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ABSTRACT 

In this study, 5% hydroxyapatite (HA)-95% titanium (Ti) composite coatings were fabricated on Ti-6Al-4V (Ti64) 

substrates using the Tungsten Inert Gas (TIG) welding method at welding currents of 90A, 100A, and 110A. The 

effects of welding current on the microstructural, mechanical, electrochemical, and biological properties were 

systematically investigated. According to ASTM E190 bending tests, interfacial adhesion strength increased with 

increasing welding current. Electrochemical in vitro corrosion tests showed limited dependence on current, though 

the 100A coating exhibited the lowest corrosion current density (6.93×10-2 μA·cm-2) and highest polarization 

resistance (12800 Ω), indicating the most passive surface behavior. In vitro simulated body fluid (SBF) tests 

demonstrated that the 90A coating promoted optimal apatite-like layer formation. Overall, the welding current 

strongly affected the coatings’ microstructure, chemical stability, mechanical strength, corrosion resistance, and 

bioactivity. Among all, 90A was optimal for structural stability, 100A for electrochemical performance, and 110A 

for mechanical adhesion. Thus, the TIG welding process is a promising approach for producing biofunctional 

coatings on metallic substrates. 

Keywords: Welding current, TIG coating, Ti-6Al-4V, adhesion, corrosion.  

ÖZET 

Bu çalışmada, %5 hidroksiapatit (HA)-%95 titanyum (Ti) kompozit kaplamalar, Tungsten İnert Gaz (TIG) kaynak 

yöntemi kullanılarak 90A, 100A ve 110A kaynak akımlarında Ti-6Al-4V (Ti64) altlıklar üzerine üretilmiştir. Kaynak 

akımının mikroyapısal, mekanik, elektrokimyasal ve biyolojik özellikler üzerindeki etkileri sistematik olarak 

incelenmiştir. ASTM E190 eğme testlerine göre, arayüz yapışma mukavemeti artan kaynak akımıyla artmıştır. 

Elektrokimyasal in vitro korozyon testleri akıma sınırlı bağımlılık gösterdi, ancak 100 A kaplama en düşük korozyon 

akımı yoğunluğunu (6.93×10-2 μA·cm-2) ve en yüksek polarizasyon direncini (12800 Ω) sergiledi ve en pasif yüzey 

davranışını gösterdi. İn vitro simüle edilmiş vücut sıvısı (SBF) testleri, 90A kaplamanın optimum apatit benzeri 

tabaka oluşumunu desteklediğini gösterdi. Genel olarak, kaynak akımı kaplamaların mikro yapısını, kimyasal 

kararlılığını, mekanik dayanımını, korozyon direncini ve biyoaktivitesini güçlü bir şekilde etkiledi. Hepsi arasında, 

90A yapısal kararlılık için, 100A elektrokimyasal performans için ve 110A mekanik yapışma için optimumdur. Bu 

nedenle, TIG kaynak işlemi metalik yüzeylerde biyofonksiyonel kaplamalar üretmek için umut verici bir yaklaşımdır. 

Anahtar Kelimeler: Kaynak akımı, TIG kaplama, Ti-6Al-4V, adhezyon, korozyon.  
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INTRODUCTION 

Titanium (Ti) and its alloys are widely used in orthopedic implants due to their superior biocompatibility, high 

strength-to-weight ratios, and corrosion resistance. With these properties, it is an indispensable part of long-lasting 

and reliable orthopedic solutions. It is especially preferred in hip and knee prostheses, plates, screws, and dental 

implants (Niinomi, 2002). When Ti is exposed to body fluids, a nanometer-thick titanium dioxide (TiO2) passivation 

layer spontaneously forms on its surface, minimizing ion release and ensuring long-term implant stability (Hodgson 

et al., 2002). Grade 4 pure titanium and Ti-6Al-4V (Ti64) alloy are specifically defined for implant production 

according to ASTM standards, characterized by alloy formulations containing 99% pure Ti and 6% aluminum (Al) - 

4% vanadium (V), respectively. Especially the Ti64 ELI (Extra Low Interstitial) version is preferred in critical 

applications, such as spinal fusion implants, due to its increased fracture toughness, achieved by keeping impurities 

like oxygen and iron at controlled levels (Niinomi and Nakai, 2011). On the other hand, despite its advantageous 

properties, the presence of aluminum (Al) and vanadium (V) elements in its elemental composition poses a 

disadvantage for in-body use. The presence of the Al element within the body has been indicated to be associated 

with Alzheimer's disease in patients who have undergone implantation, according to clinical studies (Perl, 1985). The 

vanadium additive, frequently used as a beta (β) stabilizer element in Ti, enhances the mechanical properties of Ti, 

but its contribution to high osseointegration (body tissue integrity) in the biomaterial-tissue interaction is limited (Ji 

et al., 2020). For these reasons, current studies are being conducted on compositions and surface modifications that 

will enhance the tissue interaction between the biomaterial and the body (Benea et al., 2014; Mohseni et al., 2014). 

