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NANOCRYSTALLINE APATITES AND 
COMPOSITES, PROSTHESES 

INCORPORATING THEM, AND METHOD 
FOR THEIR PRODUCTION 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci?ca 
tion; matter printed in italics indicates the additions 
made by reissue. 

RELATED APPLICATION 

Notice: More than one reissue application has been ?led 
for the reissue of US. Pat. No. 6,013,591. The reissue appli 
cations arepatent application Ser. Nos. 10/044, 801?ledJan. 
11, 2002, 10/863,863?led Jun. 7, 2004, which is a continu 
ation ofpatent application Ser. Nos. 10/044,801; 12/749,299 
?led Mar. 29, 2010 (the present application), which is a 
continuation ofpatent application Ser. No. 10/863, 863; and 
13/536,924?led Jun. 28, 2012, which is a continuation of 
patent application Ser. No. 12/749,299. 

[This non-provisional application claims the bene?t under 
Title 35, U.S.C. §119(e) of co-pending U.S. provisional 
application serial No. 60/035,535, ?led Jan. 16, 1997, entitled 
“Nanocrystalline Apatites and Composites, Prostheses Incor 
porating Them, and Method for Their Production” by Jackie 
Y. Ying et al., incorporated herein by reference] 

This application is a continuation ofapplication Ser. No. 
10/863,863,?led.Iun. 7, 2004, which is a continuation ofU.S. 
Pat. No. RE39,916, issued Jul. 18, 2006, ?led as application 
Ser. No. 10/044,801 on Jan. 11, 2002, which is a reissue of 
US. Pat. No. 6,013,591, issued Jan. 11, 2000, entitled 
NANOCRSYTALLINE APAT IT ES AND COMPOSITES, 
PROSTHESES INCORPORATING THEM AND METHOD 
FOR THEIR PRODUCTION, ?led as application Ser. No. 
09/007,930 on Jan. 16, 1998, which claims priority to US. 
provisional application Ser. No. 60/035,535, ?led Jan. 16, 
1997, all of which are incorporated herein by reference. 

FIELD OF THE INVENTION 

The present invention relates generally to bioceramics and 
more particularly to a class of apatite materials and compos 
ites incorporating these materials that are useful as prosthe 
ses, or coatings for prosthesis, and methods for production of 
these materials. 

BACKGROUND OF THE INVENTION 

Biomaterials are a class of functional materials designed to 
interact with and become incorporated into the human body 
for uses such as prostheses. Unlike products obtained through 
bioengineering, the manufacture of biomaterials rarely 
requires cellular processing or a biological intermediary. 

There is a need for biomimetic structures friendly to body 
chemistry and physiology. Goals for these biomaterials are 
that they possess mechanical stability for hardness, compres 
sive strength, ?exural strength, and wear resistance, con 
trolled microstructure to develop functional gradients, con 
trolled interfacial properties to maintain structural integrity in 
physiological conditions, and well-understood surface chem 
istry tailored to provide appropriate adhesion properties, 
chemical resistance, long implant life, and patient comfort. 
A wide variety of biomaterials exist such as biocompatible 

polymers and bioceramics. Biocompatible polymers include 
biodegradable polymers for use in providing structural sup 
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2 
port to organs and other body parts, drug delivery, and the 
like, and non-biodegradable polymers such as polymer pros 
thesis. For example, hip joint replacements typically make 
use of non-biodegradable polymers. The technique typically 
requires a traumatic in vivo polymerization reaction within 
the cup of a hip joint, and the use of a metal ball joint within 
the cup which can result in stress shielding (described below), 
causing bone dissolution. Uneven wear rates between the 
metal ball joint and the polymer sockets can cause the poly 
mer to disintegrate within the body causing even more rapid 
dissolution. As a result, the interface between the metal ball 
joint and bone often loosens over time causing the patient 
great discomfort. The result is that hip joint replacement 
using current state-of-the-art technology may have to be per 
formed more than once in a patient. 

Bioceramics have found widespread use inperiodontic and 
orthopedic applications as well as oral, plastic, and ear, nose, 
and throat surgery. Common materials for bioceramics are 
alumina, zirconia, calcium phosphate based ceramics, and 
glass-ceramics. Bioceramics can be categorized according to 
their in vivo interaction, typically as bioinert, bioactive, and 
resorbable bioceramics. Various types of bioceramics 
undergo ?xation within the body according to different pro 
cesses. Some processes are generally more favorable than 
others, but in many cases a bioceramic material that under 
goes ?xation within the body via one advantageous interac 
tion may be associated with other disadvantages. 

Bioinert bioceramics include single crystal and polycrys 
talline alumina and zirconia, and are characterized as such 
because the body encapsulates the ceramics with ?brous tis 
sue as a natural mechanism in recognition of the inert ceramic 
as a foreign object, and tissue growth associated with this 
reaction is used to mechanically ?x the ceramic article in the 
body. In dense alumina and zirconia, the tissue grows into 
surface irregularities. In porous polycrystalline alumina, zir 
conia, etc., tissue grows into the pores. 

Resorbable bioceramics include tricalcium phosphate, cal 
cium sulfate, and calcium phosphate salt based bioceramics. 
They are used to replace damaged tissue and to eventually be 
resorbed such that host tissue surrounding an implant made of 
the resorbable ceramic eventually replaces the implant. 

Bioactive bioceramics include hydroxyapatite bioceram 
ics, glass, and glass-ceramics. A “bioactive” material is one 
that elicits a speci?c biological response at its surface which 
results in the formation of a bond with tissue. Thus, bioactive 
materials undergo chemical reactions in the body, but only at 
their surfaces. These chemical reactions lead to chemical and 
biological bonding to tissue at the interface between tissue 
and a bioactive implant, rather than mere ingrowth of tissue 
into pores of the implant which provide mechanical ?xation. 
A characteristic of bioactive ceramic articles is the formation 
of a hydroxycarbonate apatite (HCA) layer on the surface of 
the article. The degree of bioactivity is measured in terms of 
the rate of formation of HCA, bonding, strength, and thick 
ness of the bonding layer as well as cellular activity. 

Although many ceramic compositions have been tested as 
implants to repair various parts of the body, few have achieved 
human clinical application. Problems associated with 
ceramic implants typically involve the lack of a stable inter 
face with connective tissue, or a lack of matching of the 
mechanical behavior of the implant with the tissue to be 
replaced, or both (L. L. Hench, “Bioceramics: from Concept 
to Clinic”, J.Am. Ceram. Soc., 74, 1487-1510 (1991)). In the 
case of bioinert bioceramic materials, only a mechanical 
interlock is obtained, and if the mechanical ?xation between 
the surrounding tissue and implant is not strong enough, then 
loosening of the bioceramic can occur causing necrosis of the 
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surrounding tissue along with total implant failure. For 
example, when alumina or zirconia implants are implanted 
with a tight mechanical ?t within the body and movement 
does not occur at the interface with tissue, they are clinically 
successful. However, if movement occurs, the ?brous capsule 
surrounding the implant can grow to become several hundred 
microns thick and the implant can loosen, leading to clinical 
failure. 

Problems long associated with resorbable bioceramics are 
the maintenance of strength, stability of the interface, and 
matching of the resorption rate to the regeneration rate of the 
host tissue. Furthermore, the constituents of resorbable bio 
materials must be metabolically acceptable since large quan 
tities of material must be digested by cells. This imposes a 
severe limitation on these compositions. 
The success of bioceramic implants depends upon proper 

ties of strength, fatigue resistance, fracture toughness, and the 
like These properties are reported to be a function of grain size 
and purity, but strength typically decreases as grain size 
increases. High temperature sintering of [3-tricalcium phos 
phate results typically in micron scale grains (Akao, et al., 
“Dense Polycrystalline [3-tricalcium Phosphate for Prosthetic 
Applications”, J. Mal. Sci., 17, 343-346 (1982)). It has been 
reported that an increase in the average grain size of poly 
crystalline 0t-A1203 to greater than 7 microns can decrease 
mechanical properties by about 20% (Hench J. Am. Ceram. 
Soc., referenced above). Additionally, as strength is 
increased, porosity typically decreases according to prior art 
liquid phase and solid state sintering techniques (Hench, et 
al., Ed., Introduction to Bioceramics, Chapter 1, pages 17-20 
(1993)). 
One problem associated with hard tissue prosthesis, for 

example, arti?cial bones or bone portions, is “stress shield 
ing”. This phenomenon results when a prosthesis of relatively 
highYoung’s modulus, such as alumina, is used as an implant 
against bone. The higher modulus of elasticity of the implant 
results in its carrying nearly all the load. This prevents the 
bone from being loaded, a requirement for bone to remain 
healthy and strong. That is, stress shielding weakens bone in 
the region where a load applied to the bone is lowest or in 
compression. Bone that is unloaded or loaded in compression 
undergoes a biological change that leads to bone resorption. 
The elastic modulus of cortical bone ranges between 7 and 25 
GPa, which is 10 to 50 times lower than that of alumina. The 
modulus of cancellous bone is signi?cantly lower than that of 
cortical bone. The modulus of elasticity of a variety of mate 
rials used for load bearing implants is compared with the 
modulus values of cortical bone and cancerous bone in 
Hench, et al., Ed. Introduction to Bioceramics, referenced 
above. 

