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Abstract

This paper studies the AC conductivity and permittivity of hydroxyapatite (HA)-based ceramics from 0.1 Hz—-1 MHz at temperatures
from room temperature to 1000 °C. HA-based ceramics were prepared either as dense ceramics or in porous form with interconnected
porosity and were sintered in either air or water vapour. Samples were thermally cycled to examine the influence of water desorption on
AC conductivity and permittivity. Surface-bound water was thought to contribute to conductivity for both dense and porous materials at
temperatures below 200 °C. At temperatures below 700 °C the permittivity and AC conductivity of HA was also influenced by the degree
of dehydration and thermal history. At higher temperatures (700-1000 °C), bulk ionic conduction was dominant and activation energies
were of the order of ~2 eV, indicating that hydroxyl ions are responsible for conductivity.
© 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Hydroxyapatite (HA), Ca;o(PO4)s(OH),, has the ability
to chemically interact with bone both in vitro and in vivo
[1]. For this reason it has been extensively researched as a
possible bone substitute material [1-4]. While a significant
amount of research on HA has concentrated on its
mechanical properties and biocompatibility [2-6], there
has also been interest in the electrical properties of the
material [7-20]. HA has a lattice of hydroxyl ions (OH")
located at the centre of Ca®" triangles along the c-axis of
a hexagonal unit cell [7]. The OH™ ions are aligned in col-
umns parallel to the c-axis, along with Ca®>" and (PO,*)
ions [8]. Since the OH™ ions within the c-axis columns
are thought to have an important role in ionic conduction
[7], HA has been regarded as a one-dimensional anionic
conductor [9].

The study of the DC and AC electrical properties of HA
has been of interest for a variety of reasons. Hoepfner and
Case [10] reported the influence of porosity on the room
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temperature permittivity of HA to understand its interac-
tion with electrical fields applied to improve fracture heal-
ing or enhance bone growth. The concept of implant
electrical stimulation prompted Zakharov et al. to examine
the temperature dependence of permittivity and dielectric
loss of HA at temperatures between 20 and 500 °C
[11,12]. Nagai and Nishino [13] examined the surface ionic
conduction of porous and dense HA for humidity sensor
applications, since the room temperature conductivity
was influenced by relative humidity. The ionic conductivity
of HA has been a subject of research for its possible use as
an alcohol [9], carbon dioxide [9] or carbon monoxide gas
sensor [8]. Electrical measurements have also been used as
a characterization tool to study the evolution of micro-
structure in HA [14] and study composites [15] such as
HA-ZrO, [16] and HA-Ti [17]. Valdes et al. [18] examined
the dielectric properties of HA to understand its decompo-
sition to tri-calcium phosphate (TCP; Ca;(PQy),) as a
result of the dehydration of OH™ ions at elevated temper-
atures [19]. This was of interest since TCP was thought to
have higher bioactivity than HA. The dielectric properties
of thin films of HA have also been measured at room tem-
perature [20,21].
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There has also been recent interest in the polarization of
HA to generate a surface charge by the application of elec-
tric fields (kVem™!) at elevated temperature (>200 °C).
The presence of surface charges on HA has been shown
to have a significant effect on the crystallization of inor-
ganic ions dissolved in vitro or in vivo [22-25]. Bone
growth was accelerated on negatively charged surfaces
and decelerated at positively charged surfaces [26], and
Nakamura et al. [27] recently reported that both positive
and negative charges accelerated the cytoskeleton reorgani-
zation of osteoblast-like cells. The dielectric properties of
polarized HA materials have been examined by Takeda
et al. [28] who presented polarization-field (P-E) loops at
room temperature. The P-E loops are unlikely to be ferro-
electric in origin since the space group of HA is P63/m
which is non-ferroelectric [29]; although simulations have
predicted an anti-ferroelectric to ferroelectric phase transi-
tion at ~500 K [30]. The study of polarized porous HA
materials is relatively limited [26].

