CHAPTER 2
LITERATURE REVIEW

2.1 Theories

Calcium phosphate bioceramics such as hydroxyapatite have become a

favorable material for implants because of its chemical and structural similarity to the

calcium phosphate minerals which preser ”»ssue.

Brushite) and dicalcium pheSphaté anhydrous CP A\ ), also have been used
for more than a decade. Thé'reagon : their ¢ mposit tains Ca and P as main

element which is found in huma

Abbreviation
CaP
MCPM ,0
MCPA
OoCP
DCPD | Dicalgium phosphate dihydgate, CaHPO,®2H,0. Not used as
F [ e e 73
DCPA _ 4! | Dicalcium phoéphaée anhydrous, CaHPO,. Not used as abbreviation for
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B-tcp B-Ca,(PO,), without structural HPO2™ or Mg®" ions.
|3-TCa-MgP B-(Ca,Mg)a(PO4)2without structural HPOi' ions.
Mg-whitlockite B-TCP-like precipitates with structural HPO; ™ and Mg” ions.
ACP Amorphous calcium phosphate that gives an X-ray diffraction pattern
without discernable peaks from lattice periodicities.
ACa, Mg, CO,P As above, but containing Mg”* and CO3” (and HCO3 ) ions.




2.1.1 Calcium phosphate compounds

Calcium phosphate compounds are existing in a wide range of stoichiometry
and morphology. Calcium phosphate compounds have been devided into two main
groups, nonapatitic calcium phosphates and apatites. Abbreviations for various

nonapatitic calcium phosphates are shown in table 1.

Apatites group is definitely. diffe nonapatite group by its formulas.
Apatites have the formula Ca,(POQ,, ¢ wher son (fluorapatite, FAp), OH ion

ample Table 2.1 shows the

2.1.1.1 Monocalciu

Monocalcium phOsphate ),®H,0, MCPM) is an
important constituent of superpho idulation of rock-phosphate
with H,SO,, H,PO, or HNO,. MCPA intermediate when rock-phosphate
s acidulated with hot fuming HNO, or sup d to 110-180°C

2.1.1.2 Dicalcium Bwsp

Dicalciumﬂh%r%;fa;hw{ej w\‘c%;w g:ﬂ)ﬂaﬁum monohydrogen

phosphate dihydr%'le. dibasic calciym phosphat& dihydrate, cal‘;ium hydrogen
orthophosaawa@é&mhﬁ)m tHf%ﬂ Q%H@a@te occurs in
small amouat as a-component of insular and continental rock-phosphate deposits an
encrustation on ancient bones. As already known, DCPD can occur as an ihtermediated
in the precipitation of HAp. Moreover, it also has been known for a long time that the
ultimate product of DCPD hydrolysis is HAp, but the crystals formed are not

pseudomorphs of the starting material.



Table 2.1 Abbreviation for various apatites.

Abbreviation Explanation

HAp Hydroxyapatite, Ca,,(PO,)s(OH),.

s-HAp Stoichiometric HAp. Used when emphasis is required that the compound has
a chemical composition corresponding to the ideal, Ca,,(PO,)s(OH),.

ns-HAp Nonstoichiometric HAp (CO,-free). Indicates that the chemical analysis
shows (or would s : ure from that of s-HAp. This may involve
lattice H,0, H %& H' replaced by O,.

Ca-def HAp A precipitafé il ca@'um éco -free) with a Ca/P molar ratio
in the r at might contain interlayers of
ocp | :‘I

CaCl,-def CIAp An a , Ca,,(PO,):Cl, in its calcium

‘:%\:wse for FAp.

BCaP phate with an uncertain composition

A-COAp

B-CO,Ap

AB-CO,Ap

CO,Ap

moﬂwo'sa%m (e
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phophate, Gicalcium phosphate, calcium hydrogen orthophosphate, and monetite).

DCPA does not appear to occur in dental calculus or other pathological calcification, nor

* The above abbreviations are generalized; thus OAp, FAp and IAp are oxy-, fluor- and iodoapatite

respectively. B-CO,FAp would be FAp in which some of the POZ‘ jons have been replaced by co§‘ ions,

i.e. francolite. The abbreviations refer to the calcium and phosphate compounds unless indicated otherwise,

- so that BaVO,HAp is barium vanadate hydroxyapatite. Solid solutions are indicated by commas between the

involved ions. For example, Ca,BaAsO,F,CIAp abbreviates (Ca,Ba);(AsO )g(F.Cl),.




has it been found in normal calcification. However, DCPA has been reported in XRD
studies of fracture callus and possibly in bone [37]. By the way, DCPA is less soluble
than DCPD under all conditions of normal temperature and pressure because of its slow

rate of crystal growth and it is less stable.

