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Processing behaviour of hydroxyapatite 
powders with contrasting morphology 

S. BEST, W. BONFIELD 
IRC in Biomedical Materials, Queen Mary and Westfield College, Mile End Road, 
London E1 4NS, UK 

Three synthetic hydroxyapatite powders (designated A, B and C), supplied by British 
Charcoals and MacDonalds and Merck GmbH were chemically and physically characterized 
with X-ray diffraction (XRD), infrared spectroscopy (IRS), gravimetric analysis (GA), 
inductively coupled plasma spectroscopy (ICPS), surface area analysis (BET), particle size 
analysis and scanning electron microscopy (SEM). The powders were pressed at 80 MPa and 
fired at a range of sintering temperatures between 1190°C and 1300°C for 12 h. The sintering 
characteristics of the four powders were assessed by density measurement, hardness testing 
and scanning electron microscopy. Infrared spectroscopy and X-ray diffraction results 
indicated that the powders showed no evidence of decomposition into tricalcium phosphate 
after sintering at any of the temperatures tested. However, the marked differences in 
morphology between the three powders led to contrasting sintering characteristics. While two 
of the powders sintered to near full density, the other showed very little change in density 
over that of the green compact even after sintering at 1300°C. Measurement of the hardness 
versus sintering temperature indicated that the mechanical properties of only the two samples 
which sintered to full density would make them suitable for any load-bearing applications. 

1. Introduction 
Dense, sintered hydroxyapatite has many potential 
applications as a biomaterial in skeletal reconstruc- 
tion. However, over recent years various publications 
concerning the production and sintering of hydroxy- 
apatite ceramics have reported a wide variation in the 
sintering behaviour and the resultant mechanical 
properties [1-10]. Closer inspection of this work in- 
dicates that the hydroxyapatite powders had nom- 
inally similar chemical characteristics, but there was 
little information reported concerning the physical 
properties of the powder. There is also an absence of 
documentation of the comparison of the processing 
behaviour of morphologically distinct hydroxyapatite 
powders which is surprising given the very strong 
dependence reported of the sintering properties (and 
therefore mechanical properties) of ceramics in general 
on the morphology of the precursor powder [11-17]. 

Hence it is particularly important that hydroxy- 
apatite powders should be fully characterized and any 
results reported should include details of morphology 
(including particle size distribution) and surface area, 
if the mechanical behaviour of hydoxyapatite powders 
from different sources is to be compared. This study 
(which is part of a larger programme concerned with 
the processing behaviour of hydroxyapatite) investig- 
ates the sintering behaviour of three hydroxyapatite 
powders of different morphologies. 

2. Methods 
2.1. Powder characterization 
Three synthetic hydroxyapatite powders were 

supplied by British Charcoals and MacDonalds (de- 
signated powders A and B) and Merck GmbH (pow- 
der C). The materials were chemically and physically 
characterized using X-ray diffraction (XRD), infrared 
spectroscopy (IRS), gravimetric analysis (GA), induc- 
tively coupled plasma spectroscopy (ICPS), surface 
area analysis (BET), particle size analysis and scan- 
ning electron microscopy (SEM). 

X-ray diffraction was performed on powder com- 
pacts with a Siemens D500 Diffractometer (attached 
to a PDP-micro 11/23 plus computer) using CuI~ 
radiation at 30 mA, 40 kV. Scans were performed 
between 20 values of 0 ° to 65 ° at a rate of 0.5 ° min- 1 

since the strongest reflections for both hydroxyapatite 
and tricalcium phosphate occur within this range. 
Lattice parameters were calculated from the Siemens 
Diffrac-11 software facility modified by Dr S. Tarling, 
Birkbeck College, University of London. Powders 
were analysed in their as-received condition and after 
heat treatment at 1280 °C for 12 h (to simulate their 
condition post-sintering). The peaks were matched 
with the ASTM standard for hydroxyapatite and any 
extraneous peaks were identified using the ASTM and 
JCPDS standards. Full width half maximum calcu- 
lations were performed on the principal peaks (in the 
20 range 31-34 ° ) utilizing the 'Appleton' peak fitting 
procedure in the Siemens software package. 