1.1. Conductivity mechanism in HA

The overall mechanism of conduction in HA remains
unclear, with the proposed conducting species being ions,
namely protons (H™), oxide ions (O®7) or the lattice hydro-
xyl ions (OH ™) [7]. The Ca*" [31]and (PO,*") [32] ions are
not thought to contribute to the conductivity. Khalil et al.
[16] proposed that electrical conduction occurred via
OH ™ migration in the centre of the Ca’®" triangle along
the c-axis. EMF and electrolysis measurements also indi-
cated that OH ™ ions are charge carriers [32], although
Yamashita et al. [7] questioned the validity of testing
pressed (non-sintered) powders. Conduction of protons
has been proposed which are transported along OH™
chains [7] and proton conduction has gained favour due
to the humidity sensor characteristic of HA. Laghizizil
et al. [33,34] considered proton conduction between neigh-
bouring OH™ ions via the reaction:

OH +OH — O* + HOH

or a proton jump between OH™ via neighbouring
(PO,*") ions. The distance between adjacent OH™ ions is
thought to be too large (0.344 nm) [7,31] and proton inter-
action with neighbouring (PO,*") ions is favoured
(0.307 nm). The dehydroxylation and non-stoichometry
of HA during heating is also thought to influence conduc-
tion since vacancies at the hydroxyl site ([J) are formed via,
for example, Eq. (1) [7]:

Cao(PO4)s(OH), — Cayo(PO4)s(OH), , O.(0J),
+,H,0(g) 1 (1)

where x < 1.

In some instances both H" and OH ™ ions are considered
as the conductive species. Nagai and Nishino [13] indicated
that room temperature conduction was due to migration of
H™" in adsorbed water and OH™ was thought to contribute

at elevated temperatures; particularly since the OH™ vacan-
cies formed during dehydration are likely to obstruct H"
conduction and facilitate OH™ conduction [31].

1.2. Aims of paper

This paper examines the frequency-dependent relative
permittivity, AC conductivity and phase angle of HA from
room temperature to 1000 °C, along with the determination
of activation energies for conduction. Changes in sintering
atmosphere (air or water vapour) will be considered to exam-
ine the loss of surface-adsorbed water (dehydration) or OH™
ions from HA (dehydroxylation) during sintering [19]. Sam-
ples are thermally cycled to examine the influence of
adsorbed water on conductivity and permittivity. Since
HA-based materials for bone substitute applications often
contain tailored porosity to facilitate bone growth [2,4,5], a
comparison will be made between dense and porous materi-
als. The information will also be of interest to understand the
conduction mechanisms in the material and to optimize con-
ditions for polarization of HA. To date, only a limited elec-
trical characterization of porous ceramics has been
undertaken. Nagai and Nishino [13] examined porous HA
in a limited temperature range (below 500 °C). El Hammari
et al. [35]studied porous HA at room temperature as a func-
tion of relative humidity. Hoepfner and Case [10] considered
the room temperature dependency of porosity on the dielec-
tric constant (relative permittivity).

2. Materials and methods
2.1. Manufacture of dense HA ceramics

HA ceramics were manufactured from a commercially
available HA powder (TCP130, Thermphos UK Ltd.) that
has been successfully used in the production of biocompat-
ible ceramics [36,37]. The powder is a precipitated calcium
phosphate with a CaO/P,0;5 weight ratio of 1.30 to achieve
the necessary molar ratio of ~1.67 Ca:P for the formation
of HA. The powder, as received, is microcrystalline HA
with ~0.5% TCP impurity phases. To form dense discs
suitable for characterization, the powder was sieved and
compacts were uniaxially pressed at 120 MPa with a
15 mm diameter die for 30s to achieve suitably robust
green bodies without the requirement of binders. The cera-
mic tablets were sintered at 1300 °C for 4 h with a heating
and cooling rate of 60 °C h~'. Sintering was either con-
ducted in air or in the presence of water vapour that con-
tinuously flowed along a tube furnace by means of a
nitrogen carrier gas. The resulting materials were desig-
nated as dense(,ir) and dense(yater), respectively. After sin-
tering, the samples were ground flat to dimensions of
13 mm in diameter and 2 mm thick. The dense ceramic
specimens were sintered to 90-95% theoretical density as
determined by mass and volume measurements of sintered
discs. Fig. la shows the macrostructure of the samples,
indicating the colour change associated with sintering in
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Fig. 1. (a) Optical image of dense discs sintered in water vapour (left) or air (right). Scale bar is in 1 mm divisions. (b) SEM image (low magnification)
reveals the structure typical of the highly porous samples prepared. Scale bar is 2 mm.