2.1.2 Electrochemical method

concerned with the interrelation of

ﬁ;tudy about chemical changes
oduction of electrical energy by
many ochemical techniques on

manufacturing, they also

Electrochemistry is the branck

electrical and chemical effec
=

caused by the passage of an i
chemical reactions. So f v

chemical systems for a v

use electrochemical tech ir mass productions. So,
electrochemical application a nd 3ta f the fundamental principles of

electrode reaction and the elegtrigal-properti | de solution interface.

processes and factors that
affect the transport of (ﬁrge acros ace bet\@en chemical phases, for
example, between an electficsconductor (an gglectrode) and an ionic conductor (an

electrolyte). Theraﬂ ueﬂ ’ra m&mtsﬁlrw %J;ltﬂpﬁentlal is applied and

current passes between electrode and electrolyte would be concerned. Jn the electrode
phase, orad§ rirghoned frovdntheldepiodt o e fdvement t ieciron anc
holes. Typic%l electrode materials include solid metal such Pt and Au, liquid metals such
as mercury and arﬁalgams, carbon such as graphite, and semi-conductors such as
indium-tin oxide and silicon. In the electrolyte, charge is carried by the movement of
ions. The most frequently used electrolytes are liquid solution containing ionic species,
such as H', Na', CI, in either water or non-aqueous solvent. To be useful in an
electrochemical cell, the solvent/electolyte system must be of sufficiently low resistance.

In the other words, it must be sufficiently conductive for the electrochemical experiment.



In general, less conventional electrolytes include fused salt (molten NaCI-KCl eutectic)
and ionically conductive polymers (polyethylene oxide, LiClO,). Solid electrolytes are
also exist such sodium B-alumina, where charge is carried by mobile sodium ions that

move between the aluminum oxide sheet.

Generally, a difference in electric potential can be measured between the

however, is the collecte between all of the various

phases in the cell. From found that the transition in
electric potential is cro
entirely at the interface. T

field exists at the interfac e cah & if.to\exert effects on the behavior of

~control of cell potential is F=the ~important aspects of experimental

electrochemistry.

@ T

Figure 2.1 Typical electrochemical cells. (a) Zn metal and Ag wire covered with AgCI
immersed in a ZnCl, solution. (b) Pt wire in a stream of H, and Ag wire covered with

AgCl in HCI solution.
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Anyway, it is useful to make understanding about a notation for expressing the

structure of cells. For example, the cell picture in Figure 2.1a is written briefly as

%*
Zn/zn*, CI/AgCI/Ag
When a gaseous phase is involved, it is written adjacent to its corresponding conducting

element. For example, the cell in Figure 2.1b is written schematically as

The overall chemi .ajce of two independent half-

\\?&\ o electrodes. Each half
NNy

reactions, which describ

reaction responds to the ; ,.,."; fere \ t orresponding electrode.
Most of time, the electrod A 2 -  _» is called the working electrode.
One standardizes the othegthalff ofi'the | using an electrode called a reference

electrode made up of phases sser 1sta position.

The internationally accemma férence is the standard hydrogen

electrode (SHE), or nor ode (NHE), which "j all components at unit
Y )

activity: '
AugIngineng
ML 1K1 61 g

is the saturated calomel electrode (SCE) which is

D

Hg/HgCl/KCI (saturated in water)

' In this notation, a slash represent a phase boundary, and comma seperates two components in the same
phase. A double slash, not yet used in this example, represents a phase boundary whose potential is

regarded as a negligible component of the over all cell potential.



11

Another reference electrode is the silver-silver chloride electrode,

AQ/AgCI/KCI (saturated in water)

Since the reference electrode has a constant makeup, its potential is fixed.

