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The bioactive glass S520 was applied to an ultrafine-grained Ti-6Al-7Nb titanium alloy by a laser-directed energy
deposition (LDED) process, in order to create a biocompatible material without potentially toxic vanadium for
use in load bearing biomedical implants. The laser cladding process influenced the substrate’s structure by
melting the metallic material at the surface and infusing it with bioactive glass. Subsequently, the melted tita-
nium alloy crystallised, resulting in the formation of relatively large grains. Deeper into the material, laser-
induced heat triggered martensitic transformation, leading to the formation of o acicular martensite. In the

lower regions of the HAZ, a distinctive band with refined grains was identified. Detection of certain amounts of
Al directly in the bioactive glass raises concerns about potential toxicity as the glass dissolves in the human body.
The nearly complete reduction in P concentration after 14 days highlights the high bioactivity of the material

produced.

1. Introduction

Due to the combination of high specific strength, corrosion resis-
tance, and biocompatibility, titanium and its alloys can be found in a
wide range of biomedical applications [1]. They are commonly used as
implant devices to replace damaged hard tissue. Examples of such de-
vices include artificial hip and knee joints, bone plates, screws for
fracture fixation, and pacemakers, among others [2,3]. They are also
used as dental implants to replace lost teeth in patients [4-6].

The long-term implant market was previously dominated by the Ti-
6Al-4V alloy. However, it was pointed out that the use of vanadium-
containing alloys puts the patient’s health at risk due to their negative
effects, including allergy, inflammation, carcinogenicity, and other
conditions [7-10]. Gradually moving away from the Ti-6Al-4V alloy in
favour of vanadium-free titanium alloys comprising more biocompatible
elements, such as Mo, Nb, Zr, or Ta, which are better tolerated in the
tissue environment, is the result of careful monitoring of long-term
implants containing toxic vanadium in the human body. The Ti-6Al-
7Nb alloy, which can be used as an alternative to Ti-6Al-4V by
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substituting Nb for V, is of particular interest among this group of tita-
nium alloys. Furthermore, Ti-6Al-7Nb has a higher corrosion resistance
compared to the Ti-6Al-4V alloy [11,12].

Titanium and its alloys are bioinert materials, which means that they
do not initiate a response or interact when introduced into biological
tissue. Once placed in the human body, bioinert implants do not form
chemical or biological bonds at the tissue/implant interface, which can
cause relative movements that accelerate wear on their surface and
stimulate inflammatory reactions [13]. It is crucial to create a reliable
contact between the adjacent bone and the implant without fibrous
tissue formation. This means that the prosthesis must have a suitable
surface to integrate effectively with the surrounding bone [14]. One way
to obtain such a surface is to cover the implant with bioactive glass
material [15].

Bioactive glasses are solid and hard materials consisting of the main
component SiOy and various additional basic components, which are
usually NayO, CaO, MgO, P,0s and K;0. By varying any of these,
different types of bioactive glasses can be obtained [16]. They are
characterised by  high  bioactivity, osteoconduction, and
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Table 1
The S520 bioactive glass powder’s chemical composition.
SiOy NaO CaO K>O P,0s
Nominal mol, % 52 20.9 18 7.1 2
mol, % 51.8 19.4 19.3 7.4 2.1
wt% 48.7 18.7 17 10.9 4.7

==

Fig. 1. A transverse cross-sectional EBSD inverse pole figure map showing the
microstructure of the Ti-6Al-7Nb bar after ECAP processing.

osteostimulation, but their poor mechanical properties and brittleness
limit their clinical applications to nonload-bearing implants [17].
Bioactive glasses can be used as coatings on a mechanically tough bio-
logically inert metallic substrate to increase the fixation and osteointe-
gration of the entire implant, where the metallic part provides high
implant durability [18]. Moreover, such bioactive coatings protect the
substrate from corrosion and the tissues from corrosion products that
could induce adverse reactions in a human organism [19,20]. One way
to apply the coating is to use laser directed energy deposition (LDED)
[21].