Hydroxyapatite, Ca10(PO4)6(OH)2, is an attractive and 
widely utilized bioceramic material for orthopedic and dental 
implants because it closely resembles native tooth and bone 
crystal structure. Though hydroxyapatite is the mo st common 
bioceramic, applications for its use have been limited by its 
proccssability and architectural design conceptualization. 
Conventional processing lacks compositional purity and 
homogeneity. Because hydroxyapatite is dif?cult to sinter, 
dense hydroxyapatite structures for dental implants and low 
wear orthopedic applications typically have been obtained by 
high-temperature and/or high-pressure sintering with glassy 
sintering aids which frequently induce decomposition to 
undesirable phases with poor mechanical stability and poor 
chemical resistance to physiological conditions. Thus, con 
ventionally-formed hydroxyapatite necessitates expensive 
processing and compromises structural integrity due to the 
presence of secondary phases. Existing methods require high 
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4 
forming and machining costs to obtain products with com 
plex shapes. Furthermore, typical conventional hydroxyapa 
tite decomposes above 12500 C. This results in a material with 
poor mechanical stability and poor chemical resistance. 

J archo, et al., in “Hydroxyapatite Synthesis and Character 
ization in Dense Polycrystalline Form”, J. Mater. Sci., 11, 
2027-2035 (1976)), describe a process for forming dense 
polycrystalline hydroxyapatite that is “substantially stronger 
than other hydroxyapatite materials”, and that elicits “an 
excellent biological response when implanted in bone” (p. 
2027). A precipitation method was used and material of aver 
age grain size of from about 150-700 nm recovered. However, 
J archo, et al. report low volume fraction of pores, and report 
considerable grain growth during sintering even at ?ring tem 
peratures of 10000 C. Jarcho, et al. achieved 99% density in 
some cases, but using a technique that can be impractical for 
forming desired shapes. M. Akao, et al., in “Mechanical Prop 
erties of Sintered Hydroxyapatite for Prosthetic Applica 
tions”, J. Mater. Sci., 16, 809-8 1 2 (1 98 1 ), report the compres 
sive ?exural torsional and dynamic torsional strengths of 
polycrystalline hydroxyapatite sintered at 13000 C. for three 
hours and, compare the mechanical properties of the product 
with those of cortical bone, dentine, and enamel. The com 
pressive strength of the sintered hydroxy apatite was approxi 
mately 3-6 times as strong as that of cortical bone. 

There is much room for improvement in the use of 
hydroxyapatite as implants. As reported by Hench et al., 
“Bioceramics: from concept to clinic”, American Ceramic 
Society Bulletin 72, 4, 93-98 (1993), “Because (hydroxyapa 
tite) implants have low reliability under tensile load, such 
calcium phosphate bioceramics can only be used as powders, 
or as small, unloaded implants such as in the middle ear, 
dental implants with reinforcing metal posts, coatings on 
metal implants, low-loaded porous implants where bone 
growth acts as a reinforcing phase, and as the bioactive phase 
in a composite.” (p. 97). Hench, J. Am. Ceram Soc. (1991; 
referenced above) reports that hydroxyapatite has been used 
as a coating on porous metal surfaces for ?xation of orthope 
dic prostheses, in particular, that hydroxyapatite powder in 
the pores of porous, coated-metal implants would signi? 
cantly affect the rate and vitality of bone ingrowth into the 
pores. It is reported that many investigators have explored this 
technique, with plasma spray coating of implants generally 
being preferred. Hench reports, however, that long term ani 
mal studies and clinical trials of load-bearing dental and 
orthopedic prostheses suggest that the hydroxyapatite coat 
ings may degrade or come off (p. 1504). Thus, the creation of 
new forms of hydroxyapatite having improved mechanical 
properties would have signi?cant use, but the results of prior 
art attempts have been disappointing. 

Recently, attention has been focused on nanocrystalline or 
nanocomposite materials for mechanical, optical and cata 
lytic applications. By designing materials from the cluster 
level, crystallite building blocks of less than 10 nm are pos 
sible, through which unique size-dependent properties such 
as quantum con?nement effect and superparamagnetism can 
be obtained. Various nanocrystalline ceramics for structural 
applications have been especially rigorously investigated in 
the 1990’ s. R. Siegel discusses nanophase metals and ceram 
ics in “Recent Progress in Nanophase Materials”, in Process 
ing and Properties of Nanocrystalline Materials, C. Surya 
narayana, et al., Ed., The Minerals, Metals & Materials 
Society (1996), noting that while many methods exist for the 
synthesis of nanostructured materials, including chemical or 
physical vapor deposition, gas condensation, chemical pre 
cipitation, aerosol reactions, and biological templating, syn 
thesis and processing methods for creating tailored nano 
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structures are sorely needed, especially techniques that allow 
careful control of surface and interface chemistry and that can 
lead to adherent surface coatings or well-consolidated bulk 
materials. It is noted that in the case of normally soft metals, 
decreasing grain sizes of the metal below a critical length 
scale (less than about 50 nm) for the sources of dislocations in 
the metal increases the metal’s strength. It is noted that clus 
ters of metals, intermetallic compounds, and ceramics have 
been consolidated to form ultra?ne-grained polycrystals that 
have mechanical properties remarkably different and 
improved relative to their conventional coarse-grained coun 
terpart. Nanophase copper and palladium, assembled from 
clusters with diameters in the range of 5-7 nm, are noted for 
having hardness and yield strength values up to 500% greater 
than in conventionally-produced metal. It is also noted that 
ceramics and conventionally brittle interrnetallics can be ren 
dered ductile by being synthesized from clusters with sizes 
below about 15 nm, the ductility resulting from the increased 
ease with which the ultra?ne grains can slide by one another 
in “grain-boundary sliding.” However, synthesis of nanocrys 
talline or nanocomposite materials is dif?cult. Signi?cant 
effort has been put into such synthesis and it is likely that in 
many or most attempts particle sins on the nanometer scale 
are not recovered due to agglomeration. A delicate balance of 
synthetic parameters typically must be elucidated in connec 
tion with a particular set of materials. 

In an article entitled, “New Nanocomposite Structural 
Ceramics”, by Niihara, et al., the synthesis and characteriza 
tion of micro- and nanocomposite structural ceramics is 
reported. A variety of ceramics including AlZO3/SiC, A1203/ 
Si3N4, and the like were investigated. Nanocomposites 
including intra- and intergranular nanocomposites and nano/ 
nanocomposites demonstrated improvement of mechanical 
properties and/ or machinability and superplasticity. 

While hydroxyapatite is used widely, and a hydroxyapatite 
formulation having mechanical and morphological properties 
advantageous for prostheses would be very useful, attempts 
to date have failed to product reliable structural hydroxyapa 
tite implants. Accordingly, it is an object of the invention to 
provide relatively simple techniques for synthesizing nanoc 
rystalline apatite materials having structural and morphologi 
cal properties useful for structural implants. In particular, it is 
an object to provide synthesis techniques that produce densi 
?ed, nanocrystalline material under mild conditions includ 
ing relatively low sintering temperature, reducing or elimi 
nating decomposition and minimizing cost. It is another 
object to obtain apatite materials having enhanced mechani 
cal and chemical resistance by maintaining an ultra?ne 
microstructure in sintering through suppression of grain 
growth. 

SUMMARY OF THE INVENTION 

The present invention provides a set of compositions, 
articles, and methods involving apatite materials of particu 
larly small crystal size and/or particle size that can be readily 
formed into a variety of products. 
By carefully controlling processing parameters affecting 

the molecular and structural development of hydroxyapatite 
such as precursor type, precursor concentration, addition rate 
of precursors, aging time, reaction and aging temperature, 
and pH during synthesis, as well as by controlling parameters 
affecting the agglomeration of ceramic particles such as 
washing and drying of the as-synthesized gel, a loosely 
agglomerated nanocrystalline hydroxyapatite powder is 
obtained. By minimizing particle size, packing and densi? 
cation is enhanced resulting in the fabrication of densi?ed 
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6 
nanocrystalline hydroxyapatite by using a simple pressure 
less sintering process at relatively low sintering temperatures. 
By reducing crystallite size, ceramics become more ductile as 
the volume fraction of grain boundaries increases allowing 
grain boundary sliding. Nanostructured hydroxyapatite also 
allows superplastic net-shape forming for inexpensive pro 
duction. Furthermore, by achieving smaller crystallite sizes, 
defect size is reduced. With minimized ?aw sizes, nanocrys 
talline hydroxyapatite is densi?ed with minimal or no sinter 
ing additives at substantially lower temperatures and demon 
strates improved strength compared to the conventional 
polycrystalline hydroxyapatite. Thus, nanocrystalline 
hydroxyapatite possesses greater reliability and better 
mechanical properties compared to conventional hydroxya 
patite with a coarser microstructure. Additionally, hydroxya 
patite can be structurally reinforced by nanocomposite pro 
cessing such as incorporating nanocrystalline zirconia into 
hydroxyapatite. Additionally, carbonate icons be substituted 
for phosphate ions in hydroxyapatite to yield carbonate apa 
tite, both Type A and Type B. 

