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Abstract: Biomaterials have assumed a decisive role in modern medicine by enabling significant
advancements in medical care practices. These materials are designed to interact with biological
systems, offering substantial solutions for various medical needs. In this research, bioceramic
materials consisting of a bioactive hydroxyapatite-based matrix with Ti nanoparticles were processed
as promising materials. These bioceramics were obtained using mechanical milling, uniaxial pressing,
and sintering as powder processing techniques. This study evaluates the effect of Ti additions on
the structural, electrochemical, and mechanical properties of the hydroxyapatite ceramic material.
Titanium additions were about 1, 2 and 3 wt%. The experimental results demonstrate that the
biocomposite’s structure has two hexagonal phases: one corresponding to the hydroxyapatite matrix
and the other to the Ti as a reinforced phase. The biomaterials’ microstructure is completely fine
and homogeneous. The biomaterial reinforced with 1 wt. % Ti exhibits the best mechanical behavior.
In this context, electrochemical tests reveal that bioceramics can achieve stability through an ion
adsorption mechanism when exposed to a physiological electrolyte. Bioceramics, particularly those
containing 1%Ti, develop their bioactivity through the formation of a high-density hydroxide film
during a porous sealing process at potentials around —782.71 mV, with an ionic charge transfer of
0.43 x 1072 A/cm?. Finally, this biofilm behaves as a capacitor Cc = 0.18 nF/ cm?, resulting in lower
ionic charge transfer resistance (Rct = 1.526 x 106 Q-cm?) at the interface. This mechanism promotes
the material’s biocompatibility for bone integration as an implant material.

Keywords: hydroxyapatite; titanium; biomaterial; bone prosthesis; mechanical properties

1. Introduction

Nowadays, most bone implants are made of metallic materials because they have
good mechanical properties and some are resistant to corrosion. Examples of these are
titanium—-vanadium-—cobalt alloys, stainless steel, and cobalt-chromium alloys [1-4]. But
there are several disadvantages to using metallic implants, such as their high density and
that bioinert materials do not promote biological processes, so there is no osseointegration
of the implant with the bone tissue. Hydroxyapatite constitutes approximately 98% of the
bones of vertebrates. It can be obtained from human or animal bones, by transforming nat-
ural materials (such as mineral skeletons of corals), or it can be artificially synthesized [5-7].
In recent years, the use of hydroxyapatite (HPa) as a bone implant has been studied, since
it is a bioactive material that favors osseointegration and, being a porous material, allows
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biological processes to take place [8,9]. However, it also has disadvantages since, being
a ceramic material, it is a brittle material and, therefore, has low mechanical properties
compared to those of natural bone. To overcome the disadvantages of this ceramic mate-
rial, metallic reinforcements have been used to improve the mechanical properties, thus
obtaining composite biomaterials. For example, attempts have been made to strengthen it
with nickel-based superalloys, with titanium—vanadium-—cobalt alloys and even with some
iron-based alloys [10-14]. However, metals, in addition to being heavier than a common
bone, can lose their chemical inertness over time, resulting in discomfort and health risks
for the individual. Titanium is an ideal metal in this context due to its low density of
4.5 g/cm?, near to that of HPa (3.16 g/cm?), high mechanical strength, and corrosion
resistance [15,16]. In addition to being biocompatible and lightweight, it offers significant
toughness, which improves the mechanical properties of artificial hydroxyapatite. As a re-
sult, the biomaterial hydroxyapatite-titanium arises, which has the potential to significantly
increase life expectancy and improve the quality of life of people through the manufacture
of more effective and functional bone prostheses [17]. Currently, there are several materials
for the manufacture of prostheses and implants, titanium being one of the most widely
used due to its high biocompatibility. However, sometimes, the osseointegration process,
known as the direct connection between the implant and the bone, is not fully completed,
which can result in difficulties when the prosthesis is subjected to stress [18,19]. Within
the market, there is the composite hydroxyapatite/titanium dioxide, which offers slightly
different mechanical properties. Although it is harder and more resistant to compression,
its tenacity is lower, which makes it prone to tensile fractures, thus limiting its main use to
coatings [20]. Also, there is the hydroxyapatite/zinc compound, noted for its antimicrobial
properties that can be further enhanced with the use of copper or silver; however, it does
not match the performance of titanium. This is due to its low mechanical performance,
which limits its application to dental environments and smaller-sized coatings [21]. In
general, hydroxyapatite-titanium alloys contain 70-80% hydroxyapatite and 20-30% ti-
tanium nanoparticles [22]. This composition provides a good combination of mechanical
and biological properties. However, some alloys contain higher or lower amounts of each
material. For example, while some alloys contain 50% hydroxyapatite and 50% titanium
nanoparticles, some others contain up to 90% hydroxyapatite and at least 10% titanium
nanoparticles. It should be emphasized that, taking into account the different processes
by which this material can be manufactured, which are generally complicated and costly,
here, we propose its manufacture through powder techniques, a simple process that is
non-polluting and with high reproducibility potential and, in turn, allows for a significant
improvement in the mechanical properties of the resulting material due to a good integra-
tion of its components. Therefore, the objective of this work is to study the effect on the
chemical and mechanical properties of minimal titanium additions (0%, 1%, 2% and 3% by
weight) in HPa, as well as to establish the processing conditions of the bioceramics through
powder routes.

