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Abstract: In addressing the issue of optimizing the mechanical and electrochemical properties of
hydroxyapatite (CaP) materials for biomedical applications, this research explored the incorporation
of copper (Cu) into the material and scrutinized its impact through various processing stages, from
powders to ceramics and finally to coatings. Our investigation indicated that the integration of CuO
into CaP significantly changed the lattice parameters of hydroxyapatite from manufactured powders
to sintered targets, indicating a structural evolution. Simultaneously, the change in the elemental
composition and Ca/P ratio was also followed by each step from manufactured powders to deposited
coatings. Mechanical testing revealed an impressive increase in the hardness of coatings to a high of
37 GPa for the 0.2CuO-CaP sample, a substantial improvement when compared to 13 GPa for pure
Ti. The corrosion resistance of the coatings also improved, evidenced by the decrease in corrosion
current density (Icorr) from 60.2 +£ 5.2 nA/ cm? for pure Ti to a lower 3.9 + 0.5 nA/ cm? for the CaP
coating. Our study has revealed that the structural, mechanical, and electrochemical properties of
CaP materials can be finely adjusted through the addition of Cu, promising advances in the realm
of biomedical applications. Moreover, these results hint at the potential to tune the electrophysical
characteristics of CaP coatings, an avenue for future exploration.

Keywords: substituted hydroxyapatite; thin films; bioactivity; magnetron sputtering; ceramic materials

1. Introduction

Recent advancements in the field of medical materials science have set the stage for a
new era in the treatment of diseases related to the musculoskeletal system. This innovative
approach harnesses the potential of regenerative medicine. It employs the use of varied
implant types. Many of these implants are specifically modified to address various clinical
scenarios [1,2].

The lifespan and effectiveness of these implants are largely influenced by their surface
characteristics. This highlights the crucial role played by the choice of material and any
subsequent modifications [3]. Notably, the material selection for these implants is not
arbitrary; it is dictated by the need for mechanical compatibility with bone tissue. Therefore,
materials with similar mechanical properties to bone tissue, such as metals and their alloys—
including stainless steel, cobalt, titanium, zirconium, and tantalum—have been the choice
of preference [4-6].

These selected alloys, known for their high strength and fatigue resistance, have
found extensive use in the medical field. They have become integral in the fabrication
of various medical devices, particularly those required for treating pathologies of the
maxillofacial region and the musculoskeletal system. Titanium and its alloys have emerged
as the most suitable materials for implants. Their ideal combination of mechanical and
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biomedical properties make them optimal for use in fields such as orthopedics, dentistry,
and maxillofacial surgery [7-10]. As we move forward in this era of personalized medicine,
patient-specific implants, tailor-made through the comprehensive understanding of implant
materials, their surface properties and modification techniques, will likely lead to improved
clinical outcomes and quicker recovery periods [11].

A significant challenge for modern healthcare is the effective prevention of bacterial
infections that accompany implant surgeries. One potential method for reducing the risk
of postoperative complications due to bacterial infections is to modify implant surfaces
with antibacterial coatings [12-15]. Forming antibacterial coatings on implants, which
would possess high strength and adequate adhesion for operation under mechanical loads,
is a pertinent issue in medical materials science. Importantly, these coatings should be
biocompatible and bioactive, supporting bone growth and accelerated healing. Calcium
phosphate (CaP) biocoatings meet these requirements [16-19].

Hydroxyapatite (HA)-based CaP biomaterials are widely used in implantology due
to their elemental composition, being close to the mineral constituent of bone tissue [20].
The production and application of HA-based CaP biocoatings with the partial replacement
of Ca?* ions in the structure by cations of other metals are of considerable interest, as
substitutions in the HA structure significantly change their physicochemical and biological
properties, including improved biocompatibility [21-23]. Various metal ions can be used
for synthesizing substituted HA, with Zn and Cu being particularly noteworthy. It has
been found that ions of these metals contribute to the osteogenesis processes when used in
certain concentrations. They are also interesting for their antibacterial properties, which
could be useful for preventing peri-implantitis—inflammation of the tissues around a
previously placed implant. By replacing Ca?* ions with Zn?* and Cu?* in the HA lattice
through manipulating deposition parameters, it is possible to tailor coating properties such
as its biological activity and antibacterial effect [19,24].

RF magnetron sputtering serves as a commonly adopted approach for depositing
calcium phosphate (CaP) coatings onto implant surfaces [25,26]. This technique enables
the achievement of impressive adhesion between the coating and substrate while also
offering control over the properties and morphology of CaP coatings. This control is
crucial given the significant mechanical strain experienced by the surfaces of implant
materials during the process of implantation [18,27,28]. Regarding the formation of CaP
coatings via RF magnetron sputtering, targets play a pivotal role. The configuration and
dimensions of these targets are dependent on the nature of the sputtering system and
can be adjusted as per the technical requirements. it is essential to note that CaPs are
typically brittle; therefore, the target must boast substantial microhardness and density for
its secure attachment to the cathode [29]. The creation of a target involves two primary
steps: forming the target from the relevant powdered material and subsequently sintering
it. The initial target formation process comprises the manufacture of a press powder (a
humid mass that includes a plasticizer and the original powder of a defined chemical
composition). This press powder is then subjected to hot or cold pressure in molds [30,31].
Sintering is a densification procedure where the particles of the powder interconnect under
high temperatures, resulting in material hardening [32]. It is widely accepted that the key
properties of single-phase ceramics are strongly associated with material densification,
which considerably reduces the level of porosity [33]. However, the choice of sintering
regimes for HA ceramics is constrained due to the potential for hydroxyl group loss and
material degradation at high temperatures [34]. During sintering in a vacuum, HAs can
decompose into calcium oxide (CaO), tricalcium phosphate (TCP), tetracalcium phosphate
(TTCP), and potentially result in the formation of phosphorus oxide P,Os [35]. Thus, the
production of HA targets for RF magnetron sputtering is a complex process requiring
careful control over every step. Balancing the need for high-density, defect-free ceramics
with the brittle nature of CaP materials, as well as the challenges posed by sintering, means
that careful material and process selection is vital. With appropriate strategies in place,
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however, this method could provide an efficient way to create high-quality antibacterial
coatings for implants.

