Chapter 5

Hydroxyapatite based Functionally Graded Materials

As the polarization in bone plays a very important role in controlling / regulating the various
metabolic activities, this chapter aims to increase the polarizability of hydroxyapatite while
keeping its surface chemistry intact. Such increase in polarizability without compromising the
surface chemistry has been achieved by means of development of functionally graded
materials (FGM). The FGMs has been developed by inserting barium titanate (BT) and
calcium titanate (CT) layers between the hydroxyapatite layers by means of buffer
interlayers. The consolidation of the developed FGM is carried out via spark plasma
sintering route. Further, the microstructural analyses were carried out for the developed
FGMs to observe their structural integrity. Thereafter, dielectric and electrical
characterizations such as dielectric constant, loss and ac conductivity analyses were carried
out over wide temperature (35°C - 500°C) and frequency (1 kHz - 1 MHz) range. In addition,
detailed impedance spectroscopic analyses were also carried out over a similar range of
temperatures and frequencies. Overall, the developed FGMs can be suggested as potential

materials for polarized bone applications.

5.1. Functionally graded materials for orthopaedic applications

Due to the structural and compositional resemblance with the mineral component of natural
bone, hydroxyapatite (HA) is considered to be the promising replacement material as
compared to other orthopaedic implant material.>? In addition, polarization of HA via
external electrical stimulation can significantly improve/accelerate the normal bone
functionality as well as osseointegration in-vitro and in-vivo.®** It is mentioned that human
bone is a piezoelectric material and this property further affects the biochemical processes
which results in reconstruction / remodelling and growth of bone tissue.®"® The pervoskite,

BaTiOs (BT) is one of the piezoelectric ceramics which has been revealed to be a likely
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prospective orthopaedic implant in the number of in-vitro and in-vivo studies.®*°***2 Also,
addition of BaTiOgs in hydroxyapatite (HA) as a reinforcement phase has been reported to
enhance the electrical properties such as dielectric constant, piezoelectric and pyroelectric

coefficients >4

with appreciable improvement in the mechanical properties such as fracture
toughness'®, compressive strength and modulus of the composite system. A composite of
BaTiO3 with poly (vinylidene-trifluoroethylene) has been suggested to significantly improve
the response of human osteoblast cells in terms of cell proliferation and viability as compared
to mere polymer matrix."® Also, the application of electrical stimulation as well as
polarization treatment of HA-BaTiOs; composites has been demonstrated to significantly
improve the growth and proliferation of mouse fibroblast (L929) and osteogenic cells.’
Another pervoskite, CaTiO3 (CT) has also been observed to be a potential biocompatible
material.'® It provides enhanced osteoblast cell adhesion and increased osteointegration.™
Composites of HA-CaTiO; (HA-80 wt %) has been reported to demonstrate superior
biocompatibility as compared to monotlithic HA, after implantation in the femoral bone
defects in the rabbit animal model.”® It has also been shown that the composites of HA-
CaTiO; prepared via spark plasma sintering route exhibits, higher conductivity [~10° (ohm
cm)™] as compared to conventional sintering route [~10® (ohm cm)™], which can mimic the
electroactive properties of the bone.*

As far as development of HA-based composites are concerned, the excellent biocompatibility
of HA i.e., its surface chemistry is sacrificed. In view of above, the development of FGMs
has been carried out comprising of HA using BaTiO3 and CaTiOj3 as intermediary layers (Fig.
5.1). The intention to develop such a graded structure is to increase the polarizability of HA
without any effect on its surface chemistry i.e., on excellent biocompatibility. In order to

reduce the thermal stress at the interface between HA and BaTiOs layers as well as HA and

CaTiOg3 layers, an optimized composition of buffer layers have been introduced between these
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layers. The buffer layer compensates the thermal mismatch between HA, BaTiO3 as well as
HA, CaTiOs layers. In order to effectively integrate these layers, spark plasma sintering route

have been adapted to process these samples.