LDED (synonym: laser cladding) is a 3D printing method that uses a
focused energy source in the form of a laser beam to melt a material that
is simultaneously deposited through a nozzle on a specific surface where
it solidifies [22,23]. LDED is one of the most promising methods used to
obtain bioactive glass coatings on metallic surfaces [24]. This technique
has many advantages due to the good deposition rate and the fact that
the entire substrate is not exposed to high temperatures during pro-
cessing. The coatings obtained using LDED preserve the bioactivity of
the original glass [25].

The microstructure of the metallic substrate on which the bioactive
glass is to be clad can be refined to significantly improve its properties. It
was shown that the yield and ultimate strength of commercially pure
titanium (cpTi) and some of its alloys can be increased even more than
twice [26-28]. Furthermore, wear resistance is significantly improved
by reducing the grain size in cpTi [29,30] and other metallic materials
[31,32]. The fatigue behaviour and biocompatibility of cpTi are also
improved [29,33]. In addition, the grain refinement of titanium alloys
reduces its corrosion rate [34,35], which can be important when alloys
contain potentially harmful elements such as aluminium or vanadium
[36,37]. The microstructure of metallic substrates can be refined using
severe plastic deformation (SPD) processes such as equal channel
angular pressing (ECAP) [38].

Recent studies have explored the application of bioactive coatings
onto titanium substrates to enhance their biomedical functionalities. For
instance, Kongsuwan et al. [39] achieved strong adhesion and high
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Fig. 2. a) Visual representation of the LDED process, b) cross section of mul-
tiple S520 bioactive glass tracks coated on an ultrafine-grained Ti-6Al-7Nb alloy
substrate, c) top view of the S520 coating composed of multiple tracks.

bioactivity by coating grade 2 titanium substrates with 45S5 bioactive
glass using continuous wave laser techniques. Comesana et al. [25]
produced bioactive glass coatings on Ti-6Al-4V titanium alloy substrates
without surface pre-treatment via laser cladding. Roy et al. [40]
improved cell differentiation and biomineralization by coating titanium
with tricalcium phosphate (TCP) ceramics using laser-engineered net
shaping (LENS™). Ke et al. [41] enhanced biological and antibacterial
properties by developing a gradient coating of hydroxyapatite (HA) on
Ti6Al4V substrates. In our recent work [42], we demonstrated high
bioactivity in vitro by laser-cladding bioactive glass coating S520 onto a
commercially pure titanium (cpTi) substrate with highly refined grain
structure. However, previous studies have primarily focused on con-
ventional titanium alloys for biomedical applications. Notably, our
study pioneers the utilization of an ultrafine-grained titanium alloy,
which may present improved mechanical properties and biocompati-
bility, thus potentially enhancing its suitability for load-bearing
biomedical implants.

In this study, we coated the ultrafine-grained Ti-6Al-7Nb titanium
alloy substrate with bioactive glass S520 to develop a biocompatible
material suitable for load-bearing biomedical implants, thereby elimi-
nating potentially toxic vanadium. The main objectives of this work
were as follows:

- to investigate the feasibility of using LDED to coat bioactive glass
onto a titanium alloy substrate with highly refined grain structure,

- to evaluate the microstructural changes induced by the LDED process
on the substrate material,
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Fig. 3. a-c) Top-view images and b) cross-sectional optical micrograph showing the S520 bioactive glass coating.

- to assess the bioactivity of the obtained biocompatible material for
potential biomedical applications,

- to investigate the presence of potentially toxic aluminium within the
bioactive glass coating.

2. Materials and methods
2.1. Bioactive glass

The S520 powder was selected because it exhibits a relatively smooth
wetting angle temperature behaviour and has already been used to
produce bioactive glass coatings using the LDED process [25,42].

The melt-quenching technique was used to produce the S520
bioactive glass powder with the composition shown in Table 1. Using a
SpeedMixer (FlackTekInc, USA), the glass batch was prepared by
combining the appropriate amounts of silicon dioxide (SiO2, AR, POCh,
Poland), sodium carbonate (Na3COs, AR, POCh, Poland), calcium car-
bonate (CaCOs, AR, POCh, Poland), potassium carbonate (K2COs, AR,
POCh, Poland) and phosphorus pentoxide (P20s, AR, Sigma-Aldrich).

