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Abstract  

Additive manufacturing (AM) of Ti-based biomedical implants is a pivotal research topic due to 

the AM great advantage in producing implants with complicated geometries. Although Ti alloys 

are featured with desirable mechanical properties and biocompatibility, one major drawback is the 

alloy’s lack of inherent antibacterial properties, which increases the risk of postoperative 

infections. Hence, the current research systematically investigates the bio-corrosion, antibacterial 

properties, and cell biocompatibility of the novel Ti6Al4V-7Cu alloy (Ti536), a potential candidate 

composition for biomedical applications recently developed by Electron Beam Powder Bed Fusion 

(EB-PBF). The microstructural characterization revealed grain refinement and the formation of 

Ti2Cu precipitates with different morphologies and sizes in the Ti matrix. Electrochemical tests 

showed that Cu content minimally influenced the corrosion current density, while it slightly 

affected the stability, defect density, and chemical composition of the passive film. According to 

the findings, the Ti536 alloy demonstrated enhanced antibacterial properties without 

compromising its cell biocompatibility and corrosion behavior, thanks to the presence of Ti2Cu 

precipitates. This can be attributed to both the release of Cu ions and the Ti2Cu precipitates. The 

current study suggests that the EB-PBF fabricated Ti536 sample is an ideal material for load-

bearing applications in the medical sector. This research also offers an alloy design roadmap for 

novel biomedical Ti-based alloys with superior biological performance using additive 

manufacturing methods. 

Keywords: Electron beam powder bed fusion; Additive manufacturing; In-situ alloying; corrosion; 

antibacterial property; MTT assay. 
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1. Introduction 

Additive Manufacturing (AM) has revolutionized the production of patient-specific implants, 

allowing for the creation of customized implants to meet the unique requirements of individual 

patients. AM-based techniques enable the fabrication of complex-shaped implants with 

multifunctional and interconnected porous architectures that are difficult to produce using 

traditional methods [1,2]. These properties have contributed to the rapid expansion of AM methods 

in the fields of dental, craniofacial, spinal cord, and skeletal bone regeneration [3,4]. Powder bed 

fusion (PBF), among the most widely utilized AM methods for producing implants, is based on 

the selective melting of metal powder layer by layer using electron or laser beams [5]. Electron 

beam powder bed fusion (EB-PBF), also referred to as electron beam melting (EBM), utilizes high-

energy electron beams to melt metal powder particles. Unlike laser-based powder bed fusion 

(LPBF), which is performed under an inert gas environment, EB-PBF necessitates a high vacuum 

to prevent smoking, contamination, and powder oxidation. The vacuum condition also enhances 

energy efficiency, particularly for reactive metals like titanium [6]. 

Although medical devices significantly enhance the life quality of the patients, device-associated 

infections or inflammations remain a primary concern despite stringent antiseptic operating 

protocols [7,8]. According to reports, inflammation was observed in 90% of all implants, with 50% 

of all implants exhibiting signs of irreversible tissue damage [8]. Furthermore, these implants often 

fail to integrate well with the host tissue, resulting in severe complications such as implant rejection 

and failure, ultimately necessitating the need for arduous revision surgeries. As a result, the 

prevalence of implant-associated infections has significantly impeded the widespread adoption of 

medical alloys within the medical industry [9]. Microbial biofilms are considered the major 

causative agent of implant-associated infections. The formation of these biofilms can result in 

implant loosening and interfere with the deposition of new bone. In order to mitigate the risk of 

infection in clinical settings, it is imperative that biomedical materials exhibit antibacterial 

properties [10]. For the case of titanium alloys, surface modification has been employed so far to 

impart antibacterial functionality, generally by integrating an antibacterial element into its surface 

coating [11,12]. Despite their advantages, antibacterial coatings have limited efficacy in the long 

term, as they tend to detach from the implant during clinical use and release excessive metallic 

ions into the human body [9]. As a result, significant efforts have been directed toward creating 

innovative Ti-based biomedical materials that possess long-lasting and effective antibacterial 

properties substantially, with the aim of reducing or eliminating infection [13].  