5.2. Experimental details
5.2.1. Synthesis
Hydroxyapatite [Ca;o(PO4)s(OH)2, HA] powder was synthesized via wet precipitation route
using stoichiometric amounts of agueous solutions of calcium oxide (CaO) and ortho-
phosphoric acid (H3PO,) as precursors. The aqueous solution of H3PO,4 (9.5 vol. %) was
added drop wise into the aqueous solution of CaO (10 mol.) at fixed temperature (80°C). The
molar ratio of calcium to phosphorus in the pure hydroxyapatite powder was 1.67, which was
maintained during the synthesis. The preparation of HA follows the simple reaction,?

10Ca (OH) » + 6H3PO,4 — Caio(PO4)s(OH),) + 18H,0 (5.1)
The reaction between the precursors takes place in the basic medium (pH~ 8-10). After
overnight cooling, precipitate was then filtered out, dried and calcined at 800°C for 2 h.
BaTiO3; and CaTiO3; were prepared using solid state ceramic route. For preparation of
BaTiO3, stoichiometric amounts of BaCO3; and TiO, were mixed and ball milled for 24h in
polyethylene jar using zirconia balls (5 mm dia) and acetone as milling medium. For
synthesis of CaTiO3, CaCO3 and TiO, were used as precursors. The weight ratio of balls to
powder mixture was taken as 4:1 in each case. After milling, the filtered samples were dried,
crushed and calcined. BaTiO3z and CaTiO3; powders were calcined at 1000°C (6 h) and 1150°C
(8 h), respectively. As the coefficients of thermal expansion for HA, BaTiO3 and CaTiOj3 are
different, a buffer layer between HA/BaTiO3; and HA/CaTiOj3 layers has been introduced to
avoid the thermal mismatch during sintering. The optimized buffer layer composition was

observed to contain the equal amounts of HA and BaTiO3z or HA and CaTiO3; components.
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The preparation of HA and FGM samples was carried out using spark plasma sintering (SPS)
route. Two different FGMs, with the layer arrangements as HA-buffer-BaTiOs-buffer-HA
[Fig. 5.1(a)] as well as HA-buffer-CaTiOs-buffer-HA [Fig. 5.1(b)] have been developed. The
stacked layers were pressed at 50 MPa in the graphite die and sintered at 1100°C for 10 min
using SPS with heating rate of 50°C min™. The diameter and thickness of spark plasma

sintered samples were 15 mm and 2 mm, respectively.

HA (500 pm) HA (500 pm)

HA HA

(a) (b)
Fig. 5.1: Spatial distribution of different layers in developed FGM, (a) HA:BT:HA and

(b) HA:CT:HA

5.2.2. Phase evaluation and microstructural characterization

Phase analyses of all the sintered samples were carried out using X-ray diffraction patterns
(Rigaku Miniflex Il Desktop X-ray Diffractometer), recorded with the angle of diffraction
ranging from 20° to 80° using Cu-Ka radiation. The diffraction peaks were indexed using the
JCPDS data. The morphological analyses of different layers of developed FGMs and their
interfaces were carried out using scanning electron microscopy (SEM) and energy dispersive

X-ray spectroscopy (EDAX) for fractured surfaces.
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5.2.3. Dielectric and electrical characterization

Dielectric and electrical characterization of HA and FGM samples were carried out using
Alpha high performance frequency analyser. For this purpose, samples were mirror polished,
electroded with Ag paste and cured at 600°C for 5 min. Electroded samples were then heated

at 5 °C min™ from room temperature to 500°C and data was recorded for the dielectric

constant (&, = C—i where C is capacitance of the sample, d and A are the thickness and area
&

0

of the samples, respectively, and ¢, is the permittivity of free space) and ac conductivity (

o =%, G is the conductance; G =wCD, @ = 24f is the angular frequency and D is the

dielectric loss) over the frequency range of 1 Hz to 1 MHz. Further, the detailed impedance

analyses were performed.

