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ABSTRACT

Hydroxyl ions located along the unit cell edges of calcium hydroxyapatite [HA:

CalseOa)6(OH)z] are suspected to be the cause of poor flexural strength and fracture

toughness of synthetic calcium phosphate-based bone substitute and dental implant

materials. The goal'of this studywas to develop a robust synthesis protocol in preparing

apatitic calcium phosphate implant materials whose hydroxyl ions were to be replaced

with oxygen ("oxyapatite"). Apatitic calcium phosphate samples of superior thermal

stability were prepared by reactive firing of the powder mixtures of finely ground

ammonium dihydrogen phosphate (NH4H2PO4) and calcium acetate monohydrate

(Ca(CH3COO)2.H2O) under a flow of oxygen gas. Entire heating/cooling process was

performed under an atmosphere of high-purity oxygen up to 1500'C. Resultant

oxyapatite samples were found to be stable against decomposition even at 1500'C.

Thermal evolution of the precursor phases was monitored by simultaneous

thermogravimetry/differential thermal (TG/DTA) and infrared spectroscopy (FTIR)

analyses. X-ray diffraction (XRD) was used for phase identification. Surface morphology

of the samples was investigated with scanning electron microscopy (SEM). Vickers

hardness (a.8 GPa) and compressive strength (117 MPa) measurements were performed

to assess the mechanical properties of these new biomedical implant materials. Sintered

pellets also showed apatite-inducing ability when soaked in an SBF (synthetic body fluid)

solution for 1 week at37"C.
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INTRODUCTION

Given the bone tissue's superb ability to adapt its mass and morphology to in vivo
functional necessities, its aptitude to repair itself without leaving a scar, and its capacity

to rapidly mobilize mineral supplies on metabolic demand, it is in fact the ultimate
"smart" material in biological systems. Bone is a living material composed of cells and. a

blood supply encased in a strong, interwoven composite structure.

Scientific efforts which may eventually lead to the synthesis of materials that
mimic the natural bones started about four decades ago [], 2],and it should be stated

now that the calcium phosphate-based synthetic bone substitute materials are still too far
away from taking over for of autologous bone chips/grafts which are harvested, in real
time, from the patient's healthy bones during the orthopedic surgery.

Human cortical (i'e', dense) bones consist of cylindrical channels (i.e., osteons)

that are held together by a framework of an inorganic hard tissue, which is mainly the

biologicar carbonated, calcium hydroxyapatite (HA). Biological apatites have a

stoichiometry and chemical composition different than the simple formula of
caro(Poq)o(oH) [3]' cylindrical fibers of collagen (the major organic constituent of
bones) fill the pores (lg0-230 pm in size) of these bones. The inorganic matrix of bones

consists of a porous structure with an "interconnected" porosity of about 65%. For bone
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ingrowth to occur readily into a porous ceramic bone-substitute material, which claims to

mimic the natural bone structure, the typical pore size must not be smaller than 80 to 100

pm [4]. This is the pore size required for osteoblasts (bone cells which are able to deposit

new bone), as well as the osteoclasts and macrophages, to successfully invade the pores

of an implant material.

Trabecular (i.e., spongy) bone, on the other hand, differs from cortical bone in

that the former is more open-spaced than the latter and has non-cylindrical collagen-filled

pores. The pore sizes in trabecular (or cancellous) bone are larger, typically in the range

of 500-700 pm [3]. Pores in the size range of 100 to 700 pm are named as macropores.

These interconnected macropores allow for vasculaization and tissue ingrowth to occur

into the biological structure of the bones. Trabecular bones are responsible for 88% of the

amount of the normal bone turnover or remodeling, mainly due to their macroporous

nafure.

As a result, trabecular bones have minimal weight-bearing function and are

mainly susceptible to compressive forces; i.e., it is a load distributor rather than a weight-

bearer [1, 5]. Cortical bones are designed to act as the load-bearing units of the human

skeleton and body. This means they should withstand all the mechanical stresses imposed

and experienced by a healthy human being over the entire lifetime.
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During the last fifty years, a revolution has occurred in the use of ceramics to

improve the quality of life of humans. This revolution is the development of specially

designed and fabricated ceramics for the repair and reconstruction of diseased, damaged

or worn out parts of the body. Ceramics used for this purpose are typically called

bioceramics, and the most promising bioceramics are calcium phosphate-based materials.

This is so because of the bioactivity displayed in vivo by the calcium phosphate

bioceramics. A bioactive material undergoes biochemical reactions in the body, but only

at its surface. Therefore, bioactive calcium phosphate ceramics exhibit osteoconductive

behavior, namely, they allow the newly formed bone tissues to attach and proliferate on

their surfaces. Most clinical applications of bioceramics relate to the repair of the skeletal

system, composed of bones, joints and teeth, and to augment both hard and soft tissues

[3, 6].

There are significant differences between the mechanical properties of cortical

and trabecular human bones. Trabecular bone is less dense than cortical bone. Because of

its lower density, trabecular bone has a lower modulus of elasticity and higher strain to

failure than cortical bone, as shown in Table l. Both types of bone have higher moduli of

elasticity than soft connective tissues, such as tendons and ligaments. The difference in

stiffness (elastic modulus) between the various types of connective tissues ensures a

smooth gradient in mechanical stress across a bone, between bones and between muscles

and bones. The mechanical data of human hard tissues presented in Table I constitute the

targeted, ideal property values for a successful synthetic orthopedic implant material.
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Preparation of dense apatitic calcium phosphate bioceramics to mimic the in vivo

functions of load-bearing cortical bones has been first attempted in the late-seventies by

three independently and simultaneously working groups: Jarcho in USA [7], de Groot e/

a/. in Europe [8] and Aoki et al. in Japan [9]. In these pioneering and highly acclaimed

studies the preparation of dense HA consisted of the following steps: (1) preparing the

apatite powders or using commercially available apatite reagents; (2) compacting or

compressing into a desired size and shape under high pressure; and (3) sintering under an

air atmosphere over the temperature range of 1200 to 1300'C. Hot isostatic pressing [10,

11] or hot pressing[L2,13] techniques were also used to improve the densification of HA

samples.

Table 1. Mechanical Properties of Skeletal Tissues [3]

Property Cortical
Bone

Trabecular Articular Tendon
Bone Cartilage

Compressive
Strength (MPa)

Flexural, Tensile
Strength (MPa)

Strain to Failure

Young's (Tensile)
Modulus (GPa)

Fracture
Toughness (K7")

(MPa.mt/2)

100-230

50-l 50

1-3

7-30

2-12

2-t2

10-20

5-7

0.5-0.05

10-40

15-50

0.001-0.01

80-120

t0%

I
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Although there has been a significant amount of research effort [14-38] focused

on the more careful and controlled sintering of hydroxyapatite-based bioceramics over

the last two decades, the fracture toughness of the well-sintered synthetic hydroxyapatite

always remained below I MPa.ml/2, and the flexural strength values always measured to

be less than 60 MPa, typically averaged between 30 to 40 MPa [39, 40]. These values are

significantly inferior to the mechanical properties of cortical bones as given in Table l.

After about 30 years of research on the densif,rcation of synthetic, phase pure

hydroxyapatite, the final word on synthetic hydroxyapatite is that it can not be used as a

load-bearing bone or dental substitute material, it is simply too weak; this is an inherent

characteristic of Ca-hydroxyapatite. The problem is not with the sintering and/or

processing of the material; on the contrary, HA is one of the most versatile ceramics with

which one can easily achieve densities in excess of 99Yo of the theoretical at relatively

low temperatures and within a relatively short time period [40].

To overcome this inherent weakness of sintered, dense Ca-hydroxyapatite of

synthetic origin, researchers of the field conceived that the addition of mechanically

strong, bioinert ceramics such as AlzOl or ZrOz (in the form of stabilized zirconias,

preferentially yttrium-stabilized zirconia) to Ca-hydroxyapatite could render the resultant

materials with a load-bearing ability. There was a serious problem with this popular

approach though, and it can be stated as follows: "AlzO: or stabilizedzirconia ceramics

can only attain their attractively high fracture toughness and flexural strength values only

when they are completely densified. Even microporous samples of these ceramics are
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poor in terms of their mechanical properties. To achieve full densification in Al2O3 or

ZrOz ceramics one needs to increase the sintering temperature over the range of 1450o to

1600"C. However, Ca-hydroxyapatite is not stable at temperatures above 1250o to

l300oC, and it decomposes into a phase mixture of one or more of the following o- or B-

Ca3GO4)2 (TCP), CaO, Ca(OH)2, Caa(PO+)zO (TTCP). Moreover, these decomposition

products are much weaker in terms of their toughness and strength values in comparison

to HA. Therefore, the most important issue here is how one could co-frre, at such high

temperatures, Al2O3 or ZrO2 together with Caro(PO4)6(OH)z and still obtain a purely

biphasic mixture of HA-ZrO2 or HA-A12O3".