2. Materials and Methods

The powders used for the preparation of the biomaterials were hydroxyapatite (5 um,
99.9%, Sigma-Aldrich, St. Louis, MO, USA) and titanium (<100 nm, 99.9%, SkySpring
Nanomaterials, Inc., Houston, TX, USA). The added amounts of titanium were 0%, 1%,
2% and 3% by weight. Grinding of the initial hydroxyapatite + titanium powders was
carried out in a high-energy ball mill of the planetary type at 300 rpm for 6 h. During
this stage, zirconia-grinding elements with diameters of 3 mm were used; the grinding
was performed dry, and 1 mL of isopropyl alcohol was added as a control agent. The
powder weight/ball weight ratio was 1:12. The grinding container is made of stainless
steel and has a capacity of 250 mL. From the powders obtained from the milling process,
cylindrical pellets are produced by uniaxial pressing, using a tool grade die and pressure of
200 kg/cm?. The sintering of the pellets is carried out in an electric furnace at a temperature
of 1150 °C, and the samples are kept for 1 h. The atmosphere inside the furnace is vacuum,
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and the heating ramp followed is 10 °C/min. At the end of the cycle, the furnace is
turned off and the samples are left to cool inside the furnace. After the sintering, physical
characterization of the composites was carried out to determine their density according
to the Archimedes’ principle. Next, in the grinding stage, the particle size distribution
was determined using Mastersizer 2000 equipment (Malvern Panalytical, Almelo, The
Netherlands). Fracture toughness was determined using the indentation fracture method
employing the equation proposed by Evans [23]. The ultrasonic method determined
Young’s modulus, following ASTM standards [24], using Grindosonic A-360 (Grindosonic,
Leuven, Belgium). Microhardness was evaluated in agreement with the ASTM E384-16
standard [25]. In this case, twelve measurements were performed at different sample
locations, and the average value of the indentations was reported; these measurements were
performed with a microhardness tester (Wilson Instruments Model 5400, Beuhler, Chicago,
IL, USA). The compressive strength was evaluated at a Universal Material Tester WP 300
Gunt following the standard ASTM E384-1 [26]. Crystalline structure was determined by
DRX (Siemens, D-5000, Siemens, Berlin, Germany). The microstructural characteristics of
the composites was observed by SEM (Jeol 6300, Jeol, Tokyo, Japan).