5.3. Results and discussion

5.3.1. Phase evolution and microstructural analyses

Fig. 5.2(a) represents the XRD patterns of HA, BaTiO3z and buffer composite, containing
equal amounts of HA and BaTiO3. The XRD pattern for HA suggests the formation of single
hexagonal phase. The tetragonal phase of perovskite BaTiOs is obtained with complete
dissociation of precursors at calcination temperature of 1000°C, as depicted in Fig 5.2(a). The
XRD pattern of buffer signifies the presence of both the constituent phases only. Fig. 5.2(b)
represents the XRD patterns of HA, CaTiO3 and buffer composite (HA and CaTiO3). The
similar pattern for CaTiO3 has been observed to be orthorhombic perovskite phase and that of

buffer signifies the presence of both constituent phases only.
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Fig. 5.2: X-Ray diffraction spectra for (a) HA, BT and FGM HA-BT-HA as well as (b)

HA, CT and FGM HA-CT-HA samples.
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HA
Element Wt % Atomic%  Error %

OK 37.68 58.06 14.55
PK 19.95 15.88 4,93
CaK 42.37 26.06 3.76
BT

Element Wit % Atomic%  Error %
OK 15.91 51.21 13.87
BalL 59.43 22.29 7.55
TiK 24.66 26.51 5.52

Buffer

Element Wt % Atomic%  Error %
OK 33.15 55.70 14.89
PK 16.48 14.31 5.83
CaK 38.08 25.54 4.00
BalL 6.68 1.31 37.42
TiK 5.61 3.15 15.86

Fig. 5.3: SEM micrographs illustrating the morphological behaviour of fractured
surfaces of (a) HA, (b) BT and (c) buffer, interfacial regions between (d) HA and buffer

as well as (e) BT and buffer.

Figs. 5.3 and 5.4 demonstrate the SEM images of fractured surfaces of HA, buffer (HA-
BaTiO3; and HA-CaTiOs3), BaTiO3z and CaTiOs. The interfacial regions between HA-buffer,
BaTiOs-buffer and CaTiOgs-buffer are also captured using SEM. The intergranular as well as
transgranular modes of fracture are obtained to occur in HA [Fig. 5.3(a)]. The SEM images of
HA-BaTiO3-HA FGM [Figs. 5.3 (d) and (e)] and HA-CaTiO3-HA FGM [Figs. 5.4 (d) and
(e)] reveal no crack at the interfaces of the HA-buffer, BaTiOs-buffer (for HA-BaTiO3-HA)
and HA-buffer as well as CaTiO3z-buffer (for HA-CaTiO3s-HA). There is no sign of layerwise
delamination in any of the FGM samples. A small fraction of residual porosity can be seen at
the interfaces of HA-BaTiO3-HA. SEM (EDS) analysis of HA, buffer (HA:BaTiOs,
HA:CaTiOs3), BaTiO3z and CaTiOg3 layers reveal no transfer of material through the interfaces.
Overall, it can be suggested that the buffer has significantly reduced thermal stresses between

HA and BaTiOg; layers as well as HA and CaTiO3 layers.
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HA

Element Wit % Atomic%  Error %
OK 22.39 40.02 17.83
PK 21.85 20.18 4,97
CaK 55.76 39.79 3.68

CT

Element Wt % Atomic%  Error %
OK 17.29 36.34 21.10
CaK 40.71 34.16 3.82
TiK 42.01 29.50 5.19

Buffer

Element Wt % Atomic %  Error %
OK 25.95 47.60 19.02
PK 9.94 9.42 7.81
CaK 30.80 22.56 5.68
TiK 33.32 20.42 5.95

Fig. 5.4: SEM micrographs illustrating the morphological behaviour of fractured
surfaces of (a) HA, (b) CT and (c) buffer, interfacial regions between (d) HA and buffer

as well as (e) CT and buffer.

