and 1635 cm* are relevant to
the bending modes of hydroxyl group inthe ab-
sorbed water. While, bands at 3571 cmt aswell
as 633 cm! are assigned to the stretching vi-
bration of hydroxyl group in the crystal struc-
ture of hydroxyapatite>+39,

Ontheother hand, the most important differences
between the observed spectrais that the peak area
of theband ~3571 cm (assigned for stretching mode
of hydroxyl group). Thispeak wasfound to be highly
decreased from the spectra related to the starting
powder to that related to sample produced with 10
vol.% potato starch without peroxide addition.
Moreover, the other stretching hydroxyl band which
appears at 630 cm? (in the starting powder spectra)
wasfound to be compl etely disappeared with sample
produced with 10 vol.% potato starch without per-
oxide addition. Thesetwo observations confirm the
formation of tri-calcium phosphate, the dehydrated

10 vol.% P.S. and 5 wt,% Peroxide

10 vol.% P.S. and 0.5 wt,% Peroxide

10 vol.% P.S. and 0 wt,% Peroxide

Transimmittance, Arb. Unit

4000 3600 3200 2800 2400

2000 1600 1200 800 401

0 1
Wave number, cm

Figure 2 : FT-IR spectra for HA powder and samples containing 10 vol.% potato starch with and without peroxide

addition
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version of hydroxyapatite, leading to the formation
of bi-phasic calcium phosphate’®2. While, no recog-
nized difference is noticed between the spectra of
samples sintered from consolidated slurries contain-
ing 10 vol.% potato starch with and without perox-
ide addition. The FT-IR spectraanalysis results are
in agood agreement with the finding in phase com-
position changefrom XRD analysis.

Since calcium phosphateis abiodegradable and
bi oactive phase. The presence of other calcium phos-
phate phases together with HA can change biologi-
cal properties (cellular response and solubility in
human blood); for an example, the solubility of cal-
cium phosphate materials increases in the order of
HA < B-TCP <a-TCPP. HA isstablein abody fluid,
whereas TCP israther soluble in the fluid®®. Many
studies have indicated that the dissolution of well-
crystallized HA in the human body after implanta-
tion is too low to achieve optimum results. On the
other hand, the dissolution rate of B-TCP ceramics
is too fast for bone bonding*Y. According to
Ducheyne and Qiu®¥ how stated that the more soluble
the material, the higher the tendency to induce pre-
cipitation of bone-like apatite, which effectively
contributesto boneformation. Thisisaconsequence
of the body fluid enrichment on calcium and phos-
phorus due to the cal cium phosphate dissol ution!®.
In accordance, the presence of TCP in the sintered
sampleit isnot undesirable, but in bonetissue engi-
neering and even in drug delivery application isre-
garded as a benefit phase“d.

Green and sintered samplesmor phologies

Figure 3 showsthe feature of the green samples
prepared with different amount of hydrogen perox-
ideaddition. It easily noticesthat the porosity of the
green sampleishighly increased withincreasing the
amount of hydrogen peroxide added. Also the pore
diameter is sharp increased with increasing hydro-
gen peroxide. In addition, it is worthy mentioned
that, even with highly porous sample (5wt.% H,0,)
the sample is easily handled without any degrada-
tion. Thehigh porosity in the produced dried samples
with the addition of H,O, solutionisaresult of the
gas voids introduced in the green sample when it
was stored at 80°C. It was earlier stated that even
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Figure 3 : Photographs of consolidated samples prepar ed
with the addition of different peroxide amount before
(a) and after (b) sintering

with the addition of asmall amount of hydrogen per-
oxide solution, considerable voidsisintroduced in
the final dried sample®®. At elevated temperature
(80°C) H,0, could produce H, and O, gases, lead-
ing to the voidsin the ceramic body. The gas voids
were driven out by heating during the liquid phase.
After drying process, the gasvoidsremaininginthe
paste became the pores in porous dry bodies?.
Almirall et all™. have been stated that, the H,O, so-
lution resulted to be an effective foaming agent for
the calcium phosphate ceramic (CPC). It allowed
for the introduction of a high percentage of
macroporosity in the material without the addition
of second phases or additives which could hinder
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the setting reaction of even compromise the excel-
lent biocompatibility and bioactivity of the CPC.

On the other hand, the feature of the samples af-
ter sinteringisshownin Figure 3b. It isimportant to
noticethat the sinteringwas occurringin all samples
without any deformation, whichisan indication for
the good homogeneity of the green samples*. Com-
pare Figures 3awith 3b indicating that the sintering
process has largely influenced the sample porosity
aswell asthe pore diameter of the sintered samples.
This was expected as a result of evaporating the
volatile materia sfrom the sampleinterior with heat
treatment. In addition, all sintered samples were
found to have a highly rough surface, which is an
advantage for the produced samples. When
macroporous ceramics are used as implant, several
investigators have confirmed that osteoblast prefer
arough surface“?, When used as bone tissue engi-
neering scaffold, the surface micropattern plays an
important role in regulating the cell/materia inter-
action after seeding*®. However, the produced po-
rous sintered samples are subjected for various char-
acterizations from physical and mechanical points
of views.

