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Abstract In this paper, synthesised nanometre sized hydro xyapatite (nano-HAP) powders co mposed of spherical 30 ± 5

nm part icles were co mpacted and sintered at temperatures ranging from 650 to 1250℃ to form ceramics of varying porosity
and mechanical strength. The size, crystalline structure and morphology of both the synthesised nano-HAP particle powders
and the compacted and sintered ceramics were investigated using both X-ray diffraction (XRD) and Field Emission Scanning
Electron Microscopy (FESEM). Fu rther characterisation techniques such as Brunauer-Emmett-Teller (BET) particle surface
area, porosity, bulk density, Vickers hardness and yield strength at various sintering temperatures were tested on sintered
pellets and evaluated.
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1. Introduction
Hydro xyapatite (HAP)[Ca10 (OH)2 (PO4 )6 ] is a hexagonal
structured ceramic co mposed of calcium phosphate groups
that is very similar to the mineral co mponent found in bone
tissue. It is this close chemical similarity between synthetic
HAP and the natural inorganic bone matrix co mponent that
has resulted in the extensive research effort to emp loy
synthetic HAP as a bone substitute and/or replacement in
several clinical procedures[1, 2]. Synthetic HAP is one of the
most attractive ceramics for many bio med ical engineering
applications due to its four main inherent properties: 1) it’s
biocompatibility to surrounding body tissues; 2) its
biodegradability in situ is slow; 3) it provides good
osteoconductivity; and 4) it has good osteoinductivity
capabilit ies[3-5].
A recent investigation by Taniguchi et al. revealed that
sintered HAP in contact with cellu lar material provided a
good biocompatible response to soft tissues such as skin,
muscle and gums[6]. It is this favourable tissue response that
has made synthetic HAP an ideal candidate for a wide range
of hard t issue engineering applications such as; bone repair,
bone augmentation, coating metal-co mposite implants and as
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a filling material in both bone and teeth surgical procedures
[7-9].
For many of these biomed ical engineering applicat ions, a
dense HAP ceramic material, wh ich exh ibits the required
mechanical properties for load bearing, is needed to meet the
requirements of an effect ive hard tissue scaffold. The
scaffolds architecture has a significant ro le to play in
determining how effect ive the surrounding bone tissue
integrates with the implanted scaffold[10]. The rate and
degree of bone in-growth into the scaffold structure or matrix
is influenced by the pore size and the interconnecting
properties of the pores within the scaffold matrix[11, 12].
The porosity, or storage capacity, of porous HAP can be
defined as the percentage of space in a material not occupied
by the ceramic matrix, usually called the volumetric porosity.
In the case of cortical bone the pore size ranges fro m 1 to 100
µm with typical volu metric porosities ranging fro m 5 to
10%[13]. HAP ceramics with low volu metric porosities
generally have high mechanical p roperties but provide only
limited opportunities for cell and tissue in-growth. Porous
HAP ceramics have the potential to provide a good
biological environ ment to promote cell adhesion, cellular
interactions, proliferation, and migration. The downside to
an increase in porosity is the decrease in its mechanical
properties, such as strength, stiffness and elastic modulus.
Both the cellu lar response and the mechanical p roperties are
dependent upon the pore size, porosity, interconnecting
porosity and pore distribution[2]. The A merican Society for
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Testing Materials (ASTM) has defined porous materials into
three classifications, interconnecting (open pores),
non-connecting (closed pores), or a combination of both[14].
The interconnecting porosity within the matrix scaffold is a
very important property since it permits fluid flo w through
the porous ceramic material, wh ich is crucial fo r cellular
growth. The effectiveness of the flu id flow through this
natural plu mbing system is called the permeability.
Pore sizes smaller than 10 µm define a micro-porous
structure in the ceramic. The size of these micro -pores
usually prevents the influ x of cells into the pore structure, but
flu ids are still ab le to penetrate into and flow through the
scaffold structure. When the pore size is greater than 10 µm
they are classified as macro-pores and are large enough for
both cells and flu ids to enter the pore structure. The
macro-pores have a large pore surface area to bulk vo lu me
ratio which actively pro motes cell adhesion, cellular
interactions, proliferat ion, and migration. Using techniques
that can assist in forming a porous structure within the
ceramic has many advantages, since the architecture of the
porous structure can be controlled. The ab ility to select the
pore size, pore geo metry and the interconnecting porosity
allo ws cell and tissue growth throughout the porous scaffold
structure. For example bone forming cells, osteoblasts grow
far mo re efficiently when they are attached to a substrate
rather than being suspended in a culture mediu m. In fact the
ability of natural bone to bond with HAP is a major reason
why many researchers have studied and continue to
investigate this ceramic for b io medical applicat ions[15].
When the pores are large and open, the HAP matrix is
usually formed into a strut like structure, which forms the
pore walls. The resulting interconnecting open face pore
structure produces a network of struts that form flow
channels throughout the matrix. The pore channels are
conducive for cell and tissue colonisation. In addition, the
pore channels provide high permeab ility flows for the cells
to be supplied with nutrients and for the removal of
metabolic waste products from normal cellu lar activ ity[16].
This type of pore structure is ideal for cells and tissue growth,
but it has poor mechanical properties. On the other hand, if
the pores are closed, the HAP matrix forms a network of
interconnecting plate like structures that produces a high
density solid. This configuration prevents the passage of
flu ids or cells to neighbouring pores or the rest of the
scaffold. Since the architecture of the scaffold requires a
significant amount of porosity to accommodate fluid transfer
and tissue in growth, an effective balance between porosity
and the mechanical properties such as strength must be
achieved. It simp ly co mes down to the fact that when the
porosity increases, the strength, along with other mechanical
properties of the scaffold decrease rapidly. Because strength
is an important property of a load-bearing scaffold, the
internal architecture of the scaffold structure must be
carefully considered since it strongly in fluences the ability of
the scaffold to resist load[17]. Therefore, by adjusting the
porosity, it is possible to fine-tune the strength of the scaffold
for a site-specific bio med ical application[18].

