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INTRODUCTION

It is generally known that research and new knowledge, which create opportunities to
purposefully create bioceramics with the necessary properties, are vital for improving the
quality of society's life. Orthopaedic bioceramic materials play a key role in bone regeneration.
However, problems remain with bone implants, and risks of infection compromise recovery
from surgery and the ability of the implant to function [1], [2]. Therefore, it is necessary to
further study and improve properties of the bone implants.

Hydroxyapatite (HAp) is an inorganic calcium phosphate that is chemically and structurally
similar to the mineral in bones and teeth: non-stoichiometric in chemistry with many elemental
substitutions in the structure [3]. Therefore, synthesized HAp provides a good structural and
chemical basis for improved biocompatibility of orthopaedic implants and better bone tissue
attachment.

Various electrical signals participate in ensuring the life processes of living organisms, for
example, to receive and transmit muscle contractions or nerve impulses. Vertebrate bones, on
the other hand, possess the ability to generate electrical potential [4, [5], which is essential for
bone regeneration [5], [6]. Studies have shown that an electrical potential is formed at the bone
fracture site that assists the bone healing process [5], [7]. It is possible to artificially imitate and
study these processes found in nature, while the acquired knowledge can be purposefully used
to improve natural processes. While studying the natural processes in bone regeneration, the
possibility of artificially created additional electric charges has been found. For bone implants
created in this way with additional surface charges, it is possible to create a particularly
favourable environment for bone cells to improve the faster absorption of the implant material
into the body.

Hydroxyapatite can be polarized to an electret by applying an electric field at an elevated
temperature [8]. Surface charge generated by electrical polarization results in novel material
properties that promote bone cell formation on electrically charged HAp ceramic surfaces both
in vitro [9]-[11] and in vivo [12]-[14]. Such improvements provide opportunities to diversify
the properties of bone biomaterials in order to optimize bone healing processes and reduce the
time of implant integration.

Previous publications have reported on only several polarized calcium phosphates:
hydroxyapatite, carbonated apatite and several chemically substituted hydroxyapatites. There
has been no mention of textured apatites, amorphous calcium phosphate, and the effect of
hydroxyl content on creating a surface charge. Amorphous calcium phosphate (ACP), with a
lower hardness and higher solubility that crystallizes to hydroxyapatite at lower temperatures
could secure a higher surface electric charge compared to a crystalline material conventionally
heated at high temperatures.

Calcium phosphates have lower mechanical properties than natural hard tissues that contain
an organic phase (collagen) for improved mechanical properties. It is possible to improve
mechanical properties of calcium phosphates in a coating form on biocompatible metals. This
study uses the thermal spray method for forming individual droplets and coatings with different
structures. Methods for optimizing thermally sprayed coatings will be addressed —
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incorporation of OH™ ions (OH") into the HAp structure, and production of surface charge by
polarization in an electric field.

Very few studies have been published on polarized apatites. Equipment for polarization and
current measurement are tailor made in laboratories and not commercially available. There is
no calibration standard, therefore the first step is to produce this equipment and conduct an
inter-laboratory study to show the validity of the method. This will support the production and
show the trustworthiness of measured surface charges for the next generation implants. The
research direction of this Doctoral Thesis involves surface charges created in an electric field
and quantification of charge on different calcium phosphates. In the course of the work, various
calcium phosphates have been produced — as coatings and pellets — and then characterized.

Aim of the Doctoral Thesis

Produce calcium phosphates with different structures and determine whether they can be
electrically charged. Quantify surface charge and determine the properties of materials with and
without a surface charge.

Tasks of the Doctoral Thesis

1. Create apatites as pellets and coatings in different phases (amorphous, crystalline with
oriented and randomly oriented crystals) and then characterize the apatites by
appropriate analytical methods.

2. Determine the OH™ content in thermally sprayed coatings and the best conditions for
incorporating OH™ into the structure.

3. Test for the ability to detect OH™ in amorphous calcium phosphates after vacuum
heating.

4. Electrically polarize calcium phosphate and quantify surface charge to:

a. determine the repeatability of electric charge quantification in an inter-
laboratory study;

b. investigate the ability to impart and then measure the surface charge on
amorphous calcium phosphate made by wet-precipitation or thermal-spraying;

c. study the effect of polarization temperature on surface charge for thermally
sprayed HAp with an oriented crystal structure;

d. compare the electric charge on calcium phosphates with different crystal
structures.

5. Determine the effect of surface charge on the wettability of calcium phosphate coatings.

Thesis statements to be defended

1. A surface charge can be imparted on amorphous calcium phosphate by electric
polarization by ordering the initially disordered structure in an electric field.

2. The stored surface charge of calcium phosphate samples is affected by both the
crystalline structure and crystal orientation of these materials.
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3. It is possible to obtain a crystalline phase by crystallization of amorphous calcium
phosphate in vacuum and therefore estimate the OH™ ion content that was present in the
initial amorphous phase.

Scientific novelty

Surface electric charges have been created and compared between calcium phosphates with

different crystal structures. For the first time surface charges were created and determined on:
e amorphous calcium phosphates,
e HAp with oriented crystal structure,
o the effect of OH™ on the size of the surface charge is discussed.

A set of laboratory equipment has been created for polarizing samples in an electric field
by heating them to 450 °C and determining the surface electric charge by the TSDC method
(heating to 700 °C). The possibility of determining OH™ in the thermally sprayed amorphous
calcium phosphate phase was established.

Practical significance

Electrical polarization and thermally stimulated depolarization current (TSDC)
measurement equipment and a methodology were developed for calcium phosphate research
on electrically charged surfaces and to determine surface charges at elevated temperatures.

Amorphous calcium phosphate could be electrically polarized, as shown for the first time,
and the surface charges were measured using the thermally stimulated depolarization current
(TSDC) method.

The surface charge and surface energy were determined on different thermally sprayed
calcium phosphate coatings that showed the influence of microstructure on the electric
polarization.

Approbation of the research

The scientific achievements and main results of the Doctoral Thesis have been reported at
9 international scientific conferences, published in 2 full-text scientific publications and 3 peer-
reviewed publications in scientific conference proceedings.

Scientific publications:

1. Joksa, A. A., Komarovska, L., Ubele-Kalnina, D., Viksna, A., Gross, K. A. Role of
carbonate on the crystallization and processing of amorphous calcium phosphates,
Materialia. 27 (2023) 101672. doi.org/10.1016/j.mtla.2022.101672. (Scopus)

2. Ubele-Kalnina, D., Nakamura, M., Gross, K. A. Inter-Laboratory Study on Measuring
the Surface Charge of Electrically Polarized Hydroxyapatite, J. Funct. Biomater. 14
(2023) 100. https://doi.org/10.3390/jfb14020100. (Scopus)
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Increasing the Hydroxyl lon Concentration in Hydroxyl Depleted Hydroxyapatite. Key
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doi:10.4028/www.scientific.net/KEM.762.42. (Scopus)
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1. LITERATURE REVIEW

The literature review of the Doctoral Thesis summarizes information about calcium
phosphates with a closer look at amorphous calcium phosphates (ACP), hydroxyapatite (HAp)
and biological apatites. Information has been collected on the polarization of calcium phosphate
(CaP) in an electric field and the magnitudes of electric charges. The mechanisms of electrical
polarization and depolarization measurement methodologies are reviewed. The structure of
bone, the formation of electric potential in bones, as well as the creation of thermally sprayed
coatings and post-treatment with the hydrothermal method are discussed.