Electrochemical tests were conducted in a physiological environment, specifically
using a saline solution of sodium chloride (0.9% NaCl), which is commonly used in medical
applications to restore electrolyte salts lost due to dehydration. Samples of the bioceramic
materials were studied in their as-received condition and were placed in an electrochemical
cell, as illustrated in Figure 1. This electrochemical cell has a three-electrode configuration.
At the top, two electrodes are positioned; one is an Ag/AgCl reference electrode (RE) (satu-
rated with KCl), connected in parallel with a platinum wire and a 33 pF/10 mV capacitor
element. This connection mitigates distortion caused by high-frequency interference, a
very common problem in ceramic materials. The other electrode is related to a graphite
bar, which serves as the counter electrode (CE), whereas, at the bottom of this cell, the
test sample (HPa with varying titanium contents; 1%, 2% and 3%) acts as the working
electrode (WE), with an exposed area of 0.8 cm? to the test solution. So, measurements
were achieved using a Prince Applied Research® Parstat 4000 potentiostat/galvanostat
(Corrtest Instruments, Gyunggi-do, Republic of Korea), connected to a personal computer
(PC) and controlled by Versa Studio software (VersaWorks, 6) for data acquisition. The
experimental sequence, illustrated in Figure 2, began with an open-circuit potential (OCP)
test of the ceramic material in the saline solution. The OCP behavior was monitored for
10,000 s without applying a current pulse, allowing the system to reach a thermodynamic
equilibrium state in terms of corrosion potential. Following the OCP test, an alternate
current (AC) as disturbance with a small amplitude was applied to the system. The Electro-
chemical Impedance Spectroscopy (EIS) technique is used with a frequency sweep ranging
from 1 MHz to 10 mHz, with an amplitude of 10 mV and 10 data points per decade. The
impedance data were analyzed and fitted to an appropriate equivalent electrical circuit
(EEC) model to interpret the electrochemical behavior of the system. Subsequently, a
direct current (DC) potential was applied through the anodic polarization technique to
obtain more information about the reactivity and passivation capacity of the sample. The
applied potential ranges from —250 mV to 1600 mV /ocp at a sweep rate of 1.66 mV/s.
Electrochemical measurements were conducted after immersion times of 5, 48, 168, and
504 h.
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Figure 1. Design of the electrochemical cell of three-electrode configuration used for the corrosion
testing of hydroxyapatite ceramic material.
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Figure 2. Experimental sequence of electrochemical test for corrosion evaluation of hydroxyapatite
ceramic material in a 0.9% NaCl solution. The setup includes OCP monitoring, EIS, and anodic
polarization test.

3. Results
3.1. Particle Size

Figure 3 shows the particle size distribution obtained for each study sample after the
grinding stage. For samples with 0 and 1% added titanium, the particle sizes obtained are
similar and range from 2.2 to 3.5 microns approximately. The average particle size for both
samples is 2.37 microns. For the case of the samples with 2 and 3% titanium, the particle
size is finer and ranges between 0.85 and 1.7 microns, the average size being 1.28 microns.
Therefore, by adding more titanium particles, the final size is considerably reduced. This
may be due to the fact that during milling, titanium, being a more ductile metal in the
first stages of milling, is slightly laminated, which causes it to form particles with acute
angles, which, as milling progresses, act as blades, fracturing the fragile particles of the
hydroxyapatite. In general, there is a good distribution of particle sizes, which causes
a good number of contacts between them, and, as a consequence, a good densification
process can be expected during the sintering of the samples.
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Figure 3. Particle size distribution obtained in the different samples after the milling stage.

3.2. Structure

Figure 4 shows the X-ray diffraction pattern obtained for the sample with 3% titanium.
It is worth mentioning that this analysis was only performed on this sample, since the low
titanium content in the other samples would not be easy to detect. This pattern clearly
shows that the sample is made up of two phases. The first and most abundant corresponds
to hydroxyapatite, and the second, which has much less proportion due to the intensity of
its peaks, corresponds to titanium. Both phases have a compact hexagonal structure. Due
to the similarity in the crystal structures of the constituents of the sample, some diffraction
peaks interpose. This pattern helps to verify the formation of a bioceramic consisting
of two phases, a ceramic matrix corresponding to hydroxyapatite and a second metallic
reinforcement phase corresponding to titanium.

HAp

HAp

HAp

Intensity (a.u.)

70
20 (degree)

Figure 4. X-ray diffraction pattern of the sample with 3% titanium.

3.3. Microstructure

Figure 5 shows the microstructure observed via optical microscopy of the samples fab-
ricated here and compares it with that of cortical bone. The microstructures of biomaterials
are very fine, homogeneous, and have similar characteristics. The presence of porosity in
the samples is not evident, which is indicative that the pore size in the samples is extremely
small. With respect to the microstructure of the cortical bone, there are no major differences
between what is being presented here, both microstructures being very homogeneous,
although in the microstructure of the bone, the presence of porosity is evident.
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Figure 5. Microstructure of study samples taken under an optical microscope.