Furthermore, as the porosity increases, there is an increase
in matrix surface area which is exposed to the environmental
effects of erosion, changing surface chemistry and cellular
activity. For examp le, bioactive materials like HAP, exhib it
surface modificat ion with time when exposed to bodily
flu ids and cellular activ ity. So the application of high
porosity, low strength biomaterials is restricted to non-load
bearing applications. In this particular applicat ion, where the
initial function of the scaffold is not load-bearing, then the
porous scaffold can provide an effective functional imp lant
or bio med ical device. Therefore, being able to fabricate and
fine tune a particular strength/porosity HAP scaffold
provides greater flexib ility in addressing the needs of the site
specific application. To achieve this goal there is a need to
use powder compaction-sintering techniques to fabricate a
dense HAP ceramic with the appropriate degree of porosity
to meet the requirements of a successful tissue scaffold
platform. The process usually begins with the synthesis of
the HAP powder v ia a wet chemical method and subsequent
heat drying. The drying stage usually forms large
agglomerates, which often form structurally weak HAP
ceramics with inhomogeneous pores after compaction and
sintering. To prevent particle agglo meration, the use of
ultrasonic irradiat ion during wet milling is an efficient means
of dispersing and de-agglomerating the sample part icles
during the grinding process[19]. After the milling process,
the resultant powders are composed of fine, uniformly sized
particles in the nanometre range, and both homogeneous in
phase and chemical co mposition with very little particle
agglomerat ion[20, 21].
The strength of the resultant powder, co mpaction and
sintered HAP ceramic mainly depends on grain size, grain
distribution, porosity, and other micro-structural defects.
Hardness testing is frequently used to characterise
mechanical properties, such as strength, of bulk solid
samples and thin films. The hardness technique involves
pressing a hard indenter of well-defined geometry into the
surface of the sample under a predetermined load[22].
Indentation is considered an attractive method for assessing
the mechanical properties of materials since it is basically a
non-destructive in contrast to other techniques such as
bending, compression and extension of samples. The
Vickers diamond pyramid indenter, whose opposite faces
have the included angle of 136º is one of the mostly widely
accepted indenter technique for determin ing the hardness of
ceramic materials and is used in this research work[23].
The aim of this study was to compare the porosity and
strength of HAP ceramic scaffo lds produced via a using
powder compaction-sintering technique. The synthesised
nano-HAP powders were compacted and sintered at
temperatures ranging fro m 650 to 1250ºC to form ceramics
of varying porosity and mechanical strength. The size,
crystalline structure and morphology of the nano-HAP
particle powders synthesised were investigated using both
X-ray diffract ion (XRD) and Field Emission Scanning
Electron Microscopy (FESEM ). In addit ion, the size,
crystalline structure and morphology of the co mpacted and
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sintered ceramics were also studied using XRD and FESEM.
Further characterisation techniques such as particle surface
area, porosity, relative density, hardness and yield strength at
various sintering temperatures was investigated.

