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This study investigates the surface modification of Til3Nb13Zr alloy using a barium
titanate (BaTiOs)-polyetheretherketone (PEEK) composite coating combined with
neodymium-doped yttrium aluminum garnet (Nd: Y AG) fiber laser treatment to improve
corrosion resistance and bioactivity for biomedical applications. The coating suspension
was prepared by dissolving 2 g of polyvinylpyrrolidone (PVP) in 30 mL of water and 70
mL of absolute ethanol, followed by the addition of 12 g of BaTiOs and 4 g of PEEK.
The alloy discs were preheated at 80 °C for 3 minutes, spray-coated with four layers, and
subsequently treated with an Nd:YAG fiber laser at scan speeds of 100, 300, and 500
mm/s. The phase composition and elemental distribution of the coated surfaces were
characterized using X-ray diffraction (XRD) and energy dispersive spectroscopy (EDS),
while the surface morphology was examined by field emission scanning electron
microscopy (FESEM). The results showed homogeneous spherical particles ranging from
418.72 nm to 1.570 um, with particle size increasing with laser scan speed. In vitro tests
were used to evaluate the corrosion behavior and bioactivity of the treated samples in
simulated body fluid (SBF). The corrosion test included open circuit potential (OCP),
potentiodynamic polarization, and electrochemical impedance spectroscopy (EIS). The
polarization resistance (Rp) increased from 3.345 x 10° Q-cm? for the untreated alloy to
1.90838 x 107 Q-cm? for the sample treated at 500 mm/s. The total resistance (Rt)
increased from 1190 Q to 19009 Q. After immersion in SBF, Rt reached 51044 Q and
the protection efficiency increased to 99.24%. Bioactivity shows the surface attracted the
hydroxyapatite (HAp) particles formed from SBF solution. These results demonstrate
that the combination of Nd:YAG laser treatment at 500 mm/s and BaTiO;-PEEK
composite coating significantly enhances the corrosion resistance and bioactivity of
Ti13Nb13Zr alloy, with reduced porosity due to lower heat exposure.

1. INTRODUCTION

wettability with human tissue, and other properties of the
material. Composite techniques mixing with different

The properties of biomaterials, such as biocompatibility,
bioactivity and mechanical performance, determine their
classification and suitability for biomedical applications.
Polymers  (i.e., polyetheretherketone = (PEEK) and
polyvinylpyrrolidone (PVP)), ceramics (hydroxyapatite
(HAp) and zirconia (Zr)) and glasses (i.e., SiO4) have emerged
as the most successful biomaterials applied in the fields of
orthopedics, coating and dentistry [1-3]. The biomedical
alloys, such as stainless steel and titanium alloys, possess high
mechanical properties in addition to their biocompatibility.
These alloys are designed to be compatible with the human
body, exhibiting no toxicity, allergies, or immune system
responses, while also offering exceptional corrosion
resistance. The surface of biological material has garnered
attention from researchers because it is in direct contact with
body fluids and tissues, and therefore determines the material's
acceptance or rejection by the environment. Surface properties
include biocompatibility, corrosion resistance, adhesion and
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materials or coatings have been applied to enhance the
properties. RF magnetron sputtering was used to coat Ti
6Al4V and cpTi alloy with TiO, Al.Os and HAp, while other
methods used composite CNT and polymers to enhance the
surface of Ti alloy for orthopedics, scaffolds, and dentistry [4,
5]. Some studies have investigated modifying the surface of
Ti6Al4V alloy using Nd:YAG laser treatment followed by
microarc oxidation (MAO) to improve the bio-enhanced
surface and its corrosion resistance. Another study
investigated coating Ti13Nb13Zr alloy with carbon using an
electrodeposition method, followed by high-energy laser
treatment to form titanium carbides. The coated layer after
treatment improved properties such as the mechanical
properties and corrosion resistance of the surface. Another
method used MAO with Nd:YAG laser treatment to modify
the surface of Til3Nb13Zr alloys, showing improvements in
corrosion resistance, bio-enhanced properties, and changes in
surface roughness [6-9].
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Some trends have emerged in the use of materials that
possess not only biocompatibility and corrosion resistance but
also antibacterial properties, including advanced materials
such as barium titanate (BaTi0s). Methods for its preparation
and applications have varied. For example, co-precipitation
has been used to treat wounds, where it acts as an antibacterial
agent, promotes tissue healing, and stimulates fibroblasts.
Functionalization and integration of BaTiOs-based
nanocarriers have emerged as promising platforms for targeted
drug delivery due to their unique combination of
biocompatibility, piezoelectric properties, and responsiveness
to external stimuli [10]. Another approach involved the
fabrication of titanium-titanium nanoparticles (BTNPs) using
the co-precipitation method of barium carbonate and titanium
dioxide at five different concentrations to study their
anticancer activity and the effect of material concentration.
The study demonstrated their effectiveness in combating
cancer cells at increasing concentrations [11]. BaTiOs powders
were used at concentrations ranging from 30% to 80% by
volume to form a graphene/BaTiOs/PMMA composite. The
results showed that the biomaterial's ability to stimulate bone
formation increased proportionally with increasing
concentration, thus making it applicable in dentistry and bone
cement [12]. The focus was not only on manufacturing
advanced ceramic materials but also on developing metals to
obtain materials with suitable mechanical properties or
properties close to those of human bone and with less toxicity.
The biomedical titanium alloy (CPTi, Ti-Al-V, Ti-Al-Nb, Ti-
Nb-Zr...) was specially designed to have distinctive
mechanical properties and to withstand the corrosive
environment in the body due to the titanium oxide layer TiO,
TiOs..., which ensures the long-term sustainability of the
implant [13]. The Ti-Nb-Zr alloy possesses mechanical
properties, wear and elasticity that enable it to withstand stress
during movement. Furthermore, it does not have toxic
elements such as Al and V, making it an ideal material for use
in bone and dental implants. It also exhibits good corrosion
resistance, as demonstrated in previous studies. To achieve
even better results, research has focused on coating titanium
alloys with a composite of advanced materials, ensuring a
material with superior mechanical properties and suitable
surfaces within the body. Various coating technologies have
emerged, each with its own specifications. The most
prominent of these is nano-coating of biomedical materials,
which has become a key area of research for improving their
frictional properties, durability, and performance [14, 15]. The
aim of this study was to prepare three Til3Nb13Zr alloy
samples coated with a BaTiOs—PVP K30-PEEK composite
using a spray coating method, and their surface properties
were investigated by treating them with Nd:YAG fiber laser.