A platinum crucible was used to melt the homogenised powder in an
electric furnace for two hours at 1450 °C. The molten glass was poured
into cold water to obtain glass frit, which was then dried to a constant
weight. The glass frit was milled using a zirconia grinding bowl and ball
in a planetary mill (Pulverisette 6, Fritsch) and sieved to obtain bioactive
glass powder with particle sizes between 100 and 200 pm.

A more detailed characterisation of the powder obtained is given in
our previous work [42].

2.2. Bioinert substrate

The ultrafine-grained Ti-6Al-7Nb titanium alloy was obtained and
supplied by the Institute of Physics of Advanced Materials (Ufa State
Aviation Technical University, Russia). The alloy was produced using
the ECAP process [43,44]. The obtained metallic bar had a cross-
sectional area of 11 mm x 11 mm, and its microstructure is shown in
Fig. 1. The micrograph illustrates that most grains have a diameter
below 1 pm. However, there are also individual grains that are several
times larger in size.

2.3. Cladding of bioactive glass powder onto a bioinert substrate using
LDED

A slow-speed diamond saw was used to cut ultrafine-grained Ti-6Al-
7Nb titanium alloy bars in half along the longitudinal section. Before
LDED, acetone was used to clean the surface of the titanium sample.
Then, the synthesised bioactive glass S520 was clad onto an ultrafine-
grained titanium alloy substrate using the same laser cladding (LDED)
technique as in our recent work [42]. Fig. 2a presents an illustrative
diagram explaining the LDED process. The employed hybrid LDED sys-
tem is composed of a 5-axis Mikron 450u machine, which has been
combined with a modified laser deposition system and a multi-material
powder delivery system. The laser used emits light at a fundamental
wavelength of 1064 nm and can generate a maximum output power of
1200 W. To deliver the powder, high-purity argon gas was employed,
both as the carrier gas for the powder and as the shielding gas on the
sides. To maintain continuous powder flow and protect the titanium
substrate from oxidation, the volumetric flow rates of the powder-
carrying gas and the shielding gas were adjusted to approximately 2
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Fig. 4. a) Cross section of a single-track bioactive glass S520 coated on an
ultrafine-grained Ti-6Al-7Nb substrate, b) SEM image of an enlarged region
marked “1” in figure (a), ¢) EBSD scan of the same region.

to 51/min and 5 to 10 1/min, respectively.

The laser beam was concentrated on the surface of the substrate with
a focal length of 50 mm, resulting in a laser spot size of 1 mm in
diameter. The working head, comprising laser optics and a powder in-
jection system, was assembled and securely positioned, while the sub-
strate moved at a scanning speed of 1.5 mm/s, with the laser operating
at 50 W. We experimented with various laser power levels up to 100 W,
and we found that 50 W was the optimal level for our purposes. At this
power level, we observed that the laser stability was sufficient for pro-
ducing the small samples required for our study. The power density was
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Fig. 5. EBSD cross section scan of the Ti-6Al-7Nb microstructure at approxi-
mately 100-400 pm below the bioactive glass. I, II, IIl — zone markers.

measured at 6369 W/cm?. To ensure smooth flow throughout the pro-
cess, bioactive glass powder particles sized between 100 and 200 pm
were chosen. Multiple adjacent bioactive tracks of $520 were clad with
approximately a 25 % overlap, forming a coating (Fig. 2b—c).

2.4. Material characterisation

Ultrafine-grained bioactive glass-coated Ti-6Al-7Nb samples were
carefully sectioned using a low-speed diamond saw to prevent stress-
induced cracking. Subsequently, these samples were initial ground on
abrasive paper (SiC) and then mechanically polished on cloths to pre-
pare them for microstructure analysis. The samples were subjected to
examination using both light microscopy and scanning electron micro-
scopy (SEM) with backscattered electrons for imaging and diffraction
(EBSD). Additionally, chemical analysis was conducted through energy-
dispersive X-ray spectroscopy (EDS mapping) within the SEM. All
microstructural investigations were performed using a Zeiss Axio Imager
M1m light microscope, a Keyence VHX-7000 digital microscope and a
high-resolution FEI Nova NanoSEM scanning electron microscope,
which featured a field emission gun and an EDAX system for chemical
analysis.

