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ABSTRACT

Nanostructure processing was applied to derive hydroxyapatite and hydroxyapatite-zirconia bioceramics with ultrafine microstructures and
significantly improved mechanical properties for orthopedic and dental implant applications. Despite its attractive bioactivity, hydroxyapatite
(HAP) has been limited in applications due to the poor processability and mechanical strength of the conventional material. Through nanostructure
processing, high-strength HAP has been obtained by pressure-assisted sintering. To further toughen the HAP matrix, nanocrystalline yttria-
stabilized zirconia (YSZ) dispersoids have been introduced during HAP precipitation. The nanostructured HAP and HAP−YSZ composites
demonstrated excellent chemical and microstructural uniformity and mechanical properties, compared to conventional coarse-grained systems.

In the past decade, significant research efforts have been
devoted to nanostructure processing as a means to achieve
materials with ultrafine microstructures for structural, cata-
lytic, electronic, and optical applications.1-5 Metallic, inter-
metallic, and ceramic nanocrystals have been consolidated
to form nanostructured materials that have mechanical
properties substantially different from their conventional
coarse-grained counterparts.6-8 Nanostructure processing
improves the sinterability of ceramics and enhances the
mechanical reliability by reducing flaw sizes. The high
volume fraction of grain boundaries in nanocrystalline
ceramic compacts also provides for increased ductility and
superplasticity for low-temperature net-shape forming.7

Although the high surface reactivity associated with nano-
crystalline materials has been exploited for catalytic appli-
cations,9-13 few researchers have considered the biomedical
applications of nanostructured materials. Recent studies have
reported that nanocrystalline alumina possesses bioactivity,
whereas alumina is bioinert in the conventional polycrys-
talline form.14-15

In this study, we are interested in developing nanocrys-
talline bioceramics, such as hydroxyapatite (HAP), that have
excellent bioactivity. HAP is a bioactive ceramic with a
crystal structure similar to native bone and teeth minerals.
It has generated great interest as an advanced orthopedic and
dental implant candidate because it elicits a favorable
biological response and forms a bond with the surrounding
tissues.16 However, applications of HAP are currently limited
to powders, coatings, porous bodies, and nonload-bearing

implants due to processing difficulties and the poor mechan-
ical properties of conventional HAP.17 This material is
sensitive to nonstoichiometry and impurities due to its
complex composition and crystal structure (Ca10(PO4)6(OH)2,
P63/m).18-19 As a result, conventionally processed HAP
materials lack phase purity and homogeneity. They are very
challenging to sinter; densification has typically required high
temperatures, which result in grain growth and decomposition
into undesired phases with poor mechanical and chemical
stability.20-21 To circumvent densification at high tempera-
tures, glassy additives can be introduced to promote liquid-
phase sintering at a lower temperature. However, the
presence of a secondary glassy phase gives rise to poor
mechanical characteristics.22

In this research, nanostructure processing is successfully
applied to HAP to achieve superior chemical homogeneity
and microstructural uniformity, so that high-quality apatite-
based bioceramics can be generated at low sintering tem-
peratures. We have also examined nanostructure processing
as a means to create composites with controlled mixing of
components. This concept is used to introduce highly
dispersed yttria-stabilized zirconia (YSZ) nanocrystals to
structurally reinforce the HAP matrix. By achieving a
nanocomposite of HAP-YSZ with a controlled microstruc-
ture, we can further improve the mechanical properties of
HAP-based bioceramics for important load-bearing implant
applications.

Previous research on nanocrystalline ceramics has focused
mainly on simple oxides and nitrides.2,7,8,23-24 To successfully
process a complex system such as HAP, we have chosen
the chemical precipitation approach because this wet-
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chemical route20,25 will likely generate the desired stoichi-
ometry, crystalline phase and grain size at low temperatures.
To precipitate HAP, 0.167 M Ca(NO3)2‚4H2O was slowly
added (1.5 mL/min) to 0.1 M (NH4)2HPO4 at the specified
aging temperature in our preliminary studies to control the
crystallization of HAP and to prevent the formation of
undesirable secondary phases. The pH’s of these precursor
solutions were adjusted by the addition of concentrated NH4-
OH. After aging, the white precipitate was washed, dried,
and calcined at 550°C in flowing oxygen. We have
examined synthesis parameters such as precursor pH, aging
time, and temperature to achieve HAP particles with tailored
composition, crystallite size, morphology, and surface chem-
istry to optimize their chemical stability, sinterability, and
mechanical properties.

The pH of the starting solutions can affect chemical
precipitation by altering the solubility of the system and by
affecting powder agglomeration. As the pH was increased,
a preferred growth along the〈002〉 axis of HAP was observed
in X-ray diffraction (XRD) patterns, resulting in an increas-
ingly rodlike morphology and a larger average particle size.
The precipitate produced with Ca(NO3)2‚4H2O and (NH4)2-
HPO4 precursor solutions of matching pH (10.4) gave rise
to stoichiometric HAP powders that sintered to 98.5%
theoretical density. In contrast, samples that were produced
at a higher (Ca(NO3)2‚4H2O solution pH) 11.8 and (NH4)2-
HPO4 solution pH ) 11) or lower pH (Ca(NO3)2‚4H2O
solution pH) 6.1 and (NH4)2HPO4 solution pH) 10.4)
resulted in nonstoichiometric HAP that underwent phase
decomposition during sintering.