2. MATERIALS

1. Til3Nbl3Zr alloy (Baoji, China) with chemical
composition provides from manufacturing company
certificate shown in Table 1.

2. Barium titanate BaTiOs nano powder (<40 nm,
Skyspring Nanomaterial, USA).

3. Polyvinylpyrrolidone (PVP, (C6HINO), K30 grade,
CDH, India).

4. Polyetheretherketone (PEEK, (CiosH1203)n,
Aldrich, USA).

5. Ethanol 99% (Sigma Aldrich, USA).

Sigma-
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Table 1. Chemical composition of Til3Nb13Zr alloy

Chemical Composition (wt.%)

Nb Zr Fe C H (0] S Ti
13.18 1349 0.085 0.035 0.004 0.078 <0.001 Bal.
3. METHOD

The samples were prepared from a Til3Nbl13Zr alloy rod
20mm in diameter (Baoji, China), certificated by the
manufacturing company, shown in Table 1 was cut using a
wire cutter machine to 2 mm thickness disks. The samples
were ground by SiC grinding paper with (p 120-400) grit, then
the samples were cleaned using absolute ethanol 99% twice
and one time in distilled water using the ultrasonic cleaner bath
(1800 QT, China).

e Dissolving 2 g polyvinylpyrolidone (PVP K30, CDH,
India) in 30 ml water and mixing very well using a
magnetic stirrer (Alfa, Iran).

e Increasing the volume to 100 ml through continuous
adding and mixing of 70 ml of absolute ethanol (99%).

e 12 g of barium titanate BaTiOs; and 4 g PEEK were
added to the mixture and vigorously mixed until the
coating solution dissolved.

e The coating process using (Graco AirPro HVLP Spray
Gun 288935, USA, Compatible Compressor: 5 bar,
Nozzle Diameter: 0.5 mm, and Spray Distance: 10 cm)
was started by heating the TiNbZr alloy disc to 80 °C
for 3 minutes. Second, the spray gun cup was filled with
coating material, and each layer was left to dry on the
hot plate for 3 min. After achieving 4 layers for every
three samples coating no further heat treatment was
applied.

e The coating samples were treated with Nd:YAG fiber
laser (Raycus Fiber Laser, China) at 40 W and 60 Hz,
with a working spot dimension (14 X 14) mm, spot size
50 pum, overlap = 40%. Different scan speeds (100, 300
and 500 mm/s) were used for the three samples,
respectively.