Therefore, any changes in the cell are ascribable to the working — electrode. It could be

say that we observe or control the potenti

the working electrode with respect to the

ling the energy of the electrons
Wecmde Solution

Potantial
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Figure 2.2 Representation of (a) reduction and (b) oxidation process of species, A, in
solution. The molecular orbitals (MO) of species A shown are the highest occupied MO
and the lowest vacant MO. These correspond in an approximate way to the E% of the

AJA” and A"/A couples respectively.
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with in the working electrode [38-40]. By driving the electrode to more negative
potentials — by connecting a battery or power supply to the cell with its negative side
attached to the working electrode -, the energy of the electron is raised. They can reach
a level high enough to transfer into vacant electronic states on species in the electrolyte.
In that case, a flow of electrons from electrode to solution (a reduction cufrent) occurs
- as show in figure 2.2a. Similarly, the energy of the electrons can be lowered by imposing

a more positive potential, and at some lectron on solutes in the electrolyte will find

There are two typ Ses-0e¢ ' trode. One is the process
in which charges such el s the metal-solution interface.

r. Since such reactions are

current is proportional to the am&ﬁ. electricity. passed, they are called faradaic

ad
-t Ay

- - ’_,--’,f_‘-' {'m\' - )
processes. Electrodes ab which faradaic pm_ re, called charge transfer
electrode. However, pregesses sucl ' 50 ption can occur, and the

structure of the electroI

solution composition. ‘ es ar af radaic.processes (charge does
not across the .@]ﬁﬁiﬁiﬁﬂm nﬁ”ﬁ:iﬁlﬁwhen the potential,
electrode area, or solution co ﬁf )EBot adaic ﬁ‘ﬁlcnonfaradaic
processesaqcﬂ vﬂeﬂalﬁime{ Mﬁiﬁngﬁﬁ aa IC processes

are usually interested in the investigation of an electrode reaction while the nonfaradaic

solution interface can changeﬂith changing potential or

'processes must be taken into account in using electrochemical data to obtain

information about the charge transfer and associated reactions.
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2.1.2.3 Electrochemical cells - types and definitions

Electrochemical cells in which faradaic currents are flowing are classified either
galvanic or electrolytic cells. A galvanic cell is one in which reaction occurs
spontaneously at the electrode when they are connected externally by a conductor
(Figure 2.3a). These cells are employed in converting chemical energy into electrical

energy. Galvanic cells of commercial imp i ance include primary or non-rechargeable

an &Is An electrolytic cells is one in

which reaction are effected bysifie imposition rnaI voltage greater than the

cells, secondary or rechargeabl

open circuit potential of t re employed to carry out

desired chemical reacti y. Commercial process
involving electrolytic s, electrorefining, and
electroplating. From Figur, olytic cell, the cathode is

e cathode is positive with

Ww
ol
. Power supply
é »
(Anode thoce Niﬂg@'ﬂﬂ&ﬁg )
n-2 Cu?*42e-Cu  Cu?*+2e-Cuy Ho0 = 50,4 2H' + 2¢

Figure 2.3 (a) Galvanic cell (b) electrolytic cell

Anyway, volume and design of a cell are determined by the type and size of the
working electrode and the goal of a certain measurement, which depend on each kind

of experiment: Large electrodes require large volumes of the solution (usually, not
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necessarily). Fast measurements are best using small electrodes and small cell
volumes. However, these are coarse rules and not laws. By the way, electrolytic
deposition could be set into two kinds of cells setting. The first one is two electrodes, the

other is 3 electrodes system as shown in figure 2.4 and 2.5 respectively.

Reference
electrode

e

il

: 5':.'1\'-%“

Auxiiiary
electrode

In cali notation
? Working or

Y indicator
E] - PReference

Auxiliary or
counter
slectrodes

Figure 2.5 An ordinary cells: three electrodes.

The three electrodes system is composed of working electrode, reference
electrode and auxiliary or counter electrode as described below:
Working electrodes: If the working electrode itself is subject of an investigation, its

geometry usually is not a subject of electrode design. In other words: The size and
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shape of the working electrode defines the cell design. Usually, only certain faces of a
material are subject of an investigation. A good coating on working electrode must be
chemically stable in the given electrolyte, it shall not form any contaminate ions and it
shall not release any chemicals into the electrolyte which may influence the

measurement.

Reference Electrodes: A reference el

iﬁ complete half - cell, maintaining a
@ilver/silver chloride electrodes

@ple silver wire will form a

stable potential. Commonly, calo
(Ag/AgCI) are used. In chlori

good reference electrode. Depepngii

required in molten salts.To ectrolyte; eference cell clean, it is usually

separated from the cell using it ker, which is connected by

-----

Auxiliary or Counter electrodes,sfhe only conditions of the counter electrode is, that is

must not dissolve .ﬂhu & 'Q M nﬁnw %Jﬂﬂoﬁmw this condition

perfectly. In some cases corrosion - resistant alloys with large surfacesswill meet the
eosrenenioespicah b elodcbiehd i delbiho bl 12 oo
active surface of the- CE is required, platinum coated with platinum black will give best
results. Also this coating is a process which can be done using the potentiostat, by
electrolytic deposition of platinum from a platinum chloride solution. Carbon electrodes
form CO, when polarised to high anodic potentials. This polarisation is reduced if the CE

area is increased, thus decreasing the current density at the CE.