Although this was quite an obvious problem l4ll, a significant number of

researchers followed that apparently simple approach and reported, over and over again,

huge problems in terms of the reproducibility of the mechanical properties accompanied

with the decomposition of HA in such composite mixtures in the presence of Al2O3 or

ZrOz. The most common by-products were reported to be cr- or B-TCP, CaO, Ca(OH)2,

CaZrOz and/or CaAlzO+, as expected l4I-771.

This problem can be simply explained by the following reactions [78]:

CaO (from HA) + ZrOz-> CaZrOz

Caro(PO+)o(OH)z - CaO + 3Ca3(PO a)2 + H2O

(l)

(2)

ZrO2 reacts with HA and steals calcium from it to form CaZrOt Therefore, the fired

material will at least consist of a phase mixture of HA, ZrOz, Ca3@Oa)2 @oth a and p
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polymorphs) and CaZrO3. It is impossible to reproducibly obtain a compressive or

flexural strength of at least 100 MPa (see Table 1) from samples of such phase mixtures.

The current state-of-the-aft on the synthesis of high-temperature densified

calcium phosphates by using additives is shifting towards the addition of CaF2 to the HA

mixtures prior to sintering (via hot-pressing) it with a significant amount of zirconia [69,

74,75,77]. However, this is indeed what was exactly prescribed as a specific solution to

the above-mentioned problem by the Japanese research group of Tamari et al. back in

1987 and 1988141,421.

The densification of bioactive HA in the presence of mechanically strong bioinert

ceramic powders (such as AlzO: or ZrO2), as shown by the previous literature, proceeded

in quite an empirical manner. Many researchers came into this field and just tried their

best in developing different processing ways (such as, the use of nano or submicron-size

powders, the use of hot pressing or hot isostatic pressing, the use of microwave sintering,

the use of spark plasma sintering, the use of RF plasma spraying, etc.) for those powder

blends [41-78]. However, they all neglected one important crystal chemistry aspect of

HA; that is the spatial positioning of OH- ions in the crystal structure of Ca-

hydroxyapatite. Ca-hydroxyapatite has a centrosymmetric hexagonal unit cell of P6tlm

syrnmetry with two formula units in it, and the OH- ions are located only at the cell edges

of this structure. The presence of weak hydrogen bonding along the cell edges of the

hydroxyapatite structure, we believe, explains its low resistance against thermal

decomposition and the sub par mechanical properties of sintered hydroxyapatite samples.
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In the ideal hydroxyapatite structure hydroxyl ions are found at z: lc and z:3/+

sites along the two mirror planes, as shown in Figure 1. Fluoroapatite (FA: Caro(POa)oFz)

and chloroapatite (CA: CaroGO4)6C12) have a very similar structure with the same

crystallographic symmetry of P6tlm [79]. Fluorines in FA are located at the z: /+ sites,

but the chlorines in the structure of CA are much closer to the z : Y, positions [80].

Oxyapatite (OA: Caro(PO4)6O), on the other hand, has a different and still ambiguous

crystal structure with a possible triclinic symmetry of P-6 [80-86]. Oxygens in OA

structure are reported to be much closer to z:0 and I positions [80].

()

ffi

()
\--/ \

Figure 1 Crystal structure of Cals(POc)o(OH)z (Hexagonal, a:9.42, c = 6.88,4; 1SZ1
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Ca-oxyapatite (OA), since the pioneering work of Trombe published in the early

seventies [84], has been regarded as a transient phase to be observed only during the

dehydration and./or decomposition of Ca-hydroxyapatite during its heating either in

vacuum or in an air or COz atmosphere [81, 85, 86]. The driving force for the current

study stems from our desire to investigate the formation of Ca-oxyapatite in pure oxygen

atmosphere at a temperature (i.e., 1500"C) well above the decomposition temperature of

HA (12s0-1300"c).

The facts and hypotheses of this study, upon which we built our experimental

work, can be summarized as follows;

OH groups in the structure of HA are establishing their chemical links with the

neighboring PO+ tetrahedra and calcium ion triangles (see Fig l) only by weak

hydrogen bonding [80]. In the absence of such weak hydrogen bonding, for

instance, in fluorapatite (FA) or chlorapatite (CA) the mechanical properties are

significantly enhanced with respect to HA [88, 89].

In the light of the above, OA is expected to have higher strength and hardness

values in direct comparison to HA.

It has been shown that the sintering temperature may be increased without

decomposition in apatite/alumina or apatitelzirconia composites, when hydroxyl

groups in the apatite are totally replaced by fluoride [89]. This study indicated an

1)

2)

3)
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opporhrnity to produce composites of fluorapatite (FA) with limited

decomposition of the apatite. The same is expected to be valid for OA, and when

a successful and robust synthesis procedure for OA can be developed, these

materials will be of higher thermal stability in comparison to HA.

Rather than tryrng to gradually transform powder or bulk samples of

stoichiometric HA while heating those under a flow of oxygen (i.e., dehydration

and oxidation of tIA) into OA, it must have been much easier and reliable to

synthesize oxygenated apatitic calcium phosphates by heating a powder mixture

(with a CalP molar ratio of 1.667) of separate calcium- and phosphor-source

precursor reagents in an oxygen atmosphere. By this way, the feed material would

directly form OA in the furnace without first forming HA.

The formation of oxyapatite, over that of hydroxyapatite, will be detected either

by a decrease in intensity or the total elimination of the specific band of OH group

in the FTIR data of the resultant samples

Oxyapatite surfaces should possess the apatite-inducing ability when they were

soaked in synthetic body fluids (SBF) at37"C.

This study reports, for the first time, the preparation of apatitic calcium phosphates of

high thermal stability by heating a powder mixture of calcium acetate monohydrate and

ammonium dihydrogen phosphate, of CalP molar ratio of 1.667, under a constant flow of

dry oxygen at 1500'C.

4)

5)

6)



PREVIOUS WORK

Over 30 years of extensive research efforts have been spent covering various

methods dealing with the densification of synthetic, phase pure hydroxyapatite so that it

can be used as a load-bearing bone substitute or dental implant material. As it stands now

HA is inherently too weak to meet this demand. The problem, as seen in the entirety of

the previous work, is not with the sintering and/or processing of the material; it is the lack

of thermal stability at high temperatures which is the main cause for its weakness [1-40].

Various techniques have been employed to improve the mechanical properties of

hydroxyapatite so that it could better match those properties given in Table I for the

various bone types. Some methods use similar basic procedures but vary starting

materials, pressing technique, as well as the firing atmosphere. The raw materials used

are either commercial hydroxypatite powders or powders which are synthesized using a

wet precipitation method. Studies for the improvement of mechanical properties of the

HA began long ago, yet the proper strength values similar to those of natural bones and

teeth have not been produced [21].

The low thermal stability has been studied by various scientists and it was found

that by controlling the atmosphere it is possible to limit the decomposition of HA at

higher temperatures but not to completely eliminate that decomposition ll5, 17,23,25,
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271. The decomposition is the result of dehydroxylation of HA. HA may partially

dehydrate to form oxyhydroxyapatite Cals(POa)6(OH)z_xOx and

decompose into tricalcium phosphate and tetracalcium phosphate at temperatures that

depend on the atmosphere [17]. In some of the studies, researchers have simply added

water vapor into the sintering atmosphere [5]. The addition of water to the sintering

atmosphere had the effect of reducing the temperature at which densification commenced

and also reduced the sintering rate. It has been shown that HA sintered in a dry CO2

atrnosphere decomposed into a mixture of HA and p-TCP after a holding time of twenty

four hours, however the presence of water vapor inhibited this decomposition [15]. This

process occurred at a temperature of 1300"C.