Stoichiometric HAp (Cai10(PO4)s(OH)2) is the main inorganic component of vertebrate
bones and teeth, due to which they are widely used in production of orthopaedic implants [15],
bone cements [16], coatings [17], [18], etc. However, the apatite in natural bones is not
stoichiometric and is substituted by various ions, e.g, Mg?*, Fe?*, Na*, K*, COs?", HPO4*, F,
and CI~ [19].

ACPs are found in many biological systems where they serve as a reservoir of calcium and
phosphate ions, their general formula is described as CaxHy(PO4);* nH20 (n=3-4.5 and
contains 10-20 % H»0) [20], they can have a Ca/P molar ratio of 1.2-2.2. ACP can be
crystallized into crystalline calcium phosphates, depending on Ca/P, they have better in vivo
bone conductivity than HAp, good biological activity, and no cytotoxicity. A growing interest
in ACPs emerged due to the possible association of these compounds with vertebrate bones —
ACPs have been observed to occur during early bone formation [21], [22], suggesting that ACP
is a precursor in the formation of the bone mineral phase.

Compared to natural bone, HAp has low mechanical strength, therefore, in order to implant
it in load-bearing sites and improve its mechanical properties, it is necessary to form
coatings [23], using biocompatible materials with good mechanical properties as substrates,
such as titanium. For the production of HAp coatings, thermal spraying methods are widely
used, for example, flame spraying, during which the material placed in the flame is melted and
sprayed at a high speed against the surface to be coated [24], any thermally stable material with
a precisely defined melting point can be coated in this way, on almost any surface. However,
due to the high spraying temperature (above 3000 °C), molten HAp particles can undergo
thermal decomposition into TCP, TTCP, or CaO, and the formation of the ACP phase [25], as
well as dehydroxylation, leading to the release of OH™ and the formation of oxyhydroxyapatite
(OHAp) [26]. To ensure the chemical composition of the HAp coating, post-treatment methods
can be used, which ensure the reduction of impurity phases and the appropriate OH™ content.

Studies have shown that post-treatment of thermally sprayed HAp coatings in water vapour
increases the crystallinity of the HAp and reduces the impurities of dissociated phases resulting
from the thermal spraying [27]-[29]. During hydrothermal treatment, OHAp reacts with water
in the vapour and OH" enters its structure by recrystallization into HAp. Water molecules
promote the transformation of the amorphous phase into the crystalline HAp and significantly
increase the crystallinity of the coating [27].

The natural hard tissues of vertebrates are composite materials containing the inorganic
phase — HAp nano crystals, the organic phase — collagen, and water, which ensures the strength
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of the bones and adaptability to changes [19]. Bone-forming HAp crystals possess piezoelectric
properties [30], resulting in the conversion of mechanical stress into electrical stimulation. This
stimulus generates electrical potentials at the bone's fracture sites, which then help the bone to
grow back together. Because of these observations, there has been a wide interest in applying
an electric charge to the surfaces of artificially synthesized HAp implants, which can provide
improved properties of biomaterials both in vitro [9]-[11] and in vivo [12]-[14].

Electrically charged HAp surfaces can be created using the method of electric polarization,
i.e., by applying a DC voltage to the sample at an elevated temperature, holding it for a certain
time and maintaining the electric field while cooling to room temperature. As a result, an
electric surface charge is generated on the sample. Previous studies [96]-[98] have shown that
increasing of the polarization temperature increases the resulting surface charge density, while
there is ambiguous information on the effect of polarization time on the amount of surface
charge [31], [32]. The surface charge created by the electric field on the HAp surface remains
constant for at least 2 months [13].

One of the most widely used methods for determination of the electric charge on the HAp
surface is the thermally stimulated depolarization current (TSDC) method, which is directly
related to electrical polarization — when the temperature of an electrically polarized sample is
increased, the trapped charges are gradually released, which creates a depolarization
current [33]. The surface charge density can be calculated from this current.

The TSDC curves show that two mechanisms are responsible for the polarizability of HAp —
dipole and space charge polarization [34]. HAp samples can have up to four polarization states
(see Fig. 1.1) with different activation energies and relaxation times [32], [34].

Space charge

Surface charge

State 4
State 2 State 3
2- OH-
State 1: H,0 HPO,
| 1 1 1 1 1
100 200 300 400 500 600

Activation temperature, °C

Fig. 1.1. Mechanisms of surface charge formation on the surface of Hap. (Created based on
information provided in previously published studies [32], [34]).
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2. METHODS

Preparation and characterization of calcium phosphate samples

HAp coatings with <001> crystal orientation were fabricated by the thermal spray method
by flame spraying commercial HAp spray powder (particle size 25-45 pm) onto a commercially
pure (Grade 1) titanium substrate (12 mm diameter, grit blasted with Al>O3) positioned 12 cm
away from the flame and preheated to 400 °C. Part of the created coatings was used for
hydrothermal (HT) treatment studies at 200 °C and 250 °C temperature and holding times of
6-48 h to determine the most optimal parameters for incorporating OH™ back into the HAp
structure. Initially, a series of measurements of several individually sprayed droplets was
carried out to find out the most optimal parameters for thermal spraying of HAp coatings using
two substrate heating temperatures (100 °C and 400 °C) and different sputtering distances (from
4 to 20 cm).

The ACP coatings were produced by flame spraying in the same way as the HAp coatings,
only in this case the substrate was cooled with liquid nitrogen and the sprayed powder was
additionally cooled with carbon dioxide. Unfortunately, the thermal spraying process did not
yield completely amorphous calcium phosphate coatings, but CaP coatings with low crystalline
content. To obtain crystalline HAp coatings with random crystal orientation, CaP coatings with
low crystalline content were HT treated at 250 °C for 12 h.

High-density HAp tablets were produced by calcination of commercial HAp powder for 2 h
at 850 °C. The calcined powder was pressed into pellets (d = 8 mm) under a pressure of
200 MPa. Pressed pellets were sintered for 2 h at 1250 °C and in a water vapour atmosphere to
avoid dehydration of OH~ from the HAp structure.

The synthesis of carbonate-containing amorphous calcium phosphate (cCACP) was carried
out by mixing phosphate and carbonate-containing solution (7.92 g (NH4).HPO4 and 0.96 g
(NH4)2CO3 dissolved in 250 mL deionized water), and calcium-containing solution (35.4 g
Ca(NOs). - 4H20 dissolved in 500 mL deionized water, which is mixed with 60 mL of
concentrated NH4OH). After mixing, the solution was stirred for 10 min and filtered on a
Buchner funnel, rinsed with 2 L of deionized water and ammonia solution, finally rinsed with
250 mL of pure deionized water. After rinsing, the samples were placed in a freezer and frozen
at—18 °C. After ~12 h, the frozen sample was lyophilized for 72 h in a vacuum at 0.01 mbar (at
a condenser temperature of —90 °C).