5 Inter-diffusion of the different electrolytes.
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2.1.2.4 Factors effecting electrode reaction rate and current

The overall electrode reaction, O + ne < R, composed of a series of steps that
cause the conversion of the dissolved oxidized species, O, to a reduced form, R, also in
solution as show in Figure 2.6. Generally, the current or electrode reaction rate is

governed by the rates of processes such as:

1. Mass transfer, for exa |k solution to the electrode surface.

2. Electron transfer

Figure 2.6 Pathway of a general electrode reaction.
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2.1.3 Ceramics film using cathodic electrodeposition

Electrodeposition is evolving as an important method in ceramic processing.
Two processes for forming ceramic films by cathodic electrodeposition are
electrophoretic deposition, in which suspensions of ceramic particles are used, and
electrolytic deposition, which is based on the use of salts solutions (figure 2.7).

Electrolytic deposition enables the formation of thin ceramic films and nanostructured

powders; electrophoretic deposition is an if ool in preparing thick ceramic films

and body shaping. Slgn" ' cently focused on cathodic
electrodeposition, which offe ( t advantage

for various applications

- [41];cathodic electrolytic depesition’is” n ramic processing that has

this study, however, .is

SOLUTION

ammﬂ‘sm UMINEAY

Flgure 2.7 A schematic of electrolytic deposition and electrophoretlc deposition.
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2.1.3.1 Electrolytic deposition of hydroxyapatite

Electrolytic deposition produces ceramic materials and provides their
_ deposition. In the cathodic electrodeposition method, the following reaction are used to

generate base at an electrode surface[42-43]:

2H,0+26 <  H,+20H

NO; +H,0+2e”

Then, the concentration‘of c he ,‘ ected by the following

equilibrium: ‘ I

ﬂUHJ;WIEWI@WEI’]ﬂ‘i
QWW&%JNNM%@WHWH

When extra OH' is afforded, HAp can be deposited on the cathodic surface by the

following reaction:

10Ca, +6POJ +20H —>  Ca,(PO,),(OH),



19

Oftenly, HAp that was formed by electrodeposition technique, accompanied with other

unstable phases such as DCPD and/or other forms of calcium phosphates.

2.1.4 Biomimetic process

In the field of implant materials studying, it is believed that the essential

According to Kim jon on bioactive materials in

vivo can be produced e ), with ion concentrations

nearly equal to those of BF has been widely used

for formation of bone-like a

-n_',’_,g-_,-__".-

-the authors tried to prepared new type .

{|

production of the bone-like‘apatite.
¢ o LY
Table 2.2 The@j\ uﬂtgomoﬂBﬂrjRﬂF&L;lnd‘iith human blood
| lasma. F=Y o/
Ea Fa | ﬁ ﬁ 0 ation / mM
L Blood plasma SBF R-SBF
Na' 142.0 142.0 : 142.0
K' 5.0 5.0 5.0
Mg* 15 15 15
ca™ 25 25 25
cr 103.0 148.8 103.0
HCO; 27.0 42 27.0
HPO 2" 1.0 1.0 1.0
so3” 0.5 05 0.5
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2.1.5 Additive ions in electrolytic deposition

According to Monma (1993) the additive ions in MCPM sqution. which were F
and NO, (from NaF and NaNO,, respectively), were effective to apatite formation, and
enlarged remarkably the formation regions. It was found that the addition of NaNO, was
effective for the depositions of apatite and amorphous calcium phosphate (ACP). These

calcium phosphates are thought to be deposﬂed as a result of pH increases in the

vicinity of the cathode surface.

From the F added so epositi r%mccurred in a wide ranges

of combination of tempera n, accompanying of the

deposition regions of DCPD
2.2 Literature survey

cal deposition of calcium-
deficient apatite on a stainles stdal €ubstrate. He' used 0.02-0.21 mol/dm® MCPM
solutions added with and without. m@‘% N at'acathode current of 6 mA/cm” at

20-90°C. He found tha -at—high—MCPM—concentr ‘ite or monetite was
Stive fqﬂ\e formation of apatite.