We measured the hardness of the sample cross sections using a
Vickers microhardness tester, applying a 50 g indentation load for a
dwell time of 10 s. We made sure to maintain a distance of at least 20 pm
between the adjacent indentations to avoid any inaccuracies caused by
the affected plastic zone near the indentation.

2.5. Invitro studies

The investigation of the in vitro bioactivity followed the method
outlined in [45]. The samples, which originally exceeded a length of
100 mm following the laser cladding process, needed to be divided into
smaller sections prior to immersion in simulated body fluid (SBF) for
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Fig. 6. Changes in cross-sectional Vickers microhardness beneath the cladded
bioactive glass track, a) indicates the purple line marked on the optical
micrograph, representing the path where hardness measurements were con-
ducted, and b) illustrates the variation in microhardness across the depth.

further analysis. To facilitate the cutting process, we applied a protective
resin coating over the bioactive glass layer. However, removing this
resin for testing purposes was a complex procedure that could poten-
tially affect the texture and structure of the bioactive glass or even cause
damage to the coatings themselves, thereby affecting the test results.
Because the primary objective of the experiments was to evaluate the
bioactivity of the coating post-laser cladding, the decision was made to
separate the cladded layer from the titanium alloy basement. As a result,
portions of the bioactive glass were removed from the ultrafine-grained
Ti-6Al-7Nb substrate. These glass fragments were then immersed in SBF
and kept at 37 °C for 3 and 14 days, with a weight-to-volume ratio of 1/
100 between the glass sample and the solution. Subsequently, the
samples were removed from the SBF, washed in pure ethanol, and left to
air dry at 25 °C.

Before and after the bioactivity test, the structure of the samples was
analysed using FTIR and Raman spectroscopy. FTIR spectra were ob-
tained using the Bruker Vertex 70v spectrometer. Samples, including
glass powder and coating, were prepared using the standard KBr pellet
method. Spectra were recorded in the mid-infrared range (4000 to 400
cm’l), and 128 scans were averaged at a resolution of 4 cm ™. Raman
analysis was performed using the Horiba LabRAM HR micro-Raman
spectrometer. A 532-nm laser with a power of 15 mW was employed.
The 1800 g/mm grating with 100x objectives was used and 2 scans of
300 s each were accumulated.

We examined the surface morphology and performed chemical
analysis on the samples both before and after mineralisation in SBF. This
analysis was carried out using SEM with a Nova NanoSEM 200 FEI
Europe Company instrument, operating at an accelerating voltage of 15
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kV. We also used an energy dispersion X-ray (EDX) analyser. Further-
more, we monitored changes in calcium (Ca), phosphorus (P), and sili-
con (Si) concentrations in SBF during sample immersion using the ICP-
OES technique with a Plasm 40 instrument (Perkin Elmer, USA).

3. Results and discussion
3.1. Bioactive glass coating

The morphology of S520 bioactive glass coated on an ultrafine-
grained Ti-6Al-7Nb substrate is shown in Fig. 3. The top-view image
of the coating in Fig. 3a indicates rough surface, while Fig. 3b and 3c
show a relatively smooth area, but both have an amorphous micro-
structure. Therefore, it can be concluded that the morphology of the
glass coating is not uniform. Fig. 3d shows the cross-section of the
coating, revealing pores of various sizes, although their volume fraction
is not significant. Additionally, some visible cracks are observed in the
glass.