Another study compared firing carbonated hydroxyapatite (CHA) in a wet COz

atmosphere and a dry COz atmosphere 1231. It was found that at a temperature of l000oC

the CHA fired in the wet atmosphere fully densif,red and formed a translucent ceramic,

but the sample fired under a dry atmosphere did not 115,231. This would fuither confirm

that the moisture content in the firing atmosphere did have an impact on the sintering

properties of HA. However, when fired at temperatures at or above ll00'C both of the

samples, wet and dry atmosphere, showed bloating indicating that the thermal stability

may still be an issue.

Conventional sintering did not seem to be the best method for producing

mechanically strong HA bodies. The most popular method of compaction for
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conventional sintering has been the cold uni-axial pressing of the powder, but this method

can result in the sintered body becoming more heterogeneous, as well as being more

susceptible to developing microstructural (inter or intra-granular) cracks.

The hold time of HA samples at higher temperatures is also a variable that could

also affect the amount of decomposition into additional calcium phosphate phases, such

as u-TCP and B-TCP that can form at temperatures above 1100'C. These phases are in

part responsible from lowering the mechanical properties of the HA body [15, 24].The

elevated temperatures had the tendency to eliminate the functional group OH- in the HA

matrix (dehydration) which would result in the decomposition of the HA phase. Barralet

et al. |51stated that the decomposition of HA was associated with the formation of an

intermediate phase, oxyapatite, that forms through gradual loss of the OH- when heated in

air above 1200"C. The same researchers claimed that the product was Ca16(POq)oO.t +

H2O, which was different than the product mentioned previously U7 ,20,241. lt was also

concluded that the degradation of HA was not just temperature-related. The soak time

used by previous workers did vary and the temperature given for the appearance of these

undesired decomposition products also varied, so it can be concluded that the longer

firing times employed in some studies indeed facilitated the dehydration process and

promoted decomposition to occur at lower temperatures [14-17, 20,2I,24). It was found

that hydroxyapatite samples, when fired in air with quite a short soak time of e.g., 2hrs,

decomposition did not occur until at or above 1350'C. Muralithran et al. [24] reported an

ultrahigh value of mechanical hardness (6 GPa) for samples sintered at I250'C.
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However, the same researchers reported the hardness to drop to around 4.5 Gpa upon

sintering the samples at 1450.C in an air atmosphere [24].

With the above in mind, some of the most successful attempts in strengthening the

HA bodies were those that involved the use of a hot isostatic press fll, 17,24,271. The

rationale for using the hot pressing technique has been its ability to give a very dense

body by using lower sintering temperatures as well as shofter sintering times then those

used with the conventional, pressureless sintering techniques. Even with the use of hot

pressing, the decomposition already mentioned still occurred and the mechanical

properties were still far from being satisfactory U0,12,l3l.

Microwave processing was also used by several researchers to restrict the extent

of decomposition in HA with the hope of creating mechanically strong hydroxyapatite-

based samples [18, 19, 36]. Microwave sintering involved soak times of only a few

minutes. It was found that hydroxyapatite ceramics sintered in a l0 kw microwave kiln

for only 5-10 minutes reached sintering temperatures between 1050.C and 1200.C.

These samples appeared to be denser and to possess smaller grain sizes in comparison to

the similar HA samples prepared by using conventional pressureless sintering procedures

[19]. Microhardness values of HA samples exposed to a microwave energy (490 W

output) for 5 minutes were reported to be 5.6 GPa, and those exposed for 15 minutes

were found to be around 5.9 GPa [8]. Therefore, even microwave sintering was not able

to produce HA samples with a potential of in vivo load-bearing ability which at least

mimicked or surpassed the mechanical properties of natural bones or teeth.
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Spark plasma sintering has also been tested with the hope of reaching better

mechanical properties in HA samples [20]. The reason for this method followed that of

previous methods, i.e., the use of lower sintering temperatures and shorter times of

exposure to high temperatures. Spark plasma sintering (SPS) makes possible sintering at

lower temperatures and shorter duration by charging the contact points between powder

particles with electrical energy and efficiently applyng a hightemperature spark plasma

momentarily [20]. Gu et al. l20l sintered their HA samples at 1000'C and 1100.C by

using SPS, and reported that the samples decomposed into B-TCP. As with other

methods, the mechanical properties were found to reach a maximum and then sloped off

with increasing temperature or dwell time. Gu et al. [20] reported the maximum Knoop

hardness as - 5.5 GPa for samples that reached a temperature of around 950'C. The

reported Young's modulus was -110 GPa at the same temperature [20]. This again

indicated that the SPS method was still far from being satisfactory in yielding an HA

sample suitable for load-bearing applications and the high temperature stability problem

was not solved.

As seen by the previous work, various methods have been employed to improve

the mechanical properties of hydroxyapatite. These methods fell short of yielding the

desired properties for the same reasons. Hydroxyapatite is not stable at high temperatures

and decomposes due to weak hydrogen bonding localized along the unit cell edges. If

these weak bonds are eliminated, decomposition at high temperatures shall not occur.



EXPERIMENTAL PROCEDURE

1. Powder ("Oxyapatite") Preparation

0.7050 grams (: 0.00613 mol) of ammonium dihydrogen phosphate (NH+HzPO+,

>99o , No: BP2427-500, Fisher Scientific, Fair Lawn, NJ) was weighed and placed into

an agate mortar. Millimeter-sized ammonium dihydrogen phosphate crystals were then

ground into a fine powder using the agate pestle and mortar. Once these crystals were

ground, 1.80 grams (:0.01022 mol) of calcium acetate monohydrate

(Ca(CH3COO)2'H2O, >99yo, No: C46-500, Fisher Scientific, Fair Lawn, NJ), was added

to the same mortar. The powders in the mortar thus had a CalP molar ratio of L667.

Powders were gently mixed in the mortar for about 30 minutes. Following the mixing and

homogenization of the starting reagents in the mortar, the mixture was transferred into a

100 ml-capacity glass beaker and heated to 300oC, in an air atmosphere, at the rate of

10'C per minute. The sample was held at this temperature for 2 hours and then cooled to

room temperature as quickly as the furnace could cool. Cooled samples were again

placed into the agate mortar and mixed by hand for about l0 minutes, to further

homogenize the calcined samples. Homogenized sample was then placed into an alumina

crucible (No: AD-998, High-Alumina Labware, CoorsTec, Inc., Golden, CO), and heated

to 800oC, in an air atmosphere, at the rate of 10'C per minute. Sample was held at this

temperature for 3 hours and then cooled to room temperature as quickly as the furnace

would allow. The sample was poured back into the agate mortar, once cooled, and mixed



t7

again for about l0 minutes. Finally, the calcined samples were transfened into an

alumina boat (or crucible) and placed into a PlD-controlled, molybdenum silicide, hairpin

element-heated tube furnace (No: STF54434C, Lindberg/Blue, Asheville, NC). The tube

used in the fumace was of mullite (3Al2O:.2SiOz) having an outside diameter of 3 inches

and a length of 36 inches (No: MV0-1626-e, Vesuvius McDanel, Cookson Corp., Beaver

Falls, PA). The tube was sealed at both ends and ultra high purity oxygen (UHP Oxygen,

NationaVSpecialty Gases, Division of National Welders Supply Co., Charlotte, NC) was

passed through the tube at a rate of 367 cm3 lNo: 602, Ball Flow Meter, Matheson Tri-

Gas, Newark, CA) for 30 minutes. After 30 minutes the flow rate was lowered to 180 cm3

and the furnace began its heating scheme. The heating and cooling schedules used are

given in Table 2.

Table 2. Heating Scheme used in Preparing Apatitic Calcium Phosphates of High
Stability

Temperafure Heating/cooling
Range (oC) Rate (oClmin) Soak Time (h)

2s - 400
400 - 400
400 - 700
700 - 700
700 - 1500
1500 - 1500
1500 - 25

2

2

l0

3

0.25

I

6

Recovered samples were ground into a fine powder by using an agate mortar and pestle

for further characteization runs and densification experiments, and stored at room

temperature in glass vials.
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2. Powder Characterization

Powder samples produced at all stages of this study have been qualitatively

analyzed for the phases present by using a powder X-Ray diffractometer (XDS 2000,

Scintag Cotp., Sunnyvale, CA). The diffractometer equipped with a sealed Cu tube was

operated at a voltage of 40 kV and at the power setting of 30 mA. Samples were step-

scanned over the 20 range of 10" to 60o by using a scan speed of 0.02' per minute, with a

preset time of 2 seconds.

