103

References

Aoki, H  Science and Medical Applications of
Hydroxyapatite. Takayama Press System Center Co,
Inc., 1991.

Braum, D. R Introduction to Instrumental Analysis.
Singapore, Fong & Sons Printers Pte Ltd., 1987,

Christian, D. G and O’Relly, D. G Instrumental Analysis.
America, Allyn and Bacon, Inc., 1986.

Dicken, B., et al. J. Solid Chem. 10(1974).

Eanes, D. E. Thermochemical Studies on Amorphous Calcium
Phosphate. Cal. Tiss, Res.  5(1970)  133-145.

Groot, K., Klein, ¢., —and Bliechh, H J. ~ Chemistry of
Calcium Phospate Biocerammics.  CRC Handbook of
Bioactive Ceramics 2i 3-9,

Heughebaert, J. ¢. and  Bonel, G Biological and
Biomechanical Performance of Biomaterials. (1986)i
9-14,

Hill, L .,et al. An J. Sci. 242(1944).

loku, K., et al. Preparation of Microstruture Controlled
Porous Hydroxyapatite -p- Tricalcium Phosphate
Composites by Reaction Sintering. J. Ceram. Soc. Jpn.
100 (1991) ! 927-935.



104

Kanazawa, T, Thermal Crystallisation of Amorphous Calcium
Phosphate to cc-Trica Lcium Phosphate. J. Chem. Tech.
Biotechnol. 32 (1982) : 399-406.

------------- , Inorganic Phosphate Materials. Tokyo, Kodansha. Ltd.,
1989.

Lavernia, ¢. and Schoenuung, J. M Calcium Phosphate
Ceramics as Bone Substitues.  Ceramic Bulletin
70 (1991) i 95-100.

Laurence, c¢. ¢. Development of Self- Setting Calcium
Phosphate Cements. J. Ceram. Soc. Jpn. 99(1991)!
927-935.

--------------- 1 and Scozo, T. Self - Setting Calcium Phosphate
Cements,  Mat. Res. Soc. Symp, Proc. 179 (1991)!
3-23.

------------- , and Walter, E- B. Formation of CaHP0+2H20 in Tooth
Enamel as An Intermediate Product in Topical F.luoride
Treatments.  J. Dent. Res. 54(1975)  65-76.

Lorprayoon, ¢. ¢.  Synthesis of Calcium Hydroxyapatite and
Tricalcium Phosphate from Cattle Bone. Materials
Research Society. 1(1989) ! 329-336.

-------------- , Phase of Cattle Bones at Elevated Temperature.

J. Sci . Soc. 12(1986) ! 159-170.

Mathew, M., et al. Acta Cryst. B33(1976).



Parrish, P., et al.  Calcium Superphosphate and Compound
Fertilizer. Great Britain, Mayflower Press, 1939,

Rey, ¢., et al. Apatite Chemistry in Biometerial Preparation,
Shaping and Biological Behavior. Bioceramics.
4(1991) ! 57-64.

Skalak, R. and Chien, . Handbook of Bioengineering. Me Graw
Hill, 1987.

Welch, H J. and Gutt, . J. Chem. Soc. 842 (1961).



AP 3ENDTICES



107

Appendix A

Phase Present '

Phases present of samples were detected by x-ray
diffractometer (XRD). XRD is an instrument for studying
crystalline (and non crystalline) materials by measuring the
way in which they diffract X-rays of known wavelenght(Cul Lity,
1969). The essential features of a diffractometer are shown
in Fig. 36. A powder specimen ¢, in the form of a flat plate
IS supported on a table H, which can be rotated about an axis

0 perpendicular to the plane of the drawing.

diffiractometer _—"

circle

Fig. 38. Schematic of X-ray diffractometer.(Cul Lity, 1969)
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The X-ray source is , the line focal spot on the
target T of the x-ray tube; IS also normal to the plane
of the drawing and therefore parallel to the diffractometer
axis 0. X-rays diverge from this source and are diffracted by
the specimen to form a convergent diffracted beam which comes
to a focus at the slit F and then enters the counter G. A and
B are special slits which define and collimate the incident
and diffracted beam.