Infrared spectroscopy was performed using a 
Nicolet 730sx FTIR instrument operating in the ab- 
sorbance mode. Samples were analysed in the as- 
received condition and after heat treatment at 1280 °C 
for 12h. 
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The calcium to phosphorus ratios for the three 
powders was measured using gravimetric analysis as 
specified by British Charcoals and MacDonalds. The 
result was obtained by calculating the ratio of the 
percentage yield of CaO and P2Os from precipitation 
reactions to produce magnesium pyrophosphate and 
calcium oxalate. 

Inductively coupled plasma spectroscopy was per- 
formed with a Philips PV8490 I.C.P. source unit with 
a low pressure argon supply coupled to a Philips 
PVS060 spectrometer unit. Calculations were made 
using a DECmicro PDP  11/53 computer with Philips 
ES 40 software. Hydroxyapatite samples were dis- 
solved in hydrochloric acid and filtered, before being 
diluted and analysed. A reference calcium phosphate 
sample and a blank (hydrochloric acid) sample were 
also prepared using this method by means of stand- 
ards. Atomic absorption was performed with a Philips 
IL S12 AAS machine and an acetylene flame using 
background correction. 

The morphology of powders and the fracture sur- 
faces of sintered samples were studied using a JEOL 
35 JSM scanning electron microscope with an acceler- 
ating voltage of 20 KV. Powder samples were at- 
tached to adhesive aluminium tape on an aluminium 
stub and sintered samples were attached to aluminium 
stubs by a conducting carbon cement. Samples were 
sputter coated for approximately 3 min using a gold/ 
palladium target. 

A Micromeretics High Speed Surface Analyser was 
used to determine particle surface area with the BET 
method. The volume of nitrogen required to adsorb as 
a monolayer onto the surface of accurately weighted 
samples of hydroxyapatite was measured at 0°C 
and at - 196°C (liquid nitrogen temperature). The 
procedure was repeated twice to ensure the repro- 
ducibility of the results obtained. 

Particle size measurements were performed with a 
Malvern Particle Size Analyser using the 'Mastersizer' 
software facility. Samples were treated in an ultrasonic 
bath for 1 min using 'Dispex A40' (Allied Colloids 
Ltd_) in order to break up any loosely bound agglo- 
merates prior to measurement. 

2.2. S p e c i m e n  p r epa ra t i on  
Beam specimens (5 x 5 x 50 mm 3) were produced from 
each of the powders in the as-received condition in a 
single action die, lubricated with a low molecular 
weight hydrocarbon. A pressure of 80 MPa was ex- 
erted using a Howden mechanical press. Samples were 
then sintered at temperatures ranging from 1190 °C to 
1320°C at a heating rate of 2 .5°Cmin 1 a dwell of 
6 h at 400 °C (to allow the burn off of organic impu- 
rities)' and a dwell of 12 h at the maximum temper- 
ature, followed by a furnace cool. 

2.3• Specimen t e s t ing  
The density of sintered samples was measured by 
Archimede's principle and the average was taken of 
eight readings. Hardness results were obtained from a 
Schimadzu microhardness testing machine with a 1 kg 

load. The diagonals of ten pyramidal indents were 
measured on as-sintered specimens to give an overall 
average hardness value. 

3. Results 
3.1. Powder characterization 
Fig. 1 shows the XRD traces for each of the powders 
in the as-received condition. In comparison, Fig. 2 
shows the traces obtained for the same powders after 
subsequent heat treatment at 1280°C for 12 h. The 
peak positions and relative peak heights for a 
hydroxyapatite standard (supplied by Unilever) are 
shown as 'differentials' of the peaks plotted along the 
bottom of the traces. Comparing the two sets of traces 
for the powders, it is evident that no extraneous 
phases were detected in the range of 20 ° observed 
either before or after heat treatment. The lattice para- 
meters ('a' and 'c') found for the three powders and 
their full width half maxima (FWHM) values over the 
four principal peaks are displayed in Table I. 