Using wet chemical processing as the basis, synthetic 
approaches to obtain a variety of products: hydroxyapatite, 
carbonate apatite, and ?uoroapatite in the form of nanocrys 
talline dense structures as well as high surface area powders 
and coatings are developed by controlling the morphology, 
size, and reactivity of the precipitated particles. These novel 
materials possess high chemical purity and phase homogene 
ity with tailored mechanical strength and biocompatibility. A 
wet chemical approach is used because it is versatile, simple, 
and easy to control, in terms of both the preparative reactions 
and the characteristics of the reaction product. Furthermore, 
the synthesis conditions of the wet chemical approach can be 
tailored to physiological conditions for biomimetic process 
ing. When synthesized at low temperatures and at ambient 
pressures in an aqueous solution resembling physiological 
?uid, a bioactive hydroxyapatite stable in the body is pro 
duced. 

In order to manipulate the processing of nanocrystalline 
hydroxyapatite, important processing parameters were iden 
ti?ed. Parameters affecting the molecular and structural 
development, and chemistry of hydroxyapatite such as reac 
tion and aging temperature, aging time, addition rate of 
Ca(NO3)2 to the basic (NH4)2HPO4 solution, NH4OH con 
centration during chemical precipitation, and precursor con 
centration were examined. Parameters affecting the agglom 
eration and densi?cation of ceramic particles such as grinding 
method, calcination temperature, and sintering temperature 
were also investigated. By reducing crystallite size, ceramics 
are toughened as the volume fraction of grain boundaries 
increases allowing grain boundary sliding. Furthermore, by 
achieving smaller crystallite sizes, defect size are reduced. By 
minimizing particle size, packing and densi?cation can be 
enhanced. 

In one aspect, the invention provides a composition includ 
ing particulate apatite having an average apatite crystal size of 
less than 250 nm. In another embodiment, the invention pro 
vides an apatite composition having a surface area of at least 
40 m2/ g. 
The invention provides, according to another aspect, a 

method that involves precipitating apatite from a solvent as an 
apatite precipitate, removing the solvent from the apatite 
precipitate, and recovering the precipitate, particulate apatite. 
In the method, the recovered particulate apatite has an aver 
age crystal size ofless than 150 nm. 
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The invention also provides a method of calcining nanoc 
rystalline apatite at a temperature of less than 10000 C. and 
recovering a nanostructured apatite product having a BET 
surface area of at least 40 m2/ g and a crystal size of less than 
500 nm. 

In another aspect the invention provides a particulate apa 
tite composition having an average crystal size small enough 
that the composition can be sintered to a theoretical density of 
at least 90% by pressureless sintering. In another aspect, a 
method is provided comprising sintering a composition com 
prising an apatite to a theoretical density of at least 90% by 
pressureless sintering. 

The invention also provides a method involving precipitat 
ing crystalline apatite from solution. The crystalline apatite 
has an average crystallite size of less than 250 nm and a BET 
surface area of at least 40 m2/g. The precipitation is carried 
out under conditions, including temperature, in which, at a 
temperature at least 200 C. different from the precipitating 
temperature and under identical conditions other than tem 
perature, crystalline apatite is precipitated having an average 
crystallite size of greater than 250 nm and a BET surface area 
ofless than 40 m2/g. 

The invention also provides a method involving sintering a 
quantity of apatite powder at a temperature of at least 900° C. 
while allowing apatite phase decomposition of less than 10% 
in the material. 

The invention also provides a composition comprising 
nanocrystalline apatite that has a theoretical density of at least 
90% and an average grain size of less than one micron. 
A method of the invention, in another embodiment, 

involves precipitating apatite from a solvent as an apatite 
precipitate. Solvent is removed from the apatite precipitate, 
and the precipitate, particulate apatite is recovered having an 
average particle size of less than 1 micron. 

The invention also provides a method that involves calcin 
ing nanocrystalline apatite at a temperature of less than 10000 
C. and recovering a nanostructured apatite product having a 
BET surface area of at least 40 m2/g and an average particle 
size of less than 1 micron. 
The invention also includes a method involving sintering 

apatite in the absence of any sintering additives. 
The invention also provides a composition including par 

ticulate apatite having a surface area of at least 40 m2/ g. 
A method is provided in accordance with the invention that 

involves precipitating a particulate apatite from solution hav 
ing a crystallite size of less than 250 nm and a BET surface 
area of at least 40 m2/ g under conditions including tempera 
ture in which, at a temperature at least 200 different from the 
precipitating temperature and under identical conditions 
other than temperature, particulate apatite is precipitated hav 
ing an average crystallite size of greater than 250 nm and a 
BET surface area of less than 40 m2/g. 

Other advantages, novel features, and objects of the inven 
tion will become apparent from the following detailed 
description of the invention when considered in conjunction 
with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a series of X-ray diffraction C(RD) patterns of a 
variety of hydroxyapatite samples involving different prepa 
ration treatments; 

FIG. 2 is a series of Fourier Transform infrared (PA-FTIR) 
spectra of nanocrystalline hydroxyapatite as synthesized and 
after a series of treatment steps; 
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FIG. 3 is a series of XRD patterns of nanocrystalline 

hydroxyapatite after a series of treatment steps as in the 
material identi?ed in FIG. 2; 

FIG. 4 is a series of XRD patterns of comparative, conven 
tional, commercially-available hydroxyapatite as received 
and after a series of treatment steps; 

FIG. 5 is an XRD pattern of nanocrystalline hydroxyapatite 
after calcination; and 

FIG. 6 is an PA-FTIR spectrum of the nanocrystalline 
hydroxyapatite sample for which the XRD pattern is provided 
in FIG. 5. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides methods for synthesis of 
nanostructured apatites, and selection criteria for process 
conditions and steps for carrying out related methods, that 
result in better microstructural control and design on the 
nanometer scale, phase uniformity on the molecular level, 
enhanced sintering behavior, greater mechanical reliability, 
and superplastic net shape forming. Because of exceptional 
microstructural control, ?aw sizes are reduced which 
improve densi?cation and mechanical reliability, and 
ultra?ne domain sizes are obtained which increase ductility 
and superplasticity. 

Nanocrystalline apatites are provided in accordance with 
the invention that possess greater reliability, better mechani 
cal properties, and enhanced bioactivity compared to conven 
tional hydroxyapatite with a micron scale microstructure. 
With minimized ?aw sizes, nanocrystalline apatites of the 
invention are densi?ed without additives at substantially 
lower temperatures and demonstrate unusual strength and 
ductility compared to the conventional polycrystalline 
hydroxyapatite. The nano structured apatites not only provide 
superior mechanical properties but also offer the potential for 
superplastic net-shape forming for inexpensive rapid proto 
typing. Additionally, apatites can be structurally reinforced 
by nanocomposite processing involving incorporation of spe 
cies such as zirconia into apatites. 
The invention involves production of nanometer-sized 

compact resulting from a pressureless sintering process at 
relatively low sintering temperatures compared to tempera 
tures used in known methods of producing micron-sized 
hydroxyapatite. A wet chemical approach is used in synthesis 
of preferred compositions leading to the advantages that com 
positional homogeneity is provided and the method is versa 
tile and easy to control both in terms of the preparative reac 
tions and character of the reaction product. The processing 
can be tailored for different applications such as densi?ed 
apatites, coatings, cements, and composites by controlling 
the morphology, size, reactivity of the precipitated particles, 
and adjusting their composition. 

Apatite compositions of the invention are preferably of as 
nanocrystalline size. Crystal size typically governs bulk prop 
erties in an article, with smaller crystal sizes being advanta 
geous for purposes of the invention. Minimization of particle 
size, by minimizing crystal size, makes densi?cation of par 
ticles easier because smallerparticles can re-arrange and pack 
more readily and have a greater driving force for densi?ca 
tion. Accordingly, it is a goal of the invention to provide 
nanocrystalline apatite powder having an average particle 
size that approaches the average crystal size of the material. 
The invention involves, in preferred embodiments, as a wet 
chemical approach in which nanocrystals are precipitated and 
in which the individual crystals de?ne individual particles, 
followed by recovery of powder in which the crystals are 
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agglomerated to a minimal extent, and further processing 
involving densi?cation resulting in materials with useful 
properties. 

The invention provides a method of forming ceramic mate 
rial that is applicable to a wide variety of materials, including 
apatitic materials (apatites) such as ?uoroapatites and exem 
pli?ed by hydroxyapatite and carbonate apatite (Type A and 
Type B). Preferredbioceramics are represented by the general 
formula M102+(ZOy3_)6X2_, where MICa, Ba, Sr, Mg, Pb, 
Cd, etc. where M can be substituted with Na and/or K and 
consequently the formula can be substituted with an appro 
priate number of vacancies and/or anions, as known by one of 
ordinary skill in the art; ZOyIPO4, AsO4, VO4, etc where ZOy 
can be substituted with SiO4, SO4, CO3, BO3, etc. to balance 
a total charge of cations, as known by one of ordinary skill in 
the art; and XIFZ, (OH)2, C12, Br2, I2, O, CO3 etc. Apreferred 
set of compounds are those that form hexagonally-packed 
crystals. Calcium-based apatites such as hydroxyapatite are 
particularly preferred. One set of preferred apatites include 
calcium phosphate apatites such as Ca5(PO4, CO3F)3R; Ca5 
(PO4CO3OH)OH; Ca5(PO4)3Cl; Ca5(PO4)3F; Ca5(PO4)3 
OH; Ca10(PO4)6 CO3; Ca lo(PO4)6O; and non-calcium phos 
phate apatites such as Ba5(PO4)3Cl, (Sr,Ce)5(PO4)3OH, (Ce, 
ca)5(PO4)3(OH>F)> (Ysca)5(PO4)3(OH>F)> Na3Pb2(SO4)3C1> 
Na3Ca2(SO4)3OH, Ca5[SiO4,PO4,SO4]3(Cl,F), Pb5(AsO4)3 
Cl, (Ca,Sr)5[AsO4, PO4]3OH, Pb5(AsO4)3Cl, Ca5[SiO4,PO4, 
SO4]3(F,OH,C1), Pb3Ca2(AsO4)3Cl, Ca5[SiO4, PO4,SO4]3 
(OH,F,C1), Ca5(AsO4)3OH, Pb5(AsO4)3Cl, (Ba,Ca,Pb)5 
[AsO4,PO4]3Cl, Pb5(PO4)3Cl, Sr5(PO4)3(OH,F), Ca5(As 
O4)3F, Ca5[AsO4, PO4]3C1, Pb5(VO4)Cl. 