The synthesis of cACP, additionally heated for 10 min at 480 °C to completely remove the
tightly bound water without changing the amorphous phase [35], was used to produce dense
ACP pellets by the spark plasma sintering (SPS) method. 0.3 g of cACP powder was placed in
a 10 mm diameter graphite mould between thin graphite sheets and placed in the SPS
equipment, where it was vacuumed at a pressure of 80 MPa for 30 min. The powder was heated
to the final temperature with applied pressure (at a rate of 100 °C/min) and held for 10 min.
Final temperatures of 200 °C, 500 °C and 700 °C were used to test the effect of temperature on
pellet density.

Various analytical methods were used to characterize the samples: X-ray diffractometry
(XRD), for determining phase composition of samples and evaluating crystal orientation;
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Fourier transform infrared spectrometry (FTIR), for the determination of functional groups and
the amount of OH™; scanning electron microscopy (SEM), for visual evaluation of surface
properties and determination of grain size; atomic force microscopy (AFM) for topography
measurement of individual thermally sprayed HAp droplets; and Raman spectroscopy, for
determination of functional groups. Additional methods included density measurements,
profilometry, determination of coating thickness, elemental analysis by inductively coupled
plasma mass spectrometry (ICP-MS) and Ca/P determination by inductively coupled plasma
optical emission spectrometry (ICP-OES). Additionally, data processing and analysis software
were used — Magic Plot Student 2.9 (for processing and deconvolution of spectra), Origin2019
(for processing measurement data and design of figures), Profex 4.3.6 (for Rietveld analysis),
and Spectra Gryph 1.2 (for processing the spectra).

Determination of OH- ions in the amorphous phase

To examine the possibility of determining the amount of OH™ in the amorphous phase,
crushed thermally sprayed low crystallinity CaP coatings were heated under vacuum (107 Torr)
to 700 °C at different times (5-60 min), using a custom-made quartz system and quartz
ampoules. After heating, the ampoules were melted closed, leaving the samples in closed
ampoules, which were opened just before the analysis of the samples by FTIR KBr
spectrometry.

Methods of creating and determining the surface charge

Polarization in an electric field was performed in a custom-made electric polarization
system (see Fig. 2.1 a) by placing the samples between two platinum electrodes. The platinum
electrodes were connected to a power supply. A clamp and a fibreglass insulation was used for
complete electrode contact with the sample surface. Electric polarization was performed (in air)
in an oven by heating the samples to the required polarization temperature for 1 h with an
applied electric field, which was maintained until the samples cooled to the room temperature.
After cooling, the electrodes were short-circuited to eliminate possible weekly bounded electric
charges [36].

Custom-made set of TSDC measurement equipment was used to determine the generated
surface charges by placing the sample between two Pt electrodes connected by Pt wires and
insulated with a fibreglass layer (see Fig. 2.1 b). The Pt wires were insulated with Al2Oz ceramic
tubes and connected to a current measurement device (picoammeter). The measurement cell
was shielded with a metal grid and heated at a rate of 5 °C/min, the measurement was digitally
read and a TSDC curve was obtained as a current versus temperature ratio. An external
thermocouple was placed next to the measurement cell and used for temperature measurements.

Equation (1) was used to calculate the charge density from the TSDC curves.

1 [ee]
0 =3 f J(T)T, 1)
T

where B is heating rate (°C/min) and J(T) is current density, (nA/cm?). The integration was
performed for the entire temperature measurement range.
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Additionally, the depolarization activation energy was calculated from the TSDC curves
(Equation (2)).

E, 1
K—T+ln‘ro—lnEjT J(T)dT — InJ(T), 2

where Ea is activation energy (eV), J(T) is measured current density at temperature T, B is
heating rate (5 °C/min), 1o is pre-exponential factor, and « is Boltzmann's constant.

As an additional method for characterizing polarized HAp, contact angle measurements can
be used, as the surface charge influences the surface wettability without changing the surface
roughness or chemical compositions [37].
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Fig. 2.1. Schematic representation of the polarization (a) and TSDC measurement cells (b)
used in the study.
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3. RESULTS AND DISCUSSION

3.1. Characterization of thermally sprayed hydroxyapatite droplets

To determine the most optimal parameters for the production of thermally sprayed coatings
and to characterize the morphology of the particles obtained during spraying, individually
sprayed HAp droplets were created and characterized. 3D images of the droplets were obtained
with the AFM method, after which the geometry and morphology of the droplets were
determined — spherical or with a pit (see Fig. 3.1). The droplet shapes indicated that the powder
particles were completely melted because the centre itself was not uneven. The droplets
expanded and returned to the centre of the droplet.

a) P100 16 cm b) P400 12 cm
o

5.5 pm p
4.0 pm

© 0.0pm " 0.0 pm

Fig. 3.1. AFM images of individual droplets: a) spherical droplet (no pit), b) droplet with
small 12.7 pm pit.

Droplets with similar diameters were selected for further analysis. Looking at the shape of
the droplets (see Table 3.1), for samples with a substrate temperature of 100 °C (P100), there
are more droplets with pits at smaller spray distances, while at larger spray distances more
droplets without pits appear. However, for samples with a 400 °C (P400) substrate, this
relationship looks the other way around — at smaller distances (4 cm) droplets without pits are
found.

Pits were formed from heat changes during droplet expansion. At a closer spray distance,
there is less heat transfer in the droplet, and with a lower temperature, the molten droplet is not
as fluid and cannot expand as much, so the height of the droplet will be higher. With a longer
spray distance, there is a greater heat transfer from the flame to the powder particle — the formed
droplet is more liquid, it expands more, indicated by a smaller height and a larger diameter. At
a greater distance, the droplet has already started to cool down and a higher droplet was formed.

Comparing substrate temperatures — for P400 samples, droplets release heat more slowly at
close spray distances. With slower cooling, the droplet does not solidify as quickly and begins
to regain surface energy, reducing the droplet size. At P100 substrate, the upper layer of the
droplet is unable to return to the centre of the droplet and the liquid forms a raised edge. There
is more heat on the P400 substrate and as the droplet hardens more slowly, the liquid can return
to the centre creating a flatter surface. It is important that on a substrate heated to 400 °C,
droplets with a smaller well diameter were formed.
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Parameters of the selected droplets obtained from AFM measurements

Table 3.1

sample Droplet characteristics Pit diameter, | Pit depth,
Diameter, pm | Volume, pm® | Height, pm Shape Roughness, Sa [nm] pm nm
4cm 108 28450 4.1 Pit 8 38.0 0.7
8cm 112 28980 4.3 Pit 8 39.0 0.8
104 22560 3.3 Pit 8 47.0 0.6
12 em 116 28960 35 Pit 7 64.0 0.6
100 °C 116 29430 3.7 Pit 9 40.0 1.2
16 cm 98 22590 4.6 Very small pit 7 0.3
122 44160 Small pit 8
20 cm 96 30820 6.8 No pit 6
102 26380 4.9 Pit 10 25.7 15
4cm 110 27260 4.3 No pit 12
102 22860 35 No pit 12
400 °C 12 cm 98 24110 3.7 Small plt 8 12.7 1.0
114 28620 34 Pit 8 32.4 0.9
20 cm 116 44440 5.4 No pit 30
116 39190 4.7 Pit 26 14




Unlike spraying individual droplets, coatings are formed when droplets overlap each other.
In this case, droplet geometry is important. In order to prevent the formation of micro cracks
between the droplets, it is necessary to find conditions in which droplets with small pits are
formed. This can be observed for samples with substrate heated at 400 °C.