3.4. Morphology

Figure 6 shows the morphology of the sample with 3% titanium that was fractured
after sintering. The observation was made with the aid of a scanning electron microscope.
In this figure, particles with large sizes close to 10 microns are observed, and the most im-
portant thing is that there are also very fine particles homogeneously distributed. Another
observation is the rounded shape of the particles, which is due to the mechanical milling to
which the powders were exposed. In general, the morphology of the particles is equiaxial.
The titanium particles are not visible due to their fine size.

Figure 6. Particle morphology of the fractured sample and after sintering.
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3.5. Energy-Dispersive Spectroscopy

Figure 7 shows the general microstructure of the sample with 3% titanium, as well as
the energy-dispersive X-ray analysis performed on the sample. The spectrum resulting
from the analysis shows the chemical constituent elements of the sample, Ca, P and O,
chemical elements that correspond to hydroxyapatite. The presence of titanium, which is
the reinforcing material used, is also noticeable. With this analysis, the formation of the bio-
material consisting of HPa/Ti is verified once again. The microstructure sample exhibited
particles with multimodal grain sizes oscillating from very small to about 50 microns. The
porosity is not evident, nor for titanium particles; this is indicative of the very small size of
both pores and titanium reinforcements.

KeV

Figure 7. EDS analysis performed on 3% titanium sample.

3.6. Mechanical Properties
3.6.1. Open Porosity

Figure 8 shows the porosity in each of the samples. This graph shows an increasing
value of porosity as the titanium content in the sample increases. Observing the porosity
value in cortical bone, it is 20% and is lower than the porosity of the samples prepared
here. Valdespino Padilla, in his thesis work [27], states that porosity in a biomaterial is
important, since it is the source for the growth of bone tissue in grafts. Similarly, the
presence of porosity favors the dispersal of stresses when the material is working under
loads. Considering this, the optimum porosity values should be between 20 and 30%,
which are the values obtained in all the samples processed here.

T T T T T T T T T

520
38 | - -Open porosity (%)
480
I- 460
440

420

T
B
S
(edW) AH

- 380

Open porosity (%)

360

- 340

320

T T T
Bone 0% 1.0% 20% 30%

Sample
Figure 8. Porosity and microhardness of HPa as a function of titanium content.

3.6.2. Hardness

The results of the microhardness measurements on the different study samples are
presented in Figure 8. This graph shows, in general, that the hardness of the samples
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tends to increase as the metal content of the composite increases. However, at 2% titanium
content, there is a decrease in the hardness value of this sample. This relatively strange
behavior may be due to measurement errors. However, considering the standard deviations
present in each measurement, it is observed that the hardness value in the sample with 2%
falls within the values of the samples with 1 and 3% titanium. As in the elastic modulus
measurements in the hardness measurements, the value of the cortical bone hardness is
lower than those of the samples with a metallic reinforcement, which is indicative precisely
of the function of the metallic phase to reinforce the composite, especially when comparing
the hardness value of the bone with that of the sample without metal reinforcement,
where it is observed that the differences in values between them are not significant. This
suggests that the hardness values for bioceramics with a higher amount of the metallic
phase combined with the porosity values allow for obtaining a material with adequate
porosity with the possibility of promoting the formation of tissue surrounding the implant
and, thus, promoting the biological processes of bone regeneration in a material that does
not present extreme stiffness, mainly in the sample with 1% titanium.

3.6.3. Elastic Modulus

Figure 9 shows the results of the elastic modulus measurements in the different
samples prepared, as well as the value of this property in cortical bone for comparative
purposes. The graph shows that as the metal content in the HPa increases, the elastic
modulus also increases. Nevertheless, the magnitude of E for the samples with 0 and 1% is
very similar and slightly higher than that of cortical bone. On the other hand, when the
titanium content increases to 2 or 3%, the value of the elastic modulus increases even more,
presenting very similar values for these two samples. The elastic modulus of cortical bone
in all cases is lower than that of titanium, which means that the bone is less stiff than any of
the composites prepared here. Both HPa and Ti have a compact hexagonal structure, which
has the main characteristic of being a rigid structure, with few sliding systems, hence the
high value of the elastic modulus of the materials obtained. The presence of the metallic
phase in the HPa matrix is the cause of the higher values of the elastic modulus in the
composites, due to the fact that the metal, being subjected to the action of stresses, first has
a good elastic behavior, which transforms into plastic with increasing stresses.