 

At the forefront of these are Hydroxyapatite (HA) coatings due to their elemental and structural similarity to bone 

tissue. One of the most important components of biomaterial research, HA is a calcium phosphate compound that 

constitutes the inorganic phase of natural bone tissue (Topuz et al., 2024a). This ceramic material, which shows 

extraordinary compatibility with biological systems, exhibits biocompatibility, osteoconductivity, and 

osteointegration properties due to its chemical structure similar to that of bone tissue (Breding et al., 2014). Especially 

in orthopedic and dental implant applications, the high bioactivity of hydroxyapatite improves biomechanical 

stability by enhancing the integration at the implant-soft tissue interface. With these properties, HA is widely used in 

critical applications such as bone graft alternatives, dental implant coatings, and tissue engineering scaffolds (Topuz 

et al., 2024b; Topuz et al., 2021b). However, the disadvantage is the presence of cases where HA's mechanical rigidity 

alone is insufficient (Topuz et al., 2023; Topuz et al., 2021a). This disadvantage is due to the weak chemical 

interaction between HA's ceramic (bioceramic) structure and the metallic biomaterials used as the base material. As 

a result of the weak chemical interaction, there is insufficient coating adhesion between the metallic and ceramic 

coatings. Therefore, researchers continued to produce composite coatings with different metallic material 

reinforcements to enhance the weak interfacial strength of HA in coatings (Topuz et al., 2025). Composite 

biomaterials continue to revolutionize the fields of engineering and medicine. Deepening research in this field 

contributes to the development of safer and more effective biomaterials (Geetha et al., 2009). The clinical applications 

of composite biomaterials span a wide range. In orthopedic surgery, calcium phosphate ceramics and polymer 

composites are used to repair bone-based defects. Composites containing hydroxyapatite provide structures that can 

integrate with natural bone by promoting the proliferation of bone cells (Eriksson et al., 2006). 

 

For the reasons mentioned, scientists have applied Ti-HA coatings to the surface of Ti64 using different coating 

methods (Mohseni et al., 2015). One of the main issues in biomedical coatings, which have different advantages and 

disadvantages, can be said to be the insufficient adhesion strength between the coating and the substrate material. To 

prevent this issue, commercial methods such as plasma spray are currently used; however, these methods are costly 

due to their high initial investment costs and complex operating conditions (Dikici et al., 2016). For these reasons, 

next-generation laser cladding applications have been developed, but different searches continue to be pursued 

considering the cost-benefit balance (Hu et al., 2021; Weng et al., 2014). The coating structures obtained through the 

Tungsten Inert Gas (TIG or GTAW: Gas Tungsten Arc Welding) method promise an alternative as a result of these 

explorations. TIG welding is a high-precision welding method widely used in industries that require superior weld 

quality, such as aerospace, nuclear engineering, automotive manufacturing, and medical device production. Unlike 

other arc welding methods, TIG welding uses and/or does not use a non-consumable tungsten electrode, and the 

molten weld pool is protected by an inert shielding gas to prevent atmospheric contamination. This process is known 

for its ability to produce clean, spatter-free welds and provide excellent mechanical properties along with an 

aesthetically pleasing appearance (Lucas, 1990). Considering its role in critical applications, understanding 

fundamental parameters such as current settings, shielding gas selection, electrode types, and advanced techniques is 

of great importance for optimizing welding performance (Biswas and Sahoo, 2023). 
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Many studies have been conducted on Ti64 surfaces for various purposes using the TIG welding method. For 

example, Tijo and Masanta (Tijo and Masanta, 2019), in their research, stated that the XRD spectra of the coating 

samples prepared at lower currents (50A and 70A) were almost the same when using a powder mixture of titanium 

(Ti) and boron carbide (B4C) with different weight ratios pre-placed on a Ti64 substrate for TIG coating. An et al. 

(An et al., 2017) similarly produced TIG coatings of pre-sintered 11.8% TiB2/Ti64 composites on Ti64. With the 

increase in heat input (i.e., welding current), the TiB content decreased, and the coating's microstructures became 

more homogeneous, while the hardness values decreased. Waghmare et al. (2018, on the other hand, have applied 

NixTiy (NiTi and NiTi2) coatings on Ti64 surfaces using the TIG coating method. They stated that the TIG process 

current has a significant impact on the morphology and mechanical properties of the coating layer and that with a 

low current input (40A and 50A), the hardness value increases while the wear value decreases. In most of the 

conducted studies, the aim was to obtain hard surfaces, and in this direction, hardness and wear values were 

systematically examined (Bansal et al., 2020; Saroj et al., 2017). However, no study has been found that aims to 

improve the biological surface properties of Ti64 (potential biomaterial use) using the TIG cladding method. 