The synthesis of CaP powder, the prior step to target sintering, plays a vital role in
the success of the desired outcome. Over the past few decades, the mechanochemical
method has emerged as a popular choice for synthesizing various compounds, including
HA [36-38]. The appeal of this method lies in its simplicity and environmental benefits, as
it can perform solid-phase reactions in a solvent-free environment, reducing the likelihood
of undesirable side reactions. This procedure eliminates the need for high temperatures,
executing processes at room temperature and pressure. In the mechanochemical synthesis,
energy is liberated from the collisions of balls in a specialized planetary mill, instigating
chemical reactions. This energy release is contingent on the mill’s technical characteristics,
specifically the kinetic energy of the balls, determined by the flask’s rotation speed. Con-
sequently, HA synthesis, occurring directly within the grinding flasks, is solely possible
in ball mills operating at high rotation velocities. A higher rotation speed of the flask
correlates to a shorter HA synthesis duration [38].

Furthermore, the mechanochemical method enables the creation of novel HA forms
and facilitates HA synthesis with different doping ions, thus expanding the scope of
potential applications. It also provides avenues for fabricating more complex, multi-
component systems, underscoring its versatility in the realm of materials science. As it has
already been said, the main focus nowadays in the field of materials science is to prevent
complications related to infections. Therefore, many studies have already been performed
in terms of antibacterial Cu containing coating deposition and materials manufacturing. In
a study by Y. Huang et al., novel antibacterial Zn-Cu-HA coatings were synthesized using
an electrodeposition method [39]. Similarly, this electrodeposition method was used to
manufacture nanostructured Fe/Cu-coatings [40]. However, still a very limited number of
papers have dealt with the RF magnetron deposition of Cu containing CaP coatings; some
of the results could be found in two comprehensive review papers [41,42]. Therefore, there
is a need for further research that could facilitate a deeper understanding of and reveal
properties of Cu-containing CaP deposited by RF magnetron sputtering.

In our previous research [17,18,24], we used Cu-substituted powder manufactured
by mechanochemistry when Cu content was introduced at small, doping concentrations
in order to ensure manufacturing of a single-phase product. It is dictated by the fact that
the CuO phase that might occur during synthesis, or that RF magnetron sputtering has
drastically different bioactivity when compared to Cu [43]. In the present work, we aim
to explore the difference in Cu addition to the HA structure up to the formation of CuO
second phase and its influence on the deposition rate and properties of formed targets and
resulting coatings in terms of structural, mechanical, and electrochemical properties of CaP
materials, for each stage of preparation from powders to deposited RF magnetron coatings.

2. Materials and Methods

The preliminary materials for HA-based and Cu-HA-based targets were produced
from powders, and manufactured via mechanochemical synthesis (MC), with the help of
researchers from the Institute of Solid State Chemistry and Mechanochemistry’s Laboratory
of Intercalation and Mechanochemical Reactions, of the Siberian Branch of the RAS, Novosi-
birsk. Mechanochemical synthesis initiates chemical reactions using the energy discharged
during the ball collisions in a unique planetary ball mill, facilitated by frictional forces. A
planetary ball mill equipped with three steel drums, each having a 2000 mL capacity, was
employed to manufacture the powders of stoichiometric HA and Cu-containing HA. The
process took approximately 25-30 min to complete. The reactions that occurred during
the synthesis are outlined below, including the denotations for the samples researched in
the study:

6CaHPO4 +4Ca0O — Calo(PO4)6(OH)2-2HzO; (CaP)

6CaHPOy + 3.8Ca0 + 0.2Cu0O — Cag‘gCuo‘z(PO4)6(OH)2~2H20,' (O.ZCuO-CaP)
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6CaHPO4 + 3.75Ca0 + 5Cu0O — Ca9.75Cu0.25(PO4)6(OH)2-2H20 +4.75CuO (5CuO—CaP)

The targets were synthesized from the resulting powders via uniaxial compression in
steel molds using a hydraulic press model MIS-6000.4K (manufactured by IMASH LLC,
Armavir, Russia). A maximum pressure of 80 MPa was applied during the last stage of a
four-stage pressing regimen. The targets were sintered in an ITM 12.1200 electric furnace
(ITM LLC, Tomsk, Russia) under ambient air conditions. The peak sintering temperature
reached 1100 °C, with a heating cycle extending to this maximum over four hours, and a
cooling cycle lasting beyond 30 h. The ceramic targets produced, namely, CaP, 0.2-CuO-CaP,
and 5CuO-CaP; each had a diameter of 110 mm. Post-sintering, the targets were installed
on a magnetron sputtering apparatus.

The substrates used for deposition were titanium (Ti) specimens, sourced from Russia
(VSMPO-AVISMA, Verkhnyaya Salda, Russia), having dimensions of 10 x 10 x 1 mm.

Prior to sputtering, each Ti sample was mechanically processed using grinding papers
of grades P400, P600, and P1000 (GOST 6456-82). The samples were then polished using
diamond pastes with abrasive qualities of 14/10 and 5/3 (GOST 25593-83). After the polish-
ing phase, the surfaces of the Ti disks were cleaned ultrasonically with the aid of acetone,
soapy water, and alcohol. The samples were subsequently allowed to air-dry at room
temperature. In every deposition process, a silicon wafer (Si) of dimensions 10 x 10 mm
(100) was also coated for later ellipsometry studies. The current study employed an RF
(13.56 MHz) magnetron system to deposit CaP coatings. This installation is equipped with
a 2.5 kW RF power supply (COMDEL CX-2500S, Gloucester, MA, USA) and an automatic
matching network (COMDEL Match pro CPMX-2500, Gloucester, MA, USA). The depo-
sition of CaP coatings was conducted within a vacuum chamber where the operational
gas, Ar, was maintained at a constant pressure with the help of a gas flow meter. This
was configured to 20 sccm, leading to a deposition pressure of 0.1 Pa. The arrangement of
the substrate ensured a throw distance of 70 mm. The substrate holder, operating under
a floating potential, was positioned beneath the magnetron target during the deposition
process. A stationary mode was chosen for sample deposition. To assess the kinetics of
coating growth, the deposition process was set for a duration of 120 min, with an RF power
range from 50 to 350 W. The target in use was pre-sputtered before each deposition cycle by
gradually escalating the supplied RF power at a rate of 50 W every 5 min.

