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[T I N R

Abstract: We report on hydroxyapatite (HA) of biological-origin doped with lithium carbonate
(LiC) and lithium phosphate (LiP) coatings synthesized by Pulsed laser deposition onto Ti6Al4V
substrates fabricated by the Additive manufacturing technique. A detailed comparison from the
structural, morphological, chemical composition, wetting behavior and bonding strength standpoints
of as-deposited (NTT) and post-deposition thermal-treated (TT) coatings at temperatures ranging
from 400 to 700 °C (i.e., TT400-TT700), was performed. Structural investigations indicated a complete
crystallization of the initially amorphous HA-based layers at temperatures in excess of 500 °C.
The morphological analyses emphasized the rough appearance of the film surfaces, consisting of
particulates whose dimensions increased at higher temperatures, with an emphasis on LiC coatings.
AFM investigations evidenced rough surfaces, with a clear tendency to increase in corrugation with
the applied temperature, in the case of LiC coatings. A hydrophobic behavior was observed for
control, NTT and TT400 samples, whilst a radical shift towards hydrophilicity was demonstrated
for both types of structures at higher temperatures. In the case of TT500-TT700 coatings, the pull-
out adherence values increased considerably compared to control ones. Taking into consideration
the obtained results, the positive influence of post-deposition thermal treatments (performed at
higher temperatures) on the physical-chemical and mechanical properties of LiC and LiP coatings
was indicated. Alongside these improved characteristics observed at elevated temperatures, the
sustainable nature of the used BioHA materials should recommend them as viable alternatives to
synthetic HA ones for bone implant applications.

Keywords: biogenic hydroxyapatite; lithium doping; thermal treatment; implant coating; pull-out
bonding strength; PLD

1. Introduction

Bone joint defects/diseases, along with edentation, represent difficult and frequent
clinical problems with high incidence in the medical field and are mainly caused by age,
trauma, infections, tumor resection or congenital/hereditary disorders [1]. One should
note that the frequency of these medical problems is foreseen to expand even more as a
result of the increase in life expectancy worldwide. A testimony for an increased demand
for advanced bone implants stand in global market research studies. For instance, Allied
Market Research projected that the global market of orthopaedic and dental implants will
experience a steep growth in the following next years, reaching a value of $12,743 million
USD by 2023 [2], and of $66,636 million USD by 2025 [3].
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Nowadays, the materials of choice for orthopedic and dental implants are generally
fabricated from titanium (Ti) and its medical-grade alloys (e.g., Ti6Al4V, Ti6Al7Nb) [4,5].
Ti6Al4V was shown to possess important characteristics, such as high strength and fracture
toughness, superior corrosion resistance, low density, excellent biocompatibility, and favor-
able osseointegration characteristics [6,7]. One should note here that, in the case of senior
patients, the osseointegration of such implants is difficult to achieve in a short period of
time and that is why bone cements are preferred [8]. Unfortunately, such an implant has a
limited life-time and, considering the increase in life expectancy mentioned above, it can
become a major deficit in the case of substitution surgeries. Despite the fact that, Ti6Al4V is
considered highly biocompatible, there are studies from the literature which reported on
both inflammatory reactions occurring around the implantation site [9,10], and the release
of various chemical elements from the implants (i.e., vanadium and aluminum ions [4,9]),
which can accumulate in the organs, with hard-to-predict long-term effects. Therefore,
to surpass these inconveniences and to optimize the interface between the human body
(“host”) and the implants, a bioceramic material is usually deposited on the surface of the
metallic substrate in the form of a thin film. The aim of this coating is both to accelerate
the osseointegration rate, and to ensure the biomimetism of the implant, by enhancing
its long-term functionality [11]. Moreover, the use of this coating as a buffer layer offers
protection against the release of unwanted metallic ions from the implants. In the latter
case, crystalline coatings, with reduced corrosion, are preferred. Nowadays, the “gold”
standard material used to coat implants is hydroxyapatite (HA). HA is one of the most
investigated calcium phosphates (CaPs) for osseointegrative applications due to its excel-
lent biocompatibility, high biomineralization capacity, controlled degradation speed, and
good osteoconductivity [12]. Synthetic HA is generally produced by chemical laborious
protocols. Thus, one alternative, sustainable solution to produce natural HA is to extract it
from abundant biological resources [13,14] (e.g., bones resulted from the food-processing
industry). It was reported that animal bone-derived HA (further denoted as BHA), in
comparison to synthetic HA, contains an array of trace-elements (e.g., Na, Mg, Sr, and K),
with definite bio-functional roles [15], as well as an improved mechanical performance [16].
In addition, BHA demonstrated a high metabolic activity, a much more dynamic response
to the environment [17], and less intense inflammatory reactions [18].

Pulsed laser deposition (PLD) was delineated as a promising technology for the
synthesis of bioceramic layers [19-21], due to good control over film stoichiometry and
thickness, as well as to its ability to yield rough and well-adhered films [22]. Post-deposition
thermal treatments performed on the synthesized layers are also to be mentioned here.
Their role is both to restore the stoichiometry and to improve the overall crystalline status
of the fabricated coatings [23].

Nowadays, different solutions to further improve the mechanical and biological prop-
erties of the fabricated HA films are being investigated. One such strategy is doping with
different concentrations of reagents [24], among which Lithium (Li) plays a key-role. Thus,
Li is a metal with important therapeutic properties, which range from the treatment of
bipolar disorders to antibacterial, anticancer, antiviral, and pro-regenerative effects [25,26].
Its mechanism of action was shown to be extremely complex [25,27]. It was also reported
that, when Li is substituted into the HA structure, it plays a double role: (i) it could induce
a decrease in the solubility of HA [28,29], without interfering on biocompatibility [30], and
(ii) an enhancement of mechanical properties, without altering the HA structure [23].

In this respect, our previous PLD studies suggested that the Li addition to BHA can
further improve the adhesion and differentiation of human mesenchymal stem cells to
osteoblasts lineage, as compared to the undoped BHA coatings [31,32]. In the framework of
the current study, we therefore aimed to survey if a fine tuning of the physical-chemical and
surface energy characteristics (with direct consequences on the bio-functional response), as
well as of the bonding strength of Li-doped BHA coatings could be further made possible
via post-deposition annealing treatments performed at different temperatures (in the range
of 400-700 °C) and ambient (i.e., air and water-vapors enriched atmosphere). To the best of
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our knowledge, this is the first report on the influence of post-deposition thermal treatments
on the structural, morphological, compositional, wetting behavior and bonding strength
characteristics of bone-derived HA coatings synthesized by the PLD technique.