 

The novelty of this study lies in the systematic investigation of how welding current affects the mechanical integrity 

and in vitro corrosion behavior of Ti–HA composite coatings fabricated on Ti–6Al–4V substrates via the TIG 

cladding method. Unlike previous TIG-based studies focused mainly on hardness or wear resistance, this study targets 

biomedical functionality by enhancing bioactivity and corrosion resistance. The study also establishes a clear 

relationship between welding current, coating microstructure, and electrochemical performance, offering a cost-

effective and scalable alternative to conventional coating techniques. The morphological and structural 

characterizations of the produced composite surface coatings were revealed using various techniques. The adhesion 

strength between the coating and the substrate material was determined through bending tests (ASTM E190). 

Moreover, the electrochemical in vitro corrosion responses of the surface coatings were revealed in detail by using 

the three-electrode technique. 

MATERIALS AND METHODS 

Ti and HA powders were weighed on a precision scale (Shimadzu, TX423L). HA (approximate particle size ~25-50 

μm) and Ti-based (approximate particle size ~45 μm) composites were mixed for about 30 min to obtain a slurry 

mixture with a 5% by vol. HA fraction. The HA content was fixed at 5% for two critical reasons. Firstly, higher HA 

concentrations can introduce thermal barrier effects during TIG welding, which may hinder metallurgical bonding 

and promote porosity formation within the coating. Secondly, excessive HA fractions are prone to thermal 

decomposition under elevated welding currents, compromising the phase stability and integrity of the composite 

layer. Therefore, to ensure optimal adhesion, structural uniformity, and compositional stability, the HA content was 

maintained at a constant level of 5%. To ensure a homogeneous mixture of the slurry, ethyl alcohol was used. The 

obtained slurry was first dried in an atmospheric environment and then in an oven (at 120℃ for 45 min). As a result 

of the process, the moisture and alcohol content within the slurry have been evaporated. The dried Ti-HA composite 

powder mixture was pressed to ensure that the homogeneity of its surface distribution was not affected by the welding 

atmosphere gas. The pellets were produced using a stainless-steel cylindrical mold (Ø10 mm) under a pressure of 

250 MPa for 45 s using a uniaxial hydraulic press (Carver, Model 4555).  

TIG Coating Procedure 

The Ti64 alloy plate, sized 50×150×4 mm, was cut into 20 pieces using a hydraulic press and subjected to a cleaning 

process with ethyl alcohol, acetone, and distilled water for 5 min each before the TIG welding process. The Ti-HA 

composite pellets were coated onto the Ti64 alloy under an argon (Ar) protective atmosphere. The TIG coating 

process was carried out using a tungsten electrode with a diameter of 2.4 mm, optimum protection was provided with 

an Ar gas flow of 18 L/min, and the risk of oxidation was minimized. As welding parameters, current intensities of 

90A, 100A, and 110A were used. A controlled welding process with low heat input was applied to create a 

homogeneous melting zone at the pellet-alloy interface. The composite-coated Ti64 was then allowed to cool in an 

atmospheric environment. With the TIG coating method, the Ti-HA composite pellets were coated onto the substrate 

with high adhesion and homogeneity. 

 

After the TIG coating process was completed, grinding and polishing operations were carried out to remove the 

welding spatter in the joint area and reduce surface roughness. In the first stage, coarse grinding was performed using 

the coarse grinding machine (KLPRO, KLTM175), and the prominent protrusions around the weld seam were 

removed. Subsequently, a series of sandpapers was applied in succession with grids of 240, 400, 600, and 800 to 

enhance the surface quality. In the final stage, a polishing process using a diamond suspension (with 6, 3, and 1 μ 
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cloth) was applied to achieve a mirror-like appearance on the coating-substrate zone. During all processes, low 

rotational speeds were used to prevent overheating and microstructural changes in the sample, and periodic cooling 

with water was provided. As a result of these surface preparations, a surface quality suitable for microscopic 

examinations was achieved, and the samples met the standard requirements before mechanical testing. 