2. Materials and Methods
2.1. Materials
The main reactants used to synthesis the n-HAP powders
were calciu m nitrate tetrahydrate[Ca(NO3 )2 .4H2 O] and
potassium di-hydrogen phosphate[KH2 PO4 ], while the pH
control of the solutions was achieved by the addition of
ammon iu m hydro xide[NH4 OH]. All analytical grade
reagents used in this work were supplied by Chem-Supply
(Australia), wh ile Sig ma-A ldrich (Castle Hill, NSW,
Australia) supplied the Stearic acid,[C18 H36 O2 ] which was
used as a binding agent during the powder compaction
procedure. The solutions containing the reactants were
synthesised under the influence of ultrasound irradiat ion,
which was provided by an UP50H Ultrasound Processor[50
W, 30 kHz, M S7 Sonotrode (7mm diameter, 80 mm length)]
supplied by Hielscher Ultrasound Technology. All aqueous
solutions used throughout this study were made using
Milli-Q® water (18.3 MΩ cm-1 ) produced by an ultrapure
water system (Barnstead Ultrapure Water System D11931;
Thermo Scientific, Dubuque, IA).
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the Calciu m/Phosphate[Ca/P] rat io was maintained at 1.67,
while the p H o f the solution was checked and maintained at
9.0. At the end of the second hour, the solution was then
filtered using centrifugation (15,000 g) fo r 20 minutes at
room temperature, the resultant white precipitate sample was
then placed into a fused silica crucib le, which was supplied
by Rojan Advanced Ceramics Pty Ltd, Western Australia.
The crucible was then placed into a standard domestic
household micro wave (1100W at 2450 MHz-LG® Australia)
for a thermal treat ment period of 40 minutes at a power
setting of 100 %. At the end of the thermal treat ment the
sample ended up as a white agglomerated mass. Once cooled,
the sample was ball milled to break up the agglo merations
and produce an ultrafine n-HAP powder, see schematic
procedure presented in Figure 1. Th is synthesis procedure is
repeated until a sufficient amount of the n-HAP powder was
available for advanced characterisation and for the
manufacture of pellets needed for fu rther testing to
determine properties such as porosity, density, hardness and
elastic modulus.
2.3. XRD and FES EM Characterisati on Techni ques

The size, crystalline structure and morphology of both the
synthesised nano-HAP particle powders and the compacted sintered ceramics were investigated using both X-ray
diffraction (XRD) and Field Emission Scanning Electron
Microscopy (FESEM ) techniques.
Powder XRD spectra were recorded at roo m temperature,
using a Siemens D500 series diffracto meter[Cu Kα = 1.5406
Å radiation source] operating at 40 kV and 30 mA . The
diffraction patterns were co llected over a 2θ range fro m 20°
to 60° with an incremental step size of 0.04° using flat plane
geometry. The acquisition time was set at 2 seconds fro each
scan. The powder XRD spectrum was used to identify the
purity of the final nano-HAP powders and any other phases
that were present, see Figure 2. The crystalline size of the
particles in the powders was calculated using the
Debye-Scherrer equation[Equation 5] fro m the respective
XRD patterns and estimated fro m the corresponding FESEM
micrographs, see Figures 3. In addition, the fract ion of
crystalline phase (Xc ) present in the HAP ceramic pellets
Figure 1. Schematic of the synthesis procedure used to produce sintered at various treatment temperatures was calculated
nano-HAP powders and the sintering temperatures used in the processing of using the crystallinity equation proposed by Landi et
the test pellets
al.[Equation 6], see Figure 4[24].
The morphological and macro-structural features of the
2.2. Synthesis of n-HAP Powders
nano-HAP powders were investigated using FESEM. A ll
The procedure for producing the n-HAP powder begins micrographs were taken using a h igh resolution FESEM
with adding a 40 mL solution of 0.32M calciu m n itrate [Zeiss 1555 VP-FESEM ] at 3 kV with a 30 µm aperture
tetrahydrate into a small g lass beaker. The pH of the solution operating under a pressure of 1×10-10 Torr. FT-IR
is then adjusted to 9.0 by slowly adding and mixing spectroscopy investigations were carried out using a Bruker
approximately 2.5 mL of ammoniu m hydro xide. The Optics IFS 66 series FT-IR spectrometer. The KBr pellet
resulting solution was then exposed to ultrasonic irradiation technique was used, in wh ich 2 g of nano-HAP powder was
for 1 h, with the processor set to 50 W and maximu m mixed with 5-10 g of spectroscopic grade KBr and then
amp litude. At the end of the first hour a 60 mL solution of compressed at around 15 kPa to form a d isk. In addition, the
0.19 M potassium d i-hydrogen phosphate was then slowly FESEM micrographs were also used to estimate the
added drop-wise into the first solution while undergoing a nano-HAP particle size by graphically measuring the size of
second hour of ultrasonic irradiat ion. During the second hour, each particle. The part icle size of every particle in a 500 n m
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square grid was measured and then the mean particle size
was determined fro m the collected data.
2.4. Compacti on and Sintering of nano-HAP Samples
After the init ial synthesis, nano-HAP powders underwent
exhaustive ball milling to break up particle agglo merations
and produce an ultrafine n-HAP powder that was suitable for
the compaction-sintering stage of the fabrication procedure.
To improve densification and to improve the compaction
properties of the nano-HAP powder, a binding agent was
added and thoroughly mixed with the powder[1% wt. of
Stearic acid]. The binding agent is expelled fro m the powder
during the sintering process. The powder is then cold
compressed in a cy lindrical mould by a manually operated
single action axial hydraulic ram pressurized to 70 M Pa and
maintained at this pressure for 1 h. The co mpaction
procedure was repeated to ensure co mplete co mpaction
throughout the pellet; a typical pellet had a mean diameter of
18.61 ± 0.05 mm and a length of 18.34 ± 0.05 mm. The
compacted powder samples (green samples) or pellets were
then sintered in a p rogrammable high temperature muffle
furnace[Model 60 SL, Kiln Manufacturers of Western
Australia] at treat ment temperatures of 650℃, 850 ºC, 1050℃
and 1250℃ for a period of 2 h. After sintering, the samples
were then permitted to cool down to room temperature and
then stored in airtight containers ready fo r further
characterisation.
2.5. Brunauer-Emmett-Teller (B ET) Surface Area,
Density and Porosity
2.5.1. Brunauer-Emmett-Teller Surface Area Measurement
The Brunauer-Emmett-Teller (BET) surface area
measurements of the nano-HAP powders were carried out by
the Australian Co mmon wealth Scientific and Research
Organisations, (CSIRO) Particle Analysis Servicesl
aboratory (PAS) in Perth, Western Australia. The adsorption
technique used nitrogen gas to carry out the surface area
measurement; the results are presented in Table 1 and Figure
5.
2.5.2. Bu lk Density and Porosity Calcu lations
The bulk density was determined by first weighing the
mass of the pellet that had been previously dried under
vacuum at 80 ℃ for 48 h. Th is was then followed by
measurement of the dimensions of a pellet, which was used
together with the mass data to calculate its density. The open
pore volume was determined by immersing a prev iously
vacuum dried pellet into a small beaker containing a solution
of Milli-Q® water for 2h by wh ich t ime no air bubbles left the
pellet and indicated that the water saturation of the pellet was
100%. The pellet was then removed fro m the solution,
weighed and then submerged back into the Milli-Q® water