5.3.2. Dielectric behaviour of HA and FGMs

Fig. 5.5 represents the variation of dielectric constant (g) and loss (D) with temperature at few
selected frequencies (1 kHz — 1 MHz) for HA, HA-BT-HA and HA-CT-HA compositions. It
is observed that dielectric constant (¢) and loss (D) characteristics of HA [Fig. 5(a)] is
appearing to be poorly dependent on temperature in the lower temperature range (< 200°C).
However, a diffused maxima is observed in the dielectric constant curve of HA (at 1 kHz) at
about 100°C, which is then followed by a linear increase with temperature. At higher
frequencies (> 1 kHz), this characteristic fades. The dielectric loss curve almost depicts the
similar behaviour. The diffused maximum (at 1 kHz) is associated with the loss of surface
bound water molecule.”® Further, with increase in temperature, dielectric curve shows
dispersive nature at low frequency (< 100 kHz). Whereas, at higher frequencies (> 100 kHz),
dielectric characteristics are weakly dependent on temperature within our measuring

temperature range. In the apatite structure, the hydroxyl ions (OH") are weakly bound in the
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lattice and are oriented perpendicularly to the Ca?* triangles along c-axis.?* These dipoles can
be aligned with externally applied electric field and conduction occurs due to migration of
protons (H).® At elevated temperature (> 300°C), the higher dispersion in the curve [Fig.
5(a)] is seemingly due to the generation of the thermal defects. In lower temperature regions
(100°C - 300°C), HA exhibits the structural instability where the transition from monoclinic

(crystallographic space group: P2;/b) to hexagonal (P6s/m) phase occurs at 200°C with

majority of OH" ions oriented in the same direction.?*2°
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Fig. 5.5: Variation of dielectric constant (¢) and loss (D) for (a) HA, (b) HA-BT-HA and

(c) HA-CT-HA with temperature at few selected frequencies.

The presence of BaTiO3 and CaTiOs in the FGM has substantially influenced the dielectric

behaviour of HA [Figs. 5 (b) and (c)]. As depicted, the room temperature (35°C) dielectric
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constant values of HA-BT-HA (34) and HA-CT-HA (34) FGMs are 2 times higher than that
of pure HA (17) at 1 kHz. The dielectric constant and loss are observed to be independent
with temperature in the lower temperature range (< 200°C) and depicts significant increase at
higher temperatures (> 200°C) [Figs. 5(b) and (c)]. The increase in dielectric constant and
loss with temperature is more significant at lower frequencies (< 10 kHz) than at higher
frequencies (> 10 kHz). Such dielectric behaviour can be associated with the presence of
multiple interfacial regions and phases in the FGM. Number of phases and interfacial regions
of different electrical conductivities gives rise to interfacial polarization. In addition,
dielectric constant and loss decreases with increase in frequency and at higher frequencies (>
100 kHz), almost independent nature of the curve with temperature is observed in the
measuring temperature range. Further, there is an anomaly in dielectric constant in the
temperature range of 400°C - 500°C. This is credited to the creation of oxygen vacancy in
titanates (owing to variable valency of Ti, i.e. Ti**/Ti*"), at high temperature (> 400°C),

which can be depicted as,?’

0; © Vo +20,1 (5.2)
V, &V, + 2e' (5.3)
Ti** + e’ & Ti3* (5.4)

The creation of double positive charge as the electronegative oxygen leaves the lattice sites,
creates defects, which enhances the ionic and electronic conduction at high temperature in the
material.