The invention also involves formation of nanocrystalline 
composites including one or more apatites with other auxil 
iary additives including ceramics, metals, and alloys. Ceram 
ics preferred for use in composites include alumina, zirconia, 
titania, silicon carbide, silicon nitrides and other structural 
ceramics. Metals such as Ti, Al, Ni, W, Fe, Mo, Co, Zr, V, and 
other structural metals and alloys are useful. Preferably the 
structural additive also is nanocrystalline. The structural atti 
tude should be selected to strengthen the composite. The 
auxiliary non-apatite structural component can form a major 
or minor component, with the overall composite having at 
least 10% apatite, preferably at least 20% apatite, more pref 
erably at least 50% apatite. Composites can be formed by 
mixture of two or more component powders, suspension of 
one or more components in a solution in which one or more 

other components are dissolved followed by precipitation of 
one or more solution components, or precipitation from solu 
tion of at least two components simultaneously or nearly 
simultaneously. The latter technique is preferred. Zirconia 
and alumina are used advantageously in compositions when 
toughening of a composition is desired. Compositions can be 
formulated based on mechanical properties desired. For 
example, if a secondary phase is “pinned” at grain bound 
aries, that is, forms an intergranular phase, ultra-?ne particle 
size may be maintained by preventing fusion of particles of 
the ?rst phase, which aids densi?cation and strengthens the 
material. Secondary phases that form within primary phase 
grains can de?ect cracks, that is, prevent crack propagation 
within the primary phase, strengthening the material. Where 
a composite is formed, it is typically best if the various com 
ponents are of approximately similar particle size. 
A variety of simple screening tests can be used to select 

bioceramics that have a very high probability of forming 
nanocrystalline compositions in accordance with the inven 
tion. One simple test involves forming a solution of a candi 
date species, or reactants that can form a candidate species, 
precipitating the candidate species from a solution, and deter 
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mining particle and crystal size of the resulting suspension 
using light-scattering measurements. The precipitate can be 
removed from solution, and XRD or microscopy such as SEM 
or TEM can be used to determine particle and crystal size. In 
this manner, for example, a large number of candidate species 
can be screened by simultaneously precipitating the species 
from a series of solutions and performing light-scattering 
measurements on each resulting suspension. Following this 
screening test, resulting precipitate can be used in accordance 
with the invention of the method described in greater detail 
below. 

It has generally been relatively straightforward to make 
porous ceramic articles, but signi?cantly more dif?cult to 
make dense ceramic articles. The invention provides material 
that can be easily densi?ed into dense, strong material that 
can be used for load-bearing implants where strength is 
required, such as ball joints for hips, crowns for teeth, etc. 

In the prior art, densi?cation for strengthening typically 
has necessitated temperatures at which a particular material 
tends to decompose, potentially reducing biocompatibility 
and causing the material to degrade and reducing mechanical 
properties. The prior art generally teaches that, alternatively, 
a glassy phase (a “sintering aid,” known) can be added which 
becomes highly viscous and ?ows freely during sintering but 
results in an interfacial glassy phase that weakens an article 
formed thereby. 
The ability to readily densify the bioceramic material of the 

invention indicates that the material is of a quality that can 
make it very useful for uses that do not necessarily require 
density. That is, densi?cation can be a screening test for a 
particularly useful composition, and many compositions of 
the invention are referred to as densi?able under certain con 

ditions but need not necessarily be densi?ed. The very small 
particle size of the invention allows formation of very dense 
articles. 
As such, the compositions of the invention are easily form 

able without expensive machining because of their small 
crystal and particle size. Because of the small particle size of 
the compositions of the invention, sintering can take place at 
low temperatures, eliminating or minimizing decomposition. 
The compositions can be sintered to a high theoretical density 
without “sintering aids” which are known, such as glasses and 
glassy oxides. The compositions of the invention can be den 
si?ed without external pressure at low temperature for short 
periods of time, for example no more than 2 hours, preferably 
no more than 1 hour, and more preferably no more than 30 
minutes. 
The invention can also be used to make relatively porous 

material for use in high-surface-area, ?owable materials such 
as cement for teeth, cement for cranial surgery, and the like. In 
some cases, porosity can be tailored for a particular purpose 
such as for bone ingrowth where pores of approximately 200 
microns may be desirable. 

The compositions of the invention can be used as coatings. 
For example, thermal spray coatings, liquid-based coatings, 
vapor-phase coatings, coatings via wet chemical methods, 
and the like known in the art can bene?t from the composition 
of the invention as the very small particle size results in 
higher-quality and better-adherent coatings. Porous coatings 
can be made by admixing an organic species with the bioce 
ramic, forming the coating, and burning out the organic mate 
rial. Similarly, self-assembled surfactants can be used to form 
very small pores, as described in co-pending, commonly 
owned U.S. Pat. application Ser. No. 08/415,695 oning, et 
al., now abandoned, incorporated herein by reference. For 
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larger pore articles, a polymer can be admixed with the bio 
ceramic crystalline powder and burned out after solidi?ca 
tion. 

The bioceramic material of the invention having very small 
crystal sizes make it ideal for powders or coatings, and foruse 
with bones. The crystal size of healthy bone is approximately 
20-30 nm, and bioceramic material having similar crystal size 
will be better compatible with bone as a result. In particular, 
the invention provides compositions including particulate 
material, preferably apatite, having an average crystal size of 
less than 250 nm according to preferred embodiments. Pref 
erably, the crystal size is less than 150 nm, more preferably 
less than 100 nm, more preferably less than 50 nm, more 
preferably less than 30 nm, and more preferably still less than 
20 nm. In accordance with another set of preferred embodi 
ments, the invention provides bioceramic material having a 
small average particle size, in particular an average particle 
size of less than 1 pm, preferably having an average particle 
size of less than 0.5 pm, more preferably still an average 
particle size of less than 0.25 pm. Any combination of pre 
ferred particle size and preferred crystal size can de?ne a 
preferable combination of the invention, for example an aver 
age crystal size of less than 150 nm and an average particle 
size of less than 1 pm, etc. 
The composition of the invention is particulate ceramic 

material, preferably apatite, that has a high surface area. In 
one set of embodiments the surface area is at least 40 m2/g, 
preferably at least 60 m2/ g, more preferably at least 100 m2/ g, 
more preferably still at least 150 m2/ g. The composition of the 
invention is particularly robust and resistant to phase decom 
position. Apatite compositions of the invention, alone or as 
part of a composite including an auxiliary structural additive, 
preferably undergoe apatite phase decomposition of less than 
10% when exposed to conditions of at least 10000 C. for at 
least 2 hours. More preferably a composition undergoes apa 
tite phase decomposition of less than 5%, and more prefer 
ably less than 3% under these conditions. In another set of 
embodiments, the composition undergoes apatite phase 
decomposition of less than 10% when exposed to conditions 
of at least 11000 C. for at least 2 hours, preferably less than 
5% and more preferably less than 3% under these conditions. 
In another set of embodiments apatite phase decomposition 
of less than 10% is realized when the composition is exposed 
to conditions of at least 12000 C. for at least 2 hours, and 
apatite phase decomposition is preferably less than 5% and 
more preferably less than 3% under these conditions. In 
another set of embodiments, one exposed to conditions of at 
least 13000 C. for at least 2 hours such compositions undergo 
apatite phase decomposition of less than 10%, preferably less 
than 5%, and more preferable less than 3%. 

The invention provides articles having a dimension of at 
least 0.5 cm made of any of the above-described or other 
compositions of the invention. The article preferably is a 
densi?ed nanocrystalline apatite article where “densi?ed” is 
de?ned as having undergone a densi?cation step to create a 
self-supporting particle and, preferably, densi?ed to a theo 
retical density of at least 75%. The article can be formed into 
the shape of a prosthesis, or can de?ne at least part of a 
prosthesis such as an exterior coating on a prosthesis. When 
used as an exterior coating on a prosthesis, the article is at 
least 0.5 pm thick in at least one region, and the dimension of 
at least 0.5 cm is a lateral dimension relative to the article 
coated. The theoretical density of articles of the invention 
preferably is at least 90%, more preferably at least 95%, and 
more preferably still at least 98%. Porous articles can be 
provided in accordance with the invention, for example for 
stimulating bone ingrowth, and where porosity is desired 
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articles having a porosity of at least 20% are preferred, more 
preferably the porosity is at least 30%, more preferably at 
least 50%, and more preferably still at least 75%. 