3.2. Microstructure

Fig. 4a shows an optical micrograph of a cross section that reveals the
area containing the heat affected zone (HAZ) below the bioactive glass
coating. Notably, significant microstructure changes are apparent below
the coating, primarily due to the thermal effects of the laser. However, it
is important to note that the optical micrograph does not capture all the
microstructure changes resulting from the heat influence. These changes
extend to depths greater than what is shown on the optical micrograph.
Additional techniques, such as SEM and EBSD, are necessary for their
identification. The visible HAZ has a width of approximately 970 pm and
a depth of approximately 345 pm. In the upper part of this zone, the
horizontal boundary between glass/metal undergoes bending, resulting
from the strong laser interaction with this area, leading to metal melting
and the filling of this area with bioactive glass. The width of this zone is
approximately 320 pm, and its depth is approximately 55 pm. The shape
of this zone and that of the entire visible HAZ is quite characteristic. The
depth of the zones increases as one approaches their centres. This shape
results from the Gaussian distribution of the laser beam intensity. A
dashed-line rectangle is used to mark a rectangular area that covers a
section of the bioactive glass, which now occupies the space where the
metal was previously located. This rectangle, marked with number 1,
also includes areas situated at greater depths. SEM (Fig. 4b) and EBSD
(Fig. 4c) analyses were conducted in the indicated region.

Fig. 4b shows a cross-sectional SEM view, where bioactive glass and
a Ti-6Al-7Nb alloy underneath it are visible. Directly beneath the glass,
one can observe large grains with diameters ranging in the tens of
micrometres. These grains resulted from crystallisation within the liquid
phase induced by laser interaction. The EBSD image (Fig. 4c) reveals
that below these large grains, significantly smaller grains with elongated
shapes can be observed. We identified them as o’ acicular martensite. We
found a similar martensitic structure in cpTi after laser cladding of
bioactive glass on its surface [42]. It was also identified after laser sur-
face remelting of a commercially pure titanium sheet by Sun et al. [46].
o martensite is also found in the Ti-6A1-7Nb alloy produced through the
selective laser melting (SLM) process [47].

An additional EBSD scan was taken at a greater depth, within the
range of approximately 100 pm to 400 pm below the bioactive glass
(Fig. 5). The image shows an area covering the part of the HAZ that is
visible in Fig. 4a, as well as the region below. Three zones can be
distinguished in the image. In the upper part of fig. (I), acicular
martensite grains similar to those seen in Fig. 4c can be observed. Below,
there are fine equiaxed grains, with diameters typically falling within
the range of 1-2 pm. The width of this zone (II) measures approximately
30-40 pm, corresponding to the width of the lower band visible in
Fig. 4a. Below this band lies Zone III, where equiaxed grains dominate,
with diameters larger by several tens of percent compared to the grains
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Fig. 7. EDS elemental mapping from the interface area of bioactive glass with a metallic substrate, as visible in Fig. 4b, a) Ti, b) Si, c¢) Al, d) Ca.

in Zone II. It should be noted that HAZ has affected the entire micro-
structure visible on the EBSD scan, since the grains after the ECAP
process were considerably smaller, typically with diameters less than 1
pm (Fig. 1).

3.3. Microhardness

The ultrafine-grained Ti-6Al-7Nb sample cross section was subjected
to hardness evaluation using the Vickers micro-hardness tester. The core
hardness of the substrate was found to be around 410 HV, which is
approximately 100 HV higher than that of ultrafine-grained cpTi [42].
The optical micrograph, shown in Fig. 6a, shows a HAZ zone in which a
purple vertical line was plotted. In this area, hardness measurements
were carried out. The values obtained were averaged after three in-
dentations were made at identical depths below the surface.

The greatest hardness was detected slightly beneath the metal sur-
face, measuring approximately 530 HV at a depth of 30 pm - this marks
around a 30 % increase compared to the core hardness. According to the
EBSD scan (Fig. 4¢), o acicular martensite is visible below a depth of
approximately 20 pm. Its presence might explain the higher values
observed compared to the core, as it inherently possesses superior
hardness [46]. From there, the hardness gradually decreases until it
reaches approximately 90 pm in depth, where it begins to rise again. For
ultrafine-grained cpTi, the hardness values were lower than its core
hardness until approximately 150 pm in depth. However, similar to the
ultrafine-grained Ti-6Al-7Nb substrate, the values directly below the
surface were higher compared to those at 90 pm depth. The hardness