Sample powders were also analyzed by using Fourier-transformed infrared

reflective (FTIR) spectroscopy (Nicolet 550, Thermo-Nicolet, Woburn, MA). The

spectrometer was equipped with an Endurance Foundation Series single-bounce diamond

ATR (50'incidence angle) and32 scans were performed at a resolution of 4 cm-l.

The surface morphology of the samples was investigated by using a field-

emission scanning electron microscope (FE-SEM; S-4700, Hitachi Co., Tokyo, Japan).

Samples were coated with a thin layer of platinum prior to imaging.

A thermogravimetric/differential thermal analyzer (TG/DTA; TGA/SDTA8 5 l',

Mettler Toledo Inc., Columbus, OH) was used to characterize the precursor powders and

their mixtures. Samples were placed into platinum crucibles and heated in an air

atmosphere using a scan rate of 5oC over the range of 25'to 1200'C.
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3. Stability Tests

3. 1. Stability in Water

A small portion (0.5 gram) of oxyapatite powders were spread onto a glass Petri dish. l0

mL of deionized water was added to that dish so that the water completely wetted the

powder sample. The sample was allowed to stay in water at room temperature for 3

hours. After 3 hours of soaking, the sample was placed into a box furnace and dried at

200"C for 12 hours.

3.2. High-temperature Stability in Air

To test the thermal stability of the resultant powders in an air atmosphere, a 0.50 gram

portion of oxyapatite was ground and placed into the aforementioned tube furnace in an

alumina boat. The tube was not sealed and left open on both ends with small insulation

pieces placed inside the ends of the tubes to help maintain temperature but allow air

circulation. The tube furnace was ramped up to 1500'C at the rate of 5"C/min and

dwelled at this temperature for 6 hours before cooling to room temperature at the rate of

7"Clmin. Following the firing, sample was removed and ground into a fine powder for

preparing it for further characterization runs.
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3. 3. Comparison of Thermal Stabilify with those of Commercial HA Powders

To compare the thermal stability of the oxyapatite powders of this study with those of

commercially available HA powders, a sample of widely accepted hydroxyapatite

(calcium phosphate tribasic, >99o , No: 36731, Alfa Aesar, Ward Hill, MA) was used. A

1.0 gram portion of the commercial powder was placed into an alumina boat. This sample

was then placed into the tube furnace. As with the oxyapatite preparation under a flow of

oxygen, the tube was flushed with oxygen at the same rate and for the same amount of

time, and then reduced to the same 180 cm3. The fumace was then ramped directly to

1500'C at the rate of l0"C/min. After reaching the desired temperature the furnace was

held for 6 hrs at this temperature. The samples were cooled at 5"C/min to room

temperature.

Some of the samples were heated and cooled also "in an air atmosphere" by using

the same heating and cooling rates as mentioned above. These samples were directly used

in comparing the thermal stability of different powders of this study with one another.

The samples were ground to a fine powder by using a pestle in the agate mortar for

further char acterization runs.

3.4. Comparison of Thermal Stability with those of Nanosize HA Powders

Nanosize HA powders with a CalP molar ratio of 1.667 were synthesized by using

a well-documented wet precipitation method 190-92). The initial reactants were calcium
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hydroxide (Ca(OH)2, Fisher Scientific) and 85 vol% phosphoric acid (H3POa). First,

18.52 g of Ca(OH)2 was added into 500 mL of deionized water. The solution was stirred

using a magnetic stirring plate. Secondly, 500 mL of water was placed in a separate

beaker and 17.11 g of HIPO+ was added under constant stirring. The acid solution was

then transferred to a glass funnel and placed over the stined calcium hydroxide solution.

The acid solution was allowed to slowly drip into the calcium hydroxide solution at the

approximate rate of I drop per second. The solution was continuously stined throughout

this addition. As the pH began to drop, a total of 20 mL of concentrated ammonium

hydroxide solution was dropwise added to keep the pH at above 10. After all of the

phosphoric acid solution was added the resulting solution was allowed to stir for an

additional 4 hours. After 4 hours the stirring was stopped and the precipitates were

allowed to settle and mature in their mother liquor ovemight. The product was filtered

and washed with 1 L of deionized water. Once the washing was completed the resulting

cake was placed into a drying oven set at 80'C for overnight drying. Once dry the

hardened cake of hydroxyapatite was ground with a pestle and mortar and then ball

milled for 2 hours.

I gram of the nanosize HA powders was placed into an alumina boat as a loose

powder compact. This sample was then placed into the tube furnace. As with the

oxyapatite preparation the tube was flushed with oxygen at the same rate and for the

same amount of time, and then reduced to the same 180 cm3. The furnace was then

ramped directly to 1500'C at the rate of l0"C/min. Upon reaching the desired temperature
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the furnace was held for 6 h at this temperature. Samples were cooled down to room

temperature at the rate of 5oC/min.

Some of the samples were heated and cooled also "in an air atmosphere" by using

the above-mentioned heating and cooling rates. These samples were directly used in

comparing the thermal stability of different powders of this study with one another. The

samples were ground to a fine powder by using a pestle in the agate mortar for further

char acter izati on run s .

4. Compressive Strength Measurements

Compressive strength measurements were performed on oxyapatite pellets

sintered at 1500oC, for 12 hours, under a continuous flow of high-purity oxygen.

Precursor powders for these pellets were synthesized as previously described, by using

calcium acetate monohydrate and ammonium dihydrogen phosphate as the starting

materials.

Pellets were prepared as follows: a 0.65 g portion of the powder was placed into a

1 cm diameter steel die, and a pressure of 5000 lbs was applied by using a hydraulic

uniaxial press (PA7-1, Preco Industries Inc., Lenexa, KS) for I minute. Resulting pellet

was removed from the die and placed into a powder-free latex glove (Synetron, Microflex

Cotp., Reno, NV) prior to cold isostatic pressing. The samples were isostatically pressed

(CP2-60, Hoffman Engineering Co., Anoka, MN) at 300 MPa for 30 minutes. Thus
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formed green pellets were then heated at 1500oC, for 12 hours, by using the thermal

treatment scheme given in Table 2.

The diameters of the sintered pellets were measured with a digital caliper, prior to

compressive strength tests, to calculate the surface areas of the samples. The pellets were

then placed into a compression tester (Tinius Olsen 10000, Tinius Olsen Testing Machine

Co., Willow Grove, PA). A compression load was applied at the rate of I mm per minute

until the pellet failed. The peak force applied to the pellet before failure was recorded.

5. Hardness Measurements

5. 1. Sample Preparation

Pellets were placed to the center of a 1 % inch rubber mounting cup (Struers).

Two parts of powder and liquid epoxy (QuickMount, Fulton Metallurgical Products

Corp., Saxonburg, PA) was used to mount each sample. The mounted samples were

allowed to set overnight at room temperature. Samples were then polished by using an

automatic polisher (Labopol-5, Struers) in accordance with the following consecutive

steps; (1) diamond 600 grit plate (MD-Piano 600, Manlo 40800109, Struers), (2)

diamond 1200 grit plate (MD-Piano 1200, Manlo 40800105, Struers), (3) SiC paper 2400

grit (#2400, Struers), (4) SiC paper 4000 grit (#4000, Struers), (5) lpm alumina powder

paste (ALR-0110-05, Pace Tech.), and (6) 0.3pm alumina powder paste (ALR-0103-05,

Pace Tech.). Polished pellet surfaces with a glossy and scratch-free appearance were

deemed ready for the hardness tests.
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5. 2.Ilardness Tests

Hardness tests were performed by using a Vickers indenter (MHT2I0, Leco

Cotp., St. Joseph, MI). Polished samples were placed onto a flat stage right under the

indenter head, and the indenter was focused by using a 50x objective lens. The focused

indenter was set to apply a load of 25 gams for a period of l0 seconds. Following the

indentation, tip-to-tip dimensional measurements from top to bottom and from left to

right of the indents were carefully recorded and then converted into microns by

multiplying the measurements with the conversion factors gtven in the machine-specific

calibration sheets. The "f x 0.2428" quotient was used, in which f was the Filar unit and

the factor of 0.2428 was the conversion constant. This procedure was repeated 5 times for

each sample throughout random locations along the surfaces of pellets. To get the

Vickers hardness values, the equality of HV: 1.854 xF / & was used, where 1.854 was a

constant, d was the arithmetic mean of the top-to-bottom and left-to-right distances and F

was the force converted into the appropriate units. HV was then obtained in GPa units.