Individual droplets were analysed using Raman spectroscopy and compared to the spectra
of the HAp spray powder (Fig. 3.2). Vibrational bands at 429 cm™ and 446 cm™ (v, PO4);
578 cm!,590 cm™, 606 cm~! and 614 cm™ (v4 POs); 961 cm* (v1 PO4); 3572 cm™ (OH) [38]-
[40] were observed for the crystalline HAp spray powder. All spectra of droplets showed
broadened phosphate vibrational bands v, (~430 cm™), va (~596 cm™) and v1 (~950 cm™?) [39],
[41], but did not show the HAp characteristic PO4 vibrational bands at 960 cm™ and
v OH-"band at 3572 cm™?, which were detectable for the HAp spray powder. These deviations
are a typical feature of amorphous calcium phosphate (ACP) [39], [42], indicating the
amorphous nature of the droplets. It has been reported that the amorphous phase generally
broadens the vibrational bands of HAp and enhances the low-frequency side of the bands [41].
The Raman spectra of all droplets showed the same trend and were comparable with each other.
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Fig. 3.2. Raman spectra of HAp spray powder and an individual droplet. Note the absence of
the OH™ absorption peak in the droplet.

It was not possible to characterize the droplets individually with GIXRD. The measurement
had to be taken over the entire sample area. But only for samples with a spray distance of 4 cm
(both P100 and P400 samples) it was possible, because the samples with droplets sprayed from
a greater distance had a lower droplet dispersion density on the sample surface. Therefore, only
titanium peaks appeared in the X-ray diffraction.

Observing the obtained GIXRD data (Fig. 3.3) at a spraying distance of 4 cm, it can be seen
that the samples show crystalline, lower intensity, and HAp (ICDD 01-074-0565) peaks, but
more intense Ti (ICDD 04-001-8963) peaks. The most intense peaks are from Ti because the
coating formed by the droplets is not thick enough to capture the more intense HAp X-ray



diffractions. It can be seen that the most intense peak of stoichiometric HAp (211) at 31.8° is
no longer the most intense and has merged with the neighbouring HAp peaks at 32.2° and 32.9°
(112 and 300). This trend of low intensity and merged peaks is characteristic of nanocrystalline
apatite [43], [44], which was also formed by the presence of oxyapatite (OAp) and HAp. There
are also other factors that complicate the interpretation. Given that the most intense Ti peak at
40.2° (101) overlaps with the HAp peak at 39.8° (130), it is suggested that it is the most intense
HAp peak. At longer spraying distances it was no longer possible to detect the crystalline phase
of HAp, but only Ti peaks corresponding to the substrate were detectable.
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Fig. 3.3. XRD patterns of coatings sprayed at 4 cm (left) and 20 cm (right).

During the thermal spraying process of HAp, depending on the spraying distances (4—
20 cm) and substrate heating temperatures (100 °C and 400 °C), it is possible to obtain droplets
with different morphologies. It has been found that the most optimal form of thermally sprayed
HAp droplets — droplets with a small pit — for the production of thermally sprayed coatings can
be obtained at substrate heating of 400 °C.

3.2. Determination of OH™ ions in calcium phosphates

In this section, two studies are discussed — the incorporation of OH™ in thermally sprayed
HAp coatings by the hydrothermal treatment and the determination of OH™ in amorphous
calcium phosphate using a new technique.

3.2.1. Incorporation of OH- ions into the HAp coating structure

During the thermal spray process of HAp, OH™ are removed and HAp undergoes partial
decomposition into adjacent phases. Using the hydrothermal (HT) treatment, it is possible to
introduce OH™ back into the HAp structure, which also allows the recrystallization of adjacent
phases (e.g., OAp, TCP, TTCP, CaO, and ACP) formed during the thermal spray process. In
HT treatment experiments, the effects of both temperature and time on the ability to incorporate
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OH-™ into the structure of thermally sprayed HAp were examined to find the most optimal HT
processing parameters.

Initially, the sprayed HAp coating was analysed in comparison to the HAp spray powder by
using XRD and FTIR analysis (Fig. 3.4). Coatings were scraped and crushed prior to analysis.
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Fig. 3.4. XRD and FTIR comparison of HAp spray powder and crushed HAp coating.

As can be seen from the XRD results, more intense peaks are observed for the HAp spray
powder, while the intensities of the crushed HAp coating are significantly lower. The silicon
(Si) peak is from the sample cuvette. The Rietveld method (Profex 4.3.6 [45]) and the structure
database were used for the quantitative determination of the phase composition. Rietveld
analysis of the HAp spray powder showed a 100 % HAp phase. The determined crystallite sizes
showed a high crystallinity of 254 + 6 nm (in the 001 dimension or along the c-axis) and
284 + 9 nm (in the 100 dimension along the a-axis). However, XRD of the crushed HAp coating
showed 69 % of HAp with crystallite sizes of 299 + 38 nm (001) and several impurity phases —
OAp (14 %), TTCP (12 %), and a-TCP (5 %), indicating the thermal decomposition due to high
spray temperature [46]-[48]. Previous studies have shown that TCP and TTCP phases are
observed in larger amounts when higher heat transfer to the particle dominates [47], which in
this case is provided by substrate heating.

A deeper understanding of the formation of HAp chemical bonds was obtained by FTIR
spectrometry. Spectrum of HAp spray powder was characteristic of HAp showing PO4% apatitic
absorption bands at 472 cm™ (v2), 561 cm™, 574 cm™ and 602 cm™ (v4), 960 cmt (va),
1032 cm™?, 1046 cm™ and 1087 cm™ (v3); absorption bands at 631 cm™ and 3572 cm™ are
characteristic of apatitic OH™ bands [49], [50]. While the crushed HAp coating does not show
aclearly distinguishable OH~ absorption band at 631 cm™ and the band at 3572 cm™ is of lower
intensity, indicating dehydroxylation (loss of OH") after thermal spraying [51].

HT treatment of HAp coatings was performed at 200 °C at different times (6 h, 12 h, 24 h,
and 48 h) and FTIR spectra were taken. For the quantification of OH-, the method developed
by L. Pladuma was used [52], by deconvolution of FTIR spectra (before and after HT treatment)
at the 500-700 cm* spectral region with 6 Lorentz distribution bands (Fig. 3.5).

20



0.7

HAp spray powder

N
v,PO,
PO;

0.5 (n.ap) PO, I

HPO,* (ap)

0= N 0=
700 650 600 550 500 700 650 600 550 500

Fig. 3.5. Deconvolution of FTIR spectra of HAp coatings before and after HT treatment.

The spray powder was not stoichiometric HAp, as an apatitic HPO4> absorption band at
~550 cm* was determined, and a libration band of H-O absorption band at ~670 cm™* was also
identified, associated with water molecules attached to the surface [43], [53]. The HAp spray
powder did not show the non-apatitic PO,* absorption band at ~617 cm™, which is typically
characteristic of nanocrystalline and non-stoichiometric apatites [43]. However, for HAp
coating both before and after HT treatment at different times, absorption band of non-apatitic
PO4* absorption band was observed, which indicates the non-stoichiometry of the material, as
well as impurities of other calcium phosphate phases (TTCP and a-TCP).