air (blue) or water vapour (white).! The origin of the blue
colour after sintering in air is related to the oxidation of
impurity manganese ions from Mn”*" to Mn>" and the for-
mation of (MnO,*") ions at (PO,*") sites of HA [38].

2.2. Manufacture of porous HA ceramics

Highly porous HA test pieces were produced via a replica-
tion process that utilized polyurethane (PU) foam as a tem-
plate material, a method that offers a simple route for
bioceramics suitable for synthetic bone applications
[36,37]. The ceramic slurry was prepared in batches using
the same HA powder as the dense materials, incorporated
into reagent-grade distilled water with binders, plasticisers
and surfactants (polyvinylpyrrolidone, polyvinylalcohol
and Dispex A40, respectively) in order to avoid agglomera-
tion and provide a slip with the desired rheology. Once
formed the slip was ball milled with zirconia milling media
for 24 h at 20 rpm. Commercial PU foams (Sydney Heath
and Sons Ltd.) were used as a structural template for the
manufacture of CaP bioceramics. The untreated PU foams
were graded as 45 pores inch (17.7 pores cm ™), leading to
amean pore size of 564 um. The thixotropic slurry was incor-
porated into the PU foam samples with the aid of a mechan-
ical plunging device that ensured the slip coated the walls of
the foam. The sample was held above the slip bath to allow
the slip to flow and coat the struts of the foam. The samples
were dried on tissue paper and treated with high-velocity
compressed air to ensure the interconnectivity of the poros-
ity network. Drying of the final samples was carried out at
120 °C for 15 h, followed by sintering in water vapour at
1300 °C in order to produce HA bioceramics with intercon-
nected porosity. Typical sample dimensions were ~9 mm in
diameter and ~16 mm in height.

Samples were then cut to a thickness of 2 mm with a dia-
mond-coated wire saw using acetone as a cutting lubricant.
The resulting highly porous discs were designated as
POroUS(watery Samples. The final porosity level was 60-70

! For interpretation of the references to color in this figure, the reader is
referred to the web version of this paper.

vol.%, measured by optimas image analysis software.
Fig. 1b shows the macro porous structure typical of the
specimens prepared by this method, which is highly suited
to biomedical applications [36].

2.3. Material characterization

For the HA bioceramics prepared, the influence of
porosity and sintering atmosphere on phase composition,
microstructure and electrical properties were investigated.
To assess the effect of sintering atmosphere on the compo-
sition of the materials studied, samples were prepared
from the air and water vapour sintered tablets, suitable
for X-ray powder diffraction (XRD). The materials were
ground to a fine powder using a pestle and mortar in eth-
anol for 5 min, and subsequently dried at 80 °C for 24 h
in an oven containing silica bead desiccant. XRD was
performed on the two powders using a Phillips diffractom-
eter (PW1710) fitted with a 4 kW X-ray generator, copper
target and a graphite monochromator. Control of the dif-
fractometer was achieved using diffraction software
PWI1877 PC-APD v. 3.5b (October 1999). To assess the
phases present, a wide-angle scan was performed, with a
20 range of 10°-80° sampled at steps of 0.02° with 2s
counting time per step (0.6°min'). The data collected
was analyzed and enhanced (X’Pert Plus, v. 1.0, Philips
Analytical), for peak identification and refinement of the
unit cell parameters for the phases present. Phases were
identified by comparison of peak locations to ICDD ref-
erence spectra (HA: 09-0432, o-TCP: 09-0348, B-TCP:
09-0169). Preliminary phase quantification (without inter-
nal standards) was conducted using Rietveld refinement
(FullProf Suite 2k, v. 3.70) [39] based on the method
developed by Reid and Hendry [40].