6. Testing of Apatite'inducing Ability

Synthetic body fluids (SBF) are known to induce the formation of nanoporous

carbonated apatite layers on bioactive samples [93]. SBF solutions do not form such

deposits, for instance, on pristine and non-porous glass, ZrOz, AlzO: or CaSO+.2HzO

surfaces. To test the apatite-inducing ability of the sintered pellets of this study, a Tris-

buffered, 27 mM HCOr--ssrlaining SBF solution (known as Zas-SBF [94]) has been
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used. Tas-SBF solution was prepared by concentrating its recipe by a factor of 1.5 [94,

esl.

Pellets were placed on angular wire mesh holders in SBF-filled glass bottles.

These holders were to keep the pellets off of the bottom of the bottles, as shown in Figure

2. Each bottle was filled with a 100 mL portion of the SBF solution. Solutions in each

bottle were replenished with a fresh SBF'solution at every 48 hours during the total soak

time of I week at37"C. At the end of one-week period, pellets were removed and gently

washed with an ample supply of deionized water and acetone. Dried pellets were then

coated with a thin layer of platinum prior to FE-SEM imaging.
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Figure 2 Sample placement in the SBF-soaking bottles.



RESI'LTS AND DISCUSSION

1. Powder Synthesis and Characterization

Calcium acetate monohydrate, when heated in an air atmosphere from room

temperature (RT) to about l200oc, reacts with oxygen and transforms into CaO. This

transformation can be described by the following equation;

Ca(CH3COO)z.HzO (s) + 3.5 O2-+ CaO (s) + 4 COz@) + 4 H2O (s) (3),

This implies a total, theoretical weight loss of about 68%.lt is important to note that this

reaction depends on the acquisition of required oxygen from the calcination atmosphere.

The TGA chart given in Figure 3 for single phase calcium acetate monohydrate showed a

66 to 67Yo total weight loss, which is in close agreement with the above equation. The

removal of the water molecule from calcium acetate monohydrate corresponded to a

weight loss of about l0o/o, and this is what was observed in the TGA trace of Figure 3

over the temperature range of RT to 250oC. Following this, upon continued heating,

calcium acetate transformed into CaCOI with the loss of acetone groups. The loss of

acetone groups was accompanied with a characteristic, sharp and quite abrupt weight loss

behavior, and the conversion to CaCOI was completed at around 450'C. The

transformation from Ca(CH3COO)z.HzO to CaCOr was associated with a theoretical

weight loss of about 43Yo. Tttis weight loss was also observed in the trace of Figure 3 and

it matched with the theoretical expectations. CaCO: then transformed into CaO at above

9000c.
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NH+HzPOI, otr the other hand, represents a more interesting thermal

decomposition behavior, as shown in the following TGA trace of Figure 4. Upon heating

NH+HzPOa in air from RT to 1200'C, it first melts at l90oC, and then gradually

transforms into P2O5, which is an unstable compound at temperatures above 650'C. This

is why we selected ammonium dihydrogen phosphate as the P-source in this study. In

isothermal heatings. over the temperature range of 200o to 800oC, we have also confirmed

this behavior. NHaH2POa first formed a glassy phase after heating it to 200oC, and that

clear glassy phase persisted until about 700oC, above which it started to crystallize into a

white amorphous powder. Therefore, in the presence of a Ca-source reagent (i.e., calcium

acetate) in an intimate mixture with it, NII+HzPO+ will initially wet all the calcium

acetate particles by forming this glassy phase, and then it will lose its NH3 goups by also

forming some water vapor. The below equation could explain the above phenomena:

NII4H2PO4 (s) + PO2.5 (s) * NH: G) + 1.5 HzO G) (4).

Equation-4 corresponds to a total theoretical weight loss of 38.3 o/o, andthis is what is

observed in the TGA trace given in Figure 4 up to about 600oC.
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When calcium acetate monohydrate and ammonium dihydrogen phosphate

powders were mixed with one another to have a nominal CalP molar ratio of 1.667 to

form the calcium phosphate phase of this study, the TGA trace of this mixture showed an

apparent, simple combination of the TGA traces of the individual starting materials

reported above. The TGA trace of this mixture was given in Figure 5. Some interesting

differences in the TGA traces given in Figures 3 to 5 can be summarized as follows;

(l) the formation temperature of CaCO3 has been decreased from 450oC (for pure

calcium acetate) to about 400'C (for calcium acetate and NHaH2POa mixture),

(2) the attainment of the constant weight, plateau region in those TGA traces took

place at a slightly lower temperature (at 760"C), which meant that the volatiles

left the system at or around this temperature.

This summary is also supported by the DTA trace given in Figure 6. Melting of

NH+HzPO+ was indicated by the small endothermic peak at 190oC, whereas the sharp

exothermic peak corresponded to the removal of the acetate groups. The influence of the

early presence of a glassy phosphate phase may explain such decreases in reaction

temperatures. In other words, the process we have developed in this study is not a simple

solid-state reactive firing (SSRF) process, and this viscous liquid phase-assisted method

led to the formation of calcium phosphates at reduced temperatures.
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XRD analyses were performed on the Ca(CH3COO)2.H2O - NH+HzPO4 powder

mixtures that were isothermally heated (for 3 hours) in an air atmosphere at temperatures

of 150o, 300o, 550o, and 800oC. Different transient phases observed in these data helped

us to further elucidate the nature and sequence of chemical reactions that led to the

formation of thermally stable calcium phosphates.

As shown in the XRD traces of Figure 7 , afte'l heating in air at l50oC the powder

body consisted of a phase mixture of calcium acetate anhydrous (ICDD PDF 18-0293)

and ammonium dihyrogen phosphate (ICDD PDF 37-1479). Calcium acetate

monohydrate, i.e., one of the starting materials, lost its water and transformed into

calcium acetate anhydrous. This calcination temperature is lower than the melting point

of NH+HzPOa, and this explains the observation of NHaH2POa peaks. Upon increasing the

calcination temperature to 300oC, NHaH2PO4 melts and this molten phase reacted with

calcium acetate to form Ca(PO3)2 GCDD PDF 50-0584) and Ca:HzP+Ora (ICDD PDF 15-

0230). These are the crystalline phases that could be detected by powder XRD, and the

noncrystallized portion of the material may still contain polymerized POq groups.

Ca(PO3)2, also named as calcium polyphosphate, may form polymeized networks of

calcium phosphates when hydrated with coordinating crystal waters. The SEM

photomicrographs of Figure 8 showed the morphology of samples heated in air at 150"C.

Calcium acetate anhydrous particles were shown bigger, and as they lost their hydration

water, they tended to form surface fissures.
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SEM photomicrographs of l50oC-heated powder mixtures (small
ammonium dihydrogen phosphate crystals shown on bigger calcium
acetate particles).

Figure 8



37

Calcium acetate monohydrate and ammonium dihydrogen phosphate powder

mixtures heated in air at 550"C exhibited the sharp peaks of CaCOr GCDD PDF 5-586),

together with those of Ca2P2O7, as shown in Figure 9. As stated previously, above 400'C

the acetate groups would rapidly volatilize out of the system, and calcium acetate would

convert into CaCO3. 550oC was also enough for the remnants of the glassy ammonium

phosphate to react with CaCO3 and form the low-temperature polymorph of calcium

pyrophosphate,CazPzOT GCDD PDF 9-345). The SEM micrographs of Figure l0 showed

the morphology of powders heated at 550'C. Ca2P2O7 polycrystals seen in those pictures

possessed an acicular morphology.

800"C is well above the decomposition temperature of CaCO3 and that resultant

decomposition product was observed in the XRD trace of the samples calcined at 800oC

(Fig. 8). The low-temperature polymorph of CazPzOt is also not stable at this temperature,

so it transformed into the high-temperature polymorph (ICDD PDF 9-346).