2. Materials and Methods
2.1. Powder Preparation

The BHA powders were obtained from bovine femoral bones, which were subjected
to a veterinary control before usage. The extremities of bones were cut off and only the
femoral shafts were further used. The bone marrow along with all the other soft tissue
residues were removed from the bones. The femoral shafts were cut into small pieces and
washed thoroughly using distilled water. They were then introduced for two weeks into
an alkaline sodium hypochlorite solution (1%), for deproteinization. After washing and
drying, all the bone pieces were calcined at 850 °C for 4 h in air (using an electric laboratory
oven, Protherm model, Alserteknik Inc., Istanbul, Turkey), for the complete elimination of
all organic bone components. The as-obtained bone pieces were first crushed by grinding
and then introduced into a ball mill to obtain fine powders, with particles of submicronic
dimensions. Next, all powders were calcined again at 850 °C for 4 h in air, with a heating
rate of 4 °C/min. The combined chemical inactivation treatment and thermal processing at
a high temperature eliminates all risks of disease transmission [33].

The BHA powders were prepared in accordance with the EU settlement No. 722/2012
and ISO No. 22442-1:2015, which regulate the management of health security issues when
working with products derived from tissues of animal origin.

Li (1 wt.%) was incorporated into BHA by using two source powders: Li;COs and Li3PO,4
(Sigma Aldrich, St. Louis, MI, USA). Batches of Li-BHA of ~40 g were prepared by powder
mechanical mixing using a high energy Retsch S 100 ball mill (200 rot/min, for ~15 min). To
avoid any possible mixing with reused powders, virgin powders were always used.

2.2. Target Preparation

Amounts of 3 g of Li;CO3;/BHA (further denoted as LiC) and LizPO4/BHA (further
denoted as LiP) powder mixtures were introduced into a stainless-steel mold (Specac Ltd.,
Orpington, UK), with a diameter of 2 cm. The LiC and LiP mixes were next compacted
by pressing at ~6 MPa. Pellets with a thickness of ~0.5 cm were thus obtained. Further,
the powder pellets were sintered into well-hardened, crack-free, PLD targets at 700 °C/4 h
(heating rate 5 °C/min, natural cooling down). One should note here that sintering
at temperatures higher than 700 °C was not possible owing to the low decomposition
temperatures of Li,COs.

2.3. Substrates Preparation

The Ti6Al4V substrates were fabricated by additive manufacturing, starting from a
micro-sized powder (LPW Technology, Widness, UK), and using the experimental assembly
presented in Ref. [34]. For the powder delivery, an automated powder feeder (Trumpf,
Ditzingen, Germany) was used, connected through hoses (6 mm in diameter) to a nozzle
with three flow channels, mounted on a robotic system TruLaser Robot 5020 (Trumph,
Ditzingen, Germany), made of a Kr30HA robot (Kuka Robotics, Angsburg, Germany)
with six movement axes. The translation speed was set at 1 m/min. The powder was
transported to the robot using a He—Ar mixture (1:3 ratio) gas, with a flow rate of 3 g/min.
The Gaussian laser beam used to melt the powder had a selected peak power of 1 kW and
a diameter of the surface focused spot size of 600 pm. The beam was supplied through an
optical fiber and generated by a Yb:YAG source (A = 1030 nm, continuous wave), model
TruDisk 3001 (Trumpf, Ditzingen, Germany). The technical drawing of the Ti implant
substrates was designed in the graphical engineering software SolidWorks® (Dassault
Systems, Vélizy-Villacoublay, France) and imported in TruTops Cell® (Trumpf, Ditzingen,
Germany), which is a movement code generator for the robotic arm. Using these optimized
parameters, a bulk shape was printed and further sliced using a disk cutting machine,
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model Brillant 200 (ATM, Mammelzen, Germany). Individual Ti6Al4V substrates, with
thicknesses of ~3 mm, were therefore obtained.

2.4. PLD Coatings

All PLD experiments were performed inside a stainless-steel deposition chamber, using
a pulsed UV KrF* COMPexPro 205F excimer laser source (A = 248 nm, trwpm < 25 ns)
(Coherent, Santa Clara, CA, USA), operated at a frequency repetition rate of 10 Hz.

The ablated material was transferred and collected both onto Ti6Al4V substrates
(0.6 x 0.6) cm? and double-side polished Si (100) wafers of (1 x 1) cm? (Medapteh Plus Cert
SRL, Magurele, Romania). They were placed parallel to the target surface, at a separation
distance of 5 cm. Prior to introduction inside the deposition chamber, all substrates were
cleaned in an ultrasonic bath Elmasonic X-tra 30H (Elma Schmidbauer GmbH, Singen,
Germany), according to a protocol described in Ref. [32]. The Si wafers (which are easy
to cleave) were used both for the cross-sectional scanning electron microscopy (SEM)
analyses to infer the PLD films thickness, and AFM investigations. To ensure the best
possible adherence of the coatings [35], the Ti and Si substrates were plasma cleaned using
a Diener system (Diener Electronic, Ebhausen, Germany), prior to the introduction into the
reaction chamber.

The laser beam was incident at 45° onto the target’s surface and the fluence was set at
4]/cm?, with a corresponding laser energy of 360 mJ. During deposition, all substrates were
heated and maintained at a constant temperature of 500 °C, by a PID-Excel temperature
controller (Excel Instruments, Mumbai, India). The heating and cooling ramps were 20 and
10 °C/min, respectively. To avoid piercing and possible modification of the surface mor-
phology induced by the laser radiation, the targets were continuously rotated during the
multi-pulse deposition process with a frequency of 0.83 Hz (50 rot/min). For the deposition
of one coating, 15,000 consecutive laser pulses were applied. All depositions were performed
in water vapor-enriched ambient, at a residual pressure of 3.75 x 10~! Torr (~50 Pa).

2.5. Post-Deposition Thermal Treatments

The post-deposition thermal processing of implant-type coatings could be of partic-
ularly great importance for the engineering of their physical-chemical (e.g., crystalline
quality, morphology, stoichiometry, surface energy) and mechanical properties. Conse-
quently, in the framework of this study, the as-deposited PLD coatings were subjected
to post-deposition thermal treatments at different temperatures (i.e., 400, 500 and 700 °C,
respectively), in both air and water-vapor ambient, for 6 h (further denoted as TT400A—
TT700A and TT400W-TT700W, respectively). For comparison reasons, batches of samples
not subjected to thermal treatments (further denoted as NTT) were also used.