4. EXPERIMENT

Three Til3Nb13Zr alloy coated with a four-layer
PEEK/BaTiOs composite and treated at various laser scanning
rates (100 mm/s, 300 mm/s, 500 mm/s) were tested as follows:
(1) X-ray diffraction (XRD) analysis: XRD data were
collected on a diffractometer Shimadzo6000, Japan with
CuKa radiation to study crystalline structure and present
materials with scan range 10-80 degree, 0.04 degree step,
count time 0.24 sec. (2) Field emission scanning electron
microscopy (FESEM) coupled with energy-dispersive X-ray
spectroscopy (EDX) (JEOL-JSM-5600): It was operated at an
accelerating voltage of 30 kV, with a working distance of 7.7
mm, a chamber pressure of 4.45 x 10 Pa, and a spot size of
3.5. (3) Surface properties: The contact angle, roughness and
adhesion tests were measured. (4) In vitro test: Corrosion and
bioactivity tests were used to study the corrosion resistance
behavior and bioactive surface of the samples, respectively.
Electrochemical impedance spectroscopy (EIS), Tafel
polarization curve and the open circuit potential (OCP) were
conducted on the three samples in simulated body fluid (SBF)
solution as a corrosion medium (see Table 2), while the
bioactivity and bioactivity were assessed after immersing the



samples in the SBF solution for one month. The samples were
immersed in the aforementioned fluids and tested by XRD,
FESEM and EDX to test the results.

Table 2. Chemical composition of simulated body fluid
(SBF) solution [16]

Item Reagent Concentration (g/L)

1 8.036 NaCl
2 0.352 NaHCOs

3 0.225 KCl

4 0.230 K2HPO4

5 0.311 MgCl-6H20
6 0.293 CaCly

7 0.072 Na:SO04

5. RESULTS AND DISCUSSION
5.1 X-ray diffraction test

The XRD patterns of all treated and coated samples are
shown in Figure 1. The diffraction peaks of the Til13Nb13Zr
alloy matched well with ICDD (International Centre for
Diffraction Data) card No. 044-1294 for titanium, with the
highest intensities observed at 20 = 38.85° and 40.77°
corresponding to the (101) and (002) planes, respectively. The
diffraction pattern of the nanopowder of BaTiOs also showed
a good match with the ICDD card No. 31-0174. Furthermore,
two anatase phase diffraction peaks of TiO: occurred at 26 =
25.28° and 48.00°, indexed to (101) and (200) planes,
respectively, which were consistent with the ICDD card No.
21-1272.

The XRD pattern for PEEK shows good matching with
JCPDS (Joint Committee on Powder Diffraction Standards,
now part of the ICDD database) No. 00-066-1662 for PEEK
polymer (20 = 18.73° and 22.55°) with Miller indices (100)
and (220) with decreasing intensity at increasing laser scan
speed. The appearance of titanium peaks in the samples coated
and treated at speeds of 100 and 300 mm/s disappeared in the
sample treated at a speed of 500 mm/s. The BaTiOs peaks
appeared in all samples treated at 20 = 22.1°, 31.6°, 45°, 51°,
56.2° and 65.8° with Miller indices (001), (110), (200), (210),
(211) and (220), respectively. Six peaks were obtained, three
significant peaks and three minor peaks. With 500 mm/s, two
minor peaks also appeared at 26 = 70° and 75° with Miller
(300) and (310) [17]. The results show the appearance of
titanium peaks in the samples treated at 100 and 300 mm/s
laser scan speed only, but did not appear in the sample treated
at 500 mm/s; this happened because the increase in scan speed
reduced porosity in the coating layer. The BaTiOs peaks also
appeared in all peaks, especially for the sample treated at a 500

mm/s laser scan speed.
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Figure 1. X-ray diffraction (XRD) pattern comparison for all
treated and coated samples

5.2 Energy-dispersive X-ray spectroscopy test

The EDX elemental analysis for the uncoated Til3Nb13Zr
alloy revealed the presence of Ti, Nb, and Zr, as illustrated in
Figure 2, with compositions closely matching those provided
by the supplier in Table 1. The detected energy transitions
corresponded to Ti (Ka=4.44 keV, La = 0.45 keV), Zr (Lo =
2.044 keV), and Nb (Lo = 2.16 keV). The EDX elemental
analysis of the uncoated Til3Nbl3Zr alloy revealed the
presence of Ti, Nb, and Zr, as shown in Figure 2. The detected
energy transitions corresponded to Ti (Ko = 4.44 keV, La =
0.45 keV), Zr (Lo, =2.044 keV), and Nb (La. =2.16 keV).