620 210
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— & - Compression strength (MPa)
550, I . 200
S I o
560 - N / -190 §
/ A
540 4 7 \ '9|
520 / v 180 &
/ / @,
o 5004 i l /! o
o 480 ) g
- \ ’ \ —
g R S :
W 460 N \ l L 160 3
N, ! Sm——— «Q
440 3 K J J =
s\
. ! - 150 —~
420 l AR =
N T
4004 i \i’ -140 £
380
360 ; . . ; . 130
Bone 0% 1.0% 20% 30%
Sample

Figure 9. Elastic modulus and compressive strength of HPa as a function of titanium content.

3.6.4. Compression Strength

The results of compressive strength measurements on all samples are also shown in
Figure 9. This figure shows that the value of the compressive strength of the bone and
the samples with 2 and 3% titanium is very similar, being slightly lower in the samples
with the metallic phase. Likewise, the sample without reinforcement has a considerable
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decrease in its compressive strength value compared to the previous ones. Observing
the compressive strength value reached by the sample with 1% titanium, we can see that
this value is much higher than that of the other samples. Therefore, according to these
data and the results obtained in the measurements of the other mechanical properties, 1%
Ti added as reinforcement material in HPa is the optimum amount to achieve the best
mechanical properties in the resulting composite. Titanium in quantities of 1% in HPa
acts as a reinforcing material because it is capable of absorbing the stresses applied to
the material due to its ductile metallic characteristic, which allows for a good degree of
elastic—plastic deformation before fracturing.

3.6.5. Fracture Toughness

Figure 10 shows the values obtained from the fracture toughness measurements for
each study sample. As expected, the fracture strength of HPa increases as the additions of
the metallic phase in HPa increase. This is due to the ductile nature of titanium compared
to the brittleness of HPa. In the case of the pure HPa sample, the fracture toughness value
was the lowest. On the other hand, the samples with the highest Ti content have the highest
toughness value, improving this value by 30% with respect to that of cortical bone. For the
sample with 1% Ti, the fracture toughness improves by 20% with respect to the value of
the bone. The reinforcement mechanism proposed here by many authors is the deflection
of cracks when they grow and their advance is interrupted by the presence of metallic
particles, which stop or deviate their trajectory, thus requiring greater efforts so that the
crack can continue to grow [28-30].

| |
14 Ic .
1.3 [ |
124 n
-
o
£
& 114
Q.
2
o104 m
Y
0.9+ L
0.8+ ‘
T I 1 T T
Bone 0% 1.0% 20% 3.0%

Sample

Figure 10. Fracture toughness of HPa as a function of titanium content.

3.7. Electrochemical Characterization
3.7.1. Potentiodynamic Polarization Curves (TAFEL)

Figure 11 illustrates the electrochemical behavior at open circuit potential (OCP) in
relation to the activation potential E (mV) of the ceramic surface immersed in a 0.9% NaCl
saline solution of simulating human saline. Data were collected over an immersion period
ranging from 5 to 504 h without applying an external current signal in the presence of
a Ag/AgCl reference electrode. Based on previously investigated properties such as mi-
crostructure and mechanical characteristics, the hydroxyapatite bioceramic reinforced with
1% titanium (Ti) exhibited the best structural and mechanical performance. Consequently,
Figure 9 focuses on the electrochemical curves at OCP for bioceramics containing 1%Ti. The
curves labeled 1 and 2 represent the OCP transients after 5 and 48 h of immersion in NaCl,
respectively. During the 10,000 s evaluation period, these curves exhibit a highly unstable
active trend, fluctuating between —670 and —650 mV. Notable changes in the potential
value are observed, probably due to the ingress of chlorides into the pores of the ceramic
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matrix, causing surface hydration. Specifically, hydroxide compounds progressively ob-
struct the ceramic matrix’s pores. This suggests that the surface activation process is driven
by ion transfer, which is the predominant process in the initial hours of immersion.

-640

-650

—660

Potential, E / mV
|

-680 |

2.7h
48h
168h
504h
1 n 1 . 1 . 1 . 1 . 1 A 1 . 1 . 1
o 1000 2000 3000 4000 S000 6000 7000 8000 9000 10000

-690 |-

PN =

-700

Time, t / sec

Figure 11. Open circuit potential transients of the bioceramic material HPa/Ti 1% sample after
continuous exposure to a 0.9% NaCl solution for 504 h.