Fig. 5.6 demonstrates the variation of dielectric constant and loss with frequency at few
selected temperatures for HA, HA-BT-HA and HA-CT-HA compositions. At elevated
temperatures (> 300°C), the dielectric constant and loss are higher as compared to lower
temperature region (< 200°C) in HA [Fig. 5.6 (a)]. Higher temperature region of the dielectric

constant corresponds to the thermal defects, formed in the OH" sites due to dehydroxylation
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in the bulk material.?*? In addition, higher temperature region (> 300°C) also corresponds to
the alignment of the OH™ ions together with space charge polarization.?® The lower

temperature region is associated with structural defects during processing and proton

conduction due to the adsorbed water content.?*?
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Fig. 5.6: Variation of dielectric constant (¢) and loss (D) for (a) HA, (b) HA-BT-HA and

(c) HA-CT-HA with frequency at few selected temperatures.

Higher dielectric loss in lower frequency range (< 10? Hz) and at elevated temperatures (>
300°C) is attributed to the dc conductivity in HA.? Further, with increase in frequency,
dielectric constant and loss decreases which represents the relaxation of space charge through
grain boundaries as well as dipolar relaxation due to the non-alignment of OH groups in

lattice.” In high frequency range (> 10° Hz), dielectric constant and loss characteristics are
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independent with frequency irrespective of the temperature, owing to the relaxation of
polarization processes in the material. %

As is clearly depicted in Figs. 5.6 (b) and (c), dielectric constant and loss have larger
dispersion in the lower frequency range (up to 10 Hz), specifically at 500°C. However,
almost frequency independent behaviour is observed in the higher frequency region (> 1
kHz), irrespective of the temperature. This type of behaviour is indicative of the Maxwell-
Wagner type relaxation occurring in such heterogeneous systems.*® As mentioned, FGMs are
having multiple dielectrics, stacked layer by layer and therefore, there is a large amount of
potential barrier existing at the interfacial region. In addition to grain boundaries, interfacial
regions also act as a region of space charge. Under the influence of electric field, effect of
space charge is dominant at low frequencies (< 10 Hz) and elevated temperatures (> 300°C),
resulting in higher dielectric constant. At low frequency, higher resistances of grain
boundaries and interfacial regions result in higher dielectric loss [Figs. 5.6 (b) and (c)]. As the
frequency increases, space charge polarization seizes to align with the field resulting in the

decrease in dielectric constant. The reduction in the resistance of grain boundaries and the

interfacial region results in lower dielectric loss, as depicted.

5.3.3. AC conductivity behaviour of HA and FGMs

Fig. 5.7 represents the variation of ac conductivity with temperature at few selected
frequencies (1 kHz - 1 MHz) for HA, HA-BT-HA and HA-CT-HA samples. A general
observation is that the conductivity increases linearly at elevated temperatures (> 300°C) after
a diffused maxima. The maxima correspond to the relaxation behaviour in the samples. With
increase in temperature, the maxima shift towards the higher temperature region. The linear
increase in conductivity at high temperatures, follows the Arrhenius equation, o =
o exp(E,/kT), where E, is the activation energy for conduction. The conduction in HA at

elevated temperature (> 300°C) follows the process of de-hydroxylation i.e., removal of one
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OH ion and one H* (proton) ion from two OH" lattice sites as water molecule which creates
defect.”® The creation of the vacancy at one of the hydroxyl (OH") site and oxide ions in
another OH'" site is mainly responsible for the increased conductivity at elevated temperature.
The downfall in the curve with increase in temperature (200°C - 300°C) is attributed to the
dehydration of the water molecule, strongly physisorbed with HA [Fig. 5.7(a)].? Also, high
temperature induced defects in buffer (HA-BT/HA-CT), BaTiOs, CaTiOs; and at the
interfacial regions contributes to the increase in conductivity with temperature [Figs. 5.7(b)

and (c)] as compared with that of pure HA.
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Fig. 5.7: Variation of AC conductivity for (a) HA, (b) HA-BT-HA and (c) HA-CT-HA

with temperature at few selected frequencies.
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HA possesses hexagonal close packed structure with hydroxyl ions (OH") located centrally
around Ca?* triangles along c-axis.*! The electrical property of HA is majorly influenced by
the presence/movement of proton (H*), oxide ions (0%) and hydroxyl ions (OH’), while the
Ca®" and PO,* barely participate in its conductivity.*> The presence of hydroxyl ions (OH")
along the c-axis plays a significant role in ionic conduction and therefore, HA is considered