The processing of titanium can be a challenging task due to its high melting point, expensive raw 

materials, low thermal conduction, and complex production procedures. However, the utilization 

of AM methods can potentially alleviate these issues, making the process more efficient and cost-

effective [4]. Generally, the research in AM Titanium alloys is driven by a growing trend in alloy 

modification, aimed at enhancing the performance of parts produced through AM [14–19]. As a 

prominent member of the Titanium alloy family, there is a wealth of literature available on the 

processing techniques, microstructural characteristics, and mechanical properties exhibited by the 

Ti-6Al-4V alloy produced through Electron Beam Melting [20,21]. Currently, research on the 
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EBM of Ti alloys has been limited to a small number of alloys, including CP-Ti, Ti-6Al-4V, Ti-

48Al-2Cr-2Nb, and Ti-6Al-2Sn-4Zr-2Mo-0.08Si [22–24]. In other works, Ti alloys have been 

modified in terms of microstructure by adding alloying elements during the EB-PBF process [25–

28]. Aside from that, studies have demonstrated that adding appropriate amounts of certain 

elements during the AM of metallic biomaterials improves both mechanical and biological 

performance of the final product. More importantly, this approach can result in biomaterials with 

permanent anti-infection and anti-fouling properties [29–31]. 

Copper is a vital trace element in the human body that can stimulate the growth of endothelial 

cells, inhibit excessive arterial smooth muscle proliferation, promote bone formation, and reduce 

thrombosis [9,13,32]. On the other hand, Ti-Cu alloys exhibit antibacterial properties that are 

directly proportional to the Cu content and the surface area of the Ti2Cu phases [9]. Research 

studies have shown that an antibacterial rate greater than 99% can be achieved with a Cu content 

of 5 wt.% or higher [33,34]. As a viable candidate for producing medical implants, LPBF method 

has been used to produce copper-bearing titanium alloys by various researchers [14,35–39]. Giu 

et al. [38] produced a range of Ti6Al4V-Cu alloys through LPBF, utilizing mixed powders of 

Ti6Al4V and Cu. Cu-bearing alloys showed better corrosion resistance than Cu-free ones in 0.9% 

NaCl solution. Also, increasing Cu content improved the alloys antibacterial activity. Ju et al. [39] 

developed Ti6Al4V-10Cu by LPBF that reportedly exhibited  enhanced mechanical and corrosion 

properties, but reduced cell viability compared to samples with lower amounts of Cu. Li et al. [40] 

demonstrated that directed energy deposition (DED) of eutectoid and hyper-eutectoid Ti-Cu alloys 

produced fine, equiaxed prior-beta grains, and ultrafine eutectoid lamellae in the as-fabricated 

coupons, leading to promising mechanical properties. The authors found that the Ti-8.5Cu alloy 

exhibited exceptional antibacterial properties (99.2%) against S. algae [40]. It should be considered 

that increasing the copper content, however, decreases the component ductility [41,42], indicating 

the necessity of tailoring the chemical composition so that the mechanical behavior is not 

compromised over the antibacterial properties. On the other hand, processing of Cu containing 

materials is often a challenging procedure by laser-based AM processes. When used as an alloying 

element in laser-based AM processes, Cu exhibits reflectivity difficulties. Moreover, due to 

discrepancies in the density and viscosity of liquid titanium and copper, previous research on the 

in-situ alloying of Ti-Cu alloys using LPBF methods revealed the occurrence of copper-enriched 

localized areas [14,36,43].  