For 168 h (curve 3) and 504 h (curve 4), a stable corrosion potential (Ecorr) is observed,
indicating no significant changes on the surface. This suggests uniform blockage of poros-
ity and possible surface activation, with a stable potential of around —685 mV. Over the
extended immersion period, the OCP becomes more stable, indicating that hydroxyapatite
with 1% titanium (HPa/Ti) will not experience significant surface changes under physi-
ological conditions. The potential becomes increasingly negative with longer immersion
times, suggesting that the bioceramic surface exhibits an electron transfer mechanism, facil-
itating a release process that leads to surface oxidation and the formation of a protective
coating. This behavior is promising for medical applications, where the material will be in
continuous contact with bodily fluids.

Figure 12 depicts the relationship between the potential of the test sample (bioceramic)
in mV and the current density in A/cm?. All curves indicate predominant passivity due
to the formation of a passive oxide layer; however, significant changes in the curves are
observed as the immersion time in NaCl increases. After 5 h, the corrosion potential
Ecorr is —856.32 mV with a current density of 1.92 nA/ cm?, whereas after 504 h, this
value shifts to —782.71 mV with a current density of 0.35 nA/cm?. Abrupt changes in the
slope indicate a rapid increase in current with respect to potential. This behavior suggests
significant dissolution of the surface due to ion exchange during the initial 5 h of immersion
of the hydroxyapatite material, resulting in a current density of around 1 x 107° A/cm?.
In contrast, after 504 h of immersion, the increase in current is much less pronounced,
indicating the formation of a passive film. In this state, the current exchange is barely
noticeable, measuring only 1 x 10~8 A/cm?, with an activation potential close to —200 mV.
This represents a difference of —600 mV in protection against corrosion of the bioceramic
material in the saline NaCl solution.

However, at higher potentials, the curves reveal that transpassivation occurs regard-
less of exposure time, suggesting that the passive layer becomes unstable and may fracture,
potentially leading to the dissolution of the base metal. These tests suggest that when
hydroxyapatite (Ca;o(PO4)s(OH),) material reinforced with 1% Ti is immersed in a physio-
logical solution of NaCl (0.9% serum), its passivation mechanism is due to the presence of
ions in the medium. As hydration advances, a highly stable layer forms on the surface, pre-
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venting degradation in the corrosive environment. Additionally, C1~ and Na* ions interact
with the surface, and, in the presence of small amounts of Ca?* and PO, 3 phosphates,
they react with OH™ groups to form well-defined hydroxide compounds within the pores
of the ceramic structure. Prolonged exposure increases the surface area, promoting the
development of a thin layer of secondary calcium phosphate that contributes to passivation.

200 )

1. 2.7h
2. 48h
0 3. 168h
4. 504h
-200
>
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w400
S
1=
2
o -600
o
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-10 9 -8 7 6 -5 -4 3

Current density, il Alem?

Figure 12. Potentiodynamic polarization curves in the anodic branch.

In general, these graphs demonstrate a decrease in the corrosion current density (icorr)
from 1 x 107®to 1 x 1078 A/cm?, as well as a reduction in equilibrium potential from
—856.32mV to —782.71 mV. In relation to the breakdown potential of the calcium phosphate
film, values shift from —875 mV after 5 h and —455 mV after 38 h to —425 mV at 168 h and
finally —272 mV after 504 h of immersion under direct current (DC) conditions. The last is
characterized by a lower surface dissolution slope as both potential and immersion time in
NaCl increase. These data suggest the formation of an activated surface layer that acts as
a physical barrier, limiting direct interaction between the surface of the ceramic material
and aggressive ions in the medium, particularly CI- ions. As this protective layer stabilizes
over time, the flow of Ca?* and PO43~ ions from the hydroxyapatite into the electrolyte
decreases, resulting in a reduced rate and slope of material dissolution. This is particularly
significant in NaCl solutions, where chlorides could enhance corrosion or dissolution in
the absence of this protective layer.