From the spectral deconvolution, the percentage of OH~ was calculated, which is shown in
Fig. 3.6, and shows the change of OH™ in an oriented HAp coating before and after HT treatment
at 200 °C. It can be seen that the HAp spray powder used does not have 100 % OH™ content
comparing to the standard HAp (100 %) used in the OH™ calculations. This is explained by the
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manufacturing process of HAp spray powder. Increasing the HT treatment time also increases
the incorporated OH™ content until it reaches its maximum after 24 h (88 + 6 %) and remains
unchanged even after 48 h of HT treatment (85 + 6 %). This leads to the conclusion that the
maximum amount of OH™ that can be incorporated in thermally sprayed coatings does not reach
100 %. Taking into account these experiments, further HT processing of HAp coatings were
carried out at 250 °C for 12 h — by increasing the HT processing temperature, but by optimizing
the time it was possible to obtain HAp coatings with an equivalent amount of OH~ (75 + 5 %).
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Fig. 3.6. Changes of OH™ in the HAp coating before and after HT treatment at 200 °C.

During the HT treatment, needle-like HAp crystals are formed on the surface of the HAp
coating, which are characteristic of crystallization by the HT treatment [54], [55] and can be
observed in SEM images (Fig. 3.7).

Fig. 3.7. SEM images of HAp coating before and after HT treatment at 250 °C for 12 h.

HAp loses about 73 % OH™ during thermal spraying, which can be returned up to 88 = 6 %
to the HAp coating by HT steam treatment and reduce the amount of decomposition phases
formed during thermal spraying.

3.2.2. Characterization of OH~ ions in the amorphous phase using a new technique

In this study, vacuum heating of ACP was considered to determine the amount of OH™ in
the amorphous phase. The study is based on the possibility of determining OH™ in the apatite
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structure by FTIR spectroscopy both at 631 cm™ (v OH" libration mode) and at 3572 cm™ (vs
OH" stretching mode). When HAp powder is introduced into a flame or plasma, the first
material loss is the removal of OH™ from the structure in the form of water [56]. Loss of OH"
originates from the outside of the molten powder droplet and progresses deeper into the powder
particle following the established pattern [47], remaining in the core of the droplet itself. When
the droplet contacts the substrate surface, the droplet expands to form a “pancake” shape, which
promotes rapid cooling of the droplet, solidifying it to form an amorphous phase. The absence
of OH™ takes away an important part for the formation of crystals, which also contributes to the
formation of the amorphous phase. These factors simultaneously inhibit crystallization.

A thermally sprayed low-crystallinity CaP coating was used for the implementation of the
study. Although a completely amorphous phase was not obtained and XRD indicated impurities
of crystalline phases, which traditionally limits further investigation, however, a new approach
was proposed in this study to be able to obtain more information about the chemical content of
the thermally sprayed HAp powder.

The amorphous phase does not structurally hold the OH™ in a position that can be absorbed
by infrared light to indicate the presence of OH™. This study proposes an approach to learn about
the existence of OH™ in the amorphous phase by crystallizing the amorphous phase in vacuum,
which could incorporate the OH™ into the lattice where they would be able to absorb light
(FTIR) and indicate the existence of OH".

After heating in vacuum, FTIR spectra of the samples were taken in a KBr matrix (see
Fig. 3.8). In the FTIR spectra of low-crystallinity CaP coatings both before and after heating in
vacuum at different times, the characteristic absorption bands of OH™ at 631 cm™ (v.) and at
3572 cm™ (vs) were not detectable. On the other hand, for commercial HAp, these OH-
absorption bands are clearly visible both before and after heating in vacuum for 60 min. This
indicates the stability of crystalline HAp powder after heating in vacuum. The vacuum-heated
low-crystallinity CaP coating shows a different spectrum — the characteristic absorption bands
of POs* at 566 cm™ and 604 cm™ (v4) are visible, but several absorption bands overlap in the
spectral region of v1 PO4* and vz PO4*~ (~700-1700 cm™1), which are not characteristic of HAp.
Comparing the CaP coatings with low-crystallinity heated for 5 and 10 min with those heated
for 60 min, it can be seen that after 5 and 10 min of heating more water remained — absorption
band at 3000-3800 cm™ and va PO4* spectral region (525-700 cm™*) show more merged
absorption bands, indicating lower crystallinity.
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Fig. 3.8. Comparison of FTIR spectra of low-crystallinity CaP coating and crystalline HAp

before and after heating

in vacuum (107 Torr).

XRD was taken for the low-crystallinity CaP coating before and after heating (60 min at
700 °C) in vacuum and it was observed that the amorphous phase has crystallized, as the broad

amorphous peak that was observed before heatin

g in vacuum was no longer observed (Fig. 3.9).
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Fig. 3.9. XRD of low-crystallinity CaP coating
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Rietveld analysis was performed on both

before and after heating (60 min at 700 °C) in
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samples to determine the phase composition

(Fig. 3.10). XRD was taken for the coating before heating in vacuum and for the crushed
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coating after heating in vacuum. Before heating in vacuum, the phase content was determined
only for the crystalline part without taking into account the amorphous background.
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Fig. 3.10. Rietveld analysis results of the crystalline phase for low-crystallinity CaP coating
before and after heating (60 min at 700 °C) in vacuum. *The phase content is shown for the
crystalline part before heating in vacuum.

It can be seen that after vacuum heating, the amount of TTCP and OAp increased, while
HAp decreased. No major changes in the content of the a-TCP phase were observed, indicating
its stability under the given heating conditions.

In order to determine more precise changes after heating in vacuum, deconvolution of the
absorption bands of the v4 PO4+* spectral region (525-700 cm™*) was performed (Fig. 3.11),
identifying the OH~ absorption band at ~632 cm™2, which is otherwise overshadowed by the
adjacent phosphate absorption bands. The OH™ absorption band in the amorphous phase before
heating in a vacuum is relatively pronounced, but as the heating time at 700 °C increases, its
intensity visibly decreases.

After deconvolution, the areas of the absorption bands were calculated, from which the
amounts of OH~ were calculated: 35 + 6 % (prior heating), 15+ 0.3 % (after 5 min), 10 + 6 %
(after 10 min) and 2 + 2 % (after 60 min).
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Fig. 3.11. Deconvolution of the FTIR absorption bands of the low-crystallinity CaP coating
before and after heating in vacuum.

A shift of absorption bands to higher wavenumbers was observed with increasing the
heating time in vacuum. Previous studies have shown the following trend where the OH~
absorption band shifts to higher wavenumbers for samples with lower OH™ content [57], when
the OHAp phase is formed. Such absorption band shifts and band broadening are characteristic
of nanocrystalline apatites [58]. The shift of the absorption band at 574 cm™ to a higher wave
numbers at ~580 cm™ may indicate the presence of impurity phases TTCP and a-TCP [59].

An initial hypothesis for the determination of OH" in the amorphous phase was the rapid
ordering to the crystalline structure after heating in vacuum at 700 °C. To test the crystallization
rate, the sprayed low-crystallinity CaP coating and, as a comparison, a synthesized carbonate
containing amorphous calcium phosphate (CACP) to further stabilize the amorphous phase,
were heated under vacuum. FTIR spectra were recorded for these samples (Fig. 3.12). It was
initially predicted that sprayed ACP phase would crystallize faster, while COs-enriched
synthesized cACP would crystallize more slowly. However, the results showed the exact
opposite result — the thermally sprayed ACP phase crystallized much more slowly.