Hydroxyapatite (ICDD PDF 9-342 or 89-6495) and F-CarGO+)2 (ICDD PDF 9-169)

were also formed upon calcination at 800'C. Since the samples had an overall CalP molar

ratio of 1.667, the presence of p-Ca3@Oa)2 as a separate phase should also be

accompanied by some excess CaO (ICDD PDF 37-1497) or Ca(OH)2 GCDD PDF 44-

1481). These phases were also observed in the XRD traces of S00'C-calcined samples.

800oC, therefore, was a critical calcination temperature, in the sense that, samples heated

at this temperature with the above-mentioned phase compositions were the real

precursors of the oxyapatite samples, whose firings were later performed under a flow of

oxygen.
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Figure 10 SEM photomicrographs of 550oC-heated powder mixtures (acicular
calcium pyrophosphate crystals on a glassy-looking matrix).
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Powder mixtures of calcium acetate monohydrate and ammonium dihydrogen

phosphate were calcined in an oxygen atmosphere at 1000'C. Within the scope of this

study, those two separate heatings performed at 300' and 800'C (in air) were the

preliminary powder preparation steps in the synthesis of oxyapatite. These steps ensured

the formation of microporous, high surface area precursor powders. The maximization of

the surface area of the starting materials was necessary for conversion into oxyap atite at

high temperatures (e.g., 1500'C).

When the starting powder mixtures were calcined in oxygen at 1000'C, they

consisted of a mixture of p-Ca3(PO+)z and an apatitic calcium phosphate, as shown in the

XRD data given in Figure I 1. The presence of these two phases was just an indicator of

the insufficient thermodynamic driving force for the formation of apatitic calcium

phosphate. A temperature higher than 1000oC would simply facilitate the formation of

single-phase apatitic calcium phosphate. As already shown in the upper XRD trace of

Figure 11, heating the same mixture to 1500'C in oxygen atmosphere gave single-phase

oxyapatite.

SEM microphotographs, given in Figure 12, of the l000'C-calcined samples (in

oxygen) showed the characteristic vermicular structures encountered during the sintering

of calcium phosphates [28]. The phenomenon of necking-and-bonding has just started as

the sample entered into the early stages of sintering.
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SEM photomicrographs of 1000"C-heated (in 02) powder mixtures.Figure 12
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The top XRD trace given in Figure l l represents a single-phase apatitic calcium

phosphate obtained after heating a calcium phosphate-based precursor material, in

powder form, at 1500'C for 6 hours. It is a well-known fact that, until now, no single-

phase apatitic calcium phosphate material has ever been produced to withstand that high

a temperature without decomposing into p-Ca:(POa)z andCaOlCa(OH).

As we already mentioned in the lntroduction chapter of this thesis, with extensive

reference to the previous literature, apatitic calcium phosphates (i.e., namely, Ca-

hydroxyapatite) were not stable at 1500'C, and they would have decomposed after

heating them to temperatures above 1300"C.

To determine if this material contains hydroxyl (OH) ions it was decided that

FTIR analyses would be quite helpful. FTIR data given in Figure 13 summarized the

evolution of phases in the powder mixtures of calcium acetate monohydrate and

ammonium dihydrogen phosphate as a function of temperature and atmosphere used.

FTIR data confirmed the findings of the XRD analyses, in terms of the phase evolution

sequence, with an increase in the calcination temperature. Powder mixtures calcined in

air at 800'C did not contain any significant amount of carbonate ions, however they

revealed the simultaneous presence of
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pyrophosphate (P2O7a-) and orthophosphate (POa3-) groups. Meanwhile, in the samples

calcined at lower temperatures, such as 150o and 300'C, the presence of acetate (COO-)

groups were apparent. The samples calcined in air at 800'C contained small amounts of

unreacted Ca(OH)2, as confirmed by the XRD runs, and the characteristic OH- stretching

band (at 3648 cm-') originating from the presence of calcium hydroxide did appear in our

FTIR data as well [96.].

The samples calcined at l000oC, on the other hand, did not reveal that Ca(OH)2,

neither by XRD nor by FTIR runs, and one of the major phases present in those samples

was Ca-hydroxyapatite. Therefore, the characteristic OH- stretching band of

hydroxyapatite, Ca16(PO4)6(OH)2, w?S recorded in those samples at357I cm-t 1921.

The samples calcined at 1500'C in oxygen did not reveal the presence of those

OH- bands in their FTIR data. Such samples can no longer be named as calcium

hydroxyapatite. It will be more appropriate to label them with "calcium oxyapatite."

Figure 14 displays the FTIR pattern of oxyapatite powders synthesized at 1500oC in a

flow of high-purity oxygen gas. Orthophosphate (POo3-) bands were the sole features of

these IR data. These bands were obseryed at the following values; 1089-1053 (y),962

(vl), 603 (va), and 569 (v+) c--t by precisely confirming the apatitic nature of these

samples.
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SEM photomicrographs of the oxyapatite powders synthesized at 1500oC are

given in Figure 15. The powders were macroporous. These samples were prepared after

first calcining a mixture of Ca(CH:COO)z.HzO and NFI+HzPO+ at 300" and 800"C in an

air atmosphere, followed by homogenization grindings by an agate pestle in an agate

mortar. Powder samples were then placed into the hot zone of our tube furnace in an

alumina boat as a loose powder compact, and heated for 6 hours in oxygen at 1500"C.

Macroporous nature of those samples was therefore inevitable. This was not deemed to

be bad because, only a porous sample could have completed its full conversion from

"hydroxyapatite" into "oxyap atite."

XRD data from these powder samples were gathered for lattice parameter and unit

cell determination. Figure 16 displays the XRD data used in the lattice parameter and unit

cell calculations. K.,z component of the X-ray radiation was stripped off of this data prior

to its utilization in lattice parameter determinations [98]. As mentioned earlier, calcium

hydroxyapatite is known to have a hexagonal unit cell with a space group of P6tlm.

Oxyapatite samples of this study did not have a hexagonal unit cell. However, this was

not surprising at all. The mineral in bones and teeth is an impure form of hydroxyapatite

(HA), with an idealized (and for most of the times invalid) formula Ca16@Oa)6(OH)2,

with carbonate (CO32-) and hydrogen phosphate (HPO+2-) ions as the major impurities,

and for this reason HA is extensively used in the manufacture of prostheses and implants.

Slightly non-stoichiometric HA has a hexagonal space group P6tlmwith a :9.421A and

c:6.884 A, but the stoichiometric form is monoclinic with space goup P^lb 1991.
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Figure 15 SEM micrographs of oxyapatite powders (1500"C, 02, 6h).
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This is 'characteized by ordering within OH- ion columns to form a sequence OH- OH-

OH- OH-, with an ordered arangement of these columns, so that the b-axis is doubled

giving lattice parameters a:9.421,b:2a, c:6.8814 A, y: 120" 199,100]. Normally

only those preparations that have a final high-temperature stage would have the

possibility of yielding monoclinic HA. Other preparations would normally be hexagonal,

presumably becauss sufficient OH- ions are missing, replaced by H2O or impurity ions,

so that the ordering is disturbed [01].

The "oxyapatite" powders of this study (Figure 16) were found to be monoclinic

with the lattice parameters of a:9.4205, b : 18.841, c: 6.882 A , y : 120'. Table 3 lists

the hkl indices of the crystallographic reflections observed in the oxyapatite samples of

this study. The above-mentioned experimental unit cell resembled the ones described by

Suetsugu et al. ll02] and Ikoma et al. ll03l. In these previous studies the choice of

atmosphere was Argon and air, respectively. ICP-AES analyses performed on these

samples yielded a CalP molar ratio of 1.642 r 0.006. It should be noted here that human

bones have a CalP molar ratio of 1.65 [3].