3.7.2. Electrochemical Impedance Measurements (EISs)

This study includes Electrochemical Impedance Spectroscopy (EIS) measurements.
The impedance diagrams in Figure 13 are plotted as Nyquist plots, and Figure 14 displays
Bode plots, indicating the ionic charge transfer and diffusion processes at the material—-
electrolyte interface. The impedance measurements show two time constants, one at high
frequency related to surface processes, such as the presence of pores or a surface layer, and
a second time constant related to charge transfer at the electrode interface (HPa/1%Ti test
sample) and the electrolyte ions. The EIS curves in the Nyquist representation shown in
Figure 13 indicate progressive charge transfer on the bioceramic interface from the start of
the tests at 5 h to 504 h of immersion in NaCl, showing a time constant at high frequencies.
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Figure 13. EIS response in Nyquist form of a bioceramic HPa/Til% sample during exposure in 0.9%
NaCl solution at different periods of time, 5, 48, 168 and 504 h.
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Figure 14. EIS response in Bode form of a bioceramic HPa/Til% sample during exposure in 0.9%
NaCl solution at different periods of time, 5, 48, 168 and 504 h.

This time constant relates to the electrochemical phenomena at the interface. After 5 h
of immersion, there is a semicircle amplitude of nearly 1 kQ-cm? and an Rcoating value of
3.4 kQ-cm?, which decreases from 800 Q-cm? to 400 Q-cm?. This indicates that C1—, Na*
and OH™ ions penetrate the bioceramic matrix through its porous structure, as shown in
curves labeled 1, 2, 3, and 4.

In the meantime, the amplitude of a second time constant decreases with increasing
immersion time, leading to better consolidation of the porous surface by hydration products
and a much higher resistivity to load transfer (Rct) value than its initial value, which cannot
be shown. This is related to the ease or difficulty of the electrochemical processes at the
hydroxyapatite/solution interface. Nyquist graphs generally show a significant second
semicircle at high frequencies, representing charge transfer (Rct) across the surface of the
hydroxyapatite.
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The diameter of these semicircles correlates with load transfer resistance, Rct; a larger
diameter indicates greater stability of the material against corrosive attack due to the
presence of a hydrated film that protects it. The Bode diagrams in Figure 12 allow one
to understand and observe the mechanisms of charge transfer as a function of frequency,
providing detailed information on the kinetics of the reactions and the processes of charge
and mass transport. In this case, the absolute impedance Z’s magnitude and the sinusoidal
signal’s offset angle F applied to the interface over a measured frequency range are plotted.

In this sense, two time constants in the entire frequency range evaluated (1 MHz to
1 mHz) are noticeable. The high-frequency response is associated with the HPa/1%Ti
sample electrode interface and the NaCl electrolyte, which shows resistive behavior to
charge transfer, exhibiting a constant impedance magnitude with a phase angle close to
zero. However, bioceramics develop a biofilm when immersed in a physiological solution
of NaCl, affecting the charge transfer mechanism by creating a dielectric barrier. At
intermediate frequencies, a second time constant reflects purely capacitive mechanisms, as
the porous film formed allows for the hydration process by OH- compounds with Na+ and
Cl- ions, indicating ease of charge accumulation at the interface, reaching a phase angle
of 60° in the first hours of immersion. This pore hydration promotes the consolidation of
the interface and improves the biofilm’s surface properties, allowing for the easy transport
of ionic species. This results in a change in the dielectric constant of the interface due
to pore hydration and imperfections in the protective film. This is evident in Figure 14
through the increase in phase angle from 60° to 75° for 504 h of immersion time, indicating
a system dominated by more capacitive behavior as it approaches 90°. It is important
to note that capacitance C is directly related to the dielectric constant C = %, where
¢ is the dielectric constant, A is the area, and d is the thickness of the film. Finally, the
low-frequency-region impedance reflects slower processes, such as the diffusion of ionic
species across the interface. As the film surface consolidates through pore hydration, the
absolute impedance value | Z| increases over time, indicating high biofilm integrity with
prolonged immersion in NaCl.

In Figure 15, an electrical model or equivalent circuit is proposed to simulate the
interface mechanisms using a combination of resistors and capacitances, connected in
series-parallel, depending on the surface conditions. This validation ensures the integrity
of samples as a biomaterial with the possibility of functioning as an implant.