2.6. Physical-Chemical and Mechanical Characterization Methods

(a). The crystalline status and phase composition of LiC and LiP coatings were inves-
tigated by X-ray diffraction (XRD), in grazing incidence (GI) geometry, using a
Rigaku SmartLab (3 kW) equipment, with parallel beam setting and CuK radiation
(A =1.5406 A). The angle of incidence (x) was 2°. The patterns were recorded in the
26 = (10-60)° range, at an acquisition time of 1°/min.

(b). The chemical structure of LiC and LiP coatings was investigated by Fourier transform
infrared (FT-IR) spectroscopy, using a Perkin Elmer BX Spectrum equipment, oper-
ated in an attenuated total reflectance (ATR) mode. A Pike-MIRacle diamond head
(0.18 cm diameter) was used. All measurements were performed on Ti substrates,
in the range (1600-500) cm~!, with a resolution of 4 cm~! and a total number of
64 scans/experiment.

(c). The surface and bottom-to-top morphologies of LiC and LiP coatings were investi-
gated using SEM, in top- and cross-view modes, respectively. An FEI Inspect S50
electron microscope (Field Electron and Ion Company, Hillsboro, OR, USA), used in
the secondary electron mode, at an acceleration voltage of 20 kV, was used. Before
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examination, to prevent electrical charging, all samples were coated with a thin layer
(10-12) nm of Au.

To better emphasize the topological surface peculiarities of LiC and LiP coatings, high
resolution Atomic Force Microscopy (AFM), performed in non-contact mode on a
XE-100 apparatus from Park Systems, was used. Sharp tips (PPP-NCHR type from
Nanosensors™, Neuchatel, Switzerland), having a length of 125 um, a 30 um width
and a radius of curvature of less than 8 nm, were used for surface scanning over
areas of (20 x 20) um?. All AFM measurements were performed at room temperature
(RT). The textural (amplitude) parameters, namely average roughness (Rq), surface
skewness (R ) and surface kurtosis (Ry,), were determined.

The chemical composition of LiC and LiP samples was assessed by energy dispersive
X-ray spectroscopy (EDS). For these measurements, a SiLi EDAX Inc. detector (Mah-
wah, NJ, USA), operated at 20 kV, was used. The elemental analyses were performed
in triplicate, on different areas ((250 x 250) um?) of the deposited layers.

The wetting properties of the LiC and LiP coatings were investigated by static (equi-
librium) contact angle (CA) measurements, using a Drop Shape Analysis System,
model DSA100 (Kriiss GmbH, Hamburg, Germany). The samples were positioned
on a flat platform, under the tip of a blunt-end, stainless steel needle, with an outer
diameter of 0.5 mm. The needle was attached to a syringe pump controlled by the
DSA3® PC software and used for dripping liquids with a controlled volume on the
test surface and for the CA evaluation. The volume of one liquid droplet was of ~1 pL.
For each sample, the measurements were performed on two different regions of the
surface. The CA measurements were performed by fitting the experimental profile of
the sessile drop with a second-degree polynomial or with the equation of the circle,
after which the slope of the tangent to the drop at the point of intersection with the
line separating the liquid—solid—vapor interface was calculated. The video camera
was tilted at an angle of ~2° to the sample plane. All measurements were performed
at RT, in duplicate (on two identical samples). Based on the measured CA values, the
solid Surface Free Energy (SFE) was determined. For the CA and SFE measurements,
two standard liquids (water and diiodomethane) were used, for which one knows: the
surface tension (Ywater = 72.8 mN/mM; Ydiiodmethane = 90.8 mN/m), and the dispersion
and polar components (Ywater® = 21.8 mN/m, Ywater? = 51 mN/m, and ¥ giiodmethane®
=48.5 mN/m, Ydiiodmethane® = 2.3 mN/m). Using the CA values obtained for the two
testing liquids, both the polar and dispersion parts of the synthesized coatings, and
the total SFE, was estimated by applying the Owens-Wendt method [36].

The adherence of the LiC and LiP coatings to the Ti substrate was estimated by the
pull-out method. A standardized instrument, PAThandy AT101 (maximum pulling
force = 1 kN) from DFD Instruments® (Kristiansand, Norway), equipped with stainless
steel test elements with a diameter of ® = 0.28 cm, was used. The complete procedure
was detailed elsewhere [37], and it complies with the ASTM D4541 and ISO 4624
standards. The measurements were performed on quadruplicates.

3. Results and Discussion
3.1. X-ray Diffraction

The GIXRD patterns of the LiC- and LiP-based PLD coatings, thermally processed

under different conditions (air and water vapor ambient), are comparatively presented in
Figure 1a,b. As expected, due to the low thickness of the deposited layers, the diffractograms
were dominated by the high intensity peaks (i.e., 100,002, and 1 0 1) of the Ti substrate
(ICDD: 00-044-1294). While initially amorphous (i.e., NTT—as-deposited)—as indicated
by the shallow amorphous halo situated in the angular region 26 ~ (23-33)°—the films
became progressively more crystalline with the increase of the post-deposition temperature.
Consequently, the diffraction maxima of HA (ICDD: 00-009-0432), as the sole or dominant
phase of the PLD films, became incrementally more salient.
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Figure 1. The GIXRD patterns of the NTT and TT (a) LiC- and (b) LiP-type coatings, in air and water
vapors ambient. The reference ICDD-PDF4 files of hydroxyapatite (No. 00-009-0432) and (-tricalcium
phosphate (No. 00-009-0169) are presented at the bottom of the graphs for comparison.