Faster crystallization of CACP compared to thermally sprayed low-crystallinity CaP coating
can be explained by hard-to-remove water molecules around Posner clusters in the cACP
structure [3], [35], which contribute to faster crystallization. Free water molecules were still
present in the sample heated to 700 °C, indicating that it was difficult to remove. While in the
thermally sprayed amorphous phase, the chemical content changes when the sample is at the
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flame and the crystallization process is much more complicated than ion reorientation for
synthesized cACP.
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Fig. 3.12. FTIR spectra of two types of ACP before (a) and after (b) heating at 700 °C.

The hypothesis of the possibility of determining the amount of OH™ in the thermally sprayed
crystallized amorphous phase is only partially confirmed because instead of HAp the sprayed
coating also included the presence of different calcium phosphate phases (TTCP, OAp, a-TCP),
however, the method shows trends in OH™ changes.

3.3. Measurement of surface charges

It is possible to create a surface charge on calcium phosphates by polarizing them in an
electric field. In the Thesis the method of formation of surface charges of various calcium
phosphate samples and the determination of these charges using the thermally stimulated
depolarization current (TSDC) was used.

3.3.1. Inter-laboratory study of electrical polarization and TSDC measurements

For the creation of electric charges with electric polarization and for the determination of
charges, using the TSDC method, custom-made sets of equipment were created, based on the
information found in the literature. To verify the repeatability of these methods, an inter-
laboratory study was conducted between laboratories in Riga (Institute of Materials and Surface
Engineering, RTU) and Tokyo (Institute of Biomaterials and Bioengineering, Tokyo Medical
and Dental University).

HAp pellets with high relative density (97.1 + 0.4 %), made in the same way (in Tokyo)
were used for the study and were polarized and depolarized in each of the laboratories. Before
measuring the HAp pellets, an in-depth analysis of the samples was performed. XRD of sintered
HAp pellets (Fig. 3.13 a) showed HAp (ICDD 01-074-0565) and OAp (ICDD 04-011-1880)
phases. Rietveld analysis showed a phase composition of 87 % (HAp) and 13 % (OAp),
indicating the formation of an adjacent phase after sintering, despite the fact that sintering was
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carried out in a water vapour atmosphere. Crystallite sizes were calculated with Rietveld
analysis, HAp — 175 + 3 nm (100), 192 + 7 nm (001); OAp — 117 + 18 nm (100), 68 + 8 nm
(001). The insert of Fig. 3.12a shows ICP-MS impurity compositions that were within
acceptable limits according to 1SO13779-1:2008 standard.
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Fig. 3.13. XRD of HAp pellet (a) with ICP-MS elemental analysis and FTIR spectrum (b)
with deconvolution of PO4* (va) spectral region.

The FTIR spectrum of HAp pellets with the deconvolution of the PO4*" (va) spectral region
is shown in Fig. 3.13 b. The FTIR spectrum shows a characteristic spectrum of crystalline HAp
with clearly defined PO4® absorption bands at 571 cm™ and 601 cm™ (v4), 961 cm™ (va),
1042 cm~* and 1089 cm™ (v3), and characteristic absorption bands of apatitic OH™ at 631 cm™
(v) and 3572 cm™ (vs) [49]. The composition of Ca and P was determined by ICP-OES and
the calculated Ca/P molar ratio was 1.84, which indicates higher Ca contain than for
stoichiometric HAp with Ca/P molar ratio of 1.67.

Electrical polarization (5 kV/cm, 400 °C, 1 h) and TSDC measurements were performed on
HAp pellets, both in Riga and Tokyo, providing inter-laboratory comparison. TSDC results
(Fig. 3.14) are shown for three parallel measurements in each measurement group.
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Fig. 3.14. TSDC results for HAp ceramics polarized and depolarized in two laboratories.

The parameters calculated from the TSDC curves are summarized in Table 3.2. The mean
charge densities are quite close and within the error limits. The set of measurements performed
in Riga (polarized and depolarized) show higher values of surface charges compared to other

measurement series.

Table 3.2
Results calculated from TSDC curves

Current At temperature, | Charge density, Activation
density, nA/cm? °C pC/em? energy, eV
Pol./depol. Tokyo 32+1.2 472 £20 6.0+1.6 0.69 +0.04
Pol. Riga — depol. Tokyo 29+0.3 475+£19 63+0.2 0.71£0.02
Pol. Tokyo — depol. Riga 59+04 470 £32 64+12 0.74 £0.03
Pol./depol. Riga 6.2+0.4 457 +£23 9.0+14 0.72+0.01

TSDC curves obtained in Tokyo are wider, while in Riga — narrower but with higher current
density peaks. When looking at each series individually, it can be observed that the TSDC
curves have similar trends and the measurements do not differ drastically, only in some cases,
slightly different peak positions can be observed (in Fig. 3.14 a — peak No. 3, ¢ — peak No. 3,
d — peak No. 1). The standard deviations of the charge density measurements indicate a good
repeatability of the measurements. On average, the highest charge densities were obtained for
samples polarized and depolarized in Riga — 9.0+ 1.4 uC/cm?, while the lowest charge
densities were obtained for samples polarized and depolarized in Tokyo — 6.0 + 1.6 uC/cm?,
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The activation energies ranged from 0.69 to 0.74 eV and were attributed to proton
conduction, as reported in previous studies [34], [60]. It should be noted that the activation
energy does not depend on the grain size, while the surface charge density is greatly affected
by the grain size [32].

The small difference in the results could also be explained by the influence of other factors
on the polarization and TSDC measurements, such as room temperature, air humidity, external
electromagnetic fields and sample storage conditions. Although previous studies have shown
that the surface charge of HAp does not change over time [13], [61], it could be argued that
fluctuations in the surrounding environment could slightly affect the stored surface charge.
Temperature and humidity at the time of measurement can affect surface charge measurements.
Higher humidity can lead to higher current measurements than in a dry environment [62],
because humidity makes the air more conductive, allowing for a more even distribution of
excess charges.

This study was conducted to provide a comparison between different laboratories and
slightly different environmental factors to evaluate the accuracy of the methods. Despite
slightly different results, it can be seen that both charge densities and activation energies are
within the error limits. In conclusion, the chosen TSDC method has a sufficiently high accuracy,
considering that the equipment used in the two laboratories also differed, and this repeatability
is accurate enough to be able to compare different types of samples.

3.3.2. Surface charge measurements on SPS pellets

For spark plasma sintering (SPS) pellets were made from carbonate-containing amorphous
calcium phosphate (CACP) powder. Pellets were made at 3 different sintering temperatures —
200 °C, 500 °C and 700 °C (hereinafter SPS-200, SPS-500 and SPS-700). This type of synthesis
was chosen in order to be able to compare with experiments carried out in other laboratories
[63], [64].

The synthesized cACP powder and SPS pellets showed an amorphous structure at
temperatures below the crystallization temperature of HAp (SPS-200 and SPS-500), while
above the crystallization temperature, the pellets were crystalline (SPS-700), as determined by
XRD measurements (Fig. 3.15 a). Both A-type (ICDD 04-011-0242) and B-type (ICDD 04-
016-7498) carbonate apatite (CHAp) phases were identified for crystalline SPS-700 pellets.
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Fig. 3.15. XRD (a) and FTIR spectra (b) of pellets made with SPS.