The thickness of the coatings was determined via ellipsometry, using monocrystalline
Si samples. These measurements were conducted on an ELLIPS-1891 SAG spectral el-
lipsometric complex (SPC “Nanotechnology center”, Novosibirsk, Russia). To ensure
reliability, at least six samples from six different deposition runs, all operating under the
same sputtering conditions per sputtering target, were evaluated. The results are presented
as the mean + standard deviation. The structural analysis of the resultant HA powders,
post-sintering targets, and RF magnetron coatings was conducted via the X-ray diffraction
(XRD) method. The structural phase state of the powder material and sputtering targets
was determined using a DRON-8H diffractometer (Bourevestnik, St. Petersburg, Russia).
This instrument operated in the range of angles 26 = 10-100°, with a scanning step of 0.02°
in Cu-K« radiation. The full-profile Rietveld method was employed to determine lattice
parameters and the size of coherent scattering regions (CSRs). In every case, the Rexp2-
factor was no less than 0.94. Calculations of the lattice parameters and phase relations
were performed using the Powder Cell 2.4 full-profile analysis program (Federal Institute
for Materials Research and Testing, Berlin, Germany). The XRD study was conducted in
standard Bragg-Brentano geometry. Standard ICDD PDF 4+ cards (International Centre for
Diffraction Data, Newtown Square, PA, USA) were utilized for phase analysis, which in-
cluded HA (00-009-0432), Caz(POy), (00-032-0176), Ti (00-044-1294), and CuO (00-041-0254).
A scanning electron microscope (SEM, LEO EVO 50, Carl Zeiss, Oberkochen, Stuttgart,
Germany) equipped with an electron dispersive X-ray spectroscopy (EDX) INCA system
(Oxford Instruments, High Wycombe, UK) was used to evaluate the surface morphology



Coatings 2023, 13, 1410

50f23

and elemental composition of CaP powders, sintered targets and deposited coatings. EDX
analysis was performed from the area under investigation that is visible in SEM image.
To examine the microstructure of the synthesized CaP powders, a transmission electron
microscope (TEM), specifically the JEOL JEM-2100 model (JEOL, Akishima, Japan), was
employed. A minute quantity of CaP powder was dispersed in an alcohol solution via
sonication, and subsequently transferred to a copper mesh for the TEM analysis. In or-
der to assess the mechanical parameters of the deposited coatings, nano-indentation was
performed on an MTS Nano Indenter G200 machine at loads of 10, 25, and 50 mN, with
6 imprints on each sample. The chosen load values for indentation are used to control
the mechanical characteristics of the coating and to determine the optimal indentation
parameters to eliminate the influence of substrates. The indenter is a Berkovich pyramid
with a 65.3° apex angle, and a tip rounding radius of 20 nm. This analysis was performed
using the National Research Tomsk Polytechnic University (TPU) instrumental base. Fi-
nally, the coatings’ corrosion properties were examined using the electrochemical corrosion
method. The measurements were carried out with a P-40X potentiostat-galvanostat coupled
with an FRA-24 frequency analyzer module (Electrochemical instruments, Chernogolovka,
Russia). All experiments were conducted in an E-7SF three-electrode cell (Electrochemical
instruments, Chernogolovka, Russia) at room temperature. The electrolyte used consisted
of 0.9 wt. % NaCl in distilled water, with a graphite counter electrode and a 4.2 M silver
chloride reference electrode. The cell featured a fixed sample window, providing a constant
area of 1 cm? for electrolyte-sample interaction. A gold-plated textolite served as a current
collector. Potentiodynamic curves were drawn at a sweep of 2 mV /s across a range of
£300 mV of the open circuit potential (OCP) for each sample. Prior to the commencement
of the experiment, each sample was kept in the cell for 60 min to ensure stabilization of all
processes at the electrolyte-material interface. To determine the corrosion characteristics,
Tafel lines were plotted with a correlation coefficient of at least 0.998 (£0.05 V from the
Ecorr value), with an allowable potential error of no more than 1 mV, in the accompanying
ES8 software (Electrochemical instruments, Chernogolovka, Russia). The polarization
resistance (Rp) was computed using the Stern—-Giri Formula (1):

_ (IBa',Bk)
: 2’3jcorr'(18ﬂ + ﬁk)

Impedance spectroscopy was carried out in a potentiostatic mode at an open circuit
potential with a sweep amplitude of 50 mV in a frequency range from 10° to 10~2 Hz.
Approximation of the results of impedance measurements was carried out using the ZView
software, followed by the modeling of equivalent circuits.

)

3. Results and Discussion
3.1. Characterization of Sintered Powders

X-ray diffraction (XRD) analysis was conducted on HA powders synthesized with
varying concentrations of CuO (Figure 1), and results of calculated structural characteristics
are summarized in Table 1. The nomenclature used for the samples throughout the study—
CaP, 0.2CuO-CaP, and 5CuO-CaP—reflects the amount of CuO used in the synthesis process.
XRD results revealed the presence of both HA and CuO phases in samples where a high
concentration of CuO was used. Specifically, the crystal structure was determined to consist
of 64% HA and 36% CuO. There could be a small quantity of CuO in the 0.2CuO-CaP
sample (denoted by an asterisk); however, these reflections seem to overlap with those
arising from the HA lattice.

Notably, the coherent scattering region of HA appeared to diminish with the addition
of CuQ. For the pure CaP, the coherent scattering region was found to be 94 + 21 nm.
However, for the 0.2CuO-CaP and 5CuO-CaP samples, the coherent scattering regions
were 74 + 13 nm and 18 £ 6 nm, respectively. This observation indicates that the CuO
phase could be hindering the growth of HA crystals, leading to smaller crystal sizes with
an increased concentration of CuO.
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Figure 1. XRD of synthesized powders.