The LiP coatings heat-treated in air (Figure 1b) elicited a latency of crystallization with
respect to the LiC ones (Figure 1a). This was suggested by the persistence of the amorphous
halo (while reduced in intensity, and accompanied by defined peaks of nano-crystalline HA)
up to a temperature of 500 °C. More advanced structuring processes (i.e., HA crystallization
followed by its decomposition) were generally noticed for the films annealed in water-
vapor ambient. The formation of the 3-TCP phase (ICDD: 00-009-0169) was hinted by
(i) the left-hand side asymmetry of the 2 1 1 peak of HA, followed the advent of a definite
shoulder appertaining to the maximum intensity 0 2 10 peak of 3-TCP, and (ii) the increase
in intensity of the 1 0 2 peak of HA, as consequence of the superimposition in the same
angular region of the prominent 2 1 4 maximum of 3-TCP. If in the case of LiC samples
(Figure 1a), the partial decomposition of HA was disclosed only after the TT performed at
700 °C in both air and water-vapor ambient, in the case of LiP samples, the first signs of
HA decomposition were evidenced at a lower temperature (i.e., TT performed at 500 °C in
water-vapor ambient). Furthermore, while after the TT at 700 °C in air, the HA — 3-TCP
transformation of the LiP coatings was still marginal, in the case of the ones heat-treated
in water-vapor ambient, the weight of the 3-TCP was visibly increased (Figure 1b). This
was supported by both the increase of the 0 2 10 3-TCP/2 1 1 HA peaks ratio, and the
supplemental easier discrimination of diffraction maxima related to the 214 and 22 0
lines of 3-TCP. Interestingly, in the case of LiP coatings annealed at 700 °C in water-vapor
ambient, the additional presence of a well-defined TiO,-rutile phase (ICDD: 00-021-1276)
was revealed. This is not unprecedented, since the formation of rutile was previously
reported in the case of magnetron-sputtered HA films subjected to post-deposition heat-
treatments at 750 °C [38]. It is most likely a consequence of the Ti substrate oxidation at the
interface with the deposited film during the re-structuring and decomposition stages of
HA (with oxygen diffusing from the film to the substrate surface).

The progressive incorporation of hydroxyl and carbonate functional groups into the
HA lattice is known as a driving force for its crystallization [39,40]. Conversely, the gradual
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de-hydroxylation and de-carbonation of HA at higher temperatures, represents the starting
point of HA restructuring, since its crystalline lattice will become faulty and unstable, and
thus, susceptible to chemical reactions and decomposition [41,42].

The stronger HA — (3-TCP decomposition, signaled in the case of LiP coatings an-
nealed in water-vapor ambient at 700 °C, could be linked to a decrease in the heat-treatment
efficacy (with the water vapors being more readily evaporated from the HA-based film
surface at this high temperature). Furthermore, the excess of orthophosphate groups sup-
plied by the Li source material (i.e., LizPOy4) used in the case of LiP samples, could act as a
supplemental chemical destabilizer and decomposition adjuvant.

The crystallite size (crystalline coherence length) along the a- and c-axis of HA, was
determined from the integral breaths of the 0 0 2 and 3 0 0 diffraction maxima by applying
the Scherrer equation [43], after the subtraction of the instrumental breadth (using a NIST
1976b corundum standard reference material). The estimated a- and c-axis crystallite size
values are plotted comparatively in Figure 2a,b.
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Figure 2. Average crystallite sizes determined by Scherrer equation along the (a) c-axis and (b) a-axis
for the HA constituent phase of the LiC and LiP samples heat-treated in air and water-vapor ambient
at 500 and 700 °C, respectively. (c) Crystallite shape anisotropy factors.

The c/a crystallite shape anisotropy factors are presented in Figure 2c. As anticipated,
the (a- and c-axis, respectively) crystallite sizes experienced a moderate (i.e., LiC in air) or
markedly increase (i.e., LiP in air, LiC in water-vapor ambient) with the heat-treatment
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temperature, with a single exception: LiP coatings annealed in water-vapor ambient at
700 °C. In this particular case, a strong diminution of the crystalline coherence length
along the c-axis was recorded. This should be considered a direct consequence of the
more prominent structural changes experienced by this type of coating (namely, increase of
[3-TCP share, and emergence of the rutile phase at the film-substrate interface). Interestingly,
the c/a shape factors (Figure 2c) indicated that both LiC and LiP samples heat-treated in
air were quasi-isotropic (ratios close to unity) irrespective of temperature, whilst the ones
annealed in water-vapor ambient at 500 °C were markedly oblong. When the heat-treatment
temperature is increased (to 700 °C) for the latter samples, their crystallite shape became
either isotropic (for LiC) or flattened (for LiP).

3.2. Fourier Transformed Infra-Red Spectroscopy

The FTIR-ATR spectra of the NTT and TT LiC and LiP coatings are presented com-
paratively in Figure 3a,b. All spectra featured the characteristic vibrational modes of
the orthophosphate structural units in an apatitic material [44,45]: v4 triply degenerated
bending (~564-569 and ~590-600 cm ™!, respectively); v; non-degenerated symmetric
stretching (~941-962 cm~!); and v; triply degenerated asymmetric stretching (~993-1018
and ~1084-1087 cm !, respectively).
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: \ <\
Vo
SR

v Ti-O bonds

Normalized absorbance

E vy > o7 commercial pure HA| 7} v PD; - T commercial pure HA
g' ] ’)AUN §_~ E‘ 3 /10"' %‘ §
2 Y 8/2\8 & S\8
& ] A
P . T T —r -
2 wpPoi v, PO § T cdmmercial pure /~TCP)
3 =Ml3\ e
£ TS N\ =
@ &
-g v, PO}
600 750 900 1050 1200 1350 1500 600 750 900 1050 1200 1350 1500
Wave numbers (cm™) Wave numbers (cm™)

Figure 3. The FTIR-ATR spectra of the NTT and TT (a) LiC- and (b) LiP-type coatings, in air and
water-vapor ambient. The reference spectra of pure (commercial) hydroxyapatite and -tricalcium
phosphate compounds are presented at the bottom of the graphs for comparison.

The broad envelopes of FTIR-ATR spectra of both LiC and LiP NTT samples sug-
gested their decreased degree of structural order, in good agreement with the afore-
presented GIXRD results. As frequently reported in literature for amorphous calcium
phosphates [38,46,47], the stretching modes of the (PO4)3~ groups were found to be shifted
to lower wave numbers with respect to the stoichiometric crystalline HA positions. Fur-
thermore, the absence of the libration mode (v1 ) of structural OH™ groups at ~628 cm ™!
indicated the strong de-hydroxylation of NTT LiC and LiP coatings, which is a typical
characteristic for the films prepared by physical vapors deposition methods [23,48,49]. To
the difference of LiP NTT coatings, in the case of LiC NTT ones, the emergence of new low
intensity IR absorption bands at ~874 and ~1418 cm !, respectively, was revealed. They



Coatings 2022, 12,1883

9 of 25

are associated with the v, symmetric and v3 asymmetric stretching modes of carbonate
groups [44,45], which suggests that they originated (and are incorporated) from the Li,CO3
additive, used as Li source material in this specific case.