In 1994, Vi%%h&;aWﬁﬂn%%%ﬁtﬁeotrodeposmon of

apatite coating on p&b titanium and titani ym alloys. They used pure Ti and Ti-6Al-4V as

wimir QAT LAY I o

NaCl solutionfiwith pH 4.4 using 0.1 N-HCI. The experiments were conducted over the

range of room temperature to 65°C and range of cathodic potentials of —1100 to —1500
mV. They found that uniform HAp coating were obtained on titanium substrates at 55°C
and at cathodic potential of =1300 mV and above. At room temperature and cathodic

potential below —1300 mV, brushite was the predominant product.
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Ban and Maruno[48] studied in 1995 about calcium phosphate coatings, which
were deposited on titanium plate by an electrochemical method in simulated body fluid
at 5 — 62°C. Their substrate was a pure titanium plate and their electrolyte was a
conventional simulated body fluid. The potential, -2 V, was applied to the working

electrode for 5,10, and 30 minutes and 1 and 2 hours. They found that at the

temperature lower than 37°C, the films were amorphous calcium phosphate. At the

temperature higher than 37°C up to b films were contained Mg(OH),, CaCO,
and carbonate apatite of low crystall ! //
—

, é__.
# Oginof48] e tosform anodic titanium oxide film

containing Ca and P (A@ itaniu trates. ] used calcium phosphate

compounds based aquetus so 3S < yte imum electrolytic voltage
that was set in the ranggdof 160400 V; + 16 <y ity was 50 mA/cm®, They

found that B-GP, B-glyc iospl 'ﬂ: i hydrate, and CA, acetate

In 1996, J. Re €position of pure brushite

coating on high surface“area metal substrates (316L stainless steel) by electrolytic

AN 71133 320 e W
‘Qq WINIEUANINYQ Y

In 1997, Sridhar et. al.[51] tried to form HAp film on 316L stainless steel by
electrophoretic deposition. They used HAp powder dissolved in H,PO, and Ca(OH),
solutions. The potential was in the range of 20-110 vem? with a deposition time for 1
minute. They also used thermal treatment at 300°C for 1 hour. They found that the best
condition of which the HAp could deposited was 30 V with a deposition time for 1

minute.
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In the next year, Ban and Maruno[52] (1998) studied about calcium phosphates
deposited on a pure titanium plate for various loading times under 1.3 and 12.9 mA/cm’
in @ modified simulated body fluid at 52-92°C. They used mixed solution of 137.8 mM
NaCl, 1.67 mM K,HPO, and 2.5 mM CaCl,®2H,0 buffered with 50 mM [(CH,OH),CNH,]

to pH 7.2. They got OCP as minority coexisted with HAp at higher temperature 72-92°C.

In 1999, Han et al[53] for pure brushite coating on porous

Ti6Al4Vsubstates. They used 0.21 : ' v 0.125M NH,H,PO, solutions as
electrolytes. The pH value of - justed to 4 by the addition of

ammonia. Electrochemical deg ' f the ceating [iBAI4V was accomplished

using a potentiostat. The ¢ cartied out.of 60°C and 1.5 V for 1.5 hour

in a conventional electrolyti a/P atomic ratio, grain

size and pore size of HApi g hydrothermal treatment

v ;;*‘ #;J' \

temperature, and that increasifg the jpH \ﬁﬁ' e Dbrushite to HAp conversion
o GG

and reduce the grain size of H - r

2o

In 2000, Manso et. al.[54] al :
CaAc,, 0.78 M acetic agi AHAc, and B-0.24 M sodium phosphate Na,PO, and 0.8 M

el

NaOH in distilled water. Th& pH of eitfal applied in the ranged

I
2-4 V were applied for 1 hot 1

Ap film on titanium films

e TN NN g

Ca/P ratio of 1.67. These electrolytes were taken as electrolyte for deposition at consatnt

. They could get a well-crystalline

current and temperature at different time duration. Their result showed that the optimum

condition was 12 mA current for one hour at 50°C to formed bone-like calcium

phosphate films.
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In 2003, Sridhar et. al.[56] were studied about electrolytic deposition of
hydroxyapatite on 316L stainless steel. They found that the optimum coating parameter
were established at 60 V and 3 min, after vacuum sintering at 600°C. They used H, PO,
0.3M and Ca(OH), 0.1M solutions for chemically synthesis of hydroxyapatite. They got

stoichiometric hydroxyapatite as a result after studied under simulated body fluid.

AULINENINYINS
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