Table 1. Results of X-ray diffraction analysis of powders after mechanochemical synthesis.

Phase Concentration,

Powder Mas.% a=b,A ¢, A CSR, nm
CaP 100 HA 9.4163 +0.0031  6.8763 £ 0.006 94 £+ 20
0.2CuO-CaP 100 HA 9.4209 + 0.0142  6.7664 £+ 0.186 74+ 14
5CuO-CaP 64 HA /36 CuO 9.4348 +0.0164  6.8858 £ 0.425 18 £5
ICDD 100 HA 9.422 6.881

The alteration in the lattice parameter ‘a’ further corroborates this hypothesis. A
gradual increase in the lattice parameter was observed as the CuO concentration in-
creased. The ‘a’ parameter for CaP, 0.2CuO-CaP, and 5CuO-CaP was 9.4169 + 0.0031 A,
9.4211 + 0.0042 A, and 9.4344 + 0.0086 A, respectively. These results signify a potential
distortion of the HA lattice structure due to the incorporation of Cu and interference of the
CuO phase, as similarly reported in [44,45].

Considering these findings, it can be inferred that the addition of CuO not only
interferes with the crystal growth of HA but may also result in the deformation of its
crystal structure.
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The introduction of Cu appears to significantly alter the microstructural and composi-
tional properties of the powder, which is evident from SEM measurements (Figure 2). A
noticeable trend was observed in the shape transition from more angular to rounder forms
for 0.2CuO-CaP and 5CuO-CaP. There were also changes in the median particle size when
CuO was incorporated. The median size for HA was 1.3 pm, while for 0.2CuO-CaP and
5CuO-CabP, the sizes were 4.1 um and 2 pm, respectively. This shift may be attributed to the
effect of Cu on the crystal growth of HA. With a greater Cu concentration, the HA crystals
might experience inhibited growth, leading to smaller and more irregularly shaped parti-
cles. Turning to the EDX results, the Ca to P ratio, which is critical for calcium phosphates,
showed a decrease as the Cu concentration increased. This might be due to the substitution
of Ca ions by Cu ions in the HA lattice structure.

100
95 4
90 4
85

80 4

104

54

0 S e N
5 10

0 15 20 25 30 35 40 45
Particle size, um

Percentage, %

Percentage, %

0 5 10 15 20 25 30 35 40 45
Particle size, um

15 20 25 30 35 40 45
Particle size, um

5 10
(©)

Figure 2. Scanning electron microscopy (SEM) images showing the morphological comparison

of CaP (a), 0.2CuO-CaP (b), and 5CuO-CaP (c) synthesized powders with corresponding grain
size distribution.
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For the 5CuO-CaP sample, the Ca/P ratio was 1.61 + 0.2 with 11.7 £ 2.6 at.% Cu,
whereas for the 0.2CuO-CaP sample, the Ca/P ratio was 1.65 £ 0.2 with 0.48 = 0.18 at.%
Cu. The CaP sample showed a Ca/P ratio of 1.87 & 0.45.

It is notable that the decrease in the Ca/P ratio did not exactly correspond to the
increase in the Cu content. This discrepancy could be due to various factors, such as
changes in the crystal structure, the formation of secondary phases, or the incomplete
substitution of Ca ions by Cu ions.

In the TEM analysis, a marked difference in the morphology of CaP- and Cu-containing
powders can be observed (Figure 3). The CaP powder comprises of nanometer-sized grain-
like crystallites, characterized by well-defined, high-contrast boundaries. The crystallite
size and strong contrast borders are indicative of a well-defined crystalline phase. The
addition of CuO results in a deviation of crystallites, as is evident from the TEM results.
This is consistent with the XRD results, which revealed a primarily HA phase for the CaP
powder. The role of CuO during the mechanochemical process could be crucial to this
behavior. Acting as a binder for the HA particles, the CuO could facilitate the formation of
aggregates. The deviation in aggregate size governed by CuO content may also suggest an
influence on the crystal growth process, with CuO possibly altering the growth kinetics or
acting as a catalyst.

The detection of the CuO phase in the 5CuO-CaP powder via selected area electron
diffraction (SAED) further substantiates this hypothesis. SAED patterns provide crystal-
lographic information about the material, in this case revealing the presence of CuO in
addition to the HA phase. This is further reinforced by the dark-field TEM image, which
highlights the existence of Cu-containing species. For the 0.2CuO-CaP sample, the presence
of the CuO phase was not prominent and could be found only in a few agglomerates,
as depicted in Figure 3b, and which was confirmed by SAED. A crystallite that contains
a significant concentration of Cu is revealed also by a notable change in contrast at the
middle of an agglomerate. Otherwise, the sample is represented by an HA phase with
distorted lattice parameters in relation to the ICDD database. However, it is worth noting
that microscopy-based techniques, such as SEM and TEM, provide a very localized anal-
ysis. Therefore, to precisely monitor size deviation, alternative methods for particle size
calculation should be employed. This, however, was not the primary focus of this research.

In conclusion of this subsection, it can be said that the combination of TEM, SAED,
and dark-field imaging offers a detailed structural analysis of the synthesized powders,
and, coupled with the SEM and XRD results, provides a comprehensive understanding of
how CuO addition influences the crystal growth, aggregation, and phase composition of

the HA powders.
a ®”
ﬁ. 4]

&

200 nm &  200mm
(b) ()

Figure 3. Cont.
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Figure 3. TEM image of CaP (a), 0.2CuO—CaP (b) and 5CuO—CaP (c) synthesized powders in
bright-field mode with corresponding SAED obtained from the powder agglomerates and dark—field
images (d-f).

3.2. Sintered Targets for an RF Magnetron Sputtering

In Figure 4, we have presented optical images of sintered targets derived from CaP,
0.2CuO-CaP, and 5CuO-CaP powders. A striking observation from these images is the
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significant color shift from the pure white hue observed in the CaP target to the reddish
and brownish shades seen in the 0.2CuO-CaP and 5CuO-CaP targets, respectively.