In brief, the switch in the crystal structure of apatitic calcium phosphates from the

more commonly observed hexagonal form into the monoclinic form is indicative of the

removal of disorder associated with the hydroxyl ions along the unit cell. Formation of H

bonds between the hydrogen atoms of the OH- ions and the oxygen atoms of PO+3- groups

of apatitic phosphates is responsible from the hexagonal crystal structure.
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Table 3. Tentative Crystallographic Data for the Major Reflections of Monoclinic
Oxyapatite Samples of This Study.

hkl 20 (Exp) dQl) IAs

7

7

4
35
l3
23
100

68
55
30
5

9
26
3

7

3

6

2
5

33
2
t7
8

42
l8
l3
l8
l3
l3
2
8

3

20
t2
20
00
-25
22
22
-l 4
-3 l
l5
-27
00
32
02
-30
23
-39
-37
t7
-45
4l
05
-33
-53
34
33
23
00
-43
-57
09
-58

0

I
I
2

I
0
I
2
I
0
I
3

0
3

2

2

0
2

0

2

0

3

3

0
I
2

3

4
3

2
2

2

21.798
22.840
25.371
2s.834
28.t92
28.951
3t.842
32.206
33.t94
34.273
35.895
39.275
39.824
40.818
42.326
42.695
44.005
44.899
45.470
46.991
47.602
48.422
49.002
49.613
50.601
5t.762
52.431
53.207
56.2t9
s6.783
57.397
58.31 I

4.0740
3.8904
3.5077
3.4459
3.t628
3.0816
2.8081
2.7772
2.6968
2.6t43
2.4998
2.292t
2.2618
2.2089
2.t337
2.tt6l
2.0561
2.0172
1.9932
t.9321
1.9088
1.8783
t.8574
1.8360
t.8024
1.7647
t.7437
t.720t
1.6349
1.6200
1.6041
1.581 I
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2. Assessment of the Stability of .,Oxyapatite" Samples

Stability of the oxyapatite (OA) samples with respect to humidity at room

temperature was tested by soaking samples in deionized water for several hours, followed

by drying at 200"C in air and X-ray analyses. Figure 17 shows the comparison of the

XRD trace of a sample of oxyapatite soaked in water for 3 hours in relation to the starting

oxyapatite sample. There were no signs of decomposition. This meant that the oxyapatite

samples (after being synthesized at 1500"C in oxygen atmosphere) can be readily stored

even in extremely humid environments.

More important than their resistance against humidity was indeed their high-

temperature stability. To that purpose, a sample of oxyapatite was re-fired in air at

l500oc, and then XRD data was recorded. The XRD trace for the oxyapatite samples

refired in an air atmosphere at 1500"C for 6 hours was given in Figure 18. The sample

did not show any signs of decomposition (into, for instance, TCp; ca3@oa)2). A

literature search did not show any reported work where such a high thermal stability for

any apatitic calcium phosphate was achieved. Apatitic calcium phosphates decompose

into TCP when they are heated in an air atmosphere at or above 1300"c tl04l.

This fact also proved our initial hypothesis that the culprit in the low thermal

stability of apatitic calcium phosphates was the presence of H bonding along the unit cell

edges of hydroxyl ion-containing apatitic calcium phosphates, such as HA.



o(o
@rf)
(oFro&
ta!rob
or€l() 'F

Ho2
l() r-l€

U)@tr\t 'E
bo(ocdt-q

4.{4
TH (t$e E
o9 '€r= s
@N i'(f) 6

(+{
@o(ob
s=
0/)p clc{uCD 

.g3s
@'E
Olo

-q(oootErt
C\I JJ

a)J&
Xo

c\

=c)

E
bI)'ri

oooooooooooooosc!o@(osc{rr
(sdC) r(lrsuetut OUX

ooY
CUoo
J.o
o

=

N

o
O
oo
1I)



tv)

o@\o
@.5lcl (r.

(o?rr)E
t:tf)e

cd
Nc>rob
o€fog
6tr$E

L(c' .=
\t:

d+.8
$o E

rl

^o bvFL
S=a
oN*(f) H(o3c")E
+t(f) H.

al
c\lCo5
olr(r) ;
@8c\tE
RA
$X
c\

N=
Rg

b0'rioooooooooooooool-(ot()SC9Nr
(sdo) firsuelu; OUX



55

We have also tested the thermal stability of these "oxyapatite" samples with

respect to two different control samples, (l) commercial calcium hydroxyapatite (Alfa

Aesar Corp.) and (2) chemically-precipitated sub-micron powders of hydroxyapatite

which has been made in house by using the recipe disclosed in Chapter 2. The first one is

called, from now on, "Alfa Aesar fIA," and the second one is named as "In House HA."

Alfa Aesar HA powders were found to have a CalP molar ratio of 1.70 by the ICP-AES

analyses. On the other hand, the In House HA powders were pretty close to being

stoichiometric.

Figure 19 shows the XRD data for "Alfa Aesar HA" powders heated in an air

atmosphere at 1500'C for 6 hours. Similarly, Figure 20 shows the XRD data for the "In

House HA" powders heated in an air atmosphere at 1500"C for 6 hours. The

decomposition (into TCP) observed in both of these samples was quite significant, and

the peaks of newly-formed TCP phase were indicated on both of these figures.

Neither Alfa Aesar HA nor In House HA powders were able to convert

themselves into oxyapatite, as efficiently as the calcium acetate monohydrate and

ammonium dihydrogen phosphate samples, upon heating at 1500"C for 6 hours in an

oxygen atmosphere.
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3. Density, Compressive Strength and Hardness of Oxyapatite Pellets

The green pellets used for the evaluation of mechanical properties, such as

compressive strength and hardness, had been prepared by cold uniaxial pressing followed

by cold isostatic pressing, as previously mentioned in the Experimental Procedure section.

The powders used in the preparation of these pellets were consisting of powders (i.e.,

mixtures of Ca(CH:COO)z'HzO and NHqHzPO+) pre-calcined at 800"C in air. These

pellets were then sintered at 1500'C under a constant flow of oxygen to convert them into

oxyapatite. Prior to measuring the compressive strength of these pellets, their densities

were measured by using a Helium pycnometer (Accupyc 1330, Micromeritics, Norcross,

GA). The experimentally measured densities (10 readings from each pellet) of sintered

oxyapatite pellets were found to be quite constant within the mean value of 2.9085 gl" t

with a standard deviation of 0.0092. Taking into consideration the fact that the density of

an apatitic calcium phosphate is around 3.16 glcm3 [105], our pellets had only achieved

92o/o of the theoretical density.

The oxygen-fired oxyapatite pellets of this study are porous, and we did not

achieve full densification. We compared the surface morphology of oxyapatite pellets

with those of Alfa Aesar pellets prior to the compressive strength and hardness

measurements by using electron microscope imaging. Figures 20 through 23 directly

compare the SEM morphology of the surfaces of sintered Alfa Aesar HA and OA pellets.
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50 x Top: Alfa Aesar HA pellet, 1500'C, 6 h, 02
Bottom'. Oxyapatite pellet, 1500'C, 12h,Oz.

Figure 21
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300 x Top: Alfa Aesar HA pellet, 1500'C, 6 h, 02
Bottom: Oxyapatite pellet, 1500'C, 12h,C2.

Figure 22
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800 x Top: Alfa Aesar HA pellet, 1500'C, 6 h, 02
Bottom: Oxyapatite pellet, 1500'C, 12 h, o'2.

Figure 23
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Top: Alfa Aesar HA pellet, 1500"C, 6h,02
Bottom: Oxyapatite pellet, 1500oC, 12h,C,2.

Figne24 1000 x
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As was apparent from Figures 21 through24, pellets prepared by using the Alfa

Aesar HA powders have been fully densified. However, since the Alfa Aesar HA

powders (as well as the pellets) were not stable at 1500oC, they consisted of a biphasic

phase mixture of HA and TCP at the end. In a biphasic, sintered HA and TCP pellet, it is

impossible to tell the phase difference between the individual grains just by SEM

imaging [25]; they simply look alike.

Oxyapatite pellets apparently did not sinter as good as those of Alfa Aesar HA

pellets. A porous structure was still deemed necessary in order to fully convert the pellets

from hydroxyapatite to oxyapatite. If the "oxyapatite" pellets were fully dense, HA to OA

conversion would have only been confined to the surface of those pellets.

Compressive strength measurements on both oxyapatite and Alfa Aesar pellets

revealed an extremely interesting result. The average compressive strength found for the

oxyapatite pellets was 117.7 MPa with a standard deviation of 6.01. These results are

shown in Table 4.