However, to the best of the authors’ knowledge, solely one study has been published on production 

of Cu-bearing Ti6Al4V alloys utilizing the Electron Beam Melting (EBM) process; Mosallanejad 

et al. [28] recently investigated the microstructure evolution during the in-situ alloying of 

Ti6Al4V-7Cu by EBM process, and reported fine and fully equiaxed prior-β grains, a chemically 

homogenous microstructure in terms of Cu distribution, and fine Ti2Cu phases with different 

morphologies. The mentioned microstructural features were linked by the authors to the EBM 

being a hot process creating large melt pools. Also, the EBM produced samples generally tend to 

offer a reduced residual stress due to lower cooling rates compared to the other powder based AM 

methods, and the preheating steps occurring during the process [6]. Therefore, it is hypothesized 
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that the EBM components with the modified composition of Ti6Al4V-Cu, designated as Ti536, 

can exhibit a superior combination of antibacterial and mechanical properties. Therefore, the 

current work comprehensively investigates the effect of Cu on corrosion resistance, antibacterial, 

bioactivity and cell biocompatibility of novel Ti536 specimens which was recently developed by 

Mosallanejad et al. [28]. The results of this study are expected to pave the path towards developing 

new implant materials with multi-functions for clinical applications. 

2. Materials and methods  

2.1. Sample fabrication  

The initial Ti6Al4V-7 wt% Cu blend, consisting of spherical powders of extra-low interstitials 

(ELI) grade Ti6Al4V (with a size of ≤ 106 µm and an average of 75 µm, obtained from Arcam) 

and high purity Cu (with a size of ≤ 2 µm and an average of 6.6 µm, obtained from Sandvik Osprey 

Ltd.), was subjected to a 16-hour mixing process in a jar mill. This blending process was aimed to 

create a homogenous mixture of the two powders, resulting in the formation of a hypoeutectoid 

alloy known as Ti6Al4V-7Cu during printing. It is important to note that this particular 

composition was chosen with the expectation of obtaining a hypoeutectoid alloy [36]. Ti6Al4V–

7Cu samples were built by an Arcam A2X EBM machine. The standard Arcam A2X build theme 

for Ti6Al4V was employed for printing the Ti6Al4V and Ti6Al4V–7Cu samples. More details 

regarding the fabrication process of the samples have been mentioned in our previous work [28].  

2.2. Microstructure characterization 

Prior to the microstructural analysis, all samples were polished with 0.1 μm diamond paste and 

followed by etching with Kroll solution (HF: HNO3: H2O = 2:5:50). The resultant surfaces were 

observed by optical microscopy (Nikon EpipHot 300) and Scanning Electron Microscopy (SEM; 

Philips XL 30) equipped with energy dispersive X-ray spectrometer (EDS). Phase identification 

was performed by X-ray diffraction (XRD; Phillips, Netherlands) with a Cu-Kα radiation source 

(λ = 0.154 nm, 40 kV, 40 mA), scanning from 20 to 80° (2θ).  

2.3. Corrosion studies  

To evaluate the corrosion behavior of the printed samples, three methods of electrochemical 

impedance spectroscopy (EIS), Mott-Schottky (MS) and cyclic potentiodynamic polarization 

(CPP) tests were conducted in Simulated Body Fluid (SBF) at 37 ± 2°C. Table 1 provides an 

overview of the SBF composition used in this study. The SBF solution pH was adjusted at 7.4 by 

adding required amounts of 1 M HCl solution. The corrosion experiments were carried out utilizing 

a PARSTAT 2273 and an AMETEK potentiostat/galvanostat. The reference electrode used was 

Ag/AgCl saturated in potassium chloride, while a platinum sheet served as the counter electrode. 

The Ti6Al4V-7Cu samples working electrode for the evaluations was the sample under 

investigation. 
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Table 1. Composition of the SBF with pH adjusted at 7.4 by adding 1 M HCl, adapted from ref. [44]. 