Characterization 

An optical microscope (OM) was used to observe the microstructure formed after the coating process, and especially 

the thermal effects. To examine the surface morphology in more detail, a field-emission scanning electron microscope 

(FE-SEM, Zeiss, Sigma 300) was preferred. Elemental analyses of the samples coated with energy-dispersive X-ray 

spectroscopy (EDX, Ametek, EDAX) integrated into the SEM device were conducted. X-ray diffraction (XRD) 

analyses were performed employing Cu–Kα radiation (λ = 1.5406 Å) over a 2θ range of 10°–90°, with a step size of 

0.2° to determine the phase structures occurring in the composite coatings. Within the scope of these analyses, it was 

investigated whether the thermodynamic interactions occurring between Ti64-Ti, Ti64-HA, and Ti-HA, particularly 

as a result of HA reinforcement, lead to the formation of new phases. Additionally, the wettability properties of the 

surfaces were evaluated by measuring the contact angles (Attension, Theta Flex) between the surfaces coated with 

simulated body fluid (SBF). As a result of these measurements, the surface properties that Ti64 surfaces coated with 

different ratios of Ti-HA can exhibit in potential in-body applications, particularly their wettability degrees, have 

been revealed. 

Bending Tests for Adhesion Evaluation  

Longitudinal face bend tests were conducted following ASTM E190 standards to determine the adhesion strengths 

between the composite coatings and Ti64. In this way, it has been determined at what load and deformation the 

coatings will detach from the surfaces. The samples with a cross-section dimension of 30x4 mm were used in 

longitudinal face bend tests for the evaluation of adhesion at the coating interface. The tests were carried out from 

the back of coatings at a speed of 0.2 mm·min−1. The deformation mechanisms that may occur have been examined 

and interpreted with the help of macro images from the cross-section of fractured surfaces. 

Electrochemical In Vitro Corrosion Tests 

Electrochemical in vitro corrosion tests were conducted to determine the corrosion resistance of the produced Ti-HA 

composite coatings, using a computer-controlled potentiostat-galvanostat (Palmsens, Emstat 4R). In all 

electrochemical in vitro corrosion tests, a three-electrode technique was used. Here, a saturated silver/silver chloride 

electrode (Ag/AgCl) was used as the reference electrode (RE), a platinum wire (Pt) as the counter electrode (CE), 

and Ti-HA composite coatings were used as the working electrode (WE) for the test. Within the scope of the study, 

various electrochemical in vitro tests were conducted to fully determine the in vitro corrosion behavior of Ti-HA 

composite coatings. These are open circuit potential (OCP) changes, potentiodynamic polarization (PDP) tests, and 

electrochemical impedance spectroscopy (EIS) tests. During the OCP conducted here, the aim was for the composite 

coatings to become stationary within the SBF, while the corrosion current densities (Icorr), an important parameter, 

were obtained through the PDP tests. Additionally, the surface layer behavior of the coatings about the SBF was 

revealed through EIS tests. The tests were repeated under in vitro conditions (in SBF electrolyte at body temperature, 

~37°C), and the passivation tendencies of the coatings were revealed. During the electrochemical in vitro corrosion 

tests, 1 cm2 of each coating was exposed to SBF with cold mounting to prepare the WE. Initially, OCP measurements 

were conducted for 2400 s to ensure a steady-state potential for the SBF electrolyte. Subsequently, PDP tests were 

carried out, commencing from a cathodic overpotential of −2.0 V relative to OCP potential and scanned anodically 

at a potential sweep rate of 1 mV·s-1 until reaching +3.0 V. Finally, EIS analyses were conducted to comprehensively 

elucidate the electrochemical behavior of the coatings in the SBF. The EIS measurements were performed using a 

sinusoidal AC perturbation of 10 mV amplitude over a frequency spectrum ranging from 100 kHz to 0.01 Hz. 

In Vitro Bioactivity Tests 

SBF immersion tests were conducted to measure the ability of the produced composite coatings to form apatite 

(apatite: bone-like tissue) on their surfaces, namely bioactivity tests. After the SBF immersion process, the samples 

were dried in a desiccator without any heat source. The formation of apatite on the surface of the composite coatings 

was observed using SEM. In SEM surface examinations, a thin metal coating (Au-Pd) was applied to induce the 

electrical conductivity of the composite coatings. The SBF solution is an artificial body fluid prepared based on the 

ionic composition of human blood plasma, allowing for the imitation and observation of bone-like apatite formation 

on the biomaterial surface. Developed by Kokubo and Takadama (Kokubo and Takadama, 2006), this solution has 

become a widely used method for evaluating the biocompatibility and functionality performance of materials in an 
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in vitro environment. The SBF electrolyte consists of the chemicals NaCl, KCl, CaCl2, MgSO4⋅7H2O, MgCl2⋅6H2O, 

Na2HPO4⋅2H2O, 4KH2PO4, D-glucose (dextrose), and NaHCO3. The required chemical amounts to prepare 1000 mL 

of SBF are 8 g, 400 mg, 140 mg, 100 mg, 100 mg, 60 mg, 60 mg, 1 g, and 350 mg. 