Table 4. Compressive Strength Data for Oxyapatite Pellets

4

Samnle
Diameter

(mm)
Peak Compression force

(kr[)
Compressive Strength

(MPa)
Oxv I 8.69 6.12 113.30

Oxv 2 8.75 7.49 t24.56
Oxv 3 8.71 6.87 r 15.30
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On the other hand, the average compressive strength found for the Alfa Aesar

pellets was27.l MPa with a standard deviation of 0.14. As shown in Table 5.

Table 5. Compressive Strength Data for Alfa Aesar HA Pellets

Sample
Diameter

(mm)
Peak Compression force

ftN)
Compressive Strength

(MPa)
AAHAl 7.20 1.10 27.00
AAHA2 7.17 l.l0 27.20

Oxyapatite pellets were about 4.3 times stronger than the Alfa Aesar pellets,

although the OA pellets were only 92o/o dense. Unfortunately, within the limited scope of

this study, it was not possible to use a hot press or hot isostatic press with a carefully

planned heating and compression scheme. Otherwise, it is our belief now that it could

have been quite possible to push the compressive strength values of those oxyapatite

pellets to levels yet unheard of for any apatitic calcium phosphate.

The merit in such high strength values obtained for OA samples do lie with the

removal of points of weakness in the crystal structure of the material, i.e., the OH- ions

positioned along the unit cell edges and the hydrogen bonding.

The average Vickers hardness value measured on the oxyapatite pellets was 4.8

GPa with a standard deviation of 0.164, whereas the hardness of Alfa Aesar pellets turned
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out to be 4.2 GPa with a standard deviation of 0.126. The raw results are shown in

Tables 7 and 8.

Table 6. Vickers Hardness Data for Oxyapatite Pellets

Indent
Hardness Value
(Gpa)

I 4.79
2 4.91
3 4.57
4 4.91
5 3.97

Table 7. Vickers Hardness Data for Alfa Aesar HA Pellets

Indent
Hardness Value
(Goa)

I 4.79
2 4.9t
3 4.57
4 4.9r
5 3.97

The hardness values we measured for our pellets compared very well with the

long list of values (for different sintering temperature, porosity and grain size values in

HA ceramics) reported recently by Hoepfrrer et al. [06]. These researchers reported that

a Vickers hardness value of 4.8 GPa could only be obtained in a sample of 3Yo porosity.

Our OA samples had around 8% porosity. The highest Vickers hardness value reported in

the literature for monophase HA pellets, with less than l% residual porosity, was 6.0 GPa

1241.
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4. In Vitro Apatite-inducing Ability of Oxyapatite Pellets

It is known that an amorphous or poorly-crystallized calcium phosphate precursor

is always present during the precipitation of apatitic calcium phosphates from the highly

supersaturated solutions, such as the SBF solutions used here [94]. Posner et al. lI07l

proposed that the. process of poorly-crystallized, carbonated and bone-like calcium

phosphate formation in solution first involved the formation of Cae(POa)6 clusters, which

then aggregated randomly to produce the larger characteristic globules of SBF coating

processes, while the intercluster space being filled with water. Such clusters (with a

diameter of about 9 to 10 A 1tOS1 would be the transient solution precursors to the

formation of calcium-deficient, carbonated apatitic calcium phosphate precipitates on

suitable substrates. Onuma et al. [109] have demonstrated, by using dynamic light

scattering, the presence of such calcium phosphate clusters from 0.7 to 1.0 nm in size in

clear simulated body fluids. They reported that calcium phosphate clusters were present

in SBF even when there was no precipitation. These cluster theories could be helpful

understanding the heterogeneous precipitation aspects of the SBF-based, in vitro apatite-

inducing ability assessments.

The FE-SEM photomicrographs depicted in Figures 24 through 27 below show

the covering of the entire surfaces of oxyapatite pellets with a carbonated, bone-like

apatitic calcium phosphate layer immersed for one week in a TRlS-buffered, 2l mM

HCO3--containing SBF solution [9a] at37oC.



67

Apatite-inducing ability of oxyapatite pellet surfaces
(50 and 5 00X miuographs).

Figure 25
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Apatite-inducing ability of oxyapatite pellet surfaces
(1000 and 3000X micrographs).

Fig:rre 26
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Apatite-inducing ability of oxyapatite pellet surfaces
(6000 and I5000X micrographs).

Figxe2T
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Apatite-inducing ability of oxyapatite pellet surfaces
(20000 and 30000X miuographs).

Figure 28
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The role of pretreated or "suitable" surfaces in stimulating the SBF-based calcium

phosphate coating processes has been explained by Kokubo et al. [110, lll].

Aggregation of the Caq(PO+)o clusters present in clear SBF solutions onto the substrate

surfaces can be regarded as a phase separation process. When the immersed sample

surfaces were able to provide a smcoth supply of Ca2* and HPO+2- ions to the sample-

solution interface, this phase separation process could only be expected to accelerate.

Bioinert ceramics, such as AlzO: or ZrO2, since they can not provide the above-

mentioned ions to the solution interface, do not show that superb apatite-inducing ability

(Figures 24 to 28) when they are immersed in SBF solutions lll2l.

Within the context of the present section of this study, it was also shown that

thermally stable, high-strength, sintered oxyapatite ceramics will have a significant

degree of bioactivity if and when they were in vivo implanted in close proximity of the

bony tissues. The covering of the surfaces of OA pellets (in SBF) with bone-like apatitic

calcium phosphates served as a simple in vitro experiment to assess their bone-bonding

ability. Further deliberations on the formation of bone-like apatitic calcium phosphates

(as well as their unique morphology) from within the SBF solutions were previously

given elsewhere [95].

Samples which react this readily to SBF solutions would easily form in vivo a

biological link with the bone cells, i.e., osteoclasts and osteoblasts.



CONCLUSIONS

(l) The starting materials of calcium acetate monohydrate (Ca(CH3COO)z.HzO) and

ammonium dihydrogen phosphate (NH4H2POa) have been successfully utilized,

in synthesizing apatitic calcium phosphate ceramics with a CalP molar ratio of

about 1.65.

(2) ln synthesizing the calcium phosphate compound of interest of this study, the

phase evolution behavior in the powder mixtures of the above-mentioned starting

reagents have been determined by using XRD, FTIR, TGA, and ICP-AES

analyses, as a function of increasing calcination temperature.

(3) The powder synthesis process (i.e., firing of the above reagents of appropriate

mixing ratio in an oxygen atmosphere at 1500"C) described in this study resulted

in the formation of single-phase calcium oxyapatite (OA: Ca16@Oa)6O) powders

and/or pellets.

(4) OA powders were found to have a monoclinic crystal structure, in contrast to the

hexagonal crystal structure of conventional HA samples.

(5) OA powders were found to have aCalP molar ratio of 1.642.

(6) Sintered OA pellets and powders did not display any OH- stretching bands in

their IR spectra, which showed the effectiveness of the dehydroxylation level

achieved in the present synthesis procedure.
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(7) OA powders retained their single-phase nature even after they were soaked in

water at room temperature.

(8) OA powders were found to retain their single-phase nature even after re-heating

those (as loose powder compacts) in an air atmosphere at 1500"C.

(9) Sintered pellets of OA were only 92Yo dense, in other words, they possessed

about 8% residual porosity.

(10) Sintered pellets of OA were found to have a compressive strength of I l7 MPa, a

value about 4.3 times greater than those of conventional hydroxyapatite (HA:

Cale(PO4)6(OH)r) pellets sintered under the exactly identical conditions.

(1 1) Sintered pellets of OA were found to have a Vickers hardness of 4.8 GP4 which

was significantly higher than the hardness of HA pellets of same porosity.

(12) Surfaces of the sintered pellets of OA exhibited an apatite-inducing ability when

soaked in an SBF solution at37'C for one week.

(13) OA pellets were shown to have a bone-bonding ability due to its apatitc-inducing

nature.

(14) OA powders of high thermal stability can be used in the manufacture of high

strength bone substitute and dental implant materials.

(15) Such high strength bone substitute and dental implant ceramics to be made of

OA ceramics with a bone bonding ability can easily match and even exceed the

mechanical property values of human cortical bones.
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(16) To the best of our knowledge, this has been the first study which brought the

high strength, high thermal' stability compound of OA into the use of

orthopedic/orthodontic biomedical device industry with an easy-to-upscale bulk

manufacturing technique.
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