28,32,33

as the one dimensional anionic conductor. Proton conduction between neighbouring

OH™ ions (0.344 nm) [OH + OH — O + H,0] is considered as one of the conduction

mechanisms,?*%8:32

while other mechanism includes proton jump between adjacent OH ions
through PO, as they are in close proximity (0.307 nm) with the OH ions in the lattice [20H"
+P0O,* — 0% + HPO,> +OH — 0% + PO,*HOH + ooy , O indicates vacancy at OH" lattice
site, O is oxide ion converted from OH™ ion].***> At elevated temperatures, decomposition
of OH" ions [Cao(PO4)s(OH)2— Cazo(PO4)s(OH)22¢0x(0)x + H20(g)1, o indicates vacancy]
from the lattice forms vacancy at the centre of the Ca** triangles which affects the conduction
in HA.® In essence, at lower temperatures (< 100°C), proton (H) conduction due to
hydration in HA is proposed to be a dominant feature, while at elevated temperature (>
200°C), hydroxyl ions (OHY) and the hopping of protons at the O sites are the main
contributors to the conductivity of HA.?

Fig. 5.8 demonstrates the variation of ac conductivity with frequency at few selected
temperatures. In case of HA [Fig. 5.8(a)], the ac conductivity is observed to be independent
of frequency in the lower frequency range (< 10° Hz) at elevated temperatures (> 300°C),
while a quasi linear nature is noted at low temperatures (< 200°C). As frequency increases
beyond a particular threshold (> 10% Hz), the ac conductivity follows the ‘universal’ power

law behaviour as,®

o(w)=0(0)+Aw™ (5.5)
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Where, w, n and o (0) are the angular frequency, a constant (0 < n < 1) and the low-frequency
conductivity, respectively. Low frequency conductivity [¢ (0)] in the sample is mainly due to
excitation of electrons from localized state to conduction bands. The exponent n is the degree
of interaction between mobile ions and the lattice and A is the strength of polarizability. This
type of conductive behaviour is shown to be of R-C type (resistor-capacitor).*" %43 In HA, the
arrangement of OH ions along the channels of the Ca®* triangles is responsible for
conductive behaviour of HA, while the capacitive behaviour is shown by the immobile ions
i.e., phosphate ions (PO,¥) and calcium ions (Ca®"). In the low frequency region, ac
conductivity of HA falls with rise in temperature upto 300°C. This behaviour is mainly
attributed to the loss of the water molecules from HA, as proposed by Nagai et al.”® As the
temperature rises above 300°C, an increase in the ac conductivity in the low frequency region
is observed, which is mainly due to the de-hydroxylation of OH" ions that forms the

conductive channels, owing to defects in the HA structure.*
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Fig. 5.8: Variation of AC conductivity for (a) HA, (b) HA-BT-HA and (c) HA-CT-HA

with frequency at few selected temperatures.

In case of FGMs [Figs. 5.8 (b) and (c)], the conductivity increases with increase in frequency.
At lower temperature region (< 100°C), conductivity is almost independent of frequency upto
10° Hz and increases linearly with further increase in frequency. However, for higher
temperatures (> 200°C), conductivity shows marginal increase with frequency as compared to
a constant linear increase for temperatures in the range of 100°C - 200°C. This behaviour
appears to follow the Jonscher’s power law.*® The resistive behaviour in the FGMs can be
suggested to be associated with the conduction of charge carriers, created via defects in HA,
BaTiO3, CaTiOz and buffer regions and capacitive behaviour is due to space charge region in