Subsequent to the heat-treatment applied at 400 °C, marginal structural modifications
in terms of short-range order were recorded. However, the increase of the annealing
temperature up to 500 °C produced noteworthy changes. Both types of coatings elicited
narrower, well-defined orthophosphate IR bands, peaking at positions close to the ones of
the stoichiometric (commercial) HA. The only exception was constituted by the LiP samples
heat-treated in air (thereby, in good agreement with the GIXRD data which indicated the
incomplete crystallization of this specimen) (Figure 1b vs. Figure 3b). The LiC and LiP
samples annealed at 500 °C featured both the libration mode of OH™ and stretching
modes of (CO3)?~, incorporated from the TT ambient, further stressing the importance
of these functional groups for the crystallization of HA. The carbonation of HA should
be emphasized, as it is also characteristic for the main mineral component of bone, and
furthermore, it is known to positively influence the osseointegration ability [48,50,51].

The osteoclasts dissolve more readily this type of bioceramics, leading to faster bone
regeneration and remodeling [48,50].

The 700 °C heat treatment seemingly produced the complete crystallization of all
type of samples, annealed in both air and water-vapor ambient. Important structural alter-
ations were noticed in the case of LiP coatings annealed at 700 °C in water-vapor ambient:
(i) two new bands arose at ~750 and ~981 cm ™!, respectively, associated with the vibrations
of Ti-O bonds in rutile [38,52], and stretching modes of orthophosphate units in 3-TCP;
and (ii) complete elimination of the carbonate groups. The latter event might be linked
with the HA re-structuring process and its incipient decomposition. The Ca—~COj3 bonds in
HA are known to be weaker with respect to the Ca—PO4 ones [53], and thereby, when the
decomposition process starts, they will be supposedly the first ones to break apart.

3.3. Scanning Electron Microscopy

SEM micrographies corresponding to the control Ti, NTT LiC and LiP coatings and to
those subjected to post-deposition thermal treatments (at different temperatures), in air and
water-vapor ambient, are comparatively presented in Figures 3 and 4. SEM images were
recorded at two different magnifications of 5000 and 200,000 x, respectively. At smaller
magnifications, for all synthesized coatings, surfaces with rough and irregular morpholo-
gies could be observed. They generally consisted of spherical, ovoidal or even elongated
formations, but rounded at their extremities (Figures 4 and 5), which are known in the
literature as “particulates”. Their dimensions ranged from a few hundred nanometers
to a few microns (Figure 6). In the case of LiC TT400A and LiP TT400W, some bigger,
isolated particles were also detected. One can note that the presence of these particulates of
various dimensions on the surface of the synthesized coatings and their dependence on
the composition of the target are well-known characteristics of the PLD process [19]. These
particulates are mainly resulting by the expulsion of the liquid phase from the surface of
the target during the irradiation process, as an effect of expansive waves, hydrodynamic
instabilities, or melting in the sub-surface area [54]. It can be emphasized that both the
particulate sizes and their random distribution were defining factors in obtaining rough
morphologies. Such type of surface is acquainted for its positive impact in medical applica-
tions (e.g., implant-type coatings), thus promoting the colonization of osteogenic cells in
their microcavities, followed by their intense proliferation [19,55,56].
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Ti control

LiC[TT400A

LiCTTS00A

LiC|[TT700A

Figure 4. Top-view general and detailed SEM micrographs of control Ti, NTT LiC samples and
of those subjected to post-deposition thermal treatments (at different temperatures), in air and
water-vapor ambient, synthesized onto Ti substrates.

Ti control

LiP TTS00A

LiPTT700A

Figure 5. Top-view general and detailed SEM micrographs of control Ti, NTT LiP samples and of those
subjected to post-deposition thermal treatments (at different temperatures), in air and water-vapor
ambient, synthesized onto Ti substrates.
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Figure 6. Cross-view SEM micrographs of control Ti, NTT LiC samples and of those subjected
to post-deposition thermal treatments (at different temperatures), in air and water-vapor ambient,
synthesized onto Si substrates.

Further, higher magnification SEM images revealed the appearance of some minor
cracks on the surface of the coatings. They were visible in the case of NTT samples and
seem to develop with the increase of the post-deposition temperatures. Their formation can
be explained in terms of the release of thermal stress developed at the substrate—coating
interface, because of the differences in the thermal expansion coefficients between the
substrate and the ceramic films [57].

The slight widening of the cracks, which are more noticeable in the case of LiC-TT700A
samples, might be attributed to the crystallization and hydroxylation of amorphous phases.
The constriction of BHA coatings thus followed which widened the cracks [58].

It is important to point out that the structural integrity of the synthesized coatings was
well maintained even after the thermal treatment of the coatings. Thus, no delamination
phenomena, immediately after deposition or after a longer period of time (i.e., months),
was observed.

Cross-sectional SEM images characteristic to NTT LiC and LiP coatings and to those
subjected to post-deposition thermal treatments (at different temperatures), in air and
water-vapor ambient, are comparatively presented in Figures 6 and 7. In all studied cases,
generally uniform coatings with a compact microstructure were highlighted.

The average thickness values of the NTT LiC and LiP coatings and of those subjected
to post-deposition thermal treatments (at different temperatures), in air and water-vapor
ambient, were estimated from the cross-sectional SEM images. A slightly higher average
thickness (~1.4-1.5 pm) was evidenced in the case of LiP coatings, in comparison to LiC
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ones (~1.1-1.2 um). This corresponds to an average deposition rate of ~0.1 nm/pulse. Thus,
in the case of LiC samples subjected to thermal treatments in air and water-vapor ambient,
the highest thickness values were inferred for TT400A and TT500W coatings, whilst for
NTT, TTS00A /W and TT700A /W ones, comparable thickness values were deduced. For LiP
samples subjected to thermal treatments in air, the highest thickness values were inferred
for NTT samples, followed by a decrease for TT400 and TT500 ones, and a slight increase
towards higher temperatures (i.e., TT700A coatings). In the case of LiP samples submitted to
thermal treatments in water-vapor ambient, a decrease for NTT-TT400 coatings, followed by
a slight increase for TT500 ones and a decrease towards higher temperatures (quite abrupt for
TT700W coatings), was noticed. This trend was similar to the one observed for LiC samples
subjected to the same post-deposition thermal treatments (i.e., water-vapor ambient).