In addition to establishing the composition of the sam-
ples, the microstructure was examined and the grain size
determined. A sample of each material was mounted for
scanning electron microscopy (SEM) inspection by vacuum
impregnation with a low-viscosity epoxy (Struers, Specifix-
40). After 24 h curing at ambient, the materials were
polished. It was found that extended use of waxed silicon
carbide paper for polishing (as opposed to diamond-based
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media) was necessary to minimize grain pull-out due to the
low hardness of the HA materials. The samples were ground
until planar and polished to ~8 pm with waxed SiC paper
and finished with 0.05 pm alumina media on a napless pol-
ishing cloth. Etching was performed to reveal grain bound-
aries, using an 8% solution of phosphoric acid in which the
materials were agitated for 10 s and cleaned with distilled
water and then ethanol before drying. The samples were gold
sputtered before imaging by SEM (JEOL JSM-6310). Digi-
tal micrographs were recorded and image analysis per-
formed (Imagel, v. 1.32, NIH) [41] to determine grain size.
Grain size was measured by a linear intercept method due
to the efficiency with which large areas can be surveyed,
ensuring that in excess of 500 grains were sampled per
material.

2.4. Impedance analysis

Permittivity, AC conductivity and phase angle were cal-
culated from complex impedance measured in a frequency
(f) range of 0.1 Hz-1 MHz using a Solartron 1260 Imped-
ance analyzer and a 1296 Dielectric Interface. Based on
preliminary testing, samples were tested from room tem-
perature to 1000 °C at 50 °C intervals using a voltage of
0.1 Vs (Cycle 1). A heating rate of 1 °C min~' was used
with a dwell of 20 min at each measurement temperature.
In some cases the temperature interval was reduced to
25 °C to provide additional data to determine the activa-
tion energy. After testing from room temperature to
1000 °C (Cycle 1) the sample was subsequently cooled to
125 °C and measurements repeated during reheating of
the sample to 1000 °C (Cycle 2). This was undertaken to
examine the influence of adsorbed water on conductivity
and permittivity.

The AC conductivity (admittance) was calculated using
the following equation:

A t
O-:Z/2+Z//2'Z7

(2)

where Z' and Z” are the real and imaginary parts of the
impedance, A4 is the area of the sample and 7 is the sample
thickness. The real part of the permittivity was calculated
using the following equation:
z" t
—Sh om0 (3)
7" +7" wA

where o is the angular frequency (2nf). The phase angle (6)
between current and voltage was determined from the fol-
lowing equation:

0=tan"'(2"/2)). (4)

& =

3. Results and discussion
3.1. Material characterization

The XRD profiles for the samples sintered in either
air or water vapour are presented in Fig. 2. All reflec-
tions can be accounted for using the reference spectra
for HA, B-TCP and o-TCP, with no other significant
phases present. Zhou et al. [42] observed that HA loses
OH groups when sintered above 1200 °C. Sintering in
water vapour suppresses the conversion of o-TCP from
the formed B-TCP, but this transformation occurs in
the air-sintered material. From the full profile fitting
[41] of the materials, the HA unit cell and phases present
were quantified (Table 1). The determined unit cell
parameters are sufficiently close to those of the standard
material (09-0432), a: 10.429 A, ¢: 9.418 A. The phase
composition indicates that the majority of the material
(~75%) remains as HA, with the remainder composed
of TCP phases. In the case of air sintering, o-TCP is
the major phase (16%); however, o-TCP is suppressed
in the water vapour sintered material and B-TCP is dom-
inant (20%).