and its weight is measured. The porosity of the open pores is
then calculated using Archimedes’ method and the following
formula:
(1)
Porosity = (m2 -m1 )/ (m2 -m3 ) x 100 %
where m1 is the dry weight of the pellet measured in air, m2 is
the weight of the water saturated pellet and m3 is the weight
of the water saturated pellet suspended in Milli-Q® water.
The measurements were carried out in t rip licate and the
mean results of both density and porosity are presented in
Table 1.
2.6. Vickers Hardness Measurements
The hardness of a material is defined by the quotient of the
applied load (P) and the contact area (A ) between the
indenter and the sample. All Vickers testing procedures use a
136º pyramidal diamond indenter that forms a square
indentation when pressed into the surface of the test
specimen under an accurately controlled test load. The test
equipment used in this study was a Zwick/Materialprufung
3212 Hardness tester, Germany and the measurements were
carried out at Curtin University’s Material’s Science
laboratory Bentley Perth Western Australia. The test load of
10.2 kg was applied for a specific t ime period (dwell time:
10-15 s) before the indenter was removed leaving a square
shaped indentation in the surface of the test specimen. The
testing procedure was carried performed in accordance with
the testing procedures outlined in ASTM E384[25]. The
hardness was then calculated using the standard formula:
(2)
Hv = A o P/d 2
where the constant Ao is contact area of the Vickers pyramid
geometry defined by:
(3)
A o = d 2 /2 sin (θ/2)
A o =1.8544 for[GPa]
The size of the indentation diagonal d was determined
optically fro m an FESEM image and a typical image is
presented in Figure 3 (b). Both diagonals were measured and
the mean value was then used to calculate the Vickers
hardness of the sample using equation 3 and then the yield
strength of the samp le was calculated using equation 4 below.
Both the Vickers hardness and yield strength (Y)[26] results
are presented in Table 1.
Y = Hv/ 3
(4)

3. Results and Discussions
The XRD pattern of the init ial synthesised nano-HAP
powder, along with the XRD patterns of the HAP pellets
sintered at temperatures of 650℃, 850℃, 1050℃ and 1250℃
for a period of 2 h are presented in Figure 2. All samp le XRD
patterns, except the 1250℃ one revealed the presence of
crystalline nano-HAP phases.
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Figure 2. XRD spectrum of synthesised nano-HAP powder and nano-HAP powders compressed at 70 MPa and thermally treated at various sintering
temperatures
Table 1. Physical properties determined from the characterisation of test pellets thermally treated at various sintering temperatures
Sintering
Temp
(ºC)
650
850
1050
1250