LiPNTT

Figure 7. Cross-view SEM micrographs of control Ti, NTT LiP samples and of those subjected to
post-deposition thermal treatments (at different temperatures), in air and water-vapor ambient,
synthesized onto Si substrates.

3.4. Atomic Force Microscopy

Typical bi-dimensional (2D) topographic images of the control Si, NTT LiC and LiP
coatings and of those subjected to post-deposition thermal treatments (at different tempera-
tures), in air and water-vapor ambient, collected at a scanning area of (20 x 20) um?, are
comparatively presented in Figures 10 and 11. The three-dimensional (3D) AFM images,
which are topographic maps of the scanned areas, are presented in the “Enhanced ColorTM”
view mode (Park Systems) to better emphasize the morphological surface peculiarities.
The 2D-AFM images are presented in the “classical” view mode, with one color gradient
(brown in this case) for the z-scale depth.
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From Figures 8 and 9, morphological differences between the investigated surfaces
could be observed, depending on the temperature and ambient atmosphere during thermal
treatment on one hand, and on the chemical nature of the coatings, on the other hand. A
common morphological characteristic for all imaged surfaces was the presence of surface
small particles together with large clusters or material, in the form of protruding hills
(“bumps”), with various forms. Random small pits or even surface cavities could be also
observed (see the dark regions in the 2D AFM images or holes/valleys in the 3D images
(more intuitive as aspect)). From a quantitative point of view, all these differences lead to
the variation of the values corresponding to the amplitude parameters given in Table 1,
particularly on the roughness behavior.

Figure 8. The 2D (classical view mode) and 3D (enhanced color view mode) AFM images of control
Si, NTT LiC coatings and of those subjected to post-deposition thermal treatments (at different
temperatures), in air (A-left columns) and water-vapor (W-right columns) ambient.

Figure 9. The 2D (classical view mode) and 3D (enhanced color view mode) AFM images of control
Si, NTT LiP coatings and of those subjected to post-deposition thermal treatments (at different
temperatures), in air (A-left columns) and water-vapor (W-right columns) ambient.
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Table 1. Surface amplitude parameters (Rq, Rgx and Ry,,) for a (20 x 20 pum?) scanned surface area of
control Si, NTT LiC and LiP coatings and of those subjected to post-deposition thermal treatments (at
different temperatures), in air and water-vapor ambient.

Amplitude Parameter Si Control
Rq [nm] 0.31
Rk —40.59
Ryy 3606.86
LiC
Air
NTT TT400 TT500 TT700
Rsk -2.11 —1.56 —2.27 —6.49
Riy 10.76 13.26 13.80 53.05
Water
NTT TT400 TT500 TT700
Rk -2.11 —1.38 —0.99 —1.16
Ryy 10.76 5.09 6.16 6.50
LiP
Air
NTT TT400 TT500 TT700
Rsk —3.61 —1.54 -1.21 —3.38
Ryy 21.59 9.02 6.15 17.04
Water
NTT TT400 TT500 TT700
Rk —3.61 —3.98 —3.15 —1.28
Ryy 21.59 20.80 21.28 5.65

The peak-to-valley parameter (Rpy), which is the height difference between the lowest
and the highest points, and the root mean square (RMS) roughness (Rq) quantitatively
describe the corrugation of the scanned areas (a measure of the roughness degree), while
the skewness (Rqk) and kurtosis (Ry,) are linked to the surface morphological features
of the samples. Related to the distribution of the height histograms, the Ry, parameter
mathematically describes the randomness of heights profile while Ry is connected to the
asymmetry of the height distribution [59].

For scientific consistency, all parameters are provided in Table 1. Apart from Table 1,
the RMS roughness (Rq) of the investigated samples was plotted for different thermal
treatment temperatures and ambient, together with the peak-to-valley parameter (Rpy)
(Figure 10). It should be mentioned here that roughness is one of the important parameters
that should be considered when investigating the wetting behavior of a certain solid
surface [60]. Moreover, it was demonstrated that the roughness influence can prove
significant for dynamic or static wetting [61].

As expected, the RMS roughness of the bare Si sample is very low ~0.3 nm. The R,y of
the same scanned area, of (20 x 20) pum?, is ~58 nm, most probably due to some scratches
appearing during manipulation. On the other hand, the high value of the kurtosis parameter
can be associated with a Cauchy distribution of the surface events, being characteristic for a
symmetric distribution with heavy tails and a single peak at the center of the distribution [62],
while the negative value of the skewness parameter can be related, in our case, to the large
number of superficial pores naturally formed in the SiO, layer on top of Si. Further on, as
can be observed from Figure 10a, there is a clear trend of increases in corrugation with the
temperature of the thermal treatment in the case of LiC structures. While at 400 and 500 °C, the
TT under water-vapor ambient seems to be slightly higher, at 700 °C, the Rq parameters had
almost equal values (~160 nm) for both air and water-vapor ambient. An abrupt increase was
observed for the Rp,y which exceeded 2100 nm, slightly higher for air (2193 nm) in comparison
with water-vapor ambient (2127 nm). For the LiP structures, Rq decreases for water-vapor
ambient (Inset to Figure 10b), while for the samples thermally treated in air ambient, there
was first a small increase followed by a decrease. This is in good agreement with the results
obtained from SEM and cross-SEM investigations.
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Figure 10. Roughness values inferred in the case of LiC (a) and LiP (b) coatings subjected to post-
deposition thermal treatments (at different temperatures), in air and water-vapor ambient. Inset:
detailed roughness values.

From the data presented in Table 1, one can observe that the Ry, and Ry, values were
also very different. According to the ISO 4287/1997, the Ry parameter represents the
asymmetry of the profile in relation to the midline. The negative values of this parameter
suggest that sharp “valleys” are predominant and that there are only a few peaks above the
value that deviate from the asymmetry around the mean. It was reported in the literature
that surfaces with negative Ry, values generally cause lower friction coefficients [63].

One should also note that the Ry, parameter is a measure of the disorder of heights
(“hills”) on the surface. For typical Gaussian height distributions, the Ry, value is close to
three, smaller values corresponding to a wide height distribution, with low “hills” and “val-
leys”, whilst values greater than three indicate restricted height distributions [64,65]. The
relatively large values (over three) observed for kurtosis parameters (so called “Leptokurtic
distribution”) are related to the protruding particles formed on the surface of LiC and LiP
series which prevails over the small pores and pits as well as over the small superficial
particles (which determines the formation of long tails in the height histograms associated
with the AFM images).