Figures 3 and 4 show the EDX elemental analysis of the
coated sample treated at a laser scanning speed of 100 mm/s.
The results confirmed the presence of BaTiOs composite
coating in addition to Ti, O, Nb, Zr, and C elements. The
barium peak (Ko = 4.46 keV) was nearly overlapped with the
Ti peak, while oxygen and carbon appeared at Ka = 0.5 keV
and Ko = 0.27 keV, respectively. Nevertheless, the main
constituent elements of the Til3Nb13Zr alloy were still
observed, indicating the presence of pores within the coated
layer [12, 18].
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Figure 2. Energy-dispersive X-ray spectroscopy (EDX) elemental analysis for uncoated Ti13Nb13Zr alloy
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Figure 3. Energy-dispersive X-ray spectroscopy (EDX) elemental analysis for the sample coated and treated at a 100 mm/s laser
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Figure 4. Energy-dispersive X-ray spectroscopy (EDX) elemental analysis for the sample coated and treated at a 300 mm/s laser
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Figure 5. Energy-dispersive X-ray spectroscopy (EDX) elemental analysis for the sample coated and treated at a 500 mm/s laser
scan speed

The EDX elemental analysis of the coated sample treated at
the laser scanning speed of 500 mm/s is shown in Figure 5.
The results of the EDX elemental analysis confirmed the
presence of Ba, Ti, O and C elements, but there were no peaks
of Zr or Nb elements detected. This means that this treatment
decreases the porosity of the coating due to the increased speed
of the laser scanning. Moreover, a higher peak intensity was
noticed in the peaks of barium and oxygen. The energy
transitions detected are O (Ka = 0.5 keV) and C (Ka = 0.277
keV).

5.3 Field emission scanning electron microscopy test

FESEM images of all coated samples were captured by
varying the magnification from 40 pm to 3 um, and these
images are shown in Figure 6. The micrographs show that the
particles are predominantly spherical in shape with a relatively
even particle size distribution from 0.41872 to 1.570 um,
which is in line with the previously reported results [19].
Agglomeration was seen because of the excellent adhesive
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properties of the PVP polymer, which helps in promoting the
adhesion of the particles to each other. In addition, the polymer
completely surrounds the agglomerated particles and enhances
their attachment to the coated surface [7].

When the laser scanning speeds are low, the coated surface
will be exposed to laser heat for a longer period of time and a
crack will be formed due to partial degradation of PEEK by
laser heating. On the other hand, the higher the scanning speed,
the lower the heat exposure, which would mean a softening
(annealing) effect without much degradation of the PEEK
matrix; hence, the formation of cracks would be reduced and
may lead to a smoother surface [20]. The results of these
observations suggest that the laser scanning speed has a
significant effect on thermal effects in the coated layer, which
directly result in changes in the surface morphology and
structural integrity of the coated layer.

The cross-section FESEM images for the 500 mm/s laser
scan speed coated sample in Figure 7 show that the thickness
varied between 17.34 pm and 18.14 pum.



Figure 6. Field emission scanning electron microscopy (FESEM) images for coated samples at different magnifications (a and b):
100 mm/s, (c and d): 300 mm/s and (e and f): 500 mm/s

@ (®)
Figure 7. Cross-section field emission scanning electron microscopy (FESEM) images for 500 mm/s laser scan speed, coated
sample
5.4 Adhesion test Figure 8 and Table 3, show perfect adhesion, where all

samples achieved zero removed area and 100% adhesion
The cross-cut adhesion test images for three treated samples, according to ASTM D3359.

479



S i

{ ")
w U

100 mmi/sec. 300 mm/sec.

Figure 8. Cross-cut adhesion test images for all coated
samples

Table 3. Cross-cut adhesion test results for all coated
samples according to ASTM D3359

Speed Laser (mm/s)  Removed Area (%)  Classification
100 0 5B
300 0 5B
500 0 5B

Note: The 5B indicates the classification of the adhesion test in the standard
ASTM adhesion test D3359.