RESULTS AND DISCUSSIONS 

Macro cross-sectional images of composite surface coatings performed on the Ti64 alloy using the TIG welding 

method are given in Figure 1. In all coatings, a distinct transition zone between the weld zone and the Ti64 base 

metal has been observed. This transition zone exhibits melting and recrystallization behavior resulting from the effect 

of heat input. In Figure 1a, with a 90A welding current, the weld zone is narrower and more distinct, and it has been 

determined that it merges under a limited heat effect with the base metal. This situation suggests that it may have 

occurred with a relatively low welding current or a short duration of heat input (Buytoz et al., 2005). Although coating 

continuity has been achieved, the boundaries of the weld zone are clear and symmetrical. In Figure 1b, in the coatings 

performed with a 100A welding current, the weld zone has expanded, and a more homogeneous melting and fusion 

behavior has been observed both horizontally and vertically. This situation indicates a structure obtained with an 

optimal level of welding parameters. At the same time, no delamination or void formation has been observed at the 

coating-substrate interface. These characteristics indicate that the coating has a high adhesion strength as a 

biomaterial. The coating produced with an 110A welding current, as shown in Figure 1c, has a welding area that is 

much larger, and under significant heat input, melting and mixing are observed in both the base metal and the coating 

area. This situation may have occurred due to a high welding current or prolonged heat input (Kumar and Masanta, 

2023). However, in this example, irregular phase distribution impressions can be observed. In all sections, the 

characteristic structure of the Ti64 substrate metal is preserved; however, the shape and width of the weld zone vary 

significantly depending on the applied welding parameters. Especially in the 100A sample, the homogeneous weld 

zone observed represents the most successful result in terms of biomaterial performance. 

 

The surface properties of composite coatings were given in terms of OM images, as shown in Figure 1. It was 

observed that ceramic particles were distributed on the surface at a microscopic scale with the 90A welding current. 

In this sample, the coating integrity has generally been preserved, and a balanced transition between the ceramic and 

metal matrix has been achieved. In the 100A sample, it was observed that the optical images had the most 

homogeneous distribution. Ceramic particles were evenly distributed on the surface and formed a good bond with 

the metallic structure. A controlled HA distribution may be achieved. In the case of sample 110A, the integration of 

HA ceramics to the surface may result in local failures that may be observed, which can reduce the biological 

functionality of the surface. As a result of OM analyses, the coating obtained under 100A current has provided the 

most balanced and successful outcome in terms of surface homogeneity, phase transitions, and overall integrity. This 

demonstrates suitability, particularly in terms of the balanced HAZ region (Aslam et al., 2023), for biomaterial 

applications. 

 

In Figure 2, the surface morphologies of the composite coatings were examined using SEM. As seen in Figure 2a, 

ceramic HA particles with a dispersed structure were observed on the surface with 90A (the dark areas in the coating 

regions). These particles are irregularly but dispersedly located on the Ti matrix, indicating that HA is retained on 

the surface with its non-melting structure during the welding process. Some micropores and partial bonding regions 

have been detected at the edges of the particles. On the other hand, in Figure 2b, it was observed that the ceramic 

phases were more homogeneously distributed within the Ti matrix, the particle sizes were more stable, and the 

integration with the surface was successful. The welding parameters successfully integrated the HA structure onto 

the surface without causing any damage. At the same time, fewer cracks and lower porosity were observed on the 

surface. With the 110A welding current, it was observed that in some areas, ceramic particles melted or fragmented 

due to the high current (Shbeh et al., 2019). These findings indicate that high heat input can disrupt the HA structure, 

negatively affecting its biological performance (Figure 2c). Overall, the 110A welding current presented the most 

successful and homogeneous structure in terms of surface morphology, which positively affected the functional 

performance of the coating as a biomaterial. 

 

The elemental compositions of the obtained coatings were given with EDX analyses in Figure 2-EDXs. In the 90A 

sample, Ca and P elements were revealed with EDX analyses. This situation indicates that the low welding heat input 

partially succeeded in integrating ceramic particles onto the surface, but the ceramic phases could not remain fully 

stable on the surface (Figure 2EDXa-b). In the 100A sample, it was observed that the Ca and P elements were densely 

present on the surface, indicating that the ceramic maintained its biologically active structure and bonded compatibly 

with the Ti matrix (Figure 2EDXc-d). It was determined that some HA phases dissociated due to the high-temperature 
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effect in Ca and P concentrations observed with the 110A welding current (Nath et al., 2009). Chemical stability can 

be adversely affected by high energy input (Figure 2EDXe-f). In conclusion, EDX analyses have shown that the 90A 

welding current parameter provides the most suitable conditions for the chemical stability of HA phases and their 

integral surface integration. 