The influence of sintering atmosphere was found also to
affect the resulting microstructure, as shown in Fig. 3. The
voids in Fig. 3 are due to grain pull-out during polishing

Intensity (arb)

20 25 30 35

2 theta (°)

Fig. 2. XRD spectra for dense samples sintered in either air or water vapour. Both materials are principally composed of HA with B-TCP, and in the

absence of water vapour o-TCP is formed for the air-sintered material.
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Table 1
Activation energies of HA-based materials
Activation energy  Temperature Comments Ref.
(eV) (°C)
1.86-2.23 700-1000 - This
work
1.5(0%7)- - Calculated for O*~ [55]
2.1(0OH") and OH™
3.25-4.90 25-800 HA and TCP [54]
0.7-1.4 600-800 Ageing phenomena [7]
observed
1.4 600-800 - [56]
1.21 200-800 - [33,34]
1.17 600-900 - 9]
0.9 25-350 - [16]
0.69 200-800 Pressed powder [32]
0.08-0.3 200-500 Porous and dense [13]

rather than inherent microporosity. For the air-sintered
material an average grain size of 3.7 um was measured
(Fig. 3a), whereas the dense and porous materials sintered
in water vapour had smaller average grain sizes of 2.3 and
2.4 um, respectively (Fig. 3b and c). However, the micro-
structure of all three materials may be considered suffi-
ciently similar that it is permissible to compare the
electrical properties on an equal basis.

3.2. Electrical properties during the first heating (Cycle 1)

Figs. 4a—-6 a show the variation in the real part of the
AC conductivity (¢) as a function of frequency for the three
HA materials during Cycle 1. Data for only 100 °C inter-
vals are shown for clarity. At low frequencies (<10 Hz)
there is little or no frequency dependency of AC conductiv-
ity for many of the temperatures tested, particularly at ele-
vated temperatures (>400°C). For higher frequencies
(>10° Hz) the AC conductivity rises almost linearly with
frequency for all temperatures, following ‘‘universal”
power law behaviour [43], such that:

o(w) =0(0) + A", (5)

where o is angular frequency, n is a constant (0 <n <1)
and ¢(0) is the low-frequency conductivity. It has been
shown [44-46] that this type of frequency response is typi-
cal of a resistor—capacitor (R—C) model in which ions in a
material are considered as a complex network of conduc-
tive (R) and capacitative (C) sites. The conductivity of a
conductive site is independent of frequency (analogous to
a resistor, since ¢ = 1R), while the AC conductivity of a
capacitative site rises linearly with frequency (analogous
to a capacitor, since g,. = 2nfC). For HA, the conductive
sites can be considered as the channels along which ions
are able to move by thermally activated hopping (such as
the columnar OH™ ions or protons) and the capacitative
sites are ions that are immobile. At low frequencies
(<10 Hz) the HA conductivity is governed by the conduc-
tive channels (since 27t/C is low) and the conductivity is fre-
quency independent. Fig. 7 shows the phase angle (6) as a

Fig. 3. SEM micrographs of the three materials studied: (a) denseir), (b)
dense(watery and (€) POrous water)- Grain size was determined as 3.7, 2.3 and
2.4 um, respectively (scale bar is 10 um). The many voids seen are due to
grain pull-out during polishing rather than inherent microporosity.