5.5 Wettability contact angle test

A typical micro-pipette was used to drop 5 pL of deionized
water on each sample, and a wettability (contact angle) test
was carried out. As clearly shown in Figure 9 and Table 4, the
contact angle increased as the laser scanning speed increased.
The contact angle of the sample was 43.63° when treated with
a laser at a speed of 500 mm/s, and 25.94° when the sample
was treated at 100 mm/s.

This behaviour can be explained in terms of the higher
porosity of the coating layer at lower laser scanning speed, as
mentioned above. A higher porosity improves the surface
wettability, which may facilitate the bioactivity and cell
proliferation [6, 21].
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Figure 9. Wettability contact angle for the samples

Table 4. Wettability contact angle results for all samples

Item Contact Angle (degree)
Base (Uncoated) 75.52
Coated and Treated (100 mm/s) 25.94
Coated and Treated (300 mm/s) 35.75
Coated and Treated (500 mm/s) 43.63

5.6 Surface roughness test

To perform the surface roughness test, a Tel-Instruments
TR-220 Multi-Function Avionics Test Set was used [22]. As
indicated in the results in Table 5, surface roughness decreased

with increasing laser scanning speed. Adverse mechanical and
biological effects, such as irritation of neighbouring tissues,
bacterial accumulation, and increased wear in artificial joints,
may occur if the surface is rough. Furthermore, rough surfaces
can create stress concentrations at the peaks of the surface and
micro-abrasions, which could start microscopic cracks in the
material. Surface irregularities can also impact the distribution
of the force in neighbouring cells and tissues [23, 24]. The
higher laser scanning speed is thought to be responsible for
this behaviour because the laser beam is less likely to affect
the surface irregularities of the coated surface, thereby
reducing overall surface roughness [6].

Table 5. Roughness test results

Speed Laser (mm/s) Roughness Average (um)

100 0.224
300 0.101
500 0.090

5.7 Coated layer hardness test

The hardness test for the base and three treated samples
shows an increase in hardness with increasing laser scan speed;
i.e., the increase in speed allows the laser energy to be
distributed more uniformly on the coated layer, making the
particles stick together more tightly, especially in the presence
of the PEEK polymer and making the coated layer harder, as
shown in Table 6.

Table 6. Hardness test results for all treated samples

Speed Laser (mm/s) Hardness (HV)

100 210
300 225
500 245

5.8 Electrochemical corrosion test

5.8.1 Open circuit potential test

The OCP test comparison for the samples in Figure 10 and
Table 7 shows an increase in OCP value with increasing laser
scan speed, i.e., the sample surface became more passive. This
happened due to a decrease in porosity and an increase in
hardness with increasing laser scan speed.
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Figure 10. Open circuit potential (OCP) test for all samples



Table 7. Open circuit potential (OCP) test results for all
samples extracted from Figure 10

Item OCP (volt)
Base (Uncoated) -0.518
Coated (Untreated) -0.481

Coated and Treated (100 mm/s) -0.348
Coated and Treated (300 mm/s) -0.255
Coated and Treated (500 mm/s) -0.143

5.8.2 Tafel polarization curve

The Tafel polarization curve comparison in Figure 11 and
Table 8 shows the decrease in corrosion rate with increasing
laser scan speed. Also, the sample coated without laser
treatment achieved a decrease in the corrosion rate compared
to that not treated. The sample treated at 500 mm/s laser scan
speed achieved 1.964 x 107 millimeters per year (mmpy)
compared with 1.169 x 10 mmpy for the untreated sample,
1.e., the corrosion rate decreased about 59 times.
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1

_2 1 l il il il il T 1
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current density (Amp/cm?)

Figure 11. Tafel polarization curve comparison for the
samples

Table 8. Corrosion characteristics for the samples

Item E corr. I corr. Corrosion Rate
™ (A/em?) (mmpy)
Base -0.688  1.324 x 107 1.169 x 1073
Untreated -0.610  4.467 x 1078 3.946 x 10*
Coated and Treated 306 5 09y x 10+ 1.848 x 104
(100 mm/s)
Coated and Treated 9 s
(300 mms) -0.434  7.933 x 10 7.008 x 10
Coated and Treated 9 5
(500 mm/s) -0.572 2224 x 10 1.964 x 10
Note: E corr. is the corrosion potential, and / corr. is the corrosion current
density.