“Densi?ed” as used in accordance with the invention also 
can be de?ned in terms of the compressive strength of the 
article, with densi?ed particles of the invention preferably 
having a compressive strength of at least about 150 MPa. 
More preferably the compressive strength of articles of the 
invention is at least about 500 MPa, more preferably still at 
least about 700 MPa. 
The compositions of the invention can be provided as con 

solidated particulate apatite, where “consolidated” is meant 
to de?ne a collection of apatite particles that forms a self 
supporting structure. Apatite can be consolidated by provid 
ing particulate apatite in a press and compressing the apatite 
to form an article. The consolidated particulate apatite can be 
dense, or porous. 

In all compositions, articles, and methods of the invention, 
preferred compositions, articles, and products of methods is 
hydroxyapatite, optionally in combination with an auxiliary 
structural additive to de?ne a composite article. 

In order to produce nanocrystalline apatites having prop 
erties tailored for a particular application, a series of process 
ing parameters are provided in accordance with the invention 
that affect the molecular and structural development and 
chemistry of apatites, such as aging temperature, aging time, 
addition rate of reactants (such as addition rate of Ca(NO3)2 
to basic (NH4)2HPO4 solution in hydroxyapatite production), 
NH4OH concentration during chemical precipitation, and 
precursor concentration. Parameters affecting the agglomera 
tion and densi?cation of ceramic particles such as grinding 
method, calcination temperature, and sintering temperature 
also are provided. By reducing crystallite size, ceramics are 
toughened as the volume fraction of grain boundaries 
increases allowing grain boundary sliding. Furthermore, by 
achieving smaller crystallite sizes, defect size is reduced. By 
minimizing particle size, packing and densi?cation are 
enhanced. 

In one set of embodiments the method in the invention 
involves precipitating apatite from a solvent by adding a 
calcium salt to a phosphate source. Suitable calcium salts and 
phosphate sources would be recognized by those of ordinary 
skill in the art after reading the present disclosure. In one 
embodiment apatite is precipitated from a solvent containing 
a calcium salt in a concentration of less than 1 M, preferably 
less than 0.5 M, and more preferably from about 0.16 M to 
about 2.1 M. Preferred methods include precipitating apatite 
from a solvent containing a calcium salt and phosphate source 
in a molar ratio of about 10:6. A separate set of embodiments 
involves mixing a calcium source and a phosphate source in 
any way. 

Rates of addition of calcium source to phosphate source are 
advantageous in many circumstances. Preferred rates are 
addition of calcium source to phosphate source at a rate of less 
than about 0.010 mols calcium source per minute, preferably 
less than about 0.007 mols/minute, more preferably still less 
than about 0.005 mols/minute. A preferred calcium source is 
CaNO3, and a preferred phosphate source is [NH4]2PO4. 
pH has been found to be an important parameter in many 

circumstances, and apatite is preferably precipitated from a 
solvent at a pH of from about 7 to about 14, more preferably 
from about 11 to about 13. Apatite crystals are precipitated 
having a crystal size according to preferred embodiments 
described above, and precipitated particulate apatite having 
surface areas as described above, in particular preferably at 
least 40 m2/ g, 60 m2/ g more preferably at least 100 m2/ g, and 
more preferably still at least 150 m2/ g, are recovered. It has 
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also been found that wet grinding the resulting precipitate 
from the precipitation step of the invention is advantageous. 

The apatite product precipitated in accordance with the 
invention is preferably aged at a temperature of between 
about —25° C. and above 100° C., more preferably between 
about 10° C. and about 50° C., and more preferably still 
approximately room temperature, i.e. about 200 C. The apa 
tite is preferably aged for at least one minute. 

The invention involves calcining nanocrystalline apatite, in 
a preferred set of embodiments, under a set of conditions that 
allow recovery of apatite product that is particularly pure and 
robust as described above. In preferred embodiments the 
recovered apatite product is of a nature such that it can be 
sintered at mild conditions of temperature less than 1 1000 C., 
yet results in a product having a theoretical density of at least 
95% and a grain size of less than 225 nanometers. Most 
preferred are products which can be sintered at a temperature 
of less than 10000 C. resulting in a product having a theoreti 
cal density of at least 98%, and a nanostructured apatite 
product recovered preferably has an BET surface area of at 
least 40 m2/g and a crystal size ofless than 250 nm. 
As noted above, the invention involves a sintering tech 

nique using compositions of the invention that results in very 
low decomposition. Pressureless sintering preferably takes 
place at a temperature of no more than 11000 C. for a period 
of time of no more than 2 hours, more preferably no more than 
10000 C. for this period of time, and more preferably still no 
more than 900° C. for 2 hours. Apatite phase decomposition 
of less than 10% occurs in this sintering step, preferably 
decomposition of less than 5%, preferably less than 3%. 
Sintering can be carried out in the absence of sintering aids. 
Such additives are known, and are mentioned above. Pres 
sureless sintering is preferred and is possible because of the 
unique nature of the compositions of the invention. In par 
ticular, the average crystal size of particulate apatite of the 
invention is small enough that the composition can be sin 
tered to a theoretical density of at least 90% by pressureless 
sintering, preferably at least 95%, and more preferably still at 
least 98% by pressureless sintering, in each case at a grain size 
preferably of less than 225 nanometers, at a temperature of no 
more than 12000 C. in one set of embodiments, more prefer 
ably no more than 11000 C., more preferably no more than 
10000 C., and more preferably still the pressureless sintering 
to a theoretical density of 90%, 95%, or preferably 98% is 
carried out at a temperature of no more than 9000 C. The 
pressureless sintering steps can be carried out to result in a 
densi?ed apatite product having undergone decomposition of 
less than 10%, more preferably less than 5% and more pref 
erably still less than 3%. 

Another aspect of the invention involved techniques for 
colloidal and hot pressing of apatites. Hot pressing is a form 
of pressure-assisted sintering where by a pressure is applied 
uniaxially to a powder contained within the die during sinter 
ing under a vacuum. The pressure-assisted sintering allows 
for more rapid densi?cation and a lower sintering tempera 
ture. However, because the hot pressing occurs under a 
vacuum, the decomposition reaction of hydroxyapatite is 
favored, necessitating a lower sintering temperature to pre 
vent decomposition. Colloidal pressing (wet pressing) is a 
process by which a stabilized sol of hydroxyapatite is uniaxi 
ally pressed in a die. A stabilized sol of material is de?ned as 
a suspension of particles which do not undergo sedimentation 
appreciably over time. Frits within the die allow the solvent to 
escape as the die is pressurized while trapping the solid par 
ticles. Once enough solvent is removed to obtain a solid 
pellet, the pellet is removed and is carefully dried to prevent 
drying stresses from cracking the pellet. After fully drying the 
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pellet, the pellet is CIPed and undergoes normal pressureless 
sintering. By avoiding a dry powder phase, colloidal pressing 
prevents the agglomeration associated with working with a 
dry powder and bene?ts from the lubrication effects of the 
solvent during pressing, which allow the particles in solution 
to rearrange into the densest packing. The present invention 
provides synthesis conditions for successful hot pressing and 
colloidal pressing. 
As mentioned, all of the compositions and articles of the 

invention can include an auxiliary structural additive, and 
methods of the invention can involve formation of apatite 
material including auxiliary structural additive. The auxiliary 
structural additive can be a metal oxide, preferably selected 
from among zirconia, titania, and alumina, and/or any com 
bination of these alone or with other known structural addi 
tives, de?ning a composite. The auxiliary structural additive 
can be added in an amount of from about 1 to about 50% by 
volume, preferably from about 15 to about 35% by volume. 
The additive can be nanocrystalline to form a “nano/nano” 
composite. In methods of the invention involving precipita 
tion, apatite can be precipitated from a solvent containing, in 
suspension, an auxiliary structural additive, or apatite can be 
provided in suspension in a solvent from which is precipitated 
the auxiliary structural additive or, preferably, the apatite and 
auxiliary structural additive or additives are co-precipitated 
essentially simultaneously. Nanocrystalline apatite can be 
calcined in the presence of auxiliary structural additive and a 
nano structured apatite product recovered. Similarly, sintering 
of the nanocrystalline apatite in the presence of the auxiliary 
structural additive is advantageous. Alternatively, apatite 
powder can be independently recovered and auxiliary struc 
tural additive independently provided (rather than precipita 
tion from a common solvent or suspension), and admixed and 
sintered. 
Using apatite synthesis via the wet chemistry route pro 

vided in the invention, a variety of useful applications are 
realized. First, nanocrystalline apatite powders are provided. 
Furthermore, since the nanocrystalline apatites of the inven 
tion have superior sinterability, they can be easily developed 
into dental and orthopedic implants requiring densi?ed 
hydroxyapatite parts. Composites provided in the invention, 
such as zirconia-toughened apatites possess even better 
mechanical strength than pure apatites and have the potential 
as material of choice for load-bearing applications. Also, 
since densi?ed apatites are provided that are thermally stable 
up to 13000 C., they can be used in high temperature appli 
cations. The chemical precipitation process of the invention 
can also be modi?ed to provide a variety of other novel 
products such as coatings, cements, nanocrystalline carbon 
ate apatites as arti?cial bone crystals, and nanocrystalline 
?uoroapatite for dental applications. 
As mentioned above, the invention also involves the sub 

stitution of carbonate for hydroxide in processing resulting in 
Type A carbonate apatite and substitution of carbonate for 
phosphate in processing resulting in Type B carbonate apa 
tite. In its broadest sense, the invention according to this 
aspect involves processing conditions, for carbonate apatite, 
according to the preferred ranges of temperature, pH, aging 
time, and other parameters listed above as important to the 
invention in connection with hydroxyapatite. In addition, for 
the carbonate apatite embodiment, carbonate source, method 
of carbonate introduction, temperature, aging time, and pH 
are important, especially for carbonate apatite. Products 
made according to these methods also are a part of the inven 
tion. 
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The function and advantage of these and other embodi 
ments of the present invention will be more fully understood 
from the examples below. The following examples are 
intended to illustrate the bene?ts of the present invention, but 
do not exemplify the full scope of the invention. 