function of frequency for the porousyater) sample at a vari-
ety of temperatures, which is typical for all the materials
tested. At frequencies below 10° Hz the phase angle ap-
proaches 0°, particularly for the materials at high tempera-
ture with high conductivity. The low phase angle indicates
that current and voltage are in phase and that the material
is behaving as a pure conductor. As the frequency is in-
creased, the AC conductivity of the capacitative regions
(2nfC) becomes increasingly significant and Fig. 7 shows
that above 10° Hz the phase angle approaches —90° since
the capacitative regions are now contributing to the overall
electrical response.
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At relatively low temperatures (room temperature to
300 °C) there is an initial decrease in AC conductivity with
increasing temperature, particularly for the porous mate-
rial (Fig. 6a). Roy et al. [47] observed that the HA conduc-
tivity decreased when heating from room temperature to
650 °C, a finding that was thought to be related to the loss
of bound water. Nagai and Nishino [13] examined released
water from HA and proposed that the liberation of water
up to 300 °C was related to weakly and strongly physi-
sorbed water. Continued water loss at 500-1000 °C was
thought to be due to dehydroxylation of the OH ™ lattice
(Eq. (1)). As the temperature rises above 300 °C an increase
in AC conductivity with increasing temperature is observed
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(Fig. 6a), in particular in the region of the low-frequency
(<10 Hz) plateau which is strongly related to the conduc-
tivity of the conductive channels. This is a common occur-
rence in all the samples irrespective of atmosphere used
during sintering of the HA.

Figs. 4a—6a show the variation in the real part of relative
permittivity as a function of frequency for a variety of tem-
peratures. All the materials exhibit a frequency-dependent
permittivity at all temperatures, with the real part of per-
mittivity decreasing with increasing frequency. This fre-
quency dispersion in HA has been observed by a number
of authors [8,11,12,16,17,21,29,30,48,49] and in monoclinic
HA [50]. Mahabole et al. [8] stated that the dipole moment
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of the OH™ ions is a major contributor, although the pres-
ence of conductivity in a material can also lead to enhance-
ment in the magnitude of the permittivity and a frequency
dependence of permittivity. For example, an increase in the
permittivity magnitude and frequency dispersion in ioni-
cially conducting zirconia has been observed with increas-
ing temperature [44]. For the porousiyatr) material the
permittivity (Fig. 6b) initially decreases with increasing
temperature between room temperature and 300 °C (as
observed for the AC conductivity measurements) and indi-
cates that the frequency dispersion is likely to be influenced
by the presence of conductivity in the material. Above

300 °C the permittivity begins to rise with increasing tem-
perature for all three materials. Zakarov [11,12] stated that
dielectric properties at elevated temperatures are deter-
mined by polarization of the “migration type”, i.e. the for-
mation of mobile thermal defects. Roy et al. [47] also
observed an increase in permittivity with humidity level
due to enhanced level of proton conduction.

Fig. 8 shows the low-frequency (1 Hz) dependency of
conductivity vs. temperature. An initial decrease in conduc-
tivity with increasing temperature from room temperature
to ~200 °C can be observed, possibly due to the loss of sur-
face-bound water. Rootare et and Craig [51] studied the
vapour-phase adsorption of water on HA, and found that
the chemisorbed water monolayer in direct contact with the
HA surface was more strongly bound than the additional
1-2 physisorbed water layers [52] that involved only
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water—water contacts. Heating at 300 °C in vacuum was
necessary to remove the chemisorbed monolayer, whereas
the physisorbed layers could be removed at 20 °C in vac-
uum [51]. Markovic et al. [52] reported thermogravimetry
(TG) data for HA. The TG data showed a mass loss of
0.4 wt.% from 30 to 100 °C and 0.3 wt.% from 100 to
250 °C. The total loss on heating to 250 °C corresponded
to ~1.5 water layers on the surface of HA, which is thought
to be mainly physisorbed water and some chemisorbed
water. Between 250 and 360 °C a loss of 0.55 wt.% corre-
sponded to 1 layer of chemisorbed water. The mass frac-
tion lost in the temperature range from 360 to 850 °C
was 0.45 wt.% due to dehydroxylation, decomposition
and loss of more strongly bound water [51]. It has been
reported that the adsorbed water layer can lead to conduc-
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tion paths which take place by means of a Grotthuss chain
reaction [53] in which protons are transferred from one
water molecule to the next on the ceramic surface. The
water is present due to the attraction between surface
hydroxyl groups and water molecules [53]. Comparing
the conductivity of all the samples in the temperature range
of room temperature to 200 °C, the porous material has the
highest conductivity, possibly due to its greater surface
area and adsorbed water. The dense,ir, sample exhibited
the lowest conductivity.