As can be seen from the FTIR spectra (Fig. 3.15 b), amorphous samples (cACP, SPS-200
and SPS-500) show broad PO4*~ absorption bands at 1040 cm™ (vs), 949 cm™ (v1) and 560 cm~
1 (v4), COs*" at 1500 cm™ (v3), 1430 cm™ (v1) and 866 cm™ (v2), and a broad H2O absorption
band at 3400 cm™ and 1630 (v2) [38], [49], [63], which are characteristic of amorphous
carbonate apatite.

FTIR spectrum of a crystalline sample (SPS-700) shows much better resolved PO4*
absorption bands at 1020-1120 cm™ (v3), 962 cm™ (v1), 602 cm™ and 574 cm™t (va),
corresponding to calcium phosphate apatite, confirming crystallization from the amorphous
phase to the apatite phase [38], [49], [63]. The broad water absorption bands at 3400 cm~ and
1630 cm™ (v2) have much lower intensity than the amorphous samples. The CO3? vibration
bands at 1542 cm™ and 878 cm™ correspond to A-type carbonate apatite, while the bands at
1462 cm™ and 1412 cm™ correspond to B-type carbonate apatite [38], [63], thus confirming
the formation of AB-type carbonate apatite.

For in-depth analysis of FTIR spectra, the deconvolution of v. COs? absorption bands in
the 800-900 cm™* spectral region was used (Fig. 3.16), which showed the inclusion of various
carbonates in the apatite structure. Deconvolution of the v, CO3?~ spectral region is used to
identify changes in carbonate content that are incorporated into the apatite structure [65]. The
two main carbonate bands of bone apatite are located at 878 cm™ (A-type) and 871 cm™
(B-type), however, slight shifts of the absorption bands are possible in mixed-type carbonate
apatites, attributed to small changes in lattice dimensions due to substituent ions. The third
absorption band identified corresponds to non-apatite carbonate (~866 cm™) and appears, as a
“shoulder” in the crystalline sample (SPS-700), but with a slight shift to lower wavenumbers is
detectable in the amorphous samples. This absorption band decreases with increasing
crystallinity of the sample and is usually only observed in nanocrystalline apatites and
bone [58], [66]. In previous studies, this non-apatitic carbonate absorption band has decreased
upon crystallization of carbonate apatites, thus allowing for greater incorporation of carbonate
into the apatite lattice, favouring the phosphate site (B-type) [65].

31



cACP SPS-200

B-type CO,> 1 B-type CO,*
034 A-type CO,>

084  A-type CO> 2
4 Non-apatitic CO,> o 2
s Non-apatitic CO,*

Absorbance, a.u.

04

0.24

o 5
900 880 870 S 830 820 900 890 880 870 860 850 840 830 820

SPS-500 - ISPS-700

A-type CO;‘
B-type CO,*

B-type CO,>
A-type CO]}
0.8 Non-apatitic CO,*

Absorbance, a.u.

Non-apatitic CO,*

J S o |
900 890 880 870 860 850 840 830 820 900 890 8§80 &0 860 850 840 830 820
Wavenumber, cm™! Wavenumber, cm™

Fig. 3.16. Deconvolution of FTIR spectra in v2 CO3s%~ absorption region.

The surface charge densities of SPS pellets were determined by TSDC curves (Fig. 3.17),
after polarization in an electric field of 1 kV/cm at 400 °C for 1 h. The TSDC curves for the
amorphous samples started to develop at about 265 °C and reached their maximum at 455 °C
(SPS-200) and 476 °C (SPS-500), while for the crystalline (SPS-700) charge release started to
show already at ~200 °C and reached peak at 482 °C. The lower charge release temperature
also coincides with the lower activation energy (Ea), which was 0.6 eV for the SPS-700 sample,
while the amorphous SPS-200 and SPS-500 samples had Ea of 1.3 eV and 0.9 eV, respectively.
This suggests that more energy was required to release the charge in the ACP samples. Ea
~0.70 eV is characteristic of proton conduction [67], while higher Es > 1 eV are characteristic
of space charge polarization arising from long-range proton conduction between grain
boundaries [34]. In the ACP samples, the high activation energies could also be related to
migration of O? [68]. However, these described processes are specific to crystalline Hap, and
there is a lack of information about possible processes in the amorphous phase.
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Fig. 3.17. TSDC curves of SPS pellets after polarization in an electric field.

By increasing the sintering temperature it was possible to obtain samples with a higher
density, in this way pellets with a higher density also showed a higher surface charge density
(Table 3.3). The effect of density is addressed in studies with crystalline HAp ceramics,
showing a higher charge density for samples sintered at higher temperatures [69]. However, as
sintering temperatures increase, grain sizes also increase, which is considered to be one of the
crucial factors for increasing the surface charge. This can be explained by the effect of the grain
boundary on dipole formation in HAp ceramics due to the high ionic conduction resistance of
the grain boundary, which acts as an inhibitor of proton migration [32].

Table 3.3
Structural characteristics and stored charge of SPS pellets

Density of | Max. current At Chal:ge Activation

Sample et o/fem’ |density. nA/em temperature, densntyz, energy, eV
pellet, g/cm |density, nA/cm oC pClem Y,
SPS-200 1.24 +0.03 3.3 455 2.3 1.3
SPS-500 1.55+0.07 4.4 476 4.5 0.9
SPS-700 1.84 £ 0.05 13.8 482 10.4 0.6

The maximum relative density of crystalline pellet (SPS-700) is only 58 %, which is much
lower than, for example, the pellets used in the previous inter-laboratory study. However, a
higher average charge density was obtained for the SPS-700 sample compared to the HAp used
in the inter-laboratory study. This suggests that the effect of pellet density on the created surface
charge is smaller and the composition of the samples is probably more important. SPS samples
contained CHAp and carbonate substitution in the HAp structure has previously shown a
significant increase in charge densities compared to unsubstituted HAp [70], [71]. Thus, CHAp
is a desirable combination not only for fabricating high-efficiency implants, but also for
fabricating electrets with high polarization capacity.
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This is the first known study to date on the creation and detection of ACP surface charge.
According to the results of this study, it can be concluded that amorphous calcium phosphates
can also form surface charges, which can then be determined by the TSDC method. The
formation of lower charges suggests that dipole orientation is the main mechanism that
promotes the formation of surface charges.

3.3.3. Effect of polarization temperature on the magnitude of the surface charge

Surface charge generation and determination has previously been performed on
stoichiometric HAp coatings and sintered pellets, but this study examines electric charge
generation on HAp coatings with a <001> oriented crystal structure. The crystal orientation is
obtained in the thermal spraying process, when the particles of spray powder melted in the
flame lay on the surface of a preheated (400 °C) substrate, which does not allow them to cool
down so quickly and the crystal growth takes place in the direction of the fastest heat
dissipation, forming the <001> crystal orientation [72], [73]. Crystal orientation was
determined by XRD (Fig. 3.18), where two distinct diffraction peaks at 25.9 26° and 53.2 26°
were observed, which correspond to peaks in the (002) and (004) plane [46], [72]. The other
peaks are missing because there are no crystals with the necessary orientation to allow the X-
ray to diffract.
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Fig. 3.18. XRD of hydroxyapatite coating with oriented crystals.