EXAMPLE 1 . 

Synthesis and Characterization 
Hydroxyapatite 

of Nanocrystalline 

Ananocrystalline hydroxyapatite powder was successfully 
synthesized that allowed pressureless sintering without 
glassy sintering aids at a remarkably low temperature of 
1100° C. for 2 hours or less, resulting in a material that was 

>98% dense. 

A series of experiments were conducted to determine the 

feasibility of synthesizing nanocrystalline hydroxyapatite 
and to determine the optimal pH, aging temperature, aging 
time, and heat treatment where the optimal hydroxyapatite is 
the sample that possesses the highest green and sintered den 
sities. Reagant grade Ca(NO3)2.4HZO and (NH4)2HPO4 were 
used as starting materials.Aqueous solutions of (N H4)2HPO4 
(NHP) and Ca(NO3)2(CaN) were prepared such that the Ca:P 
ratio was 10:6. 0.300 M (NH4)2HPO4 and 0.500 M Ca(NO3)2 
as well as 0.100 M (NH4)2HPO4 and 0.167 M Ca(NO3)2 were 
prepared. These solutions were mixed with a magnetic stirrer. 

The pH of the NH4)2HPO4 aqueous solution was varied by 
adding concentrated NH4OH. 300 ml of a 0.500 M solution of 
Ca(NO3)2 was added to 300 ml of 0.300 M aqueous (NH4)2 
HPO4, or 900 ml of a 0.167 M solution of Ca(NO3)2 was 
added to 900 ml of 0. 1 00 M aqueous (N H4)2HPO4 solution at 
a rate from 2 ml/min to 48 ml/min; the number of moles of 
precursors was constant in both set of reactions. The com 

bined solution was magnetically stirred for 12 or 100 hours 

and aged at 0° C., room temperature, or 70° C., The white 
precipitate was collected by centrifugation at 1500 rpm for 15 
minutes. After decanting, the precipitate was redispersed in a 
distilled water and NH4OH solution by magnetically stirring 
for 20 minutes; this procedure was repeated two more times 
with decreasing amounts of NH4OH and a fourth and ?nal 
time with ethanol. The gel was air dried at room temperature 
for 24 hours and then dried in a 150° C. oven for an additional 

24 hours. The gel was then ?nely ground with an alumina 
mortar and pestle. Instead of air drying the gel, the gel was 
also wet ground. Wet grinding is a procedure by which a gel 
is ground in a heated mortar and pestle until the gel becomes 
a ?ne powder. The ground powders we re then heat treated in 
air at 550° C., 700° C. and 900° C. with a heating rate of 10° 
C./min, and a dwell time of 2 hours. 
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Pressureless Sintering 
The hydroxyapatite powders heat treated at 550° C. in air 

were sieved and ground to a mesh size of 230. The powders 
were uniaxially pressed in stainless steel dies at 150 MPa. 
Pellets were produced using an 8 mm diameter die. From 0.15 
g of sample, these compacted pellets were then cold isostati 
cally pressed (ClPed) at 300 MPa in oil for 3 minutes. After 
ClPing the pellets were sintered in air atmosphere by normal 
pressureless sintering. Pressureless sintering was done at 
1100° C. for 2 hours with a heating rate of 5° C./min. Sinter 
ing was also performed at 1000° C., 1100° C., 1200° C., 
1300° C. with a heating rate of 5° C./min. 
Characterization and Evaluation 

Nano-hydroxyapatite powder calcined at 550° C. were 
characterized by photoacoustic Fourier-transform infrared 
spectroscopy (PA-FTIR) on a Biorad Digilab spectrometer 
and by X-ray powder diffraction C(RD) on a Siemens D5000 
diffractometer (45kV-40mA, Cu-Ka). The XRD pattern was 
analyzed using a Scherrer’s analysis of the (002) peak which 
corresponds to a d-spacing of 3.44 A to determine the XRD 
crystallite size. The BET surface area and pore size distribu 
tion of nano -hydroxyapatite powder after a 550° C. heat treat 
ment were evaluated with nitrogen adsorption analysis (Mi 
cromeritics ASAP2000). Densities of the green and sintered 
pellets were measured geometrically and by Archimedes 
method using water, respectively. The theoretical density was 
assumed to be 3.16 g/cc. Densi?ed and sintered HAP pellets 
were characterized by XRD. 

EXAMPLE 2 

Determination of Optimal ConditionsiCalcination, and 
Comparison With Commercially-Available Hydroxyapatite 
Powder 
One sample of nanocrystalline hydroxyapatite from 

Example 1 (Trial 2) was heat-treated in air at 550° C., 700° C., 
and 900° C. for 2 hours in order to investigate the effect of 
calcination temperature on the microstructure of hydroxya 
patite; Trial 2 synthesis conditions are presented in Table 1 
The XRD patterns of the as-synthesized hydroxyapatite at 
various calcination temperatures (FIG. 1) indicated that the 
sample heat treated at 5 50° C. had better crystallinity than the 
precursor gel prior to the heat treatment, although the peaks 
were still quite broad. The heat treatment at 700° C. gave 
increased crystallinity compared to the sample treated at only 
550° C. and was composed of only hydroxyapatite. Even after 
calcination at 900° C., the sample was found to be composed 
of only hydroxyapatite. The XRD patterns of the as-received 
conventional hydroxyapatite powders (Aldrich) (FIG. 1(b)) 
showed the presence of CaHPO4.2HZO (brushite) and Ca3 
(P04)2 (beta-tricalcium phosphate or [3-TCP). By 700° C., 
this material contained substantial amount of Ca3(PO4)2 
while our nanocrystalline material gave only a pure 
hydroxyapatite phase. 

TABLE 1 

Trial 2 Synthesis Conditions 

Aging Rxn/Aging Ca(NO3)2 CaN NHP NH4OH 
Time Temp Addition Rate Grinding Concentration Amount Concentration Amount Amount 

Trial (hr) (° C.) (ml/min) Method (M) (ml) (M) (ml) (ml) 

2 12 25 15 Wet 0.500 300 0.300 300 30 
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The effect of calcination in air on the molecular structure of 
the nanocrystalline hydroxyapatite powder was studied with 
PA-FTIR. The FTIR spectrum in FIG. 2 of the nanocrystalline 
hydroxyapatite powder calcined at 550° C. was similar to that 
of the as-synthesized hydroxyapatite precursor gel, although 5 
the peak at 875 cm'1 associated with HPO42_ was reduced. 
The PO43_ peaks near 1030-1090 cm‘1 and at 560-600 
cm-1also became more well-resolved after calcination indi 
cating that the hydroxyapatite structure became more 
de?ned. With increasing temperature, the broad band at 3000- 10 
3400 cm“1 became less prominent as water was removed. The 
peak intensities of CO32_ around 1400 cm‘1 and H20 at 1630 
cm“1 were substantially reduced. 

The surface areas of nano-hydroxyapatite powder after 
calcination at various temperatures are summarized in Table 15 
2. Hydroxyapatite calcined at 5500 C. has a high BET surface 
area of 107.5 m2/ g, compared to 39.5 m2/ g for the as-received 
conventional hydroxyapatite powder (Aldrich). The increase 
in calcination temperature decreased the surface area of nano 
hydroxyapatite powder. Thus, the optimal calcination tem- 20 
perature for the pure nano -hydroxyapatite powder is 5500 C. 
because phase homogeneity and high surface area are 
retained while volatiles are removed by this calcination tem 
perature making the powder ideal for compaction. 

25 

TABLE 2 

XRD Crystallite Size and BET Surface Area of 
Hydroxyapatite from TEM Observation and XRD Analysis 

Calcination Temperature XRD Crystallite Size 
(° C-) (11m) (m2/g) 

as—synthesized 40.0 226.6 
550 40.0 107.5 
700 75 42.5 
900 >100 9.3 3 5 

Aldrich (as—received) 92 39.5 

EXAMPLE 3 
40 

Determination of Optimal ConditionsiSintering, and Com 
parison with Commercially-Available Hydroxyapatite Pow 
der 

The Trial 2 hydroxyapatite calcined at 5500 C. in air was 
ClPed and sintered at 10000 C., 11000 C., 12000 C. and 13000 45 
C. in air. Conventional hydroxyapatite is known to be stable 
up to 13600 C. (K. De Groot, C. P.A. T. Klein, J. G. C. Wolker, 
and J. De Blieck-Hogervorst, “Chemistry of Calcium Phos 
phate Bioceramics,” Handbook of Bioactive Ceramics: Cal 
cium Phosphate and Hydroxyapatite Ceramics, Vol 2, pp. 50 
3-15, Edited by T. Yamamuro, L. L. Hench, and J. Wilson, 
CRC. Press, Boca Raton, 1990). The decomposition reaction 
is Ca1O(PO4)6(OH)2Q3Ca3(PO4)2+CaO+HZO and begins at 
12000 C. (K. Kamiya, T. Yoko, K. Tanaka, Y. Fujiyama, 
“Growth of Fibrous Hydroxyapatite in Gel System,” J. Mater. 