To better evaluate the results, we can calculate the
protection efficiency percentage from the relation below [24]:

PE = lomumcotsd~loomsconted i« 190y M

lcorrauncoated

where, PE is the protection efficiency, icoruncoated a0A icorr.coated
are the corrosion currents for the uncoated and coated samples,
respectively.

Also, the determination of the polarization resistance,
according to the Stern-Geary equation below, can give us more
evaluation of the results.

BaxfBc
Rp = 2.303(Ba+pc)I corr. (2)
where, Rp refers to the polarization resistance measured in
(Q/cm?), Ba is the Tafel slope for the anodic region, fc is the
Tafel slope for the cathodic region and / corr. is the corrosion
current density (A/cm?).

The calculated protection efficiency in Table 9 shows a
good increase with increasing laser scan speed, where the
sample treated at 500 mm/s achieved 98.32% protection
efficiency. Also, the untreated sample achieved 66.26%
protection efficiency from coating only.

The polarization resistance increased with increasing laser
scan speed and reached 1.90838 x 107 Q-cm? for the sample
treated at 500 mm/s, compared with 3.34533 x 105 Q-cm? for
the untreated sample.

5.8.3 Electrochemical impedance test

The measured Nyquist diagram comparison for all samples
in Figure 12 shows an increase in impedance with increasing
laser scan speed. The equivalent circuit used for fitting an
uncoated sample in Figure 13(a) shows a typical circuit, while
the fitting of an untreated sample shows an equivalent circuit
with a porous layer covering the sample surface, as shown in
Figure 13(b). The fitting of all laser-treated samples shows a
new layer connected to the coated layer, as shown in Figure
13(c); i.e., the treatment with laser creates a less porous and
harder layer on the surface of the coated layer.
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Figure 12. Nyquist diagram comparison for all samples
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Figure 13. Equivalent circuit used for fitting samples (a)
uncoated, (b) chemically treated and (c) coated sample
Note: Ry: solution resistance, CPEg4: double layer constant phase element,
R.: charge transfer resistance, CPE.: coated layer constant phase element,
R.: coated layer resistance, CPE . laser treated coated layer constant phase
element, Ry, laser treated coated layer resistance.
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The fitted parameters in Table 10 shows increasing in the
total resistance for samples after coating and treating with laser,
where the coated sample achieved 2659 Q total resistance
compared with 1190 ohm for the uncoated sample. Also, the

500 mm/s laser scan speed treated sample achieved 19009 Q
total resistance, i.e., 19 times than uncoated sample and that
agrees with the results of previous studies [7-26].

Table 9. Calculated corrosion parameters for all samples

Rp (2-cm?) Pa (V/dec) P (Videc) PE (%) I corr. (A/lem?) Item

3.34533 x 103 0.188 0.223 - 1.324 x 107 Base

9.80890 x 103 0.222 0.185 66.26 4.467 x 108 Coated untreated
1.99376 x 10° 0.208 0.198 84.67 2.092 x 108 Coated and Treated (100 mm/s)
5.62323 x 10° 0.203 0.208 94.00 7.933 x 10° Coated and Treated (300 mm/s)
1.90838 x 107 0.186 0.206 98.32 2.224 x 107 Coated and Treated (500 mm/s)

Note: Rp refers to the resistance of polarization; fa is the Tafel slope for the anodic region and cathodic region, respectively; PE is the protection efficiency; and /
corr. is the corrosion current density.

Table 10. Fitted parameters for all samples

Parameters Uncoated Untreated 100 mm/s 300 mm/s 500 mm/s
Rs (ohm) 105 111 107 104 112
Rai (ohm) 1085 1100 1070 1090 1110
Rueat (0hm) - 1448 1415 1480 1401
Re  e— e 4219 7965 16386
CPEa (F) 3.025 x 1075 4.0064 x 103 3.6712 x 10 3.2133 x 10° 3.1739 x 10~°
ni 0.963 0.984 0.966 0.990 0.991
CPEteat (F) - 9.1217 x 1073 8.847 x 10 8.4028 x 1073 8.0075 x 1073
n e 0.977 0.948 0.981 0.998
CPE.(F) —— e 9.847 x 107 4.1537 x 10°® 1.5194 x 10~
1 T 0.992 0.956 0.997
Riotal (0hm) 1190 2659 6811 10639 19009

Note: Ry: solution resistance, Rq: double layer resistance, Ry..: laser treated coated layer resistance, R.: coated layer resistance, Ry total resistance; CPEg:
double layer constant phase element, CPE,.,: laser treated coated layer constant phase element, CPE,: coated layer constant phase element; The value of n (0 <n
< 1) indicates the ideality of the capacitor; n = 1 corresponds to an ideal capacitor, while lower n values reflect surface heterogeneity, roughness, or porosity.