 

 
Figure 1. Cross-Sectional Macro Images and Detailed OM of TIG-Coated Ti64 Surfaces: (a) 90A, (b) 100A, and 

(c) 110A. 

 

The analysis of the XRD under different welding currents is given in Figure 3. At a current of 90A, characteristic 

peaks of Ti (β-Ti at around 35°, 38°, 40°, etc. 2θ) were observed alongside intense peaks of HA phases (characteristic 

peaks at 35°, 38°, 40°, 53°, 63°, 70°, 76°, and 82° 2θ) (Ebrahimi et al., 2018; Qiu et al., 2011). This situation indicates 

that the low heat input partially preserves the crystal structure of HA. It is observed that the characteristic peaks of 

HA gradually decrease, and Ti becomes dominant (100A sample). This indicates that the crystal structure of HA may 

relatively deteriorate and evolve into different components (CaTiO3) with the increasing welding current. However, 

no clear signs of any phase transformation or secondary phase formation have been definitively observed. A decrease 

in the intensity of HA peaks and peak broadening in some regions has been observed within the 110A sample. This 

situation suggests that HA is partially degraded by the high-temperature effect, tending to form secondary phases 

such as amorphization or calcium titanate (CaTiO3) (Nath et al., 2009). The 100A welding current has been evaluated 

as the most suitable parameter in terms of preserving the crystal structure of HA, phase stability, and compatibility 

with the Ti matrix. Because, although HA may undergo partial degradation with this welding current, it can exhibit 

improved mechanical properties compared to 90A (Figure 4). Generally speaking, it has been determined that this 

parameter (90A) provides the ideal crystal phase balance. 

 

In Figure 4, the mechanical adhesion strengths of the composite surface coatings were evaluated using a three-point 

bending test (ASTM E190). The force-deformation curves of the reference Ti64 sample were comparatively analyzed 

with the samples obtained at different welding currents (90A, 100A, 110A). The Ti64 reference sample reached a 

maximum force value of approximately 2.42 kN and exhibited a high deformation capability with a ductile character. 

This situation reveals the natural strength characteristics of the alloy. The sample coated with 90A reached a 

maximum force value of approximately 1.43 kN and exhibited a more brittle behavior compared to the reference 

sample. On the other hand, due to the low energy input, the coating integrity remained limited, and the mechanical 

performance significantly decreased. The sample coated with 100A exhibited moderate bending strength at 

approximately 2.12 kN. This sample exhibited the most balanced mechanical behavior with both high load capacity 

and good deformation capability. The homogeneous distribution of HA within the Ti matrix and sufficient welding 
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energy have enhanced the coating integrity. The sample coated with 110A reached a maximum force level of 2.26 

kN, increased its deformation capacity, and exhibited brittle fracture behavior. This situation is thought to be due to 

the high heat input providing a more homogeneous transition at the coating interface and causing phase separations, 

leading to the formation of stronger bonds between Ti and Ti64 (Mohseni et al., 2015). The coatings obtained with 

an 110A welding current offered the most suitable parameter combination in terms of mechanical strength and 

deformation capability. 

 

 
Figure 2. SEM Morphology Examinations Taken from the Interfacial Surfaces of the Coatings: (a) 90A, (b) 100A, 

and (c) 110A. The EDX Analysis Results Obtained from the Points Shown in the SEM Micrographs Represent 

(a,c,and e) Ti64 and (b,d,and f) Composite Coating Sections. 

 

In Figure 4, the fracture surface morphologies after bending tests have also been evaluated. No particle separation 

traces were found on the fracture surface of uncoated Ti64. This confirms the homogeneity of the alloy and the 

absence of any additive material in its internal structure that would cause embrittlement. The fracture surface has a 

structure that is relatively smooth and contains a small number of fracture areas (90A sample). This can occur due to 

limited bonding quality, which occurs due to low source energy, and the delamination occurs at the coating-substrate 

interface. It has been observed that microstructural discontinuities are not widespread, but adhesion remains weak 

(Padhee et al., 2020). In the 100A sample, dense micro-cracks and irregular fiber-like structures were observed on 

the fracture surface. The high energy input has successfully integrated HA particles into the matrix, and the energy 

absorption under stress is higher compared to 90A. The fracture has a ductile-brittle mixed character, and the 

mechanical integrity of the coating is moderate. In the case of sample 110A, the fracture surface is brittle in nature; 

there are distinct crack lines and sharp fracture planes along the surface. Due to excessive energy input, internal 

stresses have formed in the coating structure, the HA phase has been partially decomposed, and the coating has higher 
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adhesion than other welding currents due to the more Ti-Ti64 bonding. It was determined that the 110A welding 

current parameter was the most effective in mechanically bonding HA to the matrix and exhibited ductile fracture 

behavior under deformation. 