(@) (b) (©

Figure 4. Optical images showing the appearance of the sintered targets composed of CaP (a),
0.2CuO-CaP (b), and 5CuO-CaP (c). The images display the color changes in the targets with the
varying concentrations of CuO.

This alteration in color can be primarily attributed to the integration of Cu ions into
the HA matrix. Cu, in its various oxidation states, brings about distinct colorations to the
compounds it forms. In our case, the observable shift to reddish-brown is indicative of
the presence of Cu(Il) ions in the HA samples, similarly to what was previously reported
for 3D sintering of Cu-containing HA [46], likely a consequence of Cu’s d-orbital electron
transitions when exposed to specific light wavelengths.

This color transformation also suggests changes in the band structure of the material,
due to the different energy levels available for electronic transitions. As the concentration
of CuO increases, it becomes evident that Cu ions are integrated more prominently into the
crystal structure and possibly a CuO phase was formed, resulting in the observed color
shifts. In addition to providing a visual indication of successful Cu integration, these color
changes also offer valuable insights into the local crystal environment.

In Figure 5, we have presented the SEM images of the sintered targets prepared from
the CaP (a), 0.2CuO-CaP (b), and 5CuO-CaP powders. The corresponding EDX analysis
reveals the following Ca/P ratios and Cu percentages: for the 5CuO-CaP sample, Ca/P is
1.61 £ 0.1 and Cuis 12.1 £ 0.18 at.%; for the 0.2CuO-CaP sample, Ca/Pis 1.69 + 0.1 and
Cu is 0.51 = 0.08 at.%,; for the CaP sample, Ca/Pis 1.78 £ 0.2.

The SEM images highlight discernible differences in the surface morphology of the
sintered targets, contingent on the Cu content. The CaP target exhibits modest porosity,
with the particle coalescence suggesting the impact of the 1100 °C annealing process.
However, as we increment the Cu content slightly, it appears that Cu might act as a fluxing
agent, yielding a considerably smoother surface for the 0.2CuO-CaP target. The visible
grooves likely arose from the grinding step.

Interestingly, the second phase is not detectable in the 0.2CuO-CaP target. When the
Cu content is boosted further to 5CuO-CaP, it becomes apparent that the surface of the
target consists of two distinct phases. The bright spots are believed to be linked to the CuO
phase; nevertheless, EDX mapping did not provide definitive confirmation. Considering
the bulk target’s homogeneous Cu content, the EDX signal likely originates from not only
the surface layer but also the lower layers. As a result, EDX mapping can only serve as an
indicative tool in this context.

XRD analysis was conducted on sintered targets with varying concentrations of CuO
(Figure 6), and the results of the calculated structural characteristics are summarized in
Table 2. Based on the X-ray diffraction analysis of sintered targets, it is evident that the
sintering process significantly impacted the crystal structure and phase composition of the
samples, particularly those with CuO.
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Table 2. Results of X-ray diffraction analysis of targets after synthesis.

Phase
Powder Concentration, a=Db, A c, A CSR, nm
Mas.%
CaP 100 HA 9.4181 =+ 0.0028 6.8765 + 0.0027 93 + 19
0.2CuO-CaP 100 HA 9.4158 + 0.0013 6.8792 + 0.0113 74 + 15
5CuO-CaP 57 HA /42 CuO 9.4232 + 0.0041 6.9038 + 0.0036 57 + 18
ICDD 100 HA 9.422 6.881

For the CaP and 0.2CuO-CaP samples, the HA phase is dominant and is indicated by
the sharp and high-intensity peaks in their diffractograms. The lattice parameters for these
samples are close to the standard values for HA according to the ICDD database, signifying
that the HA structure is maintained during sintering. It is interesting to note that the ‘a’
lattice parameter for the 0.2CuO-CaP sample slightly decreased compared to the powdered
form, which might suggest a slight rearrangement or more ordered packing of atoms
within the HA structure during sintering. The crystallite size, represented by the coherent
scattering region (CSR), was slightly decreased for 0.2CuO-CaP, which could be due to
the effect of sintering conditions on crystal growth. On the other hand, for the 5CuO-CaP
sample, the presence of CuO had a more pronounced effect. Here, the phase composition
consists of HA (54%), CuO (42%) and TCP (3%), indicating that a significant portion of
the CuO is present after sintering. This CuO phase might have acted as a binding agent
during sintering, which promoted densification and possibly inhibited the growth of HA
crystals. Moreover, due to the high temperature influence, a small portion of TCP appeared.
The “a’ lattice parameter in this sample slightly increased compared to the powdered form,
suggesting some lattice distortion or expansion, likely due to the incorporation of Cu ions
into the HA structure. The CSR also decreased compared to the powdered form, indicating
that the crystal size became smaller, potentially due to the hindrance of crystal growth by
the CuO phase.

These results indicate that the sintering process, in conjunction with the CuO concen-
tration, plays a critical role in the phase composition, crystal structure, and crystallinity.

In conclusion to this subsection, it could be said that the inclusion of CuO significantly
influenced the structural properties of HA in sintered targets. Lower CuO concentrations
maintained the HA crystal structure, while high CuO concentrations revealed a HA-CuO
mixed-phase composition. Distinct variations in structural parameters suggested potential
lattice distortion and crystal size variation due to the CuO concentration and sintering
effects. The CuO content also affected the target’s visual appearance, leading to color
change, and resulted in a smoother surface. These observations highlight the profound
effect of CuO and sintering on the HA structure, paving the way for the improved design
of HA-based materials. Further investigations will extend these findings, exploring the
suitability of the sintered targets for RF magnetron sputtering.