Fig. 8 shows that at 500-600 °C there is a small peak of
conductivity for all three materials followed by a continued
rise in conductivity at higher temperatures (700-1000 °C).
While the porous material has the highest conductivity at
low temperatures, the dense samples exhibit higher conduc-
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tivities at the higher temperatures (700-1000 °C). This is
probably due to bulk ionic conduction (rather than surface
conduction) being dominant in this temperature range.
Nagai and Nishino [13] reported similar conductivity val-
ues for the room temperature conductivity, which was
higher in a 50 vol.% porous sample (180 x 107 '°Sm™1)
than a dense material (6.6 x 107'S m™"). The conductiv-
ity of the dense material was higher than that of the porous
material at higher temperatures (500 °C) [13].

Fig. 9 shows the relative permittivity at 1 kHz as a func-
tion of temperature: below 250 °C the porous yatery sample
with a high surface-to-volume ratio and high conductivity
exhibits a high permittivity compared to the dense mate-
rial. The permittivity begins to increase for all materials
above 300 °C, as observed for the AC conductivity. Silva
et al. demonstrated an increase in relative permittivity with
an increase in temperature [17].

3.3. Electrical properties on subsequent heating ( Cycle 2)

In order to understand the role of adsorbed water (dehy-
dration) or dehydroxylation on the electrical properties of
HA during Cycle 1 the samples were cooled from 1000 to
125 °C and identical electrical measurements taken during
reheating to 1000 °C (Cycle 2). The temperature of
125 °C was chosen to ensure that there was no readsorption
of water from the atmosphere on the sample after Cycle 1.
Fig. 10 shows the frequency-dependent conductivity and
permittivity for the porous material. Similar behaviour
was also observed for dense materials (not shown). When
comparing the Cycle 2 data with the same sample for Cycle
1 (Fig. 5) the main differences are that at the lower temper-
atures (<300 °C) the conductivity and permittivity are ini-
tially lower for Cycle 2. This is can be observed more
clearly in Fig. 11 which shows the low-frequency (1 Hz)
conductivity of the material during Cycle 2 and compares
the data with Cycle 1. For Cycle 2 the conductivity merely
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increases with increasing temperature with no initial
decrease in conductivity or a small peak in conductivity
at ~500-600 °C, as was observed during Cycle 1. While
the initial conductivity drop for Cycle 1 at temperatures
less than 200 °C can be attributed to the loss of surface-
bound water, the reason for the peak in conductivity at
~500-600 °C is less clear. Yamashita et al. indicated that
dehydroxylation during measurement of electrical conduc-
tivity in air led to an increase in conductivity due to an
increase in the initial concentration of free protons [7].
The conductivity was thought to then fall as the material
becomes substantially dehydroxylated. The same porous
sample was held at room temperature for 1 week and
retested (Cycle 3) and conductivity data are also shown
in Fig. 11. For Cycle 3 the initial decrease in conductivity
when heating from room temperature to 200 °C has
returned, along with a slightly smaller conductivity peak
at ~500-600 °C. This could indicate that both features
are possibly due to surface-bound adsorbed water. Finally,
HA conductivity is independent of the thermal history at
temperatures of 700-1000 °C and similar conductivities
can be observed for the material after all three cycles.