begins to rise at a depth of approximately 90 pm, climbing from about
450 to approximately 500 HV at 125 pm deep. Subsequently, it gradu-
ally declines to around 425 HV at a depth of approximately 220 pm. The
hardness values remain relatively consistent until a depth of approxi-
mately 300 pm, where the hardness begins to decrease and reaches
about 30 HV less at a depth of around 360 pm. In the micrograph
(Fig. 6a) at a depth of about 300 pum, noticeable changes in the micro-
structure are visible: there is a characteristic arc-shaped band formed as
a result of the laser beam interaction. The location of this band corre-
sponds to the Zone II seen in the EBSD image (Fig. 5), located at a depth
of approximately 280-330 pm. The decrease in hardness of the
approximately 30 HV mentioned above occurs within this zone. This
could be due to the absence of martensite observed in this area. Below
the depth of approximately 330 pm, the hardness values fluctuate
around 410 HV, which represents the core hardness.

3.4. Chemical analysis

EDS analysis was performed in the contact area between bioactive
§520 glass and the metallic Ti-6Al-7Nb substrate (Fig. 7). Note that EDS
spectroscopy may not be sensitive enough to detect smaller amounts of
the relevant elements.

A transition zone was identified between the metallic material and
the glass in which the elements Ti, Al, and Si appeared. This is likely
because the material in this area underwent melting, significantly
facilitating its flow. Ti elements were not directly identified in the glass
itself. After applying the same bioactive glass to an ultrafine-grained
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Fig. 8. a) A cross-sectional SEM image from the bioactive glass interface area with a metallic substrate (left) and EDS elemental mapping of Al from this region
(right), b) a cross-sectional optical micrograph of the interface area between the bioactive glass and the metallic substrate, where no glass infusion into the substrate
occurred due to the melting of the titanium alloy (left) along with a cross-sectional SEM image from this interface area (middle) with EDS elemental mapping of Al

from this region (right).

pure titanium substrate, Ti elements were also not detected in the clad
layer [42]. Comesana et al. [25], who used laser cladding to produce a
bioactive glass S520 coating on a Ti-6Al-4V substrate, also did not find
any Ti in the glass coating by EDS analysis. Si and Ca were not observed
in the Ti-6Al-7Nb substrate.

Certain amounts of Al were detected directly in the bioactive glass.
To confirm these results, an additional EDS analysis was performed, this
time in a different area of the glass-metal interface, as shown in Fig. 8a.
It can be observed that Al is present throughout the entire cross section
of the glass. Kuo et al. [48] used laser cladding to apply 45S5 bioactive
glass to a Ti6Al4V substrate and performed an EDS analysis to acquire
elemental distribution within the cross-sectional area of the bioactive
glass coated Ti-6Al-4V alloy. Their findings revealed an approximate 30
% presence of Al in the bioactive glass coating, around 20 pm above the
interface. This observation indicated a significant transfer of Al into the
bioactive glass, potentially posing toxicity concerns as the glass dissolves
within the human body. Furthermore, the increasing presence of sub-
strate elements within the coating resulted in a reduction of the average
content of Na and P in the bioactive glass, ultimately reducing its overall
bioactivity. Additionally, to confirm that the presence of Al in the
coating does not result from its evaporation from the metallic substrate,
another EDS analysis was conducted (Fig. 8b). However, this time, the
area selected for examination was the interface between the bioactive
glass and the metallic substrate, where no glass infusion into the

substrate is seen, suggesting that the melting of the alloy did not occur.
This indicates that the temperatures resulting from the laser irradiance
were lower in this region, preventing Al from evaporating. Nevertheless,
the EDS analysis showed the presence of aluminium in the coating
(Fig. 8b, image on the right).

It is believed that the presence of Al in the coating is primarily
attributed to the oxidation reaction of Al with oxides such as Na,0, CaO,
etc., forming more stable Al;O3 due to its higher enthalpy compared to
other oxides. This is also mentioned elsewhere [49].