BET
Surface
Area
(m2 /g)
10.977
5.438
1.137
0.039

Density
Pellet
(Dry)
(g/cm3 )
1.449
1.452
1.952
2.606

Porosity
(Open)
(%)
53.02
46.66
36.78
16.90

Crystallite
Size
(XRD)
(± 5 nm)
323
491
911
1224

These phases were found to be consistent with the phases
listed in the ICDD database, with the main (h k l) indices for
nano-HAP: (002), (211), (300), (202), (130), (002), (222)
and (213) being indicated in Figure 2. The calciu m
phosphate peaks found in the XRD pattern for 1250℃ where
not HAP, but were identified as a potassium calciu m
phosphate phase. The crystalline size, t (hkl), of the
synthesized nano-HAP powder and the sintered HAP pellets
was calculated fro m the XRD pattern using the
Debye-Scherrer equation[27-30].

t ( hkl ) =

0.9λ
B cos θ ( hkl )

(5)

where, λ is the wavelength of the monochromatic X-ray
beam, B is the Full Width at Half Maximu m (FWHM ) of the
peak at the maximu m intensity, θ (hkl) is the peak diffraction
angle that satisfies Bragg’s law for the (h k l) plane and t(hkl)
is the crystallite size. The (002) reflection peak fro m the
XRD pattern was used to calculate the nano-HAP crystallite
size in this study fro m the Debye-Scherrer equation and was
estimated to have a mean value of 30 ± 5 n m. The calculation
was done so that a comparison could be made between the
crystallite size of the synthesised nano-HAP powder and the
growth in the crystallite size with increasing sintering

Crystal
Size
(FESEM)
(± 5 nm)
376
518
965
1318

Crystallinity
(Xc)

Hardness
(Hv)

(%)
77.28
87.25
90.32
-

(MPa)
157
189
364
1727

Yield
Strength
(Y)
(MPa)
52.3
63.0
121.3
575.7

temperature. Since the degree of structural order or
crystallinity of a material has a significant influence on
properties such as density, hardness and strength, the
percentage crystallin ity of the material was calcu lated using
the equation proposed by Landi et.al[24], see equation 6.
(6)
XC = 1-(V112-300 /I300 )
where XC is the percentage crystallinity of the material,
V112-300 is the intensity of the trough between the (112) and
(300) peaks and I300 is the intensity of (300) peak. The
results of both crystallite size and the degree of crystallinity
are presented in Table 1 and Figure 4. Initial XRD
investigation revealed that the synthesis and microwave
treated nano-HAP powder had a mean crystallite size of 30
± 5 n m and with a crystallinity value of 48.17 %. The
subsequent XRD spectra taken fro m powder samples taken
fro m the various test pellets revealed that the sintering
process promoted both crystallite growth and enhancement
of crystallin ity. The init ial sintering temperature of 650℃
had produce an open porous HAP structure with a mean
crystallite size o f 323 ± 5 n m and a crystallinity of 77.28 %.
The higher sintering temperature of 1050℃ also formed an
open porous HAP structure with a mean crystallite size of
911 ± 5 n m and a crystallin ity of 90.32 %. However, the
higher sintering temperature of 1250℃ did not form a HAP
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structure but instead produced a potassium calciu m
phosphate phase with a mean crystallite size of 1224 n m
(1.224 µm).
The FESEM microscopy technique was used to
investigate the size and morphology of the nano-HAP
powders synthesised in this study. A typical image of the
ultra-fine nano HAP powder synthesised in this work is
presented in Figure 3(a). Inspection of the image presented in
Figure 3(a) reveals the presence of a spherical particle
morphology, wh ich is similar to the particle mo rphologies
previously reported in the literature[25-30]. The mean
particle size of the synthesised nano-HAP powder was
determined fro m the FESEM images and found to have a
mean value of 28 ± 5 n m, which was found to be favourably
comparable with the calculated mean value of 30 ± 5 n m
fro m the XRD spectra. The FESEM technique was also used
to examine the size and morphology of the crystallite sizes
formed in the sintered pellets. Figure 3 presents images of
the 650℃, 850℃, 1050℃ and 1250℃ isotherms used to
investigate the effects of sintering temperature on the growth
and morphology of particles in each pellet. The overall trend
seen in the FESEM micrographs (c) to (e) is an increasing
particle size and a mo rphological structure becoming mo re
angular, cubic and rectangular in nature with increasing
sintering temperature. However, at the higher sintering
temperature of 1250 ºC[Figure 3(f)], the character of the
particles in the sample is quite different fro m those presented
in earlier micrographs. The greater size diversity and shape
change confirm the XRD results that indicated a phase
change as verified by the presence of a potassium calciu m
phosphate phase.