3.3. Analysis of Deposited Coatings

The deposition rate is an essential characteristic that should be researched as it allows
one to precisely control the coating thickness. In Figure 7, the deposition rate from all
targets is reported. As observed from the SEM analysis of the sintered 5CuO-CaP target,
there is clear phase segregation, resulting in two distinct phases. The presence of two
distinct phases suggests a differential sputtering yield for the HA (CaP) and CuO phases.
Given the inherent material properties, it is reasonable to propose that the CuO phase may
have a higher sputtering yield compared to the CaP phase.
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Figure 7. Deposition rate determination for sintered targets. Sputtering duration was 120 min in
all cases.

The sputtering yield is influenced by several factors, including the mass and binding
energy of the target material. CuO, being a metal oxide, likely has a lower binding energy
compared to the complex HA structure, making it easier to sputter. Thus, areas of the target
with a higher concentration of the CuO phase, due to phase segregation, would exhibit
higher sputtering yields, leading to higher deposition rates.

Comparatively, the 0.2CuO-CaP target, with a lower Cu content, shows a more uniform
and smooth surface under SEM. This implies a more homogeneous distribution of the
CuO phase within the CaP matrix. This homogeneity would moderate the differences in
sputtering yield across the target, resulting in a lower deposition rate than the 5CuO-CaP
target, but higher than the pure CaP target. Lastly, the pure CaP target, without the presence
of CuO, would likely exhibit the lowest sputtering yield among the three due to its higher
binding energy and complex crystalline structure. Therefore, this results in the lowest
deposition rate among the three targets.

Based on the SEM analysis (Figure 8), it was observed that all deposited coatings
mimicked the surface structure of the ground Ti substrate, resulting in visibly marked
grooves and ridges. Notably, the smoothest surface was evidenced in the case of the
5CuO-CaP sample, an outcome that might be attributable to an incremental increase in the
deposition rate. The measured Ca/P ratios for each sample revealed distinct variations in
stoichiometry. For the CaP sample, the Ca/P ratio was found to be 1.91 + 0.2, deviating
from the stoichiometric ratio of 1.67 for pure HA. An even higher deviation was observed
for the 0.2CuO-CaP sample, with a Ca/P ratio of 2.22 £ 0.3, while maintaining a minimal
Cu content of 0.4 at.%.

Contrastingly, the 5CuO-CaP sample exhibited a Ca/P ratio of 1.62 = 0.1, which was
closest to the stoichiometric ratio for HA, while simultaneously maintaining a significant
Cu content of 12.6 &= 0.5 at.%. This observation indicates that the increase in Cu content led
to the Ca/P ratio being closest to HA, while also introducing substantial amounts of Cu. It
is a well-known fact that the Ca/P ratio is altered by the sputtering yield and re-sputtering
of growing film. Interestingly, a high content of Cu could improve the stoichiometry of
deposited using RF magnetron sputtering coatings.

A detailed analysis of the deposited coatings was conducted using X-ray diffraction
(XRD) in order to assess the potential presence of CuO in the coatings and to study the
structure of the deposited layers (Figure 9). From the XRD data, it is clear that only the
peak corresponding to the Ti substrate could be distinctly identified in the area of interest.
Concurrently, a halo arising from the amorphous calcium phosphate was observed for all
the deposited coatings.
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Figure 8. SEM images of coatings deposited using CaP (a), 0.2CuO-CaP (b) and 5CuO-CaP (c) targets.
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Figure 9. XRD of deposited coatings from corresponding targets. The deposition parameters for all

cases were as follows: duration was set to 120 min, power was 250 W and throw distance was 70 mm.

Interestingly, the short-range order, evidenced by the halo intensity, appears to be
affected by the presence of Cu, suggesting that the local structure of the amorphous calcium
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phosphate may be modulated by CuO incorporation. Despite the high-sensitivity and
comprehensive data provided by XRD, their efficacy for the analysis of thin solid films and
low dopant concentrations can be limited.

For a more nuanced understanding of the structure and short-range order of the
deposited layers, a cross-section TEM analysis is recommended. This technique will offer a
more in-depth analysis and potentially reveal structural intricacies that could be pivotal in
understanding the effect of CuO incorporation on the physical and chemical properties of
the coatings.

Load—unload curves (Figure 10) for the 0.2CuO-CaP and 5CuO-CaP were analyzed
under loads of 10, 25, and 50 mN in relation to the unmodified Ti substrate. A reduction in
the surface indentation depth was observed, indicating an increased hardness of the coating
relative to the Ti substrate. By examining the area under the load and unload curves, it is
clear that the recovery behavior of the coatings exhibits an elastic—plastic nature (smaller
area under the curve), while the recovery of Ti shows predominantly plastic behavior
(larger area under the curve).

12 30
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Figure 10. Load—-unload curves for the polished Ti substrate and Cu-containing CaP coatings (0.2CuO-

CaP and 5CuO-CaP) obtained at max. load of 10 mN (a), 25 mN (b) and 50 mN (c). The graph illus-
trates the differences in the mechanical responses of the materials under applied and removed load.

Further, the mechanical properties (hardness, modulus of elasticity, and plasticity (9))
of the sample surfaces were assessed. The indentation depth (h) in the coatings was less
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than in Tj, a distinction attributable to the variance in the mechanical properties (hardness
and modulus of elasticity) of the coating and the Ti substrate. It is a well-known fact that
ceramics exhibit a higher level of hardness; however, even amorphous thin CaP films
also reflect the high values of hardness. The plasticity of the coating was almost half
that of the Ti samples (under loads of 10 and 25 mN), suggesting a predominance of
elastic properties in the coatings, while the polished titanium specimens exhibited a more
plastic-deformation behavior.

As the indentation depth increased, the influence of the Ti substrate became more
significant, causing the hardness and modulus of elasticity of the coatings (0.2CuO-CaP:
H =16 GPa, E = 272 GPa; 5CuO-CaP: H = 17 GPa, E = 211 GPa) to decrease to values close
to those of titanium (H = 13 GPa, E = 360 GPa) (Figure 11). The mechanical properties of the
coatings were analyzed using data obtained at a 10 mN load because the indentation depth
was minimal and the substrate influence was minimized, as evidenced by the measured
values of the hardness and modulus of elasticity (0.2CuO-CaP: H = 37 GPa, E = 503 GPa;
5CuO-CaP: H = 30 GPa, E = 304 GPa).