5.9 After immersing in simulated body fluid solution (in
vitro test)

5.9.1 X-ray diffraction test

The XRD patterns of the samples treated with laser
scanning speeds of 100, 300 and 500 mm/s for one month in
SBF solution are displayed in Figure 14. The patterns showed
the presence of the characteristic peaks of barium titanate and
PEEK, and hydroxyapatite (HAp) peaks occurred clearly,
corresponding with JCPDS card No. 00-009-0432, suggesting
successful bioactivity. The characteristic PEEK peaks
appeared at 20 = 8.8° and 22.8°, corresponding to the Miller
indices (100) and (220), respectively. In addition, BaTiOs
peaks were observed at 20 = 22.1° and 31.6°, indexed to the
(001) and (110) planes, respectively [26].
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Figure 14. X-ray diffraction (XRD) patterns comparison for
all coated samples after one month immersion in simulated
body fluid (SBF) solution
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The (112), (112) and (222) planes of HAp were detected in
the main diffraction peaks at 260 = 31.8-32° and 46.9°, and
other peaks were seen at 20 = 54.6 and 56, which correspond
to the (004) and (332) planes, respectively. The HAp
formation is further supported and an enhancement in
bioactivity capability is indicated by these results. The
comparison of the XRD pattern of all laser-treated samples
after immersion in the SBF solution showed that the intensity
of HAp phases increased with the increase in laser scanning
speed. This indicates that the bioactivity of the coated layers is
increased with the increase in the laser scanning speed.

5.9.2 Energy-dispersive X-ray spectroscopy test

The elemental analysis of the uncoated sample after
exposure in the SBF solution for 1 month, as shown in Figure
15, showed that the sample contained carbon from PEEK,
titanium from the oxidized surface of the alloy and oxygen,
calcium, phosphorus and magnesium from HAp that was
formed in the SBF solution.

In the same way, the elemental analysis of the samples
treated at the laser scanning speed of 100, 300 and 500 mm/s
after one month in the SBF solution (see Figure 16), showed
the same elements with different intensities. Increased calcium
and phosphorus peaks and decreased carbon content were
seen, suggesting improved HAp formation. The detected
energy transitions correspond to Ca Ka = 3.69 keV and Kf =
4.09 keV, P Ka =2.01 keV, and Mg Ka = 1.25 keV.

5.9.3 Field emission scanning electron microscopy test
Figure 17 presents FESEM micrographs of uncoated and
treated samples after one month of immersion in SBF solution,
at magnifications ranging from 10 um to 500 nm. The images
reveal the formation of HAp deposits on the treated surface,



indicating good surface biocompatibility [4]. The increase in
agglomeration of HAp particles formed from SBF solution
with increasing laser scan speed from 100 to 500 mm/s. This
can be considered as an indication to increase the ability of
increased bioactivity characteristics with increasing scanning
speed. The spherical particles with fine grains, homogeneous
and uniform distribution of components, increasing in
agglomeration, reveal the presence of nanometric particles of
HAp particles formed from SBF solution with increasing laser

scan speed, with a nanometric particle size about 54.57 nm to
654.6 nm [27-29].

The cross-section FESEM images for laser-treated samples
after one month immersion in SBF solution at 500 mm/s.
Figure 18 shows that the thickness varied among 30.98 um,
36.34 um and 38.06 um. The thickness of the growth layer of
HAp from SBF increases with increasing the thickness of the
coated layer compared with.