BET Surface Area 30 
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Sci., 24, 827-832, 1989). It has been reported that even below 
12000 C. the loss of OH‘ may occur (K. R. Venkatachari, D. 
Huang, S. P. Ostrander, W. Schulze, and G. C. Stangle, 
“Preparation of NanocrystallineYttria Stabilized Zirconia” J. 
Mater. Res., 10,756-761, 1995). The formation of CaO and 
TCP results in a weakening in mechanical properties and 
chemical stability. It has been reported that hydroxyapatite 
with lower Ca/P ratio begins to turn into [3-TCP by loss of 
water at 8000 C. (T. Kanazawa, T. Umegaki, and H. Monma, 
Apatites, New Inorganic Materials, Bull, Ceramic Soc. Jpn., 
10, 461-468 (1975)). The temperature of decomposition is 
known to be dependent on the purity and Ca/P ratio of the 
powder. The decomposition of hydroxyapatite with a high 
Ca/P ratio is inhibited even at higher temperatures. 

Thus, a superior hydroxyapatite would require excellent 
compositional homogeneity and could be subjected to a high 
temperature without decomposition, facilitating densi?cation 
and maintaining mechanical integrity, and this is provided in 
accordance with the invention. FIGS. 3 and 4 illustrate the 
effect of sintering temperature on the XRD patterns of nano 
hydroxyapatite powder and a comparative example of con 
ventional hydroxyapatite powder (Aldrich), respectively. 

Trial 2 nanocrystalline compact showed only hydroxyapa 
tite peaks with no secondary [3-TCP and CaO phases up to 
13000 C. On the other hand, the XRD results showed that the 
conventional (Aldrich) compact sintered at 10000 C. has 
decomposed signi?cantly to [3-TCP with some CaO. By 
13000 C., the main component was [3-TCP with some CaO 
contained in the [3-TCP matrix. Whereas the comparative 
compact began to transform to [3-TCP by 10000 C., the nanoc 
rystalline compact was found to be resistant to decomposition 
even at 13000 C. 

EXAMPLE 4 

Determination of Optimal Conditions-Grinding Method 
The size of particle agglomerates can be reduced by tech 

niques such as wet grinding. Smaller agglomerates allow for 
ceramic densi?cation at lower sintering temperatures. By 
using a wet grinding technique, that is grinding the as-syn 
thesized wet gel in a heated mortar until a ?ne powder is 
obtained, the size of the agglomerates can be reduced. If the 
gel is left to dry, capillary pressure begins to build up between 
the particles as the solvent between the particles is evapo 
rated, squeezing the particles together to form large agglom 
erates. By wet grinding, the agglomerates are continually 
broken apart as more surface area is exposed. It is expected 
that wet ground powder has a higher surface area, and higher 
green and sintered densities than a dried gel. The green crys 
tallite sizes would be expected to be similar given that the 
precipitation conditions are identical. The synthesis condi 
tions of the calcined hydroxyapatite powders used to deter 
mine the effect of wet grinding are presented in Table 3. XRD 
crystallite size, BET surface area, green density and bulk 
density after sintering at 11000 C. are presented in Table 4. 

TABLE 3 

Effect of Grinding Method: Synthesis Conditions 

Aging Rxn/Aging Ca(NO3)2 CaN NHP NH4OH 
Time Temp Addition Rate Grinding Concentration Amount Concentration Amount Amount 

Trial (hr) (° C.) (ml/min) Method (M) (nil) (M) (ml) (ml) 

1 12 25 15 Dry 0.500 300 0.300 300 30 

2 12 25 15 Wet 0.500 300 0.300 300 30 
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TABLE 4 

Effect ofGrinding Method: Results 

XRD BET Green % Theoretical 
Crystallite Surface Density Sintered Bulk 

Trial Size (nm) Area (mZ/g) (g/cc) Density 

1 42 85 .6 1.31 83.0 
2 40 107.5 1.68 94.7 

Results in Table 4 clearly con?rm that wet grinding strongly 
affect the agglomerate size. The wet ground hydroxyapatite 
powders possess higher surface area, green density and sin 
tered bulk densities than the dry ground powders. These 
results suggest that by grinding the gel while it is still wet, 
agglomerates size can be reduced thereby enhancing densi? 
cation. Furthermore, wet grinding the gel does not affect the 
crystallinity of the material as shown by the XRD patterns of 
Trials 1 and 2. The wet and dry ground materials had a similar 

20 
hydroxyapatite crystallite size. The PA-FTIR spectra showed 
the presence of OH‘, H20, and PO43_ as well as HPO42_ and 
a minor CO32_ peak. Since wet grinding did not affect the 
crystallinity of the material but did signi?cantly reduce 
agglomeration, it should be utilized in the processing of the 
hydroxyapatite precursor gel. 

EXAMPLE 5 

Determination of Optimal ConditionsiReaction and Aging 
Temperature 
By altering the temperature of the precipitation reaction 

and the aging process, the crystal nucleation and growth can 
be controlled. By precipitating at low temperatures, crystal 
growth can be minimized resulting in ?ner crystals. The effect 
of processing temperature on XRD crystallite size, BET sur 
face area, green density, and bulk density after sintering at 
1100° C. were investigated in our study (see Tables 5 and 6). 

TABLE 5 

Effect of Reaction and Aging Temperatures: Synthe i Condition 

Aging Rxn/Aging Ca(NO3)2 
Time 

(hr) 
Temp 

Trial (0 C.) 
Addition Rate Grinding 

(ml/min) 

C aN 
Concentration Amount 

(M) (I111) 

NHP NH4OH 
Concentration Amount Amount 

Method (M) (ml) (ml) 

w 12 0 
2 12 25 
4 12 70 

Wet 
Wet 
Wet 

300 
300 
300 

0.300 
0.300 
0.300 

300 
300 
300 

30 

35 

40 

45 

50 

55 

60 

65 

TABLE 6 

Effect of Reaction and Aging Temperatures: Results 

XRD 
Crystallite 
Size (nm) 

BET 
Surface 

Area (mZ/g) 

% Theoretical 
Sintered Bulk 

Density 

Green 
Density 
(g/CC) 

1.50 
1.68 
1.50 

Trial 

3 47 
2 40 
4 >100 

63.0 
107.5 
61.09 

92.2 
94.7 
83.8 

As shown in Table 6, the calcined powders reacted and 
aged at 70° C. had larger crystallites than the powders reacted 
and aged at room temperature and 0° C. Since room tempera 
ture processing readily yields high green and sintered densi 
ties, 25 ° C. is the preferred reaction and aging temperature for 
the chemical precipitation of hydroxyapatite. 

EXAMPLE 6 

Effect of Aging Time 
The crystallinity and structural development of hydroxya 

patite can be affected by varying the aging time. By increas 
ing the aging time, the hydroxyapatite precipitate undergoes 
recrystallization. As a result, occluded impurities are 
removed and crystal strain is reduced as free energy of the 
crystal decreases, while the crystal structure becomes per 
fected and the exposed area is decreased. Needle-like and 
rod-like structures redissolve and are recrystallized in more 
orderly morphologies such as spheres with the shapes of the 
primary particles approaching a homogeneous distribution. 
This phenomena can be also accompanied with a decrease in 
surface area. Furthermore, longer aging times ensure that the 
reagents are fully reacted and precipitate out of the solution. 
The synthesis conditions of the hydroxyapatite gels used to 
determine the effect of aging time are presented in Table 7. 
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TABLE 7 

Effect onging Time: Synthesis Condition 

Aging Rxn/Aging Ca(NO3)2 CaN NHP NH4OH 
Time Temp Addition Rate Grinding Concentration Amount Concentration Amount Amount 

Trial (hr) (0 0.) (ml/min) Method (M) (ml) (M) (ml) (ml) 

5 12 25 2 Wet 0.500 300 0.300 300 30 
6 100 25 2 Wet 0.500 300 0.300 300 30 
7 12 25 3 Wet 0.167 900 0.100 900 90 
8 100 25 3 Wet 0.167 900 0.100 900 90 

TABLE 8 density than that aged for 100 hours (Trial 6). However, for 
hydroxyapatite synthesized using 0.167 M Ca(NO3)2 and 

E?w Ongmg Tum: Results 15 0.100 M (N H4)2HPO 4 precursor concentrations, aging for 

XRD BET Gmn % Th?omtical 100 hours (Trial 8) resulted in a higher sintered density than 
Crystallite Surface Density Sintered Bulk aging for 12 hours (Trial 7). These results suggest that particle 

Tnal $126 (Hm) Arm (In /g) (g/cc) D?nsny morphology of the origlnally prec1p1tated hydroxyapat1te 
5 44 5852 1_ 31 816 20 synthesized at high precursor concentrations (Trial 5) favors 
6 41 65-68 1-70 80-4 densi?cation, while the particle morphology of the reprecipi 
; :3 23-2; 1-2; 2;; tated hydroxyapatite synthesized at low precursor concentra 

The XRD patterns of Trials 5, 6, 7, and 8 agree with the 
JCPDS hydroxyapatite ?le (9-0432), and no other phases 
were observed. Trial 8 possessed a smaller XRD crystallite 
size than Trials 7 while similar grain sizes were noted for 
Trials 5 and 6. These results indicate that hydroxyapatite aged 
for 100 hours had a noticeably smaller average crystallite size 
than hydroxyapatite aged for 12 hours in hydroxyapatite pre 
pared with the lower precursor concentration. Although FTIR 
spectra of Trials 5, 6, 7, and 8 possessed peaks characteristic 
of hydroxyapatite, the HPO42_ peak at 875 cm“1 and the 
peaks of P043“ at 1030-1090 cm“1 and 560-600 cm“1 were 
reduced in intensity and were broadened for the sample aged 
for 100 hours. The XRD patterns and the FTIR spectra indi 
cated that the hydroxyapatite aged for 100 hours underwent 
signi?cant dissolution and reprecipitation so that the crystal 
lite size of the reprecipitated hydroxyapatite was smaller than 
that of the originally precipitated hydroxyapatite. Alterna 
tively, amorphous calcium phosphate may have nucleated 
into small crystallites during long aging times reducing the 
average crystallite size. 