Porosity, poresizedistribution and SEM analysis

Theeffect of different hydrogen peroxide amount
addition during green sample formation on the ap-
parent porosity as well as the linear change of the
final sintered sampleswas shown in Figure 4.

A sharpincreaseinthe sampleporosity isclearly

S0

noticeable when the amount of peroxide added in-
creased. Even with avery small addition of perox-
ide (0.2 wt%) the produced porosity is approxi-
mately two fold of asample without peroxide addi-
tion. The maximum apparent porosity of about 70%
was obtained with the addition of 5 wt% H,O,. On
the other hand, no significant change in the linear
change of al samples with and without peroxide
addition was noticeable. This indicates that, large
pores diameter which does not contract during sin-
tering (according to the sintering theory) wereformed
with the peroxide addition.

The pore size distribution curves of sintered
sampl es produced without and with variousamounts
of hydrogen peroxide addition during green sample
formation weregivenin Figure5a-d. It revealed that,
hydrogen peroxide addition affected to a large ex-
tent the pore diameter created in the final sintered
samples. With 0.2 wt.% H,O, addition, approxi-
mately bimodal pore size distribution was found
(Figure5b). The pore diameter isranged from about
10 um and higher. This feature is completely differ-
ent if this sample compared with the sample having
10 vol.% potato starch without H,O, addition (Fig-
ure 5a). The comparison revealed that addition of
peroxide not only increasesthe diameter of poresin
sintered sample but also is responsible for the cre-
ation of different pore diameters. However, with in-
creasing peroxide addition (at 1 wt.%) amultimodal
poresizedistribution were produced, wherethe pore
diameter is shifted to alarger pore size (Figure 5¢).

—e—_ Apparent porosity

—i— L inear change

7O

[s18}

Apparent porosity, %

16

Linear change, %
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Hy drogen peroxide amount, wir. %o

Figure 4 : Effect of addition different amounts of hydrogen peroxide on the apparent porosity and linear change of

sintered hydroxyapatite samples
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Figure 5 : Pore size distribution of porous samples containing different hydrogen peroxide amounts

Thisobservationisrepeated with increasing the per-
oxide to 5 wt.% (Figure 5d). At 5 wt.% addition a
multimodal pore sizedistribution was a so obtained
with ahomogeneous poredistribution. However, the
reason of creation multimodal pore sizedistribution
with the addition of hydrogen peroxideisrelated to
the fact that with H,O, addition, there are various
mechanisms responsible for the creation of pores
insidethesintered samples. The evolution of therest
of hydrogen peroxide from the sample interior dur-
ing sintering, the contraction of the small porescre-
ated as aresult of some water evaporation from the
sample interior, the evaporation of the starch gran-
ules, and setting of the HA granulesduring sintering
whichisalso creating some intrinsic porosity inthe
range of micropores. On the other hand, the pres-
ence of aconsiderable amount of micropores (pores
with size lower than 1 pm) is an advantage in the
produced sintered samples. Many investigators have

revealed that the presence of the interconnected
micropores is important to allow the flow of body
fluid between the macropores, e.g. the supply of nu-
trition, and subsequently promote the growth of hard
tissue into the macropores“®%l, Additionally,
microporosity further increases the surface area,
leading to greater protein adsorption, and thus po-
tentially increased bone ingrowth throughout the
specimen, aswell asto ion exchange and bone-like
apatite formation by dissol ution and repreci pitation,
as occurs on placing abioactive material in either a
simulated body fluid“® or the human body"#8, On
the other hand it was reported that porous ceramic
with bimodal pore size distribution*** or even a
porosity gradient issimulating the structure of natu-
ral bone (cortical and cancellous)®”. Herein the hy-
drogen peroxide addition leads to fabricate a sin-
tered HA body having different pore sizes ranged
from micro to macrometer pore diameterswhich is
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simulating the natural bone structure. On the other
hand, the pore size distribution curvesindicated that
theincremental volume percentage (which givesin-
dication of the porosity degree) is continuously de-
creased with increasing the peroxide addition from
0 wt% (Figure 5a) to 5 wt% (Figure 5d). In con-
trary, the apparent porosity was found to be sharply
increased with increasing the amount of peroxide
addition. Thisisgood indication that theincreasing
peroxide addition leads to a creation of pores hav-
ing adiameter larger than 200 pm which could not
be detected with porosimeter instruments®3. Accord-
ingly, thisinterpretation could be improved viain-
vestigated the sampleswith ascanning electron mi-
croscope.