3.5. Energy Dispersive X-ray Spectroscopy

Besides the main elements which can be found in the chemical composition of HA
materials (e.g., Ca, P, and O), the performed quantitative compositional analyses of NTT
LiC and LiP coatings, and of those subjected to post-deposition thermal treatments (400, 500,
and 700 °C, respectively), in air and water-vapor ambient, indicated also the presence of
trace-elements characteristic to the bone mineral phase (e.g., Na, Mg, and Si). Such elements
play a key-role in HA’s functionality. Because of the low energy of characteristic radiation,
located below the detection limit of EDS, the presence of light elements (i.e., Li) could not
be emphasized. One should mention that Carbon (C) was present in the composition of the
synthesized coatings. Its origin could be partly due to ambient pollution during various
sample manipulations after deposition. However, HA containing C was demonstrated to
be more osteoconductive and more resorbable in comparison to stoichiometric HA. This
allows the osteoclasts to dissolve the ceramic rapidly and determines a faster osteosynthesis
and bone remodeling [48,50]. In the case of animal origin materials, where the mineral
component of bone is a non-stoichiometric carbonated HA material, C is a ubiquitous
element. Further, no contaminants in the chemical composition of all investigated samples
were detected.

It was demonstrated that the Ca/P atomic ratio plays a key-role for the cytocompati-
bility of HA-based coatings [66]. One should note that, in the case of LiC and LiP fabricated
targets, the Ca/P molar ratio was of 1.72 4= 0.1 and 1.84 & 0.1, respectively.
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In the case of LiC and LiP coatings (Table 2), the Ca/P molar ratios showed a non-
stoichiometry located in the range (1.61-1.85), which corresponds to values generally found
in the case of apatites of biological origin [19]. In addition, for implant-type coatings,
it was shown that the Ca/P molar ratio depends very much on the type of deposition
technique [67,68].

Table 2. Ca/P atomic ratio corresponding to NTT LiC and LiP coatings, and of those subjected to
post-deposition thermal treatments (at different temperatures), in air and water-vapor ambient.

Composition [Mean =+ SD (at.%)]

LiC
Element
Air
NTT TT400 TT500 TT700
P 6.7 0.9 72+0.6 6.3+ 0.6 71+03
Ca 11.9 £ 3.5 12.6 +1.05 10.8 = 1.1 11.6 £ 0.7
Ca/P ratio 1.76 £ 0.3 1.73 +£ 0.1 1.71 £ 0.1 1.64 +0.1
Water
NTT TT400 TT500 TT700
P 6.7 +0.9 64+04 72408 7 £+ 0.09
Ca 11.9 £ 3.5 10.7 £ 0.8 133+ 34 114+ 0.3
Ca/P ratio 1.76 = 0.3 1.68 £ 0.1 1.854+0.3 1.63 £ 0.1
LiP
Air
NTT TT400 TT500 TT700
P 7.6 +0.07 6.9+ 0.6 72405 71+03
Ca 12.8 £ 0.3 11.2+1.1 119+ 0.8 11.6 £ 04
Ca/P ratio 1.68 0.1 1.60 0.1 1.65 +0.1 1.62 +0.1
Water
NTT TT400 TT500 TT700
P 7.6 & 0.07 6.5+ 0.3 72405 71£05
Ca 12.8 +0.3 105+ 04 11.9+0.8 12.2 +1.01
Ca/P ratio 1.68 0.1 1.61 +£0.1 1.66 0.1 1.71 £ 0.1

A decreasing tendency of the Ca/P ratio with the applied temperature was observed
(Table 2). This trend was more visible in the case of LiC samples subjected to post-deposition
thermal treatments, in ambient air. In the case of LiP-based coatings thermally treated
in water-vapor ambient, a Ca/P increase tendency with the temperature was noticed
(1.61 < 1.66 < 1.71). Moreover, the LiP-TT400W, TT500W and TT700W coatings elicited
lower Ca/P values as compared to the TT400A, TT500A and TT700A ones.

3.6. Contact Angle Measurements

The CA characteristic values, recorded both in the case of water and diiodomethane (used
as testing liquids), for control (bare Ti), NTT LiC and LiP coatings, and for those subjected
to post-deposition thermal treatments (at different temperatures), in air and water-vapor
ambient, are comparatively presented in Figures 11 and 12. The corresponding representative
images of water droplets on sample surfaces are also given in Figures 13 and 14.
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Figure 11. The values of the contact angle obtained in the case of control (Ti), NTT LiC (a,b) and LiP
(c,d) coatings, and of those subjected to post-deposition thermal treatments (at different temperatures),
in air (a,c) and water-vapor (b,d) ambient. Test liquid: water.
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Figure 12. The values of the contact angle obtained in the case of control (Ti), NTT LiC (a,b) and LiP
(c,d) coatings, and of those subjected to post-deposition thermal treatments (at different temperatures),
in air (a,c) and water-vapor (b,d) ambient. Test liquid: diiodomethane.
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Ti control LiC NTT
120.9° 93°

LiC TT400, LiC TT400'
95.7° 108.1°

LiC TT500A LiC TT500!
75.4° 70.9°

LiC TT700A
53.4°

Figure 13. Representative images of the water droplets on control (Ti), NTT LiC and of those subjected
to post-deposition thermal treatments (at different temperatures), in air and water-vapor ambient.

Ti control LiP NTT
120.9° 85.3°

LiP TT400A LiP TT400W
70.6° 97.6°

Figure 14. Representative images of the water droplets on control (Ti), NTT LiP and of those subjected
to post-deposition thermal treatments (at different temperatures), in air and water-vapor ambient.
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The obtained CA values for water indicated surfaces with a hydrophobic behavior
(CA >90°) in the case of control and NTT samples (Figure 11a-d). It should be emphasized
that a radical change of the coatings’ behavior towards hydrophilicity with the applied
temperature was indicated for all TT samples. Thus, in the case of LiP coatings, the CA
values dropped down to ~38° (i.e., TT700W samples, Figure 11d).

In the case of diiodomethane (Figure 12), the control and all synthesized coatings
presented hydrophilic behaviors. The same trend met in the case of water used as testing
liquid was observed also here, with CA values decreasing with the applied temperature.
In this case, the smallest values (i.e., ~41°) were obtained in the case of LiC coatings (i.e.,
TT700W samples, Figure 12b).

It should be emphasized that, highly similar CA values were revealed by two consecu-
tive measurements, performed on different areas of the films surface, which point toward
the homogeneity of the synthesized coatings, which is in good agreement with the results
of the cross-sectional SEM analysis.