Figure 3. (a) FESEM of synthesised nano-HAP ultrafine powders; (b) a
typical FESEM micrographs of an indentation produced on the surface of a
pellet during the Vickers hardness test; (c) to (f) are FESEM micrographs of
samples thermally treated at sintering temperatures: (c) 650 ºC; (d) 850 ºC;
(e) 1050 ºC; and (f) 1250℃

Further characterisation of the pellets involved
determining their respective BET surface areas, porosities

and Vickers hardness values which could then be used to
calculate the yield strength of the compacted HAP pellet.
After init ial co mpacting of the pellets, each pellet set was
thermally t reated at various sintering temperatures. At the
lowest sintering temperature of 650℃, both the BET surface
area value of 10.977 m2 /g and the open porosity value of
53.02% were at their highest levels see Figure 5. While at the
higher sintering temperature 1050℃ both the BET surface
area value of 1.137 m2 /g and the open porosity value of
36.78 % were at their h ighest values for the HAP phase. The
reduction in both surface area and porosity resulted fro m
crystal growth during thermal treat ment. The lowest surface
area and porosity occurred at the highest sintering
temperature of 1250℃. However, at this temperature the
HAP phase was transformed into a potassium calciu m
phosphate phase. The much larger mean crystal size of 1.224
µm within the matrix of the test pellet significantly reduced
the surface area down to 0.039 m2 /g and also contributed to
the reduced open porosity of 16.9 %. The increased sintering
temperature also produced a significant increase in the
Vickers hardness value of each sintered pellet; see Figure 6.
At the lowest sintering temperature of 650 ℃, the mean
Vickers hardness value was 157 MPa, wh ich slightly
increased to 189 MPa at the higher sintering temperature of
850℃. The hardness value then increased to 364 MPa at
1050 ℃ before dramatically increasing to 1727 M Pa at
1250℃. The phase changed detected by the XRD results is
also confirmed by the hardness values which clearly indicate
that a different, much harder phase material is present after
sintering at this higher temperature. This is also reflected in
the estimated yield strength for the pellets at each sintering
temperature, see Figure 5. At 650 ºC the yield strength is at
its lowest mean value of 52.3 MPa, wh ich slightly increases
up to 63.0 M Pa at 850℃. The higher sintering temperature of
1050℃ sees a significant increase in yield strength to 121.3
MPa, which is approximately double the 850℃ value. The
dramat ic increase in yield strength to 575.7 M Pa at 1250℃
indicates that the potassium calciu m phosphate phase present
at this temperature is much stronger than the earlier HAP
phase that was present at lower sintering temperatures.
The fabricated pellets at the lower end of the sintering
temperature range were predo minantly characterised by high
porosity and high permeability. The large open porosity of
around 50 % has the potential to permit the mig ration of cells
into the pellet matrix and colonise the large surface areas
within the internal structure. The large open porosity
architecture also has the potential to pro mote the flo w of
nutrients to the cells deep with in the mat rix and subsequently,
the removal of metabolic waste products resulting fro m cell
activity. This open pore architecture is ideal for cell
colonisation and tissue in-growth, but lacks the mechanical
strength needed for load bearing applications. At the lowest
sintering temperature of 650℃, the y ield strength is only
52.5 MPa. Since the ideal tissue scaffold requires a
significant amount of porosity to accommodate fluid transfer
and tissue in growth, there needs to be an effective balance
between the open porosity and the strength required to meet

Gérrard Eddy Jai Poinern et al.: The M echanical Properties of a Porous Ceramic Derived from a 30 nm
Sized Particle Based Powder of Hydroxyapatite for Potential Hard Tissue Engineering Applications

the load demands of the scaffold for a specific application.

Figure 4. Crystal size growth and increasing crystallinity with increasing
sintering temperature
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porosity of 16.9 %. Un fortunately, the increased temperature
also induced the decomposition of the HAP, wh ich in turn
formed a potassium calciu m phosphate phase, a similar HAP
decomposition has been reported by Yeong et al[31]. This
transformation is evident in the XRD spectrum presented in
Figure 2 and the FESEM micrograph presented in Figure 3(f),
which of a wide range of particles ranging in size fro m 400
nm to 3 µm. Figure 6 illustrates the dependence of Vickers
hardness of the sintered HAP pellets on sintering
temperature. The hardness increases almost linearly with
rising sintering temperature fro m 650℃ up to 1050℃. Fro m
1050 ℃ onwards, the hardness rapidly increases with
increasing sintering temperature and density as the open
porosity decreases.
Currently, the biocompatib ility of the 30 n m sized
hydroxyapatite porous ceramic is undergoing in vivo
investigation in an Ovine (Sheep) model. The results of
which will be published in a future article. Preliminary
results indicate that there is only a very minor inflammatory
response, with the imp lanted pellets receiving a favourable
cellu lar response. At this stage, fibroblast cells can be seen
attaching to the surface of a typical ceramic pellet 4 weeks
after the imp lantation date.