 

 
Figure 3. XRD Analysis Results of Samples, ↓: HA, and ♦: Ti. 

 

 

 
Figure 4. Bending Test Results of Uncoated Ti64 and Composite Coatings with Detailed Fractured Surfaces. 

 

In Figure 5a, the steady state of the composite surface coatings in the immersed SBF electrolyte was evaluated using 

the OCP test. OCP curves provide important information about passive film formation and electrochemical stability. 

At a 90A welding current, the initial potential value, although at a level similar to 100A, has shown significant 

fluctuations over time. It is understood that the high energy input disrupts the structure of HA, weakening the integrity 

of the passive film, and this condition limits the corrosion resistance (Schultze and Lohrengel, 2000). At a 100A 

welding current, the OCP value was initially around -0.60 V and showed only a slight increase over time. This 

situation indicates that the formation of a passive film is limited and that the surface is not sufficiently resistant to 

corrosion. Low energy input was not sufficient for HA to form a stable structure on the surface. At an 110A welding 

current, the initial OCP value was more positive and showed a more stable trend over time. It has been evaluated that 

a stable passive film forms on the surface and that lower HA shows a higher protective effect in the electrochemical 

environment (Tozkoparan et al., 2020). Because HA ceramic particles behave as a corrosion path for low wettability 

between the Ti matrix, this parameter (110A) has provided the most balanced and successful result in terms of the 

coating's corrosion resistance at steady states. 
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The polarization scans of samples obtained at different welding currents (90A, 100A, 110A) were evaluated, and 

their corrosion current densities (Icorr) and corrosion potentials (Ecorr) were given in Figure 5b. The important 

electrochemical corrosion parameters obtained from Tafel extrapolation in PDP curves are given in Table 1. At a 

welding current of 90A, the Icorr value was measured at the highest level (2.32×10-2 μA·cm-2), indicating insufficient 

passive layer formation on the surface and a high tendency for corrosion. The polarization curve has fluctuated at 

negative potential values, indicating low corrosion resistance. At a 100A welding current, the Icorr value reached a 

relatively low level (6.93×10-2 μA·cm-2) and the potential value showed a more negative trend. This result may 

indicate that the welding parameters ensure the balanced integration of HA onto the surface, meaning that the balance 

of a stable and protective passive film in the coating has been deformed with increased potential scanning. At an 

110A welding current, the Icorr value decreased even further compared to 100A (8.74×10-2 μA·cm-2), and the curve 

exhibited a more unstable (anodic region) behavior. Structural damage caused by high-energy input has weakened 

the coating integrity and negatively affected corrosion resistance. PDP curve data has shown that the 100A welding 

current combination offers the lowest Icorr and the highest electrochemical resistance (Tozkoparan et al., 2020). This 

situation offers a long-lasting and safe protective surface in terms of biomaterial applications. 

 

The electrochemical corrosion resistance of the composite coatings was evaluated using the EIS-Nyquist method and 

is given in Figure 5c. The obtained Nyquist curves (Z' vs -Z'') were comparatively analyzed through samples prepared 

with different welding currents (90A, 100A, 110A). The Nyquist plot is in the form of a semicircle with a small 

radius, indicating low charge transfer resistance (90A sample). This situation indicates that the low energy input is 

insufficient to ensure coating integrity and that passive film formation is weak. At a 100A welding current, the curve 

radius is larger than at 90A, increasing electrochemical resistance. The high current reduces irregularities in the 

coating structure and positively affects the formation and continuity of the passive layer. 110A welding current, the 

Nyquist curve with the largest semicircle was obtained. In this sample, the charge transfer resistance occurred at the 

highest level, and it was determined that the coating offered maximum resistance to corrosion (Topuz and Teter, 

2025). The stable passive film formed on the surface has exhibited a highly resilient structure in the electrochemical 

environment. Nyquist plots have shown that the combination of 110A welding current provides the highest charge 

transfer resistance with the widest impedance curve radius, thereby demonstrating the strongest corrosion resistance 

(Topuz, 2023b). This has been identified as the most suitable parameter for long-term electrochemical stability in 

biomaterial applications.  