Signi?cant differences in the effect of aging time are 
observed for the hydroxyapatite synthesized using high and 
low precursor concentrations. In both cases, an increase in 
surface area is observed as aging time is increased, though a 
decrease in surface area is expected with longer aging times 
as predicted by Ostwald ripening. Instead of an Ostwald 
ripening phenomenon, there is a conversion from a low sur 
face area amorphous calcium phosphate to a higher surface 
area crystalline hydroxyapatite; this interpretation is consis 
tent with the decrease in XRD crystallite size as aging time is 
increased. The hydroxyapatite synthesized using 0.500 M 
Ca(NO3)2 and 0.300 M (NH4)2HPO4 precursor concentra 
tions aged for 12 hours (Trial 5) resulted in a higher sintered 
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tions (Trial 8) favors densi?cation. 

EXAMPLE 7 

Effect of NH4OH Concentration 
pH can affect chemical precipitation by altering the solu 

bility of the precipitate; the solubility of hydroxyapatite 
decreases as pH increases. As a result, nucleation would be 
favored decreasing crystallite size. Furthermore, different 
pH’s affect agglomeration by inducing a surface charge on 
the particles in solution. Similar surface charges in the solu 
tion of the particles repel each other reducing agglomeration 
in the solution. However, the same polar solvents that pre 
vented agglomeration during precipitation introduce surface 
hydroxyl groups onto ceramic particles during the drying 
process. As the ceramic gel dries, the surface hydroxyl groups 
promote agglomeration of particles. It is therefore desirable 
to use a nonpolar solvent, to wash the gel in order to remove 
the surface hydroxyl groups. Finally, the different pHs during 
the chemical precipitation are expected to affect crystal mor 
phology, and the morphology becomes increasingly rod-like, 
0r spherical t0 needle-like, with increasing pH,f0r example to 
aspect ratios ranging from about 2.3 :1 to 5.9:] . Tanahashi et 
al. reported that the solution pH greatly in?uenced the growth 
rate and morphology of hydroxyapatite and that ?brous 
hydroxyapatite could be prepared at high pH. Hydroxyapatite 
synthesized through hydrothermal treatment at a pH of 11 to 
12 also resulted in nanometer-sized rod-like crystals. How 
ever, the addition of glycerin during the synthesis confounded 
the relationship between high pH and the synthesis of rod-like 
hydroxyapatite, with the effect of additives on the synthesis of 
rod-like hydroxyapatite. The synthesis conditions of the cal 
cined hydroxyapatite powders used to determine the effect of 
NH4OH are presented in Table 9. 

TABLE 9 

Effect of NHAOH Concentration: Synthesis Conditions 

Aging Rxn/Aging Ca(NO3)2 CaN NHP NH4OH 
Time Temp Addition Rate Grinding Concentration Amount Concentration Amount Amount 

Trial (hr) (° C.) (ml/min) Method (M) (ml) (M) (ml) (ml) 

9 12 25 2 Wet 0.500 300 0.300 300 10 

5 12 25 2 Wet 0.500 300 0.300 300 30 
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TABLE 9-continued 

Effect ofNHAOH Concentration' Synthe i Condition 

Aging Rxn/Aging Ca(NO3)2 CaN NHP NH4OH 
Time Temp Addition Rate Grinding Concentration Amount Concentration Amount Amount 

Trial (hr) (0 0.) (ml/min) Method (M) (ml) (M) (ml) (ml) 

10 12 25 2 Wet 0.500 300 0.300 300 100 
11 100 25 3 Wet 0.167 900 0.100 900 30 
12 100 25 3 Wet 0.167 900 0.100 900 90 
13 100 25 3 Wet 0.167 900 0.100 900 300 

TABLE 10 prepared under similar conditions as Trial 13 have resulted in 
hydroxyapatite, con?rming the metastability of this region. 

Effect of NHAOH Concentration: Results 15 ~ ~ ~ ~ 

Trial 9, the hydroxyapatite derived W1th 10 ml of NH4OH, 
XRD BET Green % Theoretical ~ ~ ~ resulted in the hi est surface area and the hi hest ‘V theo 

Crystallite Surface Density Sintered Bulk _ _ gh _ _ g 0 

Trial Size (11111) Area (m2/g) (g/cc) Density ret1cal s1ntered bulk density under a h1gh precursor concen 

9 50 7258 159 943 20 trat10n synthesis. A low pH at h1gh precursor concentratlons 
5 44 5352 1_31 32,6 produces a particle morphology and distribution favorable 

i? 35 23:2 1?: 2-? towards densi?cation since the addition of NH4OH is known 
12 33 89:71 1:88 95:3 to affect particle morphology. Conversely, at low precursor 
13 Not HAP Not HAP Not HAP Not HAP concentrations, the highest surface area and highest % theo 

25 retical sintered bulk density occurred at an intermediate pH, 
The XRD patterns show that all of the calcined hydroxya 

patite samples, except for Trial 13, have good crystallinity 
and a pure hydroxyapatite phase. The peaks of the FTIR 
spectra were also consistent with hydroxyapatite. Trials 9, 5, 
and 10 correspond to 10 ml, 30 ml, and 100 ml ofNH4OH at 
high precursor concentrations. The XRD results of Trials 9 
and 5 suggest that the addition of more NH4OH gives rise to 
smaller XRD crystallites, which is consistent with the effect 
of increased pH which decreases solubility, favoring nucle 
ation. However, the XRD crystallite size of Trial 10 is larger 
than Trial 5. This phenomenon can be explained by examin 
ing Trials 11,12, and 13 which correspond to 30 ml, 90 ml, 
and 300 ml of NH4OH at low precursor concentrations. The 
XRD crystallite sizes of Trials 11 and 12 decrease as pH is 
increased. Similar to Trial 10, Trial 13 deviates from the trend 
established by Trials 11 and 12. Instead of the anticipated 
further decrease in XRD crystallite size, as-synthesized Trial 
13 is not hydroxyapatite but a combination of monetite 

(CaHPO4) and brushite (CaHPO4.2HZO) Trial 10 may occur 
in a similar metastable state as Trial 13, though not as pro 

nounced because of its shorter aging time and higher precur 
sor concentrations. Thus, the possible presence of monetite 
and brushite during the synthesis of Trial 10 may give rise to 
the deviation in the crystallite size. Furthermore, samples 
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indicating that this amount of NH4OH resulted in a particle 
morphology and distribution favorable toward densi?cation. 

EXAMPLE 8 

Effect of Addition Rate 

By varying the precursor addition rate, nucleation and 
crystal growth rates can be controlled. Rapid addition of 
precursors results in localized high concentrations of precur 
sors, exceeding the solubility of hydroxyapatite in those 
regions, which favors nucleation and formation of small par 
ticles. However, rapid addition is also expected to result in a 
nonuniform particle morphology and distribution. Con 
versely, slow addition of precursors results in a more homog 
enous mixture of reactants favoring crystal growth and for 
mation of larger particles. Furthermore, slow addition of 
precursors is anticipated to result in a uniform particle mor 
phology and distribution. Thus, relatively few nuclei will be 
formed by adding Ca(NO3)2 slowly; crystal growth removes 
the precursors as fast as it is added. Adding Ca(NO3)2 quickly 
yields more and smallerparticles. The synthesis conditions of 
the experiment investigating the effect of addition rate are 
presented in Table 1 1. 

TABLE 11 

Effect of Addition Rate: Synthesis Conditions 

Aging Rxn/Aging Ca(NO3)2 CaN NHP NH4OH 
Time Temp Addition Rate Grinding Concentration Amount Concentration Amount Amount 

Trial (hr) (° C.) (ml/min) Method (M) (ml) (M) (ml) (ml) 

5 12 25 2 Wet 0.500 300 0.300 300 10 

6 12 25 15 Wet 0.500 300 0.300 300 10 

7 100 25 3 Wet 0.167 900 0.100 900 90 

8 100 25 48 Wet 0.167 900 0.100 900 90 


