The lattice parameters for the powders matched the 
standard values of hydroxyapatite to within a percent- 
age error of 0.1% and there was no significant vari- 
ation between values obtained for the as-received and 
heat-treated conditions. The full width half maximum 
values indicate that there was a significant narrowing 
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Figure 1 X-ray diffraction traces for powders A, B and C in the 
as-received condition. 
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Figure 2 X-ray diffraction traces for powders A, B and C after heat 
treatment. 
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T A B L E  I Lattice parameters and F W H M  results 

Sample As-received Heat treated 1280 °C/12 h 
a (nm) c (nm) F W H M  a (nm) c (nm) F W H M  

Standard" 0.942 0.688 . . . .  
A 0.942 0.688 0.25 0.940 0.689 0.12 
B 0.943 0.687 0.34 0.941 0.688 0.09 
C 0.940 0.687 0.47 0.941 0.690 0.13 

a ASTM Standard 
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Figure 4 Typical infrared spectrum for the powders after heat treat- 
ment. 

T A B L E  II Calcium to phosphorus  ratios calculated from gravi- 
metric analysis results 

Powder Ca : P 

A 1.72( + / - 0.015) 
B 1.73( + / - 0.01) 
C 1.6{~( + / - 0.003) 

T A B L E  I I I  ICPS and AAS results 

(Wt % impurity) A B C 

Figure3 Typical infrared spectrum for the powders in the 
as-received condition. 

of .the peaks after heat treatment in all of the powders. 
Powder B had the broadest peaks in the as-received 
condition and showed the largest percentage change 
after heat treatment (73%). After heat treatment the 
F W H M  values for the three powders were similar 
showing an overall percentage difference of less than 
31% post-heat-treatment rather than 60% prior to 
heat treatment. The results indicate that either a sig- 
nificant amount of crystallite growth occurred 
or there was a large decrease in the inhomogeneous 
lattice strain in the powders during thermal treatment. 

A typical infrared spectrum for the samples in their 
as-received condition is shown in Fig. 3. All of the 
powders showed similar traces of carbonate in their 
as-received condition in the form of a doublet between 
1400 and 1450 cm-  1 while the phosphate bands were 
poorly resolved. The water of hydration appeared as a 
broad band shouldered on the OH peak. 

An example of a typical infrared spectrum for the 
samples after heat treatment at 1280°C for 12 h is 
shown in Fig. 4. After heat treatment, all of the bands 
were sharper, indicating an increase in crystallinity. 
The carbonate bands disappeared in all of the samples 
and the phosphate bands were better resolved. How- 
ever, the band associated with the water of hydration 
was still present. 

The calcium-to-phosphorus ratios found for the 
three powders are shown in Table II_ It can be seen 
that the calcium-to-phosphorus ratio found for pow- 
der C was close to the stoichiometric value for 
hydroxyapatite, while the values found for powders A 
and B indicated that they were both slightly calcium 
rich. 

The levels of trace elements found in the three 
powders with ICPS and atomic absorption are shown 

Mn 0_02 0.02 0.03 
Mg 0.31 0.30 0.48 
Na 0.15 0.15 0.30 
Sr 0.0003 0.0002 0.0002 
Ba 0.0001 0.0001 0 
Cr < 0_0001 < 0.0001 < 0.0001 
Zn < 0.0001 0 0 
Fe 0.0004 0.0007 0.0003 

Figure 5 Scanning electron micrograph of powder A. 

in Table III. Powders A and B exhibited similar 
concentrations of trace elements while powder C had 
higher magnesium and sodium levels. 

Scanning electron micrographs of the three powders 
are shown in Figs 5-7. As illustrated in Fig. 5, the 
particles of powder A were irregular in shape and at 
higher magnifications they were seen to be composed 
of acicular crystallites. Powder B appeared to consist 
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of regular, smooth, spheroid particles which were of 
a larger mean diameter than those of the powder A 
(Fig. 6). On closer inspection, the particles could be 
resolved into agglomerates of crystallites of the order 
of 0.1 l~m in size. Powder C consisted of angular 
fragments (up to around 100 gm in size) of a coarsely 
divided precipitation cake which in turn were com- 
posed of spheroid crystallites of approximately 0.5 tam 
in diameter (Fig. 7). 