Rs

Rc Q
ELECTROLYTE
Na*, CI-, OH- Q

HPa/Ti,
substrate

Rct

COATING

Figure 15. Equivalent electrical circuit (EEC) used to model the impedance behavior of bioceramic
material exposed for 504 h in 0.9% NaCl. Rs: solution resistance; Cc: coating capacitance; Rct: charge
transfer resistance; and Q: element phase constant.

The electrochemical parameters associated with this passive surface can be obtained by
modeling the experimental data with an equivalent electrical circuit (EEC), such as the one
proposed in Figure 15. The arrangement of this circuit is simple: it has a resistor, Rs, which
represents the resistance of the solution connected in series with the resistor, Rc, represent-
ing the resistance of the biofilm, formed in parallel with a constant phase element, CPE (Q),
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which relates to the properties of the passive surface. These are connected in parallel to
a resistor that characterizes the charge transfer through the passive surface/electrolytic
interface, which is connected in series to a second constant phase element, CPE. In this
circuit, a CPE is used instead of a pure capacitor to account for the non-ideal behavior of the
passive surface. The values of the electrochemical parameters obtained from the Nyquist
diagrams are illustrated in Table 1.

Table 1. Electrochemical parameters obtained during the fitting procedure of EIS data with the
equivalent electrical circuit ECC, proposed in Figure 15.

nmersion  Capacitance- SO0 QB O v o
Time, [h]  C, [nF/em?] [Qoem?] om0 [nA/em?]
5h 5.27 3447 2.745 x 10° —856.32 2.40
48 h 5.11 3254 2.939 x 10° —730.27 0.77
168 3.80 2963 3.15 x 10° —789.46 3.06
504 0.18 810 1.526 x 10° —782.71 0.43

Finally, these results indicate that the ion adsorption and charge transfer mechanism
through the pores of the 1%Ti bioceramic HPa as reinforcement show excellent electro-
chemical stability and resistance to corrosion attack as the exposure time in a physiological
medium such as NaCl increases. The adsorption of Na*, OH™, PO*~, and Ca™* ions
promotes film bioactivity, as indicated by the potential for open-loop activation without
interface disturbance. In medical applications as an implant, this ability facilitates the
successful formation of a biofilm on the bone, allowing for cellular osseointegration by
providing active sites for the formation of apatite, anchored by the presence of Ti particles,
which, in addition to providing mechanical resistance, serve as anchoring sites to the bone.
The electrochemical tests of this research indicate the ability of the HPa/1%Ti bioceramic to
adsorb ions at active sites called pores due to its porous structure; the hydration mechanism
is crucial to inducing the formation of an active biofilm. A biomedical implant in devices
with surgical-grade titanium or stainless steel promotes the formation of new bone tissue
at the implant interface, facilitating osteoconductivity.

4. Conclusions

O  Through the proposed methodology, hydroxyapatite biomaterials reinforced with
titanium nanoparticles were successfully fabricated.

O The resulting biomaterial is constituted by two hexagonal compacted crystalline
phases, one corresponding to the hydroxyapatite ceramic matrix and a second phase
that corresponds to the reinforced titanium metal.

O From the results obtained in the mechanical properties’ measurements, it is concluded
that the biomaterial reinforced with 1 wt. % Ti presents the best mechanical behavior.

O  Electrochemical tests (OCP, anodic polarization, and EIS) show significant results
in which the bioceramic is stabilized by the mechanism of chemical and physical
adsorption of ions during its exposure for prolonged times (504 h, 21 d) in the physio-
logical medium of 0.9% NaCl. Thus, developing bioactivity through a film formed by
hydroxide compounds due to a surface sealing of the nanometric porous structure of
hydroxyapatite, this phenomenon occurs at potentials close to —782.71 mV with an
ionic charge transfer of about 0.43 x 10~ A/cm?. This biofilm is a capacitor that stores
a low ionic charge of 0.18 nF/cm? and allows a charge transfer of 1.526 x 106 W cm?
to develop its bioactivity.

O  Finally, in practical applications such as insertion in a physiological medium, the
biofilm plays a crucial role. It is firmly anchored to the bone and facilitates cellular
osseointegration by providing biocompatibility. The Ti particles, on the other hand,
contribute to mechanical strength and serve as anchoring sites to the bone.
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