Reagent Composition (g/L) 

NaCl 8.035 

NaHCO3 0.355 

KCl 0.225 

K2HPO4·3H2O 0.231 

MgCl2·6H2O 0.311 

CaCl2 0.292 

Na2SO4 0.072 

Prior to corrosion experiments, the surfaces of the samples were prepared by mechanical grinding 

using SiC papers up to 1200 grits. To ensure the samples cleanliness, the polished samples were 

ultrasonically degreased and cleaned with ethanol, rinsed with deionized water, and air dried. To 

establish a consistent testing environment, the samples were submerged for 45 min before each 

evaluation, and the open circuit potential (OCP) was measured. EIS tests were executed at OCP, 

utilizing a frequency range of 100 kHz to 10 mHz and an AC amplitude of 10 mV. Following the 

EIS process, MS relationship measurements were conducted immediately at a frequency of 1 kHz. 

The measurements involved sweeping from an initial potential of 1.1 VAg/AgCl to a final potential 

of -1.5 VAg/AgCl in the cathodic direction, with 10 mV/s step sizes. The CPP tests were conducted 

at a scanning rate of 1 mV/s, with the samples undergoing a potential range from -250 to 1500 

mVAg/AgCl vs. OCP. Upon reaching current density values of 100 μA/cm2, the scan direction was 

reversed, and this reversed scan persisted until the samples were polarized to -250 mV below their 

respective OCP. All the electrochemical tests were repeated at least three times in the equivalent 

environment to obtain reproducible data. 

2.4. Cu ion release  

To evaluate the release of Cu2+ ions, the Ti6Al4V-7Cu samples were immersed in SBF at a 

temperature of 37 °C with a ratio of 3 cm2/ml. The concentration of Cu2+ ion release was 

determined at three different time points: day 1, day 7, and day 14. Inductively Coupled Plasma 

Mass Spectrometry (ICP-MS; Perkin Elmer, USA) with an accuracy of 0.005 mg/L was used to 

measure the concentrations of the released Cu2+ ions. 

2.5. X-ray photoelectron spectroscopy 

The surface chemical compositions of Ti6Al4V and Ti6Al4V-7Cu alloys were analyzed using X-

ray photoelectron spectroscopy (XPS; FlexPS, Specs, Germany). The XPS measurements utilized 

an Al Kα source with an energy of 1486.6 eV. To ensure the stability of the passive film, the 

samples were exposed to OCP for a duration of 2 hours before conducting XPS measurements, so 

that the surface of the sample form a naturally created a passive film [45]. The material was initially 

scanned in full spectrum, and then high-resolution scans were performed specifically for the Ti 

and Cu elements. The obtained XPS raw data were further analyzed using the CasaXPS software 

(Version 2.3.15, USA). For the purpose of precise interpretation, the spectra were adjusted for 
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binding energy referencing with respect to the C 1s peak at 284.6 eV, which served as a reference 

point. 

2.6. Antibacterial properties 

2.6.1. Plate-count method 

The antibacterial efficacy of the tested samples was assessed against Escherichia coli ATCC25922 

(E. coli) and Staphylococcus aureus ATCC25923 (S. aureus) using the plate count method. The 

samples were sterilized at 120 °C for 30 minutes and placed in a 24-well plate. A 20 μl bacterial 

suspension with a concentration of 106 CFU/mL was added to the upper surface of the samples 

and then covered with sterile plastic films. The plate was incubated at 37 °C with a humidity of 

90% for 24 hours. Subsequently, the bacteria solution on the sample surface was diluted with 3 

mL of phosphate buffer saline (PBS), and 50 μL of the diluted solution was spread onto an agar 

plate. The Petri dishes were incubated at 37 ± 2 °C under a humidity of 95% for an additional 24 

hours to facilitate the accurate counting of bacterial colonies. The number of bacterial colonies on 

the plate was counted to assess the antibacterial performance of the samples. The antibacterial rate 

(AR) was calculated based on the following equation: 

AR =
NTi6Al4V−NTi6Al4V−7Cu

NTi6Al4V
∗ 100                                                                           (1) 

where NTi6Al4V and NTi6Al4V-7Cu are the average numbers of bacterial colonies on the Ti6Al4V and 

Ti6Al4V-7Cu samples, respectively. 