vicinity of grain boundaries and interfacial regions.” The frequency at which the conductivity
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shows a significant rise in each curve is known as hopping frequency.*® This hopping
frequency is depicted to be shifted in each curve towards higher frequency as temperature
increases. As can be seen in FGMs [Fig. 5.8(b) and (c)], the steepness of the curve decreases
with increasing frequency for higher temperatures (> 200°C), this behaviour can be analysed
using the CBH (Correlated Barrier Height) model.** The model emphasises on the role of
quasi particles, called polarons, which are heavy charge particles created by the distortion of
the lattice under the applied electric field and are responsible for the conduction in the solids.
Accordingly, the conduction occurs due to the hopping of polarons between charged defects,
separated by potential barrier.***! The separation between the defects is mainly attributed to
the Coulombic interaction which is comparable to the potential barrier height. This
conduction mechanism is of translational type, which is hopping of the charge carriers i.e.,
proton and OH" hopping in case of HA and creation of the oxygen vacancy at higher
temperature for BaTiOz and CaTiO3.2"? Further, the decrease in steepness in conductivity
behaviour with rise in temperature is attributed to decrease in binding energy, required to

create the oxygen vacancy and OH" defects in the lattice.*?

5.3.4. Impedance analysis

The impedance spectroscopy / electrochemical impedance spectroscopic (EIS) is an electrical
characterization technique to separate out the combined complex electrical contributions from
different phases, compositions, defects structures, dopants, etc. exists in a bulk solid
electrolyte. Thereafter, these individual electrical characteristics can further be analysed /
modified for the desired applications. In this technique, ac voltage / current is applied across
the sample and subsequently, the output voltage / current is measured. The ac input voltage /
current varies over wide frequency range (typically between: 102 Hz - 10" Hz). The output
voltage / current can be out of phase or in-phase depending on the impedance of the sample

as well as source frequency. Subsequently, impedance of the sample is evaluated which
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contains resistive, capacitive or inductive contributions. The evaluation is repeated for each
source frequency. The impedance of the sample is then a function of source frequency.
Different constituents in the sample are then represented by resistance and reactive
(capacitive) component (generally in parallel combination). Finally, these constituents are
studied / analysed by evaluating their time constant (z = RC) / relaxation time. The
impedance spectroscopic curve is a semicircular plot in a complex plane (Nyquist plot)
between reactive (capacitive; imaginary, Z") and resistive (real, Z') components. This
semicircular plot is a combination of different semicircles for each constituent in the sample
such as bulk material, grain boundaries and interfacial regions. The left side of the entire plot
is a high frequency region and right side is a low frequency region.

The impedance plots as complete semicircular arcs with their centre on the abscissa,
represented by parallel RC circuit, refer to the ideal Debye - type behaviour of the material.
However, the real materials do not exhibit ideal Debye - type behaviour. Therefore, in order
to illustrate the deviation from the ideal behaviour, the constant phase element (CPE) is
introduced in place of ideal capacitor into the equivalent circuit.** CPE is used to explain the
diffusion processes, stress and inhomogeneous behaviour in the grain boundary regions and
the bulk.** In addition, CPE represents the dependence of impedance on frequency in high
frequency region, following the Jonscher’s power law.*® The CPE values have been

calculated using the expression, C=(R*"Cq)""

; where, the parameters Cq and n are used to
define CPE (R and Cq are the resistance and capacitance, respectively, n > 0 for non-ideal
case).”® The impedance analysis reveals the electrical contributions from grain, grain
boundary and sample-electrode interface in terms of their resistances and CPE. Therefore,
each constituent can be represented as parallel combination of resistance and CPE. The

contribution of sample-electrode interface is negligible in most of the cases that is why

double R-CPE circuits in series are used to represent grain and grain boundary contributions.
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Each R and CPE combination (parallel) has a time constant which depicts the relaxation
behaviour of the circuit. The maxima of a particular semicircular arc represent the point of

relaxation frequency of a single R-CPE circuit. The relaxation frequency can be obtained as,

ot = (2nf,RC) = 1, where 1, is the time constant of the R-CPE circuit.*°
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Fig. 5.9: Complex plane impedance plots for HA, HA-BT-HA and HA-CT-HA at few
selected temperatures (a-f). Variation of resistances of grain (Rg) and grain boundary

(Reg) with inverse of temperature (g).