3.4. Activation energies for conduction

Fig. 12 shows complex impedance plots of dense HA
sintered in air. The bulk conductivity at each temperature
is often determined from the high-frequency intersection
of the semicircle with the real axis of the complex imped-
ance [9,13,54] plots to distinguish it from interfacial or elec-
trode impedance. No significant difference was observed
when calculating the activation energies using the complex
impedance plots or using the low-frequency (1 Hz) plateau
conductivities in Figs.4a—6a; as has been observed by other
authors [13]. The plateau conductivities were used to pro-
duce an Arrhenius plot of the natural log of bulk conduc-
tivity against temperature in order to calculate the
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Fig. 12. Complex impedance plots of HA dense.ir) at (a) 25 °C and 400 °C, and (b) 1000 °C.
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activation energy for Cycles 1 and 2 for all three materials
(Fig. 13). Activation energies could only be determined at
high temperatures (700-1000 °C) as only in this region
was the temperature dependency of logarithm of conduc-
tivity vs. temperature sufficiently linear (see Fig. 8). Since
Takahashi et al. [32] published data in a similar tempera-
ture range (up to 800 °C) the data is also plotted on
Fig. 13b, although, as discussed by Yamashita et al. [7],
the measurements were on pressed powders rather than sin-
tered samples. The determined activation energies vary
between 1.86 and 2.23 eV. Laghzizil et al. reported an acti-
vation energy of 1.21 eV [32,33] and Yamishta reported

Table 2
Cell parameters and phase content determined from full profile XRD
fitting, for the air and water vapour sintered materials

Material HA cell HA wt% o-TCP wt%  B-TCP wt%
parameters (A)

Denseir) a: 9.416, c: 6.887 75 16 9

Densewatery a: 9.422,¢: 6.882 76 4 20

0.7-1.4 eV [7]. Table 2 summarizes the published data. The-
oretical calculations have determined the activation energy
for OH™ ion jumps along the c-axis to be 2-2.1 eV [16,55]
and for O?~ 1.5 eV [55]. The activation for H" conduction
is much lower (0.5 eV [7]). This indicates that OH™ ions are
likely to be responsible for ionic conduction in this high
temperature range.

4. Conclusions

This paper has investigated the AC conductivity and
permittivity of HA in both dense and porous form and sin-
tered in air or water vapour. At temperatures below 700 °C
the permittivity and AC conductivity of HA are influenced
by structure and degree of dehydration (thermal history).
The AC conductivity exhibited a low-frequency-dependent
conductivity followed by a high-frequency-dependent con-
ductivity. The response can be explained in terms of a R—C
network model consisting of conductive channels in an
insulating host medium. The frequency dependence of per-
mittivity and the high permittivity at elevated temperatures
is thought to be due to the existence of conductivity in the
material. Thermal cycling of the materials indicated that
the initial decrease in conductivity with increasing temper-
atures from room temperature to 200 °C could to be due to
dehydration of the HA and loss of surface-bound water.
The surface-bound water is thought to contribute to con-
ductivity for both dense and porous materials in this tem-
perature range. The highest conductivity at temperatures
<200 °C was exhibited by porous HA sintered in water
vapour and was attributed to the large surface area of
the materials. Dense materials exhibit the highest conduc-
tivities at elevated temperatures (>700 °C) since conduction
is dominated by bulk ionic conductivity. The conductivity
values are in agreement with those reported by Nagai
and Nishino [13] for both porous and dense materials.

Both dense and porous material exhibited a peak in low-
frequency conductivity in the range of 500-600 °C which
disappeared during Cycle 2 and reappeared during Cycle
3. This indicates that thermal history and degree of surface
hydration has an important influence on conductivity in
this range. The higher temperature range of 700-1000 °C
is unaffected by the thermal cycling and activation energies
are in the range of ~2 eV, indicating that OH™ ions are
responsible for conductivity at higher temperatures. This
information is of interest for (i) understanding the interac-
tion of the HA-based materials with applied electric fields,
(ii) the use of electrical measurements for materials charac-
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terization; and (iii) the potential use of HA-based materials
for sensor applications.
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