Figure 5. The effect of increasing open porosity in the test pellets on Yield
Strength and BET surface area

Figure 7. Fibroblast cells attaching onto the surface of a hydroxyapatite
ceramic pellet made from n-HAP powders

4. Conclusions

Figure 6. The effect of sintering temperature on the open porosity and
Vickers hardness of test pellets

The increased sintering temperature of 850℃ produced a
slight increase in the yield strength (63 M Pa), which
corresponded to a reduction in the porosity of around 6.4% to
a value of 46.7%. It is not until the higher sintering
temperature of 1050℃ that a significant increase in strength
is achieved (121.3 MPa). At this temperature the resulting
open porosity was around 37%. However, the higher
sintering temperature of 1250℃ did produce dramat ically
higher yield strength of 575.7 MPa with a much lower

Nano-crystalline nano-HAP powders co mposed of
spherical 30±5 n m particles were formed under the influence
ultrasound irradiation and then thermally treated using a
conventional microwave oven. The powders were then
compressed at 70 MPa to form pellets which were then
sintered at sintered at temperatures ranging from 650 to 1250
ºC. The study confirmed that Vickers hardness significantly
increased with increasing sintering temperature and density
as the porosity decreased. Meanwhile, the yield strength of
the ceramic pellets decreased as both the porosity and BET
surface area increased. During the sintering process both the
crystal size and crystallin ity of the ceramics steadily
increased with sintering temperature. Despite being
advantageous, the reduction in mat rix porosity to increase
the yield strength of the ceramic for load bearing
applications, the reduced porosity would significantly reduce

285

American Journal of Biomedical Engineering 2012, 2(6): 278-286

cell migrat ion and proliferat ion within the ceramic matrix.
Hence, further work is needed to reach a compro mise
between porosity, strength and cellular integration potential
of this nano-HAP derived ceramic for various bio medical
applications.

ACKNOWLEDGEMENTS
Dr Derek Fawcett would like to thank the Bill & Melinda
Gates Foundation for their research fellowship. The authors
would like to acknowledge the assistance of Prof. Arie Van
Riessen and Mr. Zhenhua Luo in performing the hardness
testing.

REFERENCES
[1]

E. Damien, P.A. Revell, Coralline hydroxyapatite bone
substitute: A review of experimental studies and biomedical
applications, J. Appl. Biomater. Biomech, Vol. 2, (2004), p.
65-73.

[2]

D.W. Hutmacher, J.T. Schantz, C.X.F. Lam, K.C. Tan, T.C.
Lim, State of the art and future directions of scaffold-based
bone engineering from a biomaterials perspective, J. Tissue
Eng. Regen. M ed. Vol. 1, (2007), p. 245-260.

[3]

W.J.E.M . Habraken, J.G.C. Wolke, J.A. Jansen, Ceramic
composites as matrices and scaffolds for drug delivery in
tissue engineering, Adv. Drug Deli. Rev. Vol. 59, (2007), p.
234-248.

[4]

A. Blom, Which scaffold for which application, Curr. Orthop,
Vol. 21, (2007), p. 280-287.

[5]

P. Habibovic, K. de Groot, Osteoinductive biomaterialsproperties and relevance in bone repair, J. Tissue Eng and
Regen M ed, Vol. 1, (2007), p. 25-32.

[6]

[7]

S.J. Kalita, A. Bhardwaj, H.A. Bhatt, Nanocrystalline calcium
phosphate ceramics in biomedical engineering, M ater. Sci.
Eng. C, Vol. 27, (2007), p. 441-449.
M . Taniguchi, H. Takeyema, I. M izunna, N. Shinagawa, J.
Yura, N. Yoshikawa, H. Aoki, The clinical application of
intravenous catheter with percutaneous device made of
sintered hydroxyapatite, Jpn. J. Artif. Organs, Vol. 20, (1991),
p. 460-464.

[8]

R.V. Silva, J.A. Camilli, C.A. Bertran, N.H. Moreira, The use
of hydroxyapatite and autogenous cancellous bone grafts to
repair bone defects in rats, Inter. J. Oral & M axillofacial Surg.,
Vol. 34, (2005), p. 178-184.

[9]

A. Stoch, W. Jastrzebski, E. Dlugon, W. Lejda, B. Trybalska,
G.J. Stoch, A. Adamczyk, sol-gel derived hydroxyapatite
coatings on titanium and its alloy Ti6Al4V, J. M ol. Struct.,
Vol. 744, (2005), p. 633-640.

[10] Q. M . Jin, H. Takita, T. Kohgo, K. Atsumi, H. Itoh, Y. Kuboki.
Effects of geometry of hydroxyapatite as a cell substratum in
BMP induced ectopic bone formation. J. Biomed. M ater. Res.
A, Vol. 51, No. 3, (2000), p. 491-499.
[11] P. Habibovic, H. Yuan, C. M . van der Valk, G. M eijer, C. A.