The receiving slits and counter are supported on the
carriage E , which may rotate about the axis 0 and whose
angular position 20 may be read on the graduated scale K The
supports E and Hare mechanically coupled so that a rotation
of the counter though 28 degrees is automatically accompanied
by rotation of the specimen through 20 degrees.

When a randomly orientated aggregated of small crystal
fragments (powder) is irradiated with a monochromatic beam of
X-ray, the various planes of atoms will diffract the x-ray
beam at angles determined by the spacing between the planes(d),
according to the Bragg law,

) = 2dsin0
where 8 is the. diffraction angle for lattice spacing,
Is the wavelength of the x-ray, and is an integer ( Reed,

1989). These diffracted beams are recorded on film placed
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appropriately around the sample or by a scanning' detector.
The identification of phase is accomplished by comparing the
d-spacings and relative intensities of the sample material
with reference data for known materials.

To detect the phase present in this experiment,
samples were dried and ground into fine powder in a porcelain
mortar. The powders were compacted in a recess of plates.
These plates w-ere then inserted in the XRD specimen holder.
XRD was run with copper K radiation and Ni filter. The

scaning speed was .2 per min.
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Appendix B

Infrared Spectrophotometry

Infrared (IR) radiation is electromaagnetric radiation
(EMR). The infrared region starts at a wavelenght of about 0.7
Mn and end at a wavelength of about 500Mm. Infrared absorption
occurred when the frequency of the alternating electric field
that is associated with the incident radiation matches a
po-ssible change in a vibrational or rotational frequency of
the absorbing molecule .  When a match occurs, BVR can be
absorbed by the molecule causing a change in the amplitude of
vibration or a change in the rate of rotation.

In order for electromagnetic radiation to be absorbed
by a molecule, it is necessary for the molecule to undergo a
change of dipole moment during the absorption.If no change in
the distribution of charge in the molecule occurs, the varying
charge in the electric component of the radiation has nothing
with which to interact and can not transfer energy to the
molecule .Molecule that have a completely symmetrical charge
distribution and in which no change' in dipole momemt occures

when the molecule vibrates with a different amplitude or



rotates at a different rate do not absorb infrared radiation.
Substances that are transparent to infrared radiation are
primarily monoatomic homonuclear diatomic gas such as He, Ne,
Cl, N2 and 0 . Nearly all other substances absorb
radiation in the infrared region.

As is the case with electron level, rotational and
vibrational levels are quantized. Classical physics is often
used to provide quantitative descriptions of vibrational
energenic levels with simple diatomic and triatomic,molecules.
The nuclei are asumed to be known masses that are connected to
each other by spring's. The springs represent chemical bonds
between ths atoms. Either harmonic or anharmonic oscillation
can be assumed.

Because most analytical samples are in the liquid or
solid state, the analyst is primarily concerned with changes
in vibrational levels. Molecular vibrations are categorized
as either stretching or bending vibrations. A stretching
vibration corresponds to an oscillation along the internuclear
axis.

In a molecule all of the possible vibrations or
rotations ( if a change in diapole moment occurs )  can
individually be reponsible for aniabsorptive band.. Because

many possibilities for a particular molecule can exist,
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typical infrared spectra contain many absorptive bands . That
Is quite different from ultraviolet-visible spectra in which
few absorptive bands are observed for a single compoud. The
frequencies at which the absorptive band occurs are dependent
upon many factors including the relative masses and polarities
of the nuclei, the strenghts of the bonds in the molecule, and
the number of atoms in the molecule. Additionally interactions
(coupling)  between different vibrations within the same
molecule can occur. Theoretically no two compounds, with the
exception of optical isomers, have identical infrared .spectra»
Consequently,  infrared spectrophotometry is particularly
useful for qualitative analysis.

The apparatus that Is used for infrared
spectrophotometry consists of the same types of components
that are wused for ultraviolet-visible spectrophotometry. In
most cases the order of the components is altered from that of
most ultraviolet-visible spectrophotometers. A block diagram
of the major components in an infrared spectrophotometer is
shown in Fig.39 . Most infrared spectrophotometers are double-

beam instruments.
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Reference
cell

/ m Reference \
ki g l_“ beam i

\ beam UJ / N, = :
Mirror Chopper ) Electronic
: amplifier

Motor Wavelength
selector

Detector

Fif.39 A block diagram of an infrared spectrophotometer.The
arrows indicate the direction of radiative flow.