55 . ' : : 800
I ¢ & J] & & 9] & & §
ol 8 SRS S ST ] »Q~ P S
|:| o VR ] & 1 a7 F 1T T i F700
4540° Y . o ST § ) ol o
i p : - 600
o :
O35 4 y 3

- 500

w
o ¢
PR T

T

+

L=

o

L
o ¢
. -

A
Ll
w
(=4
o
Young's modulus E, GPa

Hardness H,
| 3%
N
1

-
N
1

10

$

. 8 R ’
& 1 Fi - & I P &
Qo O Qo O
> > > N
ﬁ(/\ L ,\C\’ ‘)b
Q'/ e t Q'/
Max. Load 10 mN Max. Load 25 mN Max. Load 50 mN

Figure 11. Mechanical characteristics of tested surfaces at different indentation loads.

It is noteworthy that the coating with a lower Cu content exhibited a higher hard-
ness and modulus of elasticity than the coating with a higher Cu content. The observed
mechanical properties of the coatings, particularly the hardness and modulus of elas-
ticity, are largely attributed to their amorphous nature and the specific influence of the
incorporated Cu. These mechanical enhancements, coupled with the already-known bio-
compatible nature of these coatings, highlight their potential utility in various orthopedic
and dental applications.

The higher hardness and modulus of elasticity in the coating with the lower Cu content
could be related to the reduced phase segregation. This may be due to the fact that with
increasing Cu content, there is an increase in the proportion of the softer CuO phase, which
would affect the overall hardness and modulus of elasticity of the coating. It is also possible
that the introduction of a larger amount of CuO could lead to structural defects, further
reducing these mechanical properties. However, it has not been reliably proven by XRD
analysis. On the other hand, the lower Cu content may have facilitated a more homogenous
distribution of the elements, leading to more-uniform mechanical properties.

Additionally, as the indentation depth increased, the influence of the Ti substrate
became more prominent, causing the hardness and modulus of elasticity of the coatings to
decrease towards the values for Ti. This is indicative of the effect of the substrate material
properties at a larger indentation depth.
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Finally, the electrochemical parameters of the deposited coatings were studied and
Tafel slopes are presented in Figure 12. The corrosion characteristics of the material samples
were presented in Table 3. The Open Circuit Potential (Eocp) for pure Ti was found to be
—0.03 £ 0.03 V while the corrosion potential (Ecorr) was at —0.32 £ 0.03 V, with a corrosion
current density (Jeorr) of 60.2 £ 52 nA/ cm?. The corrosion rate was significantly higher
in the case of the unmodified Ti sample compared to the coated samples, indicating their
improved corrosion resistance due to the coating. The CaP-coated sample demonstrated a
considerably lower corrosion current density (3.9 + 0.5 nA/cm?), which corresponds to a
higher polarization resistance (Rp) of 16.0 MOhm/cm?, indicating a lower rate of corrosion
compared to the uncoated Ti sample.
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Figure 12. Potentiodynamic curves for pure Ti and coatings in 0.9 wt. % NaCl solution. (The dashed
lines represent Tafel’s slopes).

Table 3. Corrosion characteristics of material samples.

Eucp/ Ecorrs Jeorrs ar ,Bk/ RP, 1Z1 £0.01 Hz,
Sample v v nA/cm? Vl/dec Videc MQ/cm? MQ x cm?
Pure Ti —0.03 £+ 0.03 —0.32 £ 0.03 60.2 £5.2 0.13 0.40 0.7 02+0.1
CaP —0.32 +0.03 —0.32 +£0.03 39+05 0.21 0.47 16.0 02+0.1
0.2CuO-CaP 0.22 +0.03 —0.01 + 0.03 163+ 1.6 0.26 0.44 44 92+0.8
5CuO-CaP 0.07 £ 0.03 —0.04 +0.03 64+1.1 0.23 0.34 9.4 51+0.3

Adding a small amount of Cu in the CaP coating (0.2CuO-CaP) resulted in an increase
in the corrosion current density (16.3 & 1.6 nA/cm?) compared to the CaP coated sam-
ple, but still much lower than the uncoated Ti sample. The corresponding polarization
resistance was 4.4 MOhm/cm?. When a higher amount of Cu was added (5CuO-CaP), the
corrosion current density decreased to 6.4 & 1.1 nA/cm?, indicating improved corrosion
resistance compared to the 0.2CuO-CaP sample. The polarization resistance increased to
9.4 MOhm/cm?,

From these results, it is evident that the addition of Cu to the CaP coating affects the
corrosion characteristics of the coated Ti samples. This is especially true in the case of
the 5CuO-CaP sample, which demonstrated superior corrosion resistance characteristics
compared to the other samples. The data of the corrosion characteristics suggest an
intriguing relationship between the doping concentration and the conductivity of the CaP
coatings. The addition of a small amount of Cu (0.2CuO-CaP) appears to significantly
enhance the conductivity of the CaP. This increase could be attributed to a shift from
ion conductivity to electron conductivity, a transition that has been observed in other
metal-doped ceramic systems as Cu-doping results in an increase in the charge carrier
concentration [47]. However, increasing the Cu concentration further (5CuO-CaP) seems to
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reduce the conductivity. This trend may be attributed to the presence of CuO clusters in the
coating, originating from the CuO in the target material used for deposition. CuO is known
to behave as a dielectric, which might hinder its electron movement, thus decreasing its
overall conductivity. An increase in insulating properties upon the increase in CuO content
has been reported elsewhere [48].

Furthermore, impedance spectroscopy was performed for the deposited coatings, and
Bode and Nyquist plots are presented in Figure 13a,b. Using these results, an equivalent
circuit was modeled (Figure 13c—f). An equivalent circuit for a pure Ti sample is shown
below (Figure 13c), consistent with the findings of other researchers [49]. This equivalent
circuit, generally speaking, comprises three components: the active resistance of pure Ti
(Rs), the TiO, oxide layer (CPE1, R1), and the interface between the electrolyte and oxide
layer (CPE2, R2). The constant phase element (CPE) involves the charge transfer process
related to the dispersion of a capacitance around a mean value, and can be modeled by two
parameters, CPE-T and CPE-P. CPE was used here since it is more suitable to describe the
non-ideal behavior of the coating. This circuit was characteristic of all metallic samples
with a dielectric coating; in this case, the coating was the TiO, oxide layer. The values for
simulated elements are presented in Table 4.