van Blitterwijk, K. De Groot. 3D microenvironment as
essential element for osteoinduction by biomaterials.
Biomaterials, Vol. 26, No. 17, (2005), p. 3565-3575.
[12] U. Ripamonti, Smart biomaterials with intrinsic
osteoinductivity: Geometric control of bone differentiation.
In bone engineering, ed. Davies J.E, EM Squared
Incorporation, Toronto, Canada, (2000), p. 215- 222.
[13] Y. Kuboki, Q. Jin, H. Takita, Geometry of carriers controlling
phenotypic expression in BM P induced osteogensis and
chondrogensis, J. Bone Joint Surg. Am., Vol. 83, (2001), p.
105-115.
[14] ASTM C1674 Standard Test M ethod for Flexural Strength of
Advanced Ceramics with Engineered Poros ity. http://www.
astm.org/Standards/C1674.htm
[15] Y. Kuboki, Q. Jin, and H. Takita, Geometry of carriers
controlling phenotypic expression in BM P induced
osteogensis and chondrogensis. J. Bone Joint Surg. Am., Vol.
83-A, Suppl. 1, (2001), p. 105-115.
[16] U. Ripamonti, Smart biomaterials with intrinsic
osteoinductivity: Geometric control of bone differentiation.
In bone engineering, ed. Davies J.E, EM Squared
Incorporation, Toronto, Canada, (2000), p. 215- 222.
[17] S. J. Hollister, R. D. M addox, J. M . Toboas. Optimal design
and fabrication of scaffolds to mimic tissue properties and
satisfy biological constraints. Biomaterials, Vol. 23, No. 20,
(2002), p. 4095-4103.
[18] S. J. Kalita, S. Bose, H. L. Hosick, A. Bandyopadhyay.
Development of controlled porosity polymer-ceramic
composite scaffolds via fused deposition modelling. M ater.
Sci. Eng. C., Vol. 23, No. 5, (2003), p. 611-620.
[19] G.E.J. Poinern, R. Brundavanam, X. Thi Le, S. Djordjevic, M .
Prokic and D. Fawcett. Thermal and ultrasonic influence in
the formation of nanometer scale hydroxyapatite bio-ceramic.
International Journal of Nanomedicine, Vol. 6, (2011), p.
2083-2095.
[20] F. Lange. Powder processing science and technology for
increasing reliability. J. Am Ceram Soc, Vol. 72, (1989), p.
3-15.
[21] K. C. B. Yeong and J. Wang, S. C. Ng. M echanochemical
synthesis of nanocrystalline hydroxyapatite from CaO and
CaHPO 4. Biomaterials, Vol. 22, (2001), p. 2705-2712.
[22] G. D. Quinn. Hardness testing of ceramics. Adv. M ater.
Process, Vol. 8, (1998), p. 23-27.
[23] C. Ullner, A. Germak, H. L. Doussal, R. M orrell, T. Reich
and W. Van Dermeulen. Hardness testing on advanced
technical ceramics. J. Eur. Ceram. Soc., Vol. 22, (2002),
p.1427-1445.
[24] E. Landi, A. Tampieri, G. Celotti and S. Sprio. Densification
behaviour and mechanisms of synthetic hydroxyapatites.
Journal of the European Ceramic Society, Vol. 20, (2000), p.
2377-2387.
[25] ASTM E384-11e1 Standard test method for Knoop and
Vickers Hardness of materials American Society for Testing
and M aterials International www.astm.org
[26] A.E. Tekkaya. An improved relationship between Vickers
hardness and yield stress for cold formed materials and its
experimental verification. Annal. of the CIRP, Vol. 49, No. 1,

Gérrard Eddy Jai Poinern et al.: The M echanical Properties of a Porous Ceramic Derived from a 30 nm
Sized Particle Based Powder of Hydroxyapatite for Potential Hard Tissue Engineering Applications
(2000), p. 205-208.
[27] V.M . Rusu, C.H. Ng, M . Wilke, B. Tiersch, P. Fratzl, M .G.
Peter. Size controlled hydroxyapatite nanoparticles as
self-organised organic-inorganic composite materials.
Biomaterials, Vol. 26, (2005), p. 5414-5426.
[28] S.N. Danilchenko, O.G. Kukharenko, C. M oseke, I.Y.
Protsenko, L.F. Sukhodub, B. Sulkio-Cleff, Determination of
the bone mineral crystallite size and lattice strain from
diffraction line broadening. Cryst Res Technol., Vol. 37, No.
11, (2002), p. 1234-1240.

286

[29] H.P. Klug, L.E. Alexander, X-ray diffraction procedures for
polycrystallite and amorphous materials. 2nd edition. New
York, NY: Wiley, (1974).
[30] C.S. Barrett, J.B. Cohen, J. FaberJ, R. Jenkins, D.E. Leyden,
J.C. Russ, P.K. Predecki, Advances in X-ray analysis. Vol 29,
New York, NY: Plenum Press, (1986).
[31] K.C.B. Yeong, J. Wang, S.C. Ng, M echanochemical
synthesis of nanocrystalline hydroxyaptite from CaO and
CaHPO4. Biomaterials, Vol. 22, (2001), p. 2705-2712.