Intensity(count)

Element | Weight %
(o] 14.4
Mg 1.2
P 34.5
Ca 47.5
Ti 24

Energy(Kev)

10 keV

15 keV

20 keV

Figure 15. Energy-dispersive X-ray spectroscopy (EDX) elemental analysis for uncoated sample after one month immersion in

simulated body fluid (SBF) solution
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Figure 16. Energy-dispersive X-ray spectroscopy (EDX) elemental analysis for (a) 100 mm/s, (b) 300 mm/s and (c) 500 mm/s,
after one month immersion in simulated body fluid (SBF) solution
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(c) w : T

Figure 17. Field emission scanning electron microscopy (FESEM) images for laser treated samples after one month immersion in
simulated body fluid (SBF) solution (a and b): uncoated, (¢ and d): 100 mm/s, (e and f): 300 mm/s, (g and h): 500 mm/s

Figure 18. Cross-section field emission scanning electron microscopy (FESEM) images for laser-treated samples at 500 mm/s
after one month immersion in simulated body fluid (SBF) solution
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5.9.4 Corrosion test

In this part, we compare the optimum sample (500 mm/s)
laser treated corrosion characteristics before and after one
month of immersion in SBF solution.

A. The OCP shows an increase in passivation from (OCP =
-0.143 V) for the sample before immersion to (OCP =-0.09 V)
after immersion, which resulted from a new HAp layer, as
shown in Figure 19.
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Figure 19. Open circuit potential (OCP) test comparison for
500 mm/s laser scan speed treated sample before and after
one month immersion in simulated body fluid (SBF) solution

B. The Tafel polarization curve in Figure 20 also shows a
decrease in corrosion current density from 2.224 x 10 A/cm?
to 1.001 x 10° A/cm? before and after immersion in SBF
solution for one month. The corrosion rate decreased to 8.843
x 10" mmpy after immersion compared with 1.964 x 107
mmpy before immersion. Also, the calculated protection
efficiency increased to 99.24% after immersion compared
with 98.32% before immersion.
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Figure 20. Tafel polarization curve test comparison for 500
mm/s laser scan speed treated sample before and after one
month immersion in simulated body fluid (SBF) solution

C. The EIS test in Figure 21 also shows an increase in
resistance after immersion in SBF solution, where the total
resistance increased to 51044 Q after immersion, compared
with 19009 Q before immersion. Also, the equivalent circuit
used for fitting the Nyquist curve did not show a difference
from that used before immersion, as shown in Figure 22,
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which means the HAp formed from the treated surface of the
sample and linked to other particles across the pores until they
went outside the final coated layer to cover it and cover all the
sample surface.
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Figure 21. Electrochemical impedance spectroscopy (EIS)
Nyquist curves for 500 mm/s laser scan speed treated sample
before and after one month immersion in simulated body
fluid (SBF) solution
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Figure 22. The equivalent circuit used for fitting the 500
mm/s laser scan speed treated sample after one month

immersion in simulated body fluid (SBF) solution
Note: Ry: solution resistance, CPEy: double layer constant phase element,
R.: charge transfer resistance, CPE.: coated layer constant phase element,
R.: coated layer resistance, CPE.,: laser treated coated layer constant phase
element.

6. CONCLUSIONS

From previous results, we conclude that:

*Nd:YAG laser treatment of the coated Til3Nb13Zr alloy
significantly improved the corrosion resistance and reduced
surface defects. The corrosion rate decreased by
approximately 59 times, while the protection efficiency
reached 98.32% before immersion and 99.24% after
immersion in SBF solution.

*FESEM results indicated that laser treatment assisted in the
uniform distribution of laser energy across the coated surface.
Laser energy also improved particle bonding in the presence
of the PEEK polymer, leading to a dense coating layer with
fewer cracks and porosity at high scanning speeds.

*The wettability of the coating surface increased with
increasing laser scanning speed (the contact angle increased
from 25.94° to 43.63%). Furthermore, the surface roughness
decreased from 0.224 pm at 100 mm/s to 0.090 um at 500
mm/s due to the reduced thermal effect at high scanning



speeds. The achieved surface properties were favorable for cell
attachment.

*The bioactivity of the coated samples was improved after
soaking in SBF for one month through HAp formation on the
surface of the laser-treated samples. FESEM and EDS
analyses revealed more HAp deposition with increased
scanning speeds. The coating layer thickness of the 500 mm/s
sample was measured to be between 17.34—18.14 pm before
immersion and between 30.98-38.06 pm after immersion in
SBF solution.

Overall, laser-coating treatment carried out at a scanning
speed of 500 mm/s resulted in improved surface properties
such as high corrosion resistance, low porosity, favorable
wettability, and increased bioactivity. Lower scanning speeds
increased the thermal effect on the sample due to longer laser
exposure time, while higher laser scanning speeds decreased
the thermal effect and improved surface characteristics of the
coating layer that may be used for biomedical implant
applications.
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