The surface areas of the powders are displayed in 
Table IV. 

The results indicate that there was a wide variation 
in the surface areas of the powders with the value for 
the material C being over 30 times larger than that of 
powder B. 

The particle size distribution for the three powders 
is shown in Fig. 8 and the values of Do.~, Do. s and 
Do. 9 are  shown in Table V. 

The particle size distributions of both powder A 
and B were approximately monomodal. However, the 

Figure 6 Scanning electron micrograph of powder B. 
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Figure 8 Particle size distribution for the powders: - -  A, - - -  
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TABLE V Do.l, Do. 5 and Do. 9 values from particle size analysis 

Powder D0.x (l~m) Do.5 (pm) Do. 9 (pm) 

A 2.5 3.6 7.8 
B 4.2 8.7 15.4 
C 4.1 20.9 54.4 
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Figure 9 Variation in density with sintering temperature: [] A; 
O B ; © C .  

mean particle size for the powder A was less than half 
that of powder B. Powder C showed a very broad 
and flat distribution which was essentially bimodal 
(as indicated by the large Do. 9 value). 

Figure 7 Scanning electron micrograph of powder C. 

TABLE IV Surface area results 

Powder Surface area (m 2 g- 1) 

A 18 
B 2 
C 63 

3.2. S p e c i m e n  tes t ing  
The variation in density with sintering temperature for 
the three powder is shown in Fig. 9. While powders A 
and C showed an expected increase in density with 
increasing sintering temperature, powder B showed 
a limited increase in density over that of the green 
compact, even after sintering at 1300°C for 12h. 
Powders C and A reached maximum densities of 
98.8 % and 97 %, respectively, of the theoretical density 
for hydroxyapatite (3.156 Mg m-  3), respectively, after 
sintering at 1280 °C. 

The variation of hardness with sintering temper- 
ature for the three materials is shown in Fig. 10. Again 
it is evident that while materials A and C showed a 
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Figure 10 Variation in hardness with sintering temperature: [] A; 
(> B; © C. Figure 13 Scanning electron micrograph of the fracture of material 

C after sintering at 1280 °C. 

A and C both exhibited intergranular fracture and 
show very little porosity. However, the particles of 
material B showed only the beginnings of neck forma- 
tion after sintering at 1280°C. Closer inspection of 
these particles revealed that the nanometre scale crys- 
tallites observed in the as-received powder appeared 
to have sintered to give an intra-particle grain 
structure. 

Figure 11 Scanning electron micrograph of the fracture surface of 
material A after sintering at 1280 °C. 

Figure 12 Scanning electron micrograph of the fracture surface of 
material B after sintering at 1280 °C. 

marked increase in hardness with sintering temper- 
ature, the hardness Of material B remained of the order 
of 50 H v, even after sintering at 1300°C for 12 h. 
Material C showed a much more rapid increase in 
hardness with sintering temperature, peaking at 
880 Hv after sintering at 1265 °C while material A 
showed a peak hardness of 680 Hv after sintering 
at 1280 °C. 