Immediately after an implant is introduced inside the human body, the first events
which occur imply its “wetting” by the physiological fluids, followed by cells” attachment
onto the surface [69]. It was demonstrated that a hydrophilic surface favors adhesion,
migration, and cellular proliferation, and can therefore benefit of a rapid osseous regener-
ation [70,71]. The low CA values obtained in the case of TT structures (especially TT 700
ones) should be therefore emphasized.

It is important to mention that the SFE characteristics of an implant coating have an
important role on the biological response. In general, SFE is influenced by the polar ()
and dispersive (74) components. There is a great dependence of these components not
only on the roughness of the coatings but also on their nature, degree of atomic packing,
electronic density, or satisfied /unsatisfied atomic bond ratio. The evolution of SFE, in the
case of control (Ti), NTT LiC and LiP coatings and for those subjected to post-deposition
thermal treatments (at different temperatures), in air and water-vapor ambient, are shown
in Figures 15 and 16. It is known that 7, is generated by the chemical bonds/interactions
(e.g., dipole—dipole interactions) within a material, whilst 4 is related to the movement of
electrons around atoms/molecules and temporary variation in the electron density with
associated temporary dipoles [31]. It was demonstrated that SFE leads to the arrangement
of functional groups and electrical charges on the surface of the biomaterials in contact
with the living environment, and thus, governs the initial interactions with the intercellular
fluid and the adherence of cells [69,72,73]. One should note here that a higher value of the
SFE is indicative for an increased hydrophilicity (the contact angle decreases). Thus, the
~(50-80)° range was suggested to be optimal for proper wettability and cell survival [31,74],
which consequently leads to an improved biological response [75].

In the case of control (Ti), and LiC and LiP (NTT-TT500A&W) coatings, the dispersive
component (74) was the prominent one (Figures 15 and 16, cross-hatched areas).

In comparison, in the case of both LiC and LiP coatings (i.e., TT700A&W), the polar
component (yp) was significantly increased (Figures 15 and 16, solid gray regions). This
is indicative for a noteworthy modification of the surface chemistry and electron density
and might be probably due to the abundance of polar groups present on the surface. This
consequently determines an increased wettability due to the polar nature of the water
droplet itself [31].
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Figure 15. The surface free energy values recorded for the control (Ti), NTT LiC and for those

subjected to post-deposition thermal treatments (at different temperatures), in air (a) and water-vapor
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Figure 16. The surface free energy values recorded for the control (Ti), NTT LiP and for those
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3.7. Pull-Out Bonding Strength Tests

The bonding force at the film—substrate interface is recognized as a key-parameter in
the manufacturing process of high-quality implants [76], as it regulates both their initial
stability and long-term functionality [48,77,78].

Prior to starting the measurements, four tests to control the quality of the bonding
adhesive using bare Ti substrates (control) were performed under identical conditions. The
results of all measurements performed at the stainless-steel test element—control Ti interface
were in accordance with the specifications provided by the manufacturer.

In Figure 17, the results of the adherence tests (calculated as mean =+ SD) in the case of
NTT LiC and LiP coatings, and of those subjected to post-deposition thermal treatments
(at different temperatures), in air and water-vapor ambient are presented. It should be
mentioned that, for these measurements, there were considered the events when the
fracturing was of adhesive type only, i.e., it occurred at the coating-Ti substrate interface.
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Figure 17. Mean bonding strength values recorded in the case of NTT LiC (a) and LiP (b) coatings,
and of those subjected to post-deposition thermal treatments (at different temperatures), in air and
water-vapor ambient.

It is interesting to observe from the data presented in Figure 17 that there exist two
trends: (i) an increase of the adherence values with the applied temperature, in the case of
LiC coatings subjected to post-deposition thermal treatments in air (Figure 17a), and LiP
ones subjected to post-deposition thermal treatments in water-vapor ambient (Figure 15b),
and (ii) a decrease of the adherence values for NTT-TT500 coatings, followed by an increase
towards higher temperatures, both in the case of LiC coatings subjected to post-deposition
thermal treatments in water-vapor ambient (Figure 17a) and LiP ones subjected to post-
deposition thermal treatments in air (Figure 17b). A possible explanation for the increase
of the adherence values with the applied temperature can be attributed to the processes
of atomic inter-diffusion at the coating-Ti substrate interface, which occur during the
post-deposition thermal treatments. Therefore, metallic ions can decrease the porosity of
the samples, which can eventually lead to much more compact and hard structures [79].

It is important to mention that according to Ref. [76], adherence values exceeding
15 MPa are considered acceptable for the use of these structures as coatings for metallic
implants. According to this criterion, the measured adherence values in the case of LiC and
LiP coatings (more than three times higher than the imposed standard) should be therefore
considered remarkable.
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4. Conclusions

Hydroxyapatite (HA) of biological-origin doped with lithium carbonate (LiC) and
lithium phosphate (LiP) coatings were synthesized by Pulsed laser deposition technique
onto Ti6Al4V substrates, fabricated by additive manufacturing technique. The role of the
post-deposition thermal treatments, performed in the range 400-700 °C (TT400-TT700)
on the physical-chemical and mechanical characteristics of the synthesized coatings was
thoroughly assessed and compared with the case of non-thermally treated (NTT) coatings.

From the structural, morphological, compositional, wetting behavior and mechanical
points of view, the best overall properties were obtained in the case of both LiC and
LiP synthesized coatings, submitted to the highest post-deposition thermal treatment
temperature (i.e., 700 °C), in a water-vapor ambient. In addition, one should emphasize
that the surface coating of orthopedic and dental implants, fabricated from medical-grade
Ti alloys, with adherent bioceramic layers obtained from sustainable resources doped with
Lithium is expected to foster the development of a new generation of osseous implants,
which will (i) harmoniously couple the excellent mechanical properties of the metallic
substrate with the proven capacity of the Lithium-doped bioceramic to both improve cell
adhesion and differentiation, and induce fast osseointegration rates, and (ii) reduce the risk
of bio-functional coating mechanical failure reported for the commercially available thick
layers (i.e., hundreds of micrometers to millimeters range coatings fabricated by plasma
spray). By combining Li-doped bioceramics with various polymers, one can obtain novel
biomaterials with proper flexibility (i.e., bio-ink used in 3D printing for clinical applications
of tissue engineering). Such types of Li-doped biomaterials might have a significant clinical
potential in the predicted future.
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