( Robert, 1987 )

To detect IR spetra by mulls technique for this
experiment, 2 to 10 ng of finely g'round sample is further
ground with a drop or two of mullinglagent. These agents are
substances that transmit a wide range of infrared frequencies
and help minimize scattering by surrounding the analyte with a
medium whose refractive index more closely matches that of the

sample than does air. Nujol, refined mineral oil, is commonly
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used although it -is not appropriate for examination of
aliphatic CH and cc vibrations. Several other materials are
commonly wused as well.  The resulting mull should have a
consistency resembling that of toothpaste. It is spread on a
single plate of alkali halide or pressed between two such

plates to adjust the thickness of sample.
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Appendix ¢

Inductively Coup led Plasms

Atomic Emission Spectroscopy!ICP-AES)

Inductively Coupled Plasma (ICP) Discharge. The arc
and spark sources date to the early development of emission
spectroscopy in the mid-1800s; the inductively coupled plasma
(ICP) discharge is a relatively recent development, and is
among the most effective emission spectroscopic sources used
today.

The ICP discharge is caused by the effect of a radio-
frequency field on a flowing gas. In Fig.40 the discharge is
induced without electrode contact in argon flowing upward
through a quartz tube inside a copper coil or solenoid. The
coil is energized by a radio-frequency generator operating
between about 5 and 75 MHz; typical frequencies are 27 and 41
MHz. The radio-frequency signal creates a changing magnetic
field H inside the coil in the flowing argon gas.

A changing magnetic field induces a circulating(eddy)
current in a conductor, which in turn heats the conductor. At

room temperature, argon is not a conductor, but it can be made
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electrically conductive if heated. To start the ICP discharge
a pilot spark, arc, or Tesla discharge is applied to the argon
This pilot discharge absorbs energy from the changing magnetic
field and turns vrapidly into a stable discharge plasma that
is thermally very hot and spectrally very intense.  The
equilibrium temperature in the annulus of an-ICP discharge
operating at 1to 2 KW input power is about 9000 to 10,000 K
More than one stream of argon is often used for
spectrochemical analysis with the ICP discharge. One argon
stream is confined to a volume near the tube walls to protect
the quartz from the high-temperature discharge. A second
argon stream carries the sample into the center of the
discharge  to  produce an effective pathway through the
discharge.  If this pathway were not formed, the sample might

flow around the hot discharge and be heated less effectively.
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R y Emission -
o Observation
I Zone

~F a:.

Magnetic -

Field

Radio-frequency
Coil Current

~N:\:T.~~ ]
{. Plasma (Coolant)
L i Argon (10-19 L/min)

Arl  MAr or Nitrogen Flow
Aerosol Carrier Auxiliary (Plasma) ‘
Argon Flow Argon Flow

(0.8-15 Limn)  (0-0.5 Limin)

Fig.40  Schematic representation of an inductively coupled

plasma discharge.( Christain and O'Reilly, 1986)
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Although samples may be injected as powder, gases, or
Jdiguids, an arrangement similar to the spary chamber-nebulizer
assembly used in flame spectroscopy is presently used. A
complete nebulizer, spray chamber, and ICP discharge assembly
is illustrated in  Fig.41 , Although right-angle and
concentric pneumatic nebulizer are widely applied for ICP
emission  spectroscopy , special-purpose nebulizers and
ultrasonic  nebulizers  have  been developed to enhance
convenience or efficiency. ~ The aerosol from the pneumatic
nebulizer is transported by the central argon flow into the
discharge directly, where the solvent is evaporated and
analyte atomized. ' With ultrasonic nebulization, about 10
times more aerosol reaches the ICP, which could exceed the
tolerance of the low-power discharge and cause it to be
unstable. Thus, an oven is inserted between the ultrasonic
nebulizer spray chamber and ICP discharge to remove the solvent
before the aerosol enters the discharge .  This arrangement

increases the ICP sensitivity by 3 to 10 times.
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o g——— Torch
Plasma
Argon
Auxiliary
Argon
End Cap
Nebulizer
Sample
) (
Spray
Chamber