3.5. In vitro study

Raman and Fourier-transform infrared (FTIR) spectroscopic tech-
niques were employed to investigate the changes in the structural
characteristics of bioactive glass S520 after laser cladding and a 14-day
immersion in SBF (Fig. 9). We further compared the acquired results
with the results we obtained for the glass applied to an ultrafine-grained
cpTi substrate [42].

Before being submerged in SBF, no differences were observed be-
tween the Raman spectra obtained for the S520 glass and the coating on
the ultrafine-grained cpTi substrate (Fig. 9a). Two wide bands associ-
ated with Si-O-Si were detected at 600-620 cm ! (rocking) and
1050-1080 cm ! (stretching). Another band is visible at 940-950 crn’l,
which is attributed to the presence of non-bridging oxygen (NBO) in
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Fig. 9. Raman spectra of the bioactive glass powder and the bioactive glass
coated on the ultrafine-grained Ti-6Al-7Nb and cpTi substrates before (a) and
after (b) a 14-day immersion in SBF, as well as the FTIR spectra taken before
immersion in SBF (c).

Si-O(NBO). Del Val et al. [50] performed laser cladding of S520
bioactive glass to create three-dimensional multilayered glass implants.
They used varying laser parameters, specifically using a wavelength of A
= 1.6 pm and a laser power of 18 W, and the observed results were very
similar.
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Fig. 10. Ca (a), Si (b) and P (c) concentration with the SBF incubation time for
bioactive glass powder and bioactive glass coated on ultrafine-grained Ti-6Al-
7Nb and cpTi substrates.

Raman spectra specific for HA were observed after a 14-day incu-
bation of the material in SBF (Fig. 9b). These spectra did not display any
characteristic bands typically associated with glass, indicating a tight
cover of the analysed materials by the HA layer. The presence of the HA
layer was confirmed by the emergence of new bands in the Raman
spectra, mainly a prominent band at 945-965 cm ™!, originating from
the symmetric stretching vibration (v1) of the P—O bond within the
[PO4] groups in crystalline HA. In addition to the main peak at 945-965
cm ™!, the P—O asymmetric stretching was also evident in the band at
1065-1075 cm™!, along with a shoulder at 1020-1065 cm'. The
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Fig. 11. SEM images (a—f) and EDS spectrum of bioactive glass coated onto the ultrafine-grained Ti-6Al-7Nb substrate before (a, d, g), after 3 (b, e, h) and after 14 (c,

f, i) days of immersion in SBF.

presence of the band at 1065-1075 cm™! can also be attributed to the
symmetric stretching mode (v1) in the [COs] group, suggesting car-
bonate substitution within the anionic substructure of the crystallised
HA. Furthermore, the bands within the ranges of 430-450 cm ™' and
565-610 cm ' ranges, which correspond to the bending modes of the
P—O (v2) and O-P-O (v4) bonds within the [PO4] groups, respectively,
indicate the crystallisation of HA.

The FTIR spectra for S520 bioactive glass coatings and powder are
shown in Fig. 9c. Significant differences between powder and the
coatings are mostly observed in the 450-600 cm ™' region, and the
coatings applied to different substrates did not show noticeable varia-
tions in their spectra. The stretching vibration modes of Si—O and Si-O
(2NBO) are represented by two bands, which are located at about
1030-1060 cm ! and 900-930 cm ™, respectively. These bands are
consistent with the results of Comesana et al. [51], who used laser
cladding to create three-dimensional structures composed of S520
bioactive glass, and Lusquinos et al. [52], who coated coarse-grained Ti-
6Al-4V alloy substrates with S520 bioactive glass. Comesana et al. [25]
used a laser cladding process in another study to produce S520 coatings
on substrates made of the titanium alloy Ti6Al4V. In this particular case,
crystallisation caused the broad band at 1050 cm™! to split into two
peaks; this phenomenon was not observed in our investigation, indi-
cating a lower degree of crystallisation. On the contrary, a single broad
band indicating Si-O-Si (bend) was visible in the range of 460 to 540
cm ™! in the case of the bioactive glass powder S520. This band split into
two separate bands after laser cladding, one at 450-470 em ! and the
other at 510-525 cm ™. This could be assigned to the formation of a
crystalline phase [53].