 

The surface hydrophilicity of uncoated Ti64 and composite-coated surfaces was given in Figure 6 in terms of contact 

angle measurements. On the Ti64 reference surface, the contact angle was determined to be one of the highest values 

(mean ~91.60°), and it was observed that the surface had a more hydrophobic character. This situation indicates that 

the metallic surface has low surface energy and limited cell adhesion potential (Menzies and Jones, 2010). In the case 

of sample 90A, the contact angle remained relatively high (mean ~80.08°), indicating that the surface is only mildly 

hydrophilic. Due to the low welding current, the HA did not distribute homogeneously on the surface, causing 

irregular roughness and lower wettability. In the 100A sample, the contact angle reached its lowest level (mean 

~56.87°), and the hydrophilic character of the surface became more pronounced. This situation indicates that the 

surface energy has increased due to the smooth integration of HA onto the surface, resulting in a more biologically 

active structure. This state of the surface provides ideal conditions for osteoblast cell adhesion and proliferation 

(Topuz and Topuz, 2025; Mehl et al., 2016). In the 110A sample, the contact angle was higher (mean ~59.72°) 

compared to the 100A sample. This increase can be attributed to the high welding energy disrupting the 

microstructural integrity of HA and reducing surface continuity. The microscopic cracks and pores formed on the 

surface may have caused an increase in the contact angle. Overall, contact angle measurements have shown that the 

100A welding current parameters increase the surface's hydrophilic character the most, thereby enhancing its 

potential for biological activity. 

 

In Figure 7, the biological activity potential of the composite surface coatings was evaluated through immersion tests 

conducted in simulated body fluid (SBF). In the 90A sample, irregular and localized calcium phosphate (Ca-P) 

deposits were observed on the surface. Due to the low source current, an adequate amount of HA active region formed 

on the surface, which is required for better osseointegration capacity (Topuz, 2023a). Extensive areas of the surface 

were found to be covered with dense and homogeneous morphologically apatite deposits (100A). HA is effectively 

integrated onto the surface and exhibits osteoinductive characteristics in the SBF environment. The smooth apatite 

crystals on the surface demonstrate that they provide a highly favorable environment for bone cell adhesion and the 

formation of bone-like structures. In the 110A sample, the Ca-P formations on the surface remained sparser and more 

fragmented. It has been evaluated that the high source current may decompose the HA crystal structure, reduce 
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nucleation sites, and limit the capacity for apatite formation. The 90A welding current has been shown to promote 

the formation of bone-like apatite in a biological environment most intensely and regularly. This situation can 

additionally be explained by the partial degradation of HA in the EDX analyses (Figure 2). Indeed, it is thought that 

the Ca-P formations on the surface may have formed irregularly as a result of the degradation of HA with the 

increased current flow (110A>100A). Coatings performed with 90A stand out as the most suitable combination for 

supporting bioactivity on implant surfaces as a biomaterial. 

 

 
Figure 5. Electrochemical In Vitro Corrosion Results of Coatings, (a) OCP Immersion, (b) PDP Curves, and (c) 

EIS-Nyquist Curves. 

Table 1. Some Important Corrosion Parameters from PDP Curves 

Coating 
Ecorr 

(V vs, Ag-AgCl) 

Icorr 

(μA·cm-2) 

Rp 

(Ω) 

βa 

(V·dec-1) 

βc 

(V·dec-1) 

Corr. rate 

(mm·year-1) 

90A -1.173 2.32×10-2 2943 3.763 0.234 0.203 

100A -1.431 6.93×10-2 12800 2.007 0.335 0.061 

110A -1.160 8.74×10-2 6789 1.989 0.212 0.077 

 

CONCLUSION 

This study comprehensively examined the properties of composite surface coatings applied to the Ti64 alloy using 

the TIG welding method under different welding currents of 90A, 100A, and 110A. As a result of the analyses 

conducted, it was determined that the 100A welding current provided the most homogeneous welding region and 

ceramic particle distribution in the coatings, preserved the biologically active structure of HA, and exhibited the most 

balanced mechanical performance. Additionally, the surfaces coated with 100A exhibited the most hydrophilic 

character, showing high bioactivity potential with dense, homogeneous apatite accumulation, as well as enhanced 

corrosion resistance. On the other hand, the 90A welding current was found to be suitable in terms of the chemical 
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stability and surface integration of HA and supported the formation of bone-like apatite; however, its mechanical 

properties remained limited. The 110A welding current, although exhibiting the highest adhesion strength, negatively 

affected the biological functionality due to the high heat input, causing disruptions in the HA structure. In conclusion, 

it has been revealed that different welding currents possess different properties and that by using specific welding 

currents according to needs, various advanced properties, such as mechanical and corrosion-resistant, can be 

imparted. 

 

 

 
Figure 6. Contact Angle Measurement Results of the Sample: (a) Ti64, (b) 90A, (c) 100A, and (d) 110A. 

 

 

 
Figure 7. SBF Bioactivity Results of Samples (a) 90A, (b) 100A, and (c) 110A. 
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