The effect of polarization temperature on oriented HAp coatings was performed by
electrically polarizing the coatings at different temperatures (T, = 300 — 450 °C) at a constant
electric field (Ep = 10 kV/cm) and holding time (t, = 1 h). As the polarization temperature
increased, the intensity of the recorded TSDC curves increased (Fig. 3.18), which indicates an
increase in the size of the surface charge.
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According to the inset in Fig. 3.19, it can be seen that the first rise appears slightly before
100 °C and is attributed to the orientation polarization of the absorbed water [32], which gives
the lowest contribution to the charge magnitude and the fastest dipole relaxation time.
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Fig. 3.19. TSDC curves after electrical polarization of HAp coating with oriented crystals.

The electrical polarization temperature is known to be the determining factor in controlling
the properties of sintered HAp electrets, as the protonic conductivity changes exponentially
with temperature [32]. The same trend can be observed in this case, when oriented HAp
coatings are polarized at different temperatures. Based on the TSDC curves, the surface charge
values were calculated (Fig. 3.20 a), which varied from 0.06 pC/cm? to 2,6 pC/cm?. However,
the activation energies (Fig. 3.20 b) did not differ significantly at different polarization
temperatures and were within the range of 0.67 eV, indicating its independence from the
polarization temperature.
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After this study, the following electric polarization parameters were chosen: 400 °C for 1 h
and 10 kV/cm. A polarization temperature of 400 °C was chosen to provide the most optimal
and comparable results between different coatings.

3.3.4. Surface charge of apatite coatings of different structures

In order to compare how the structure of the apatite coating affects the surface charge, a
comparison of these coatings was made by polarizing different coatings in an electric field:

v HAp coating with oriented crystal structure (with low OH™ content, 21 = 3 % OH");

v' HT treated HAp coating with oriented crystal structure (with high OH™ content,

75+5 % OHY);

v HAp coating with random crystal orientation (HT treated low-crystallinity CaP coating;

v" Low-crystallinity CaP coating.

Polarization experiments were performed for all types of coating at the same parameters —
Ep =10 kV/cm, T, =400 °C, and t, = 1h. A comparison of the obtained TSDC curves for
samples with different crystal structures are shown in Fig. 3.21.
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Fig. 3.21. TSDC measurements of apatite coatings with different structures.

Average calculated surface charge densities were slightly higher for the oriented HAp
coating (1.8 £ 0.7 uC/cm?) compared to the HT treated coating (1.6 + 0.1 pC/cm?). This
indicates that the incorporation of OH™ into the structure of the thermally sputtered coating did
not provide additional charge storage capacity. The activation energies for oriented HAp
coating after HT treatment decreased from 0.69 eV (before HT treatment) to 0.59 eV. However,
this reduction is not significant.

Low-crystallinity CaP coating and randomly oriented HAp coating (HT treated crystallized
low-crystallinity CaP coating) showed much higher surface charge than coatings with oriented
crystal structure. Comparing the low-crystalline CaP coating with the HAp coating shows that
the crystalline HAp coating has a higher charge density (10.9 nC/cm?) compared to the low-
crystallinity CaP coating (8.1 + 2.0 pC/cm?). This indicates that the randomly oriented HAp
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structure exhibits the highest charging capacity of all the structures considered. This could be
explained by the crystal structure itself, where an oriented crystal structure is designed in such
a way that it is more difficult to form a charge than in a randomly oriented structure. On the
other hand, the activation energy for the low-crystallinity CaP coating after crystallization
increased significantly compared to the non-crystallized coating from 0.91 eV to 1.49 eV. This
suggests a higher energy requirement for dipole relaxation in the material. Higher activation
energies have been shown for electrically polarized tricalcium phosphate ceramics at more
intense polarization conditions [36], explained by deeper activated grain boundaries. In this
study, a relatively high electric field (10 kV/cm) was used, which has also been previously
indicated that increasing of the polarization field shifts the TSDC peaks to higher
temperatures [68], which also affects the magnitude of the calculated activation energy.

3.3.5. Effect of surface charge on the contact angle of apatite coatings of different
structures

Electrical polarization is able to affect the surface wettability and surface energy
modifications of HAp ceramics by changing the surface wettability [9], [10], [74]. Such samples
are more favourable for cell cultures because, due to improved surface wettability, osteoblastic
adhesion and proliferation are also improved [9] and osteoclast resorption is promoted [75].

In this study, contact angle measurements of apatite coatings of various structures were
performed (Fig. 3.22) before and after polarization in an electric field. It can be seen that for
both oriented and randomly oriented HAp coatings and low-crystallinity CaP coatings, the
initial contact angles are quite high, 69.6 = 1.6°, 84.4 = 0.6°, and 83.7 £ 0.8°, respectively.
Indicating the hydrophobicity of the coating, which significantly decreases to 28.2 + 1.8°,
30.2 +2.3° and 28.3 + 2.5° after polarization in an electric field, becoming already much more
hydrophilic coatings. Contact angles were measured on negatively charged surfaces.
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Fig. 3.22. Contact angle of apatite coatings with different structures in the as-sprayed state
and after polarization.
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Correlating the surface charge, wettability and surface energy of electrically polarized HAp
has demonstrated the effect of these parameters on early-stage mineralization and bone cell
interactions [37], [76], showing that contact angles decrease with increasing polarization
temperature on both positively and negatively charged surfaces.

CONCLUSIONS

1. A surface charge can be imparted on amorphous calcium phosphate by electric
polarization. The surface charge was 4.5 pC/cm? on spark-plasma sintered carbonate-
containing amorphous calcium phosphate pellets, compared to 8.1 £ 2 pC/cm? on
thermally sprayed amorphous calcium phosphate coatings containing low content of
crystalline phases.

2. Anincrease in the electric polarization temperature increases the charge on hydroxyapatite
coatings with <001> crystal structure: an increase from 0.06 pC/cm? to 2.6 uC/cm? at
temperatures from 300 °C to 450 °C. A surface charge could not be measured for lower
electric polarization temperatures.

3. For apatite, the highest surface charge (10.9 pC/cm?) was recorded for the hydroxyapatite
coating with randomly oriented crystals, while the lowest (1.8 = 0.7 nC/cm?) was for the
hydroxyapatite coating with <001> crystal orientation. The inclusion of hydroxyl ions in
the oriented hydroxyapatite did not increase the stored charge.

4. The contact angles can be lowered by electrically polarizing calcium phosphate coatings.
The contact angle decreased significantly (even by ~66 % for coating with randomly
oriented crystals) after polarization, thereby improving the surface wettability.

5. The possibility to determine the hydroxyl ion content in the thermally-sprayed crystallized
amorphous phase was partially confirmed. The as-sprayed amorphous calcium phosphate
contained a low crystalline content, that after heating in vacuum formed calcium
phosphate phases with an absence of hydroxyl ions (a mixture of tetracalcium phosphate,
oxyapatite and a-tricalcium phosphate) and hydroxyapatite indicating the presence of
hydroxyl ions. The loss of hydroxyl ions during heating in vacuum over time indicated
easier release of hydroxyl ions in an amorphous phase and provided the basis for
determining the kinetics of hydroxyl ion release.
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