Argon

Fig'.41 Concentric annular nebulizer, spray chamber, and torch
apparatus for ICP emission spectroscopy. The sample is
drawn into the nebulizer capillary by a controlled flow
of arg'on through the outer jacket. Flow rate are
typically 0.8 L/min argon and 1 ml/min analyte solution.
The aerosol formed by the nebulizer is passed into a
double spray chamber, where the larger droplets collect
in the drain. About 2 of the original sample passes
into the center tube of the ICP torch and into the ICP
discharge. The same spray chamber can be adapted to a

variety of nebulizers by replacing the end cap.
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Because of the high temperatures available and the
inert atmosphere of the ICP discharge! chemical interferences
caused by the formation of stable compounds in flames are
negligible with the ICP discharge! and thus releasing agents
or special conditions are not needed. AIl compounds are likely
to be atomized completely during their passage through the hot
pathway in the  centerof  the discharge.  lonization
interferences that occur in excitation sources with high
temperature such as the DC arc are minimal in the ICP plasma.
For simultaneous mutielement analysis! such interference can
generally be kept to less than 10% under coompromise analysis
conditions.

All of propertiesof  the ICP discharge provide
excellent capabilities for quantitative analysis. Three
operating parameters are cruciali input power! plasma gas flow
rate! and observation height above the inductive coil. These
operating conditions can be readily selected so that nearly
optimum signal intensities for most elememts can be obtained
in a single spectroscopic viewing region above the hot
discharge.  This allows the simultaneous determination of 35
elements, example! in a single sample without modifying the

conditions for each element.
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Appendix D1

instrumental Neutron Activation Analysis (INAA)

Activation  analysis is a technique of elemental
analysis based on selectively inducing' radioactivity in some
atoms of the elememts that make up the sample and then
selectively ~ measuring the radiations emitted fay the
radioactive atoms. Qualitative identification is achieved
from  the energy of the emitted spectrum. Quantitative
determination is based on the intensity of vradiation(s)
characteristic of the particular element.

Neutron activation is the general term for irradiating
material ~ with neutrons to create radionuclides. Neutron
activation  analysis involves bombarding the sample with
neutrons and measuring the radioactivity induced in the sample
(commonly using gamma-ray spectrometry) .  Neutrons are
nuclear particles with unit mass number and neutral charge;
they are commonly produced as a result nuclear reactions or
nuclear fission, and interact with matter almost exclusively

by collisions with nuclei. A neutron interacts with the
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nucleus of an atom in several ways. It can undergo elastic
scattering, whereby the neutron collides with the target
nucleus and is scattered . Depending on the size of the target
nucleus and the angle of collision , a varying amount of the
kinetic energy of the neutron is lost in adding kinetic energy
to the target nucleus. If the target nucleus has a low mass,
a considerable fraction of the energy of the incident neutron
may be lost in the collision . This is why low-mass materials
are used to reduce the kinetic energy of fast neutrons
produced by fission-in nuclear reactors - a process known as
thermalization,

A neutron also undergoes inelastic scattering with the
target nucleus. In this case, the neutron scatters off the
necieus of a target atom, transfers part of its kinetic energy,

and excites the nucleus to one of its higher energy levels
The target nucleus can then dissipate this excess energy by
emitting electromagnetic radiation

The third type of neutron interaction, the capture
reaction , is the most important one of activation analysis.
The coming neutron is absorbed (captured) by a target nucleus,
forming a nuclide with the same atomic number as the parent
nuclide, but one of unit higher in mass number. An amount of

energy equal to the binding energy of the neutron- in that
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nucleus plus the kinetic energy of the incoming neutron is
then avalible to raise the product nucleus to an excited state.
The binding energy differs for different nuclidesi but, for
the most stable nuclides of intermediate mass , it is about
8MeV/'neuteon. ~ Thus, even if the capture neutron has almost
zero kinetic energy, the excess energy of the compound nucleus
is about 8 MeV.

There are two ways in which the compound nucleus can
release thie excess energy: (a) It may radiate gamma rays, or
(b) it may emit one or more nuclear particles (neutrons,
protons, or alpha particles). Which of these two processes
predominates depends on the total excitation energy the
compound nucleus. If sufficient energy is available, more
than one reaaction can take place.