As can be seen in case of HA [Figs. 5.9 (a), (b) and (c)], the real and imaginary parts of the
complex impedance increases with increase in temperature upto 300°C. This is due to the
release of water molecules from the sample at lower temperature region (< 200°C) which
plays a dominant role to hinder its conductivity, as reported by Nagai et al.?® As temperature
further increases, the real and imaginary parts of the complex impedance of HA decreases,
which is mainly attributed to the defects at the OH™ and O lattice sites in the sample.? In the
lower temperature region (< 300°C), the peaks in HA curve are observed to shift towards
lower frequency region which can be due to the higher resistance of grain boundaries. For
FGM (HA-BT-HA and HA-CT-HA), impedance plots depict high values of real and
imaginary parts of impedance at low temperature (< 300°C) due to the presence of different
phases in the sample [Figs. 5.9 (a), (b) and (c)]. The presence of interfacial layer between
different compositions in the FGM, acts as a region of space charge. It is also depicted that
the semicircular arcs of FGM are asymmetric which reveal the contribution of different
phases/composition with distinct conductivities in the sample. Above 300°C, there is a
substantial decrease in the values of real and imaginary parts of the impedance for HA-BT-

HA [Figs. 5.9 (d) and (e)] and HA-CT-HA, suggesting that there is significant effect of grain
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boundaries, interfacial regions, creation of oxygen vacancies and proton conduction in all the
compositions, stacked layer by layer.2”®® The shift of the relaxation peaks towards higher
frequency region as temperature increases is mainly associated with the mobility of space
charge and creation of oxygen vacancies.”® At 500°C, [Fig. 5.9 (f)] the impedance plot is
depicting the additional contribution apart from grain and grain boundaries in the much lower
frequency region. This contribution is associated to be the interface between sample and
electrode as the CPE value is depicted to be in the range of 10® F.*’ This is mainly because of
the charge build-up at the interface between HA and electrodes and is due to the bulk ionic
conduction in HA associated with the dehydroxylation process as well as proton (H)
conduction occurring at higher temperatures. In case of FGMs, the resistance is fairly
decreased due to the additional contributions from charge build-up at interfacial regions and
also due to the migration of oxygen vacancies in BT and CT constituent phases. The
activation energies, calculated from the linear fit in the log (R, Reg) vs. 1000/T plot [Fig. 5.9
(9)], for grain [Eyg)] and grain boundary [Eseg)] in HA are 0.77 eV and 0.78 eV,
respectively. Therefore, the conduction in HA can be suggested to be associated with the

conduction of protons (H*) and structural defects created due to oxygen vacancies.*®

5.4. Summary

The concept of development of Functionally Graded Materials using perovskites BaTiO3 and
CaTiOg3 as intermediary layers between hydroxyapatite (HA) layers via buffer interlayers
significantly improved the polarizability of hydroxyapatite without any effect on its excellent
biocompatibility. The insertion of buffer interlayers between hydroxyapatite and
BaTiO3/CaTiO3 layers as well as processing via spark plasma sintering route provided good
thermochemical stability as well as structural integrity to the developed FGM. Such a design
and processing concept doubled the polarizability of hydroxyapatite. The proton conduction,

hoping of charged carriers via oxygen vacancies and dehydroxylation of hydroxyapatite have

205



been observed as dominant mechanisms in the measured temperature range. Overall, the

developed FGM can be suggested as potential alternative for polarizable bone application.
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