The incubation fluid was subjected to analysis using the inductively
coupled plasma optical emission spectrometer (ICP- OES), and the re-
sults are shown in Fig. 10.

An HA layer forms on the surface after a 14-day incubation period, as
indicated by changes in the P concentration in SBF (Fig. 10c). Incorpo-
ration of P in the HA layer lowers the concentration of P in the solution.
After 14 days, a nearly total drop in P content suggests that the materials
are highly bioactive. The ion release profile is consistent with the
research published in [50]. Ca levels increased significantly, indicating
that the glass dissolved quickly (Fig. 10a). The creation of the HA layer is
indicated by a slowdown in the release of Ca into solution after three
days (inhibition of glass dissolution, inclusion of Ca into the layer).
Another indication that the HA layer has formed and prevents further
glass dissolution is the slowdown in the release of Si to the incubation
fluid (Fig. 10b). The kinetics of changes in Ca, P, and Si concentrations in
SBF between S520 glass powder and coating varied, indicating differ-
ences in sample form (bulk/powder) and consequently surface devel-
opment. There are no significant differences in concentration variations
for the ultrafine-grained Ti-6Al-7Nb and cpTi substrates.

The behaviour of bioactive glass coated on an ultrafine-grained Ti-
6Al-7Nb substrate after immersion in SBF has been evaluated by SEM
and EDS analysis (Fig. 11). A calcium phosphate (CaP) layer forms after
just three days of incubation for the bioactive glass coating, according to
the SEM examination (Fig. 11b, e). During incubation, an evident
change in the morphology of the developing CaP layer occurs. After 14
days, the typical HCA cauliflower shapes are visible (Fig. 11c, f). The
EDS spectrum of the bioactive glass material (Fig. 11g—i) illustrates a
substantial decrease in Si content with increasing immersion time in the
SBF. A reduction in the quantity of Na is also observed. Moreover, there
is a marked increase in P and Ca levels after 3 and 14 days of immersion.
A minor presence of Na and Mg is identified within the apatite layer.
Comesana et al. [25], who used laser cladding to produce the bioactive
glass coating S520 on a conventional Ti-6Al-4V alloy, similarly con-
ducted EDS analysis on the clad material. Their samples, immersed for 2
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days, exhibited a high content of O, Ca, P, and Si on the surfaces. After 5
days, the coating surface was completely covered by an apatite layer,
with no Si content detected. Furthermore, trace amounts of Na, Mg, and
Cl were detected within the apatite layer. Peddi et al. [54] used an
enameling technique to create adherent borate glass coatings on the Ti-
6Al-4V alloy and conducted EDS analysis, revealing the formation of a
calcium phosphate-rich layer on the glass coating surface.

4. Conclusions

The application of bioactive glass S520 on an ultrafine-grained Ti-
6Al-7Nb titanium alloy through LDED has demonstrated the potential to
create a biocompatible material suitable for biomedical load bearing
implants without the use of toxic vanadium. The laser cladding process
had a profound impact on the substrate’s structure by inducing the
melting of the metallic material at the surface and infusing it with
bioactive glass. This process led to crystallisation, resulting in the for-
mation of relatively large grains within the melted titanium alloy.
Deeper in the material, laser-induced heat initiated a martensitic
transformation, leading to the formation of o acicular martensite. In the
lower regions of the HAZ, a distinctive band with refined grains was
observed. The detection of certain amounts of Al directly in the bioactive
glass raises concerns regarding potential toxicity as the glass dissolves in
the human body. This aspect warrants further investigation and
consideration in the development of biomedical materials. Furthermore,
the study identified a transition zone between the metallic material and
the glass, where the elements Ti, Al, and Si were present. After 14 days of
in vitro tests with the SBF solution, the samples exhibited the formation
of cauliflower-shaped spherical forms, characteristic of the morphology
of hydroxyapatite (HCA), indicating the high bioactivity of the bioactive
glass coating. Additionally, the nearly complete reduction in P concen-
tration after this period further emphasises the material’s high
bioactivity.
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