Table 4. Calculated values of the simulated circuit elements.

Sample Pure Ti CaP 0.2CuO—CaP 5CuO—CaP
Rs, O X cm? 140 20 80 100
CPE1-T,F x cm—2 4.04 x 1072 1.40 x 10~° 1.74 x 10~7 7.63 x 1078
CPE1-P 0.89 0.57 0.76 0.81
R1, Q X cm? 2.65 x 10° 1.63 x 103 2.53 x 10° 1.88 x 10°
CPE2—T, F x cm 2 2.39 x 1074 291 x 10~° 7.73 x 1078 5.05 x 1077
CPE2—-P 1.44 0.58 0.66 0.53
R2, Q x cm? 1.36 x 10° - 2.72 x 10° 5.09 x 100
CPE4—T,F x cm—2 - - 2.72 x 1077 -
CPE4—P - - 0.35 -
x2 (KK) 0.091 0.001 0.001 0.002

Since impedance measurements were performed at low frequencies (0.01-1 Hz) in
this study, it was necessary to confirm whether these system data are stationary. For
this, a Kramers—Kronig transformation (KK) was performed for each of the impedance
spectra with the subsequent calculation of x* as a parameter to assess the accuracy of
the approximation. These values are provided in Table 3. All spectra demonstrated high
convergence (x? < 0.1) after the transformation, which allowed us to assert the correctness
of the selection of equivalent circuits at low-frequency intervals. In the case of the Pure
Ti sample, the x? value was slightly inflated compared to other samples due to the active
resistance Rs, a more precise value of which could not be calculated.

It should be noted that as the proportion of copper oxide in the coating structure
increases, the capacitance of the CPE1-P element decreases. This may suggest a higher
conductivity of the TiO, surface layer in the case of the 5CuO-CaP sample. In the case
of active resistances (R1, R2), their value increases, which indicates an increase in the
proportion of active resistance when alloying the coating with copper.
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The deposition of a coating (Figure 13d) modifies the nature of the third component,
increasing the influence of the reactive resistance; therefore, R2 is excluded from the
equivalent circuit. This behavior is associated with the dielectric conductivity of the
transition layer CaP-electrolyte, which at low frequencies possesses a quasi-infinite active
resistance. The addition of a small amount of Cu to the CaP coating (Figure 13e) adds
another component to the equivalent circuit (CPE4) and leads to a limit in the active
resistance of the third component. The fourth component characterizes the interface
between the Cu-electrolyte, since small amounts of Cu do not form a uniform matrix,
and the element is evenly distributed throughout the CaP layer as separate species in the
amorphous matrix of CaP.

Adding more Cu content to the CaP coating (Figure 13f) leads to the exclusion of the
fourth component due to the fact that Cu particles begin to form a uniform matrix within
the CaP layer. Hence, the surface layer now comprises a unified structure in the form of a
CuO-CaP composite, characterized only by the third component, similar to the case of pure
Ti with a TiO, oxide layer. This suggests that the addition of higher concentrations of Cu
change the electrochemical properties of the CaP layer.

These observations suggest the potential of tuning the electrical properties of CaP
coatings by careful control over the dopant concentration. Given the growing interest in the
electro-physical properties of biomedical coatings due to their potential use in implantable
detectors, transducers, and actuators, this finding may have significant implications for
future research. In particular, the enhancement of electrical properties of CaP coatings may
pave the way for more advanced and functional biomedical implant coatings.

4. Conclusions

The transition of CuO-doped CaP materials from powders to ceramics to coatings
demonstrated a significant evolution in their structural and elemental parameters. With
lattice parameters for ceramics (a = 9.420 A and c = 6.884 A) notably higher than for the
raw powders (a = 9.413 A and ¢ = 6.875 A), we confirmed successful CuO incorporation
into the HA lattice. The Ca/P ratio underwent an interesting transition from powders to
ceramics and coatings. For example, the Ca/P ratio decreased from 2.22 + 0.3 in 0.2CuO-
CaP powder to 1.62 £ 0.1 in 5CuO-CaP coating. Simultaneously, the Cu content ascended
from less than 0.4 at.% in the initial powder to an impressive 12.6 & 0.5 at.% in the fi-
nal coating, denoting the material’s adaptability. Mechanical tests showed the hardness
and Young’s modulus of the coatings to be much higher than those of the Ti substrate,
with the 0.2CuO-CaP coating exhibiting the highest hardness (H = 37 GPa) and modulus
(E =503 Gpa). In terms of electrochemical performance, the 0.2CuO-CaP coating exhibited
an appreciable decrease in corrosion current density (16.3 & 1.6 nA/cm?) compared to pure
Ti (60.2 + 5.2 nA/cm?), along with an increase in polarization resistance (4.4 Mohm/cm?).
The TEM study highlighted the need for in-depth layer analysis for thin solid films and low
dopant concentrations, revealing a short-range order modification induced by the presence
of Cu. It is important to note that comprehensive, long-term testing under physiological
conditions, including evaluations of structural, mechanical, and electrochemical behavior,
is essential to substantiate our findings. Our forthcoming research will be dedicated to
assessing the cytotoxicity, immunological activity, and antibacterial effect of such coatings
with an increased Cu content. With enhanced mechanical strength and electrochemical
resilience, these coatings possess considerable potential for biomedical applications, such as
implantable sensors and actuators. In conclusion, our study demonstrates the remarkable
adaptability and tunability of CuO-doped CaP materials across various phases, under-
scoring their potential in materials science and biomedical applications. The structural,
mechanical, and electrochemical enhancements realized through controlled Cu doping
highlight the promise of this material for future research and practical applications.
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