To detect sample Dby INAA the sample is exposed to
neutrons for a known length of time then it is transported to
counting station and allowed to cool or decay for a definite
length of time. Gamma-ray spectrum is acquired for counting
time, the area under the full-energy peak (FEP) of interest is
caleulated.

This procedure is repeated for another sample,(the
standard) containing a known amount of the element of interest.

From the weight of the element in the stsndard, the relative
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FEP areas of the sample and standard, the relative neutron
fluxes used for irriadiating the sample and standard, and the

times involved, the amount of the element in the sample is

calculated.
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Appendix E

Differential Thermal Analysis (DTA)

Differential thermal analysis essential represents an
instrumental modernization of the conventional method of
investigating phase transformations by means of time(t) and
temperature(T) recordings obtained during the uniform heating
of a solid substance. Experimentally the method consists of
heating under identical condions a sample and a thermally inert
reference material while continually recording T existing in
the furnace and the temperature difference &T resulting
between the sample and the reference material. Under ideal
conditions, the temperature difference fcj  which results
in the course of heating or cooling should be recorded at a
uniform rate proportional to the temperature of the sample or
of the inert reference material or of the surrounding medium,
depending on the type of instrument used.

These investigations are carried out with various types
of instruments or differential calorimeters of furnace design
whose rate of heating in time is constant. As a rule the

temperature difference between the sample and the inert
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material is recorded with a differential thermocouple device
having one thermocouple placed in the sample and the other
in the reference material, both being simultaneously heated

at a constant rate (Fig.42)

Cotoled empertre sore _ _ _

Mrmegce win - Recoptais with 1 |
jnert sample  sample lo be lnmtlsaudl |

B l l
: |
e l'}
—-—==1 \c2z4
\ af diftareti AT; is the temperature
thermacouple
difference between sample
and inert thermal substance
A is the temperature of

the sample

) is the temperature of

; "@"'@‘ the substance.

Temperalure VI Temperature of
‘of sample lo nert sample
be Investigated

S

!

. Differential temperature *

Fig.42 Schematic diagram of an apparatus for differential

thermal analysis ( Toder, 1976 ).



127

Assuming" the temperature flow to be equivalent in the
furnace, in the sample and in the inert substance, hence a
temperature difference Dbetween them -equal to zero , the
instrument would then record the so-called base line as
a function of time and temperature &T = 0 . If one phase
Is modified or if a decomposition reaction takes place in the
sample with heat absorption or evolution, the temperature
gradient against the reference material' will then be modified
and the temperature variation will be recorded by the
instrument as an electromotive force deviating from the
initial base line. The sense of the deviation against the zero
line is determined by the temperature gradient between the
sample and the reference material, showing at the same time
the nature of the thermal process taking place. Hence, since
the conversions occuring in the sample investigation involve
enhermal or exothermal processes Ithey may produce negative or
positive deviations of the temperature difference* T against
the arbitrary zero line (AT i 0).

Such variations depend not only on the nature of the
thermal process which takes place, but. also on some physical
properties of the material under investigation on the heating
or cooling rate, and on some basic factors,

Any physical conversions or chemical reactions
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generated by temperature  hence  produce a maximum in the
recording of the temperature difference as a function of
time 0T = f(t); from this maximum it is possible to obtain
information concerning the temperature and the conversion rate.
Fig.43 illustrates schematically the diagram of a differential

thermal curve.

AT=+

Exothermio

process
N4 Base line

———— — — — —

Endothermic / .
pmc'm :

Exathermic inlervai

Endathermic interval

AT=-

Fig.43 ldealized diagram of a DTA curve. ( Todor, 1976 )
To detect the DTA curve, 0.2500 grams of sample /
0.2500 grams of inert thermal substance (alumina) were ground
into  fine powders in porcelain motar and added in alumina
receptacles in side of sample and inert thermal substance
respectively. Temperature program was started from 20°c to

1350 ¢, heating rate 5 c/min.