We have found that aging was critical toward obtaining
well-crystallized HAP particles with uniform morphologies.
Occluded impurities are removed and crystal strain is reduced
in the aging process, whereas grains with nonuniform
morphologies redissolve and are re-crystallized into more
ordered forms. Longer aging times also ensure that the
reagents are fully reacted and precipitated. It was noted that
an aging period of 100 h led to small crystallite sizes (∼50
nm as verified by transmission electron microscopy (TEM)
and XRD peak broadening analysis) and high surface areas
(∼90 m2/g) for the 550°C-calcined HAP powder. This
sample was sintered easily without phase decomposition. In
contrast, the sample that was not subjected to aging
underwent severe decomposition upon sintering, indicating
that the as-precipitated phase was not thermally stable due
to its poor compositional uniformity.

Varying the aging temperature also influences the crystal
growth and chemistry. The sample aged at 0°C was highly
nonstoichiometric (Ca/P) 1.44 instead of 1.67), and
decomposed into coarse-grainedâ-tricalcium phosphate
during sintering. In contrast, aging at 25°C produced a
stoichiometric powder with a spherical morphology, which
can be easily densified to produce a nanostructured, phase-
pure HAP compact. A higher aging temperature of 80°C
led to whiskerlike HAP particles with a preferential growth
along the 〈002〉 axis (200 nm). When this sample was
sintered, a pellet with grains and pores on the order of 100
nm was obtained.

Stoichiometric, equiaxed, nanocrystalline HAP powders
demonstrated significantly enhanced sinterability. The op-
timized system could be fully densified by pressureless
sintering at 1000°C for 2 h, in contrast to 1100°C that was
required for the best HAP system reported in the litera-
ture.20,25-26 In comparison, commercial HAP (Aldrich)
powders could not be sintered to>70% theoretical density
via pressureless sintering. XRD studies indicated that the
nanocrystalline HAP materials produced were thermally
stable up to 1300°C, whereas commercial HAP materials
underwent decomposition toâ-tricalcium phosphate by 1000
°C. The decomposition reaction, Ca10(PO4)6(OH)2 f 3Ca3-
(PO4)2 + CaO+ H2O, has been found to be promoted by
the presence of minute impurities or nonstoichiometry in the
HAP powders.27 The excellent compositional homogeneity
and phase purity associated with our nanocrystalline HAP
samples stabilized them against decomposition at high
temperatures, so that dense specimens with superior me-
chanical integrity could be achieved without the undesired
phases, as demonstrated in Figure 1.

Full densification of the optimized HAP powders could
also be achieved in 30 min at a remarkably low temperature
of 900°C with pressure-assisted sintering (load) 100 MPa).
The large number of pores in Figure 2a shows that the
compacts produced from commercial HAP powders were not
sintered under such conditions. Scanning electron microscopy
(SEM) at a higher magnification revealed the presence of
largeâ-tricalcium phosphate (Ca3(PO4)2) and calcia (CaO)
grains associated with decomposition reactions (Figure 2b),
as revealed by XRD. These decomposition reactions may
be the major barrier in the densification of commercial HAP.
In contrast, nanocrystalline HAP was fully densified without
phase decomposition (Figure 2c) and possessed an ultrafine
microstructure (Figure 2d). High-resolution TEM images
illustrate that the sintered compact possessed a uniform and
ultrafine microstructure with an average grain size of∼100
nm (Figure 3a), with no glassy or amorphous interfaces along
the grain boundaries (Figure 3b). The crystallinity of the HAP
grains and the grain boundaries suggests that the material
has excellent phase homogeneity and purity. These micro-
structural features could be credited for the superior strength
of nanostructured HAP compared to conventional HAP,

Figure 1. XRD patterns (Siemens D5000 diffractometer, 45 kV,
40 mA, Cu KR) of nanocrystalline HAP (a) as-synthesized, (b) after
550 °C calcination in oxygen, and after pressureless sintering in
oxygen at (c) 1000°C, (d) 1100°C, (e) 1200°C, and (f) 1300°C.
All peaks correspond to hydroxyapatite.
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dental enamel, and compact bone. Table 1 shows that the
nanostructured HAP compact has superb compressive strength.
Although conventional HAP has a lower bending strength
than compact bone, nanostructured HAP demonstrated a
greater bending strength than compact bone and dental
enamel, indicating that this new material would be suitable
as an orthopedic and dental implant material. Our study also
showed that nanostructured HAP has a greater fracture
toughness than conventional HAP, but the value is still lower
than that of compact bone.