Figs 11-13 show the fracture surfaces of the three 
materials after sintering at 1280 °C for 12 h. Materials 
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4. Discussion 
A number of groups have reported methods of produ- 
cing and sintering hydroxyapatite [1-10], but very 
few document in detail the physical characteristics of 
their material. Normally, a particle size is quoted, but 
less frequently is-there any mention of the surface area, 
particle size distribution or morphology of the pow- 
der. Nagai and Nishimura [10], Akao et al. [1], 
Kijima and Tsutsumi [7] and Jarcho et al. [6] all 
precipitated hydroxyapatite and estimated crystallite 
sizes using XRD and electron microscopy, but no 
surface area measurements were reported. A rrlore 
complete material characterization was reported by 
Denissen et  al. [2] who reported surface area and 
particle size range. Denissen et al. compared com- 
mercial powders with their own, laboratory-made ma- 
terial and found that their material was composed of 
'fine' particles and had a surface area of 80-90 m 2 g-  1 
as compared with the commercial powders which had 
particle sizes of 50-300 gm and 1-2 gm and surface 
areas of 45 and 59 m 2 g-  ~ respectively. Rootare and 
Craig [8] used hydroxyapatite powder with a surface 
area of 70 m 2 g-1 and a bulk density of 0.586 gcm -3 
and a median particle size of 8 gin. However, none of 
the groups gave information concerning particle size 
distribution. 

Gravimetric analysis results from the powders used 
in this study indicated that powders A and B were 
slightly calcium rich, while the calcium-to-phosphorus 
ratio for powder C was close to the stoichiometric 
value. However, both X-ray diffraction and infrared 
analyses gave very similar results for all three powders 
with no extraneous phases in the XRD traces and only 
a small trace of carbonate in the infrared spectra. 

The physical characteristics of the powders were in 
marked contrast. While powder C was composed of 



high surface area 100 gm-scale soft agglomerates of 
spheroidal, submicrometre particles, the powders A 
and B were composed of hard agglomerates, which 
had been subjected to some form of pre-sintering 
stage. The intermediate surface area measured for 
powder A was due to the surface area created by the 
needle-shaped crystallites, which agglomerated to give 
the 3-gin size secondary particles their 'fluffy' appear- 
ance. However, the nanometre-scale crystallites which 
comprised the particles of powder B appeared to be 
much more tightly packed to give an almost smooth 
appearance to the 8-10 gm secondary particles. Re- 
ferring to the X-ray diffraction traces and Table I, the 
full width half maximum values calculated for the 
materials in their as-received condition confirm the 
observation that the crystallite size in powder C is 
substantially larger than that of powder B. 

A wide range in the densification characteristics and 
mechanical behaviour of hydroxyapatite have been 
reported previously ranging from densities of 97% 
and 92.5% with associated hardnesses of 450 H v and 
260 H v, respectively, after sintering at 1200 °C for 6 h 
[2] to a density of 98.9% and a hardness of 650 Hv 
after sintering at 1150 °C for 1 h [7]. The very different 
sintering behaviour of the materials considered in this 
study may be explained in terms of the physical 
characteristics of the powder. The high surface area 
and small mean primary particle size of material C 
me.ant that there was a large driving force for den- 
sification. The spheroidal morphology of the primary 
particles also led to a green compact with good 
particle-particle contact. Hence material C sintered 
well, to high density, with the pore shape and size both 
uniform and regular. Powder A consisted of hard 
agglomerates of acicular crystallites which would have 
led to a lower packing density in the green state. The 
surface area of the powder was significantly lower 
than that of material C and hence there would have 
been a large variation in the size and shape of the 
spaces between the particles in the green compact. 
These factors would all contribute to a reduction in 
the overall density of a compact sintered to any given 
temperature as compared with powder C_ Powder B 
might have appeared, at first sight, to have been an 
ideal material to be sintered to near full density: the 
monomodal distribution of smooth, spheroid particles 
should have led to a good packing density. However, 
the results indicated that during the heat treatment 
cycle, the particles themselves densified and the crys- 
tallites took on the form of grains within the particles. 
Continued application of heat led to grain growth 
with the particles and only the beginnings of neck 
formation could be observed between them. Hence, 
once the crystallites had sintered within the spheroid 
particles there was minimal driving force for the den- 
sification of the powder compact as a whole. 

5. Conclusions 
The work reported in this paper has indicated the 
contrasting sintering behaviour of three chemically 
similar, but morphologically different hydroxyapatite 

powders. The mechanical properties of sintered hy- 
droxyapatite are determined not only by the powder 
chemical composition median particle size and pro- 
cessing conditions as shown previously, but also by 
the particle size distribution, surface area and particle 
particle morphology. 
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