Appendix F

X-Ray Diffraction Card
of Hydroxyapatite
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Appendix G

X-Ray Diffraction Card
of Monocalcium Phosphate Monohydrate
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Appendix H

X-Ray Diffraction Card
of Dicalcium Phosphate Dihydrate
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Appendix |

X-Ray Diffraction Card
of g-Tricalcium Phosphate
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Appendix J

X-Ray Diffraction Card
of a-Tricalcium Phosphate
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Appendix X

American Standard Test Methods for

Composition of Ceramic Hydroxyapatite for Surgical Implants



11 " Designation; F 1135 - b8 .

Standard Specification for
Composition of Ceramic Hydroxylapatite for Surgical
Implantsl
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3.2 ceramic hydroxylapatite—-hydroxylapatite which has
been fired at sintering temperatures. |r|n? time is.mass
dependent, and should be sufficiently long fo cause squl-
]gant densification and formation of a hiologically stable
orm, .

3.3 sintering— an mt_egratlon oftime and temperature ofa
ceramic precyrsor which develops a coherent body with
useful properties. Sintering is a non-melting process accom-
P_anled by significant surface area and bulk volume reduc-
tions (densification), grain growth, and increases in mechan-
ical properties. _

3.4 calcining— the heat treatment of a ceramic precursor
for the purpose of eliminating volatile constituents. Cal-
cining is also accomf)anled by some surface area and bulk
volume reductions. Increases”in mechanical properties are
not usually significant.

4. Chemical Requirement*

4.1 Elemental analysis for calcium and phosphorus will be
consistent with the expected stoichiometry' of hy-
droxylapatlte._ _ e , -
4.2 Aquantitative X-rzi_}(dlffractlon analggsts shall indicate
a minimum hydroxylapatite content of 95 7(7). Anal¥sls of
&elgtlge peak Intensities shall be consistent with published
ata,

4.3 The concentration of trace elements in the hy-
droxylapatite shall be limited as follows:

Denrent |qm3nax

e B

For refereg purposes, methods in 2.4 and 2.5 shall be used.

A The maximym lowable limit of all heavg metals
determined as lead will be 50 ppm as described in 24 o,
equivalent. Sample preparation will be identical 10 that for
tnbasic calcium phosPhate as specified in the National
Formulary (2.2) except that approximately 1 g of material
\éwll %e dissolved in approximately 30 mL"of 5% HC! and
Olled.
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recommended that all metals or oxides not fabricating the ceramic implant device.

detected as lead present in concentrations equal to or greater

than o.| % be

ised on the package insert 6. Quality Program Requirements

5. Test Specimen Fabrication 6.1 The manufacturer shall conform to Good Manufac,

51 Prepare

est specimens from the same batch of mate-  turing Practices (2.2) or its equivalent.

rial and hy the same processes as those employed in

APPENDIX
(Nonmandatory Information)

5
XI. RATIONALE

XL Ceramic hydroxylapatite is commercially available X1.2 X-ray Bowder diffraction analysis provides better

8 a synthetic

hone-grafting material. As with afly implant ~ differentiation between hydroxylapatité and several com

material, the bioresponse s criticaIIY dependent ‘upon the  monly occurring second phases than traditional wet chem.

material Froperties. To achieve reliabl ) . _
be known and consistent. This material standard X1.3 It is recognized that a separate performance

these mus

iable biocompatibilitv ical methods.

ﬁrovides specifications for a hiocompatible grade of standard may be necessary for each end-use product. For this

KdrprIapatne. Trace element content and teachability

ysicd

B' form, and size must be within established  fled. A source of general test met
jocompatibility standards. ‘found in Ref (8).

reason, physical and mechanical Rr%pe]{ties were. not spegé
ods for ceramics may
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The American Society tor Testing and Materials takes no position respecting the validity of any patentrights assened  connection

with any item mentioned in this standard. Users ol this standard are expressly advised that determination of the validity ol any such
patent rights, and the risk ol infringement of such rights, are entirely their own responsibility.

This standard is subject to revision atany time by the responsible technical committee and must be reviewed every five years and

ifnotrevised, either reaoproved or withdrawn, your comments are invited either for revision of this standard or for additionalstandards
and should be addressed to ASTM HeadQuaners. Your comments will receive careful consideration at a meeting of the responsible,
technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should make your
views known to the ASTM Committee on Standards. 1916 Race St., Philadelphia, PA 19103. 1
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