To improve the fracture resistance of our bioceramics
against crack initiation and propagation, we have introduced
3 mol % yttria-stabilized zirconia (YSZ) to nanostructured
HAP to form a HAP-YSZ nanocomposite system containing
3 wt % YSZ. The YSZ dispersoids can mechanically
reinforce the HAP matrix through crack deflection and phase
transformation toughening. Previous researchers have found
that HAP-YSZ composites are extremely difficult to densify,
requiring pressure-assisted sintering at 1400°C followed by
hot isostatic pressing,28,29 resulting in significant HAP
decomposition and grain growth.29 Conventional composites
also utilize large amounts of YSZ (a bioinert ceramic) in
structural reinforcement, thereby inhibiting bioactivity. Our
goal is to attain a high YSZ dispersion in the HAP matrix to
circumvent the need for high YSZ loading in structural
toughening. The low YSZ content would also ensure
excellent in vivo interactions, while matching closely the
mechanical properties of natural bone. To achieve these
design objectives, we have prepared a HAP-YSZ nano-
composite by a colloidal addition technique, which allows
for the manipulation of composite microstructure on the
nanometer scale. In our synthesis, YSZ was chemically
precipitated by slowly adding a 0.2 M ZrOCl2‚8H2O with 3

Figure 2. (a,b) SEM micrographs (JEOL 6320 Field Emission Gun Scanning Electron Microscope) of polished cross-sections of commercial
HAP pressure-assisted sintered at 900°C, showing (a) a porous microstructure and (b)â-tricalcium phosphate and calcia decomposition
products. (c,d) SEM micrographs of polished cross-sections of nanocrystalline HAP pressure-assisted sintered at 900°C, showing (c) a
dense, uniform microstructure composed of (d) ultrafine grains.

Table 1. Mechanical Properties of Nanostructured HAP
Compared to Conventional HAP, Dental Enamel, and Compact
Bone

compressive
strength
(MPa)

bending
strength
(MPa)

fracture
toughness

(MPa‚m1/2)b

nanostructured HAPa 879 193 1.3§

conventional HAPc,a 120-800 38-113 1.0
dental enameld 95-370 76
compact boned 170-193 160 2-12

a Prepared by pressure-assisted sintering.b Fracture toughness was evalu-
ated using a Vickers indentation method.29,30 c Refs 17,20,21, and 31.d Ref
17.
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mol % Y(NO3)3‚4H2O ethanolic solution to a NH4OH-
ethanol solution. The resulting sol was aged under hydro-

thermal conditions at 120°C for 12 h. (NH4)2HPO4 and
Ca(NO3)2‚4H2O were then added to the YSZ sol for

Figure 3. Thin-section TEM micrographs (JEOL 2010, 200 kV) of (a,b) a nanostructured HAP compact that has been subjected to pressure-
assisted sintering at 900°C, and (c,d) a HAP-YSZ nanocomposite compact (with 3 wt % YSZ) that has been subjected to pressure-assisted
sintering at 1000°C.

Figure 4. TEM micrographs (JEOL 2000, 200 kV) of (a) nanocrystalline HAP powders prepared by chemical precipitation, and (b) HAP-
YSZ nanocomposite powders (with 3 wt % YSZ) prepared by the colloidal addition technique.

152 Nano Lett., Vol. 1, No. 3, 2001
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precipitation at a matched pH of 10.4. TEM micrographs
show that the structure and morphology of the HAP
nanocrystals (Figure 4a) remained unaltered upon the
incorporation of YSZ nanocrystals (see Figure 4b). Further-
more, Figure 4b illustrates that the colloidal addition
technique resulted in an intimate mixing of the two com-
ponents.

We have successfully obtained highly dispersed YSZ
grains in a dense HAP matrix (Figure 3c); the nanocomposite
powders were densified via pressure-assisted sintering by
1000 °C (load ) 50 MPa). High-resolution TEM (Figure
3d) shows that the interfaces between HAP and YSZ grains
are highly crystalline in nature. Because potential cracks
would likely propagate along the grain boundaries in
materials with such an ultrafine microstructure, the high
intergranular dispersion of YSZ nanocrystals by the colloidal
addition technique would be very beneficial. It would provide
an excellent degree of interaction between YSZ grains and
the HAP matrix, uniformly enhancing the toughness of the
system. Indeed, we have found that with only 3 wt % YSZ
addition, the fracture toughness of a HAP-based nanocom-
posite could be increased significantly to 2.0 MPa‚m1/2, which
was comparable to that of compact bone.

This study shows that nanostructure processing offers
attractive solutions to challenges encountered in HAP
processing. Particle size and morphology, stoichiometry, and
phase homogeneity and purity can be controlled to provide
HAP with significantly enhanced sinterability and stability.
Fully dense, transparent HAP compacts have been success-
fully achieved at temperatures as low as 900°C, while
retaining the ultrafine microstructure. The nanostructured
HAP results in a 70% improvement over the best conven-
tional HAP in the critical 3-point bending strength. The
versatility of nanostructure processing was further demon-
strated in the production of HAP-YSZ nanocomposites. An
ultrahigh dispersion of YSZ was achieved so that a low
loading of 3 wt % YSZ was sufficient to effectively increase
the fracture toughness of HAP to closely match that of
compact bone. This approach brings about improved me-
chanical properties without sacrificing biocompatibility, so
that the resulting HAP-based systems hold wide potential
applicability as load-bearing implants, bone grafts, and dental
replacements.
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