The scanning electron micrographs of sintered
samples produced from consolidated slurries con-
taining 10 vol.% potato starch without and with dif-

ferent hydrogen peroxide addition were shown in
Figure 6. It is clearly noticed that increasing the
amount of peroxide added leads to a high increase
in both porosity and pore size diameter of the final
sintered samples. Almost spherical pores were ob-
served with sample produced with 0.2 and 1wt.%
peroxide addition (Figure 6¢-d, Figure 6e-f) which
iscompletely changed to beirregular in shape with
5wt.% addition (Figure 6g-h). M ost of the produced
pores (whatever the peroxide amount) were found
to be large and interconnected. Also the large pore
produced is contained a huge number of small pore
asindicated from the high magnifications photo for
all samples (Figure 6d, 6f, 6h). In addition, alarge
differencewasclearly noticeableif the sampleswith
peroxide addition are compared with that produced
without peroxide addition (Figure 6a-b). The addi-
tion of peroxide enhances to alarge extent the cre-

Figure 6 : Scanning electron microscope for sintered samples produced with various hydrogen peroxide addi-
tions. [a] & [b] low and high magnifications of sample with 0.2 wt% H,O,, [c] & [d] low and high magnification of
sample with 1 wt% H,O,, [€] & [f] low and high magnification of sample with 5 wt% H,O,
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ation of large pore with huge amounts. Also from
these figures, it could be easily noticed that for
samples produced with various peroxide addition,
most of the pores diameter were exceeding the 200
mm which is the limit of porosimeter apparatus to
be detected. This confirms the conclusion deduced
from poresizedigtribution (Figure5) that theamount
of incremental volume decreased with increasing the
peroxide addition as aresult of creation pore diam-
eter larger than that could be detected with
porosimeter apparatus.

Compressivestrength

Thecompressive strength of the sample produced
from sintering of consolidated HA slurries contain-
ing 10 vol.% potato starch without and with various
amounts of hydrogen peroxide addition was shown
in Figure7. A dramatic decreasein the compressive
strength of the sintered samples is clearly notice-
able with the addition of peroxide during green
sample formation. The retardation of the compres-
sive strength is due to the large increase in both the
sample porosity and the diameter of created pores
with increasing the amount of peroxide added dur-
ing green sampleformation.

It iswell known that the pore architecture of the

45

40

35

Compressive strength, MPa

0
0 1 2 3 4 3 6
Hydrogen peroxide amount, wt.%
Figure 7 : Effect of addition different amounts of hydro-
gen peroxide on the compressive strength of sintered hy-
droxyapatite samples

= Fyf] Peper

implant directly affects its mechanical strength™.
Since, ahigher density usually leads to higher me-
chanical strength, high porosity provides a favor-
able biological environment. Therefore, a balance
between the porosity and density for theimplant must
be established for the specific application™. The
minimum compressive strength for the prepared im-
plant was determined as 1.9 MPa (for sample with
5 wt.% peroxide addition), which issomewhat close
to the strength of natural bone®?. The compressive
strength of porous human bone ranges between 2-12
MPafor cancellousbone and 100-230 MPa for cor-
tical bone®¥. This means that the as-prepared
artiticial porous HA with highest apparent porosity
and excellent pore size and pore size distribution
(with the addition of 5% H,0,) possesses the mini-
mum compressive strength required for implant ap-
plication. It isworthy to mention that after implanta-
tion bone ingrowth lead to the enhanced compres-
sive strength of porousimplants. Even for low den-
sity implants this observation is more obvious due
to faster bone growth™, The compressive strength
of porousHA, for example, wasreported to increase
from 2 to 20 MPaafter 3 monthsimplantati onf>.

CONCLUSIONS

Starch consolidation combined with pore form-
ing techniques was found to be abeneficial way for
fabricating sintered porous HA samples having the
requirements for implant application. The addition
of potato starch influenced the chemical composi-
tion of the starting HA powder after sintering while;
H.0O, addition during green sampleformation hasno
effect inthisconcern. Partia dissociation of the par-
ent HA phase into B-TCP one is recorded for all
sintered samples produced from consolidated HA
slurries containing 10 vol.% potato starch without
and with various amounts of H,O, addition. The ad-
dition of peroxide was found to not only respon-
siblefor increasing the apparent porosity of thesin-
tered samples from about 25 to 70%. But also is
responsiblefor changing the pore morphology from
spherical to irregular aswell asthe pore size distri-
bution from mono modal to multimodal type with
increasing peroxide addition from 0 to 5 wt.%, re-
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spectively. A largereduction in compressive strength
from about 39 to 2 MPa with increasing peroxide
addition from O to 5 wt.%, respectively is areflec-
tion for increasing both apparent porosity and pore
diameter of the final sintered samples. Obviously,
the produced sintered sample with the addition of
different percentage of hydrogen peroxide, especialy
the one produced at highest peroxide addition ful-
fills al requirements for the applications of this
sampleasimplant.
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