2.6.2. Morphology of Bacteria 

Each sample was inoculated with 100 μL of bacterial suspension. The samples were incubated at 

37 °C for 24 hours, following which the bacteria and metabolites were rinsed with normal saline 

solution. Subsequently, the samples were treated with a 2.5% glutaraldehyde solution for a 

minimum of 2 hours to achieve fixation. After the fixation process, the glutaraldehyde solution 

was removed, and the samples were dehydrated using a series of ethanol concentrations including 

30%, 50%, 70%, 90%, and 100%. The dehydrated samples were then dried in an oven. Finally, 

the surface morphology and distribution of bacteria on the samples were observed under a SEM 

after gold sputtering. 

2.7. Bioactivity studies 

To examine the samples bioactivity, i.e., the formation of hydroxyapatite (HA) on the surface of 

the printed samples, as well as the impact of Cu on the bioactivity behavior, the samples were 

immersed in 20 mL of SBF. The samples underwent incubation at 37 ± 2°C for 7 and 14 days 

under static conditions within an incubator (Memmert GmbH, Germany) to avoid exposure to 

light. This was done to investigate the effects of Cu and the formation of HA over time. After the 

immersion, the samples were extracted from the SBF, washed with distilled water, and dried 



7 

 

utilizing an oven. To examine the surface morphology and composition, SEM and EDX were 

employed.  

2.8. Cell compatibility 
2.8.1. Cell culture 

MG63 cells (Pasteur Institute of Iran, Iran), which resemble osteoblasts, were cultured using 

Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 10% fetal bovine serum (FBS) 

and 1% penicillin/streptomycin (Sigma-Aldrich Co; USA). The cells were maintained in a 

humidified 5% CO2 incubator in the absence of light at 37 °C [46]. The cell culture media was 

replaced 2-3 times per week, and sub-culturing was performed at 80% confluency. The rectangular 

5×5 mm2 were subjected to sterilization using 70% ethanol for 1 hour, followed by UV irradiation 

of both sides for 1 hour, to prepare the samples for cell seeding. Once sterilized, the samples were 

submerged in the cell culture medium overnight. Subsequently, the media were removed, and the 

cells were seeded on top of the samples. 

For the experiment, cells at passages 5-7 were utilized and seeded onto the samples at a density of 

5×103 cells/samples. To optimize the seeding efficacy, the cells were introduced in a minimal 

volume of media, specifically 10 µL. Subsequently, after a 10-minute interval, 500 µL of culture 

media was added to ensure sufficient cellular attachment to the samples. The samples were then 

placed in a humidified 5% CO2 condition at 37 ± 1°C, and the media was changed every second 

day until the experiment concluded on day 7. 

2.8.2. Cell adhesion and morphological characterization 

In this study, SEM was used to examine the morphology of cells adhered to the samples surface. 

The cells were washed with PBS, and then fixed using 4% (w/v) paraformaldehyde (PFA) in PBS 

for 30 minutes at 37 °C to preserve their morphology and prevent any changes during the sample 

preparation process. The fixed samples were then dehydrated by gradually immersing them in 

ethanol solutions of increasing concentrations (30%, 50%, 70%, 90%, and 100%) for 30 minutes 

at each stage. This process removed any water that may interfere with the imaging process. The 

samples were then submerged in 100% hexamethyldisilane (Sigma-Aldrich Co; USA) for 30 

minutes at room temperature to further dehydrate them before air drying. After dehydration, the 

samples were imaged using SEM to reveal the morphology of the adhered cells on the samples 

surface. The obtained images would allow for an assessment about the degree of cell attachment, 

spreading, and overall morphology on the samples surface. 

2.8.3. Cell viability 

To determine the relative viability of cells seeded on the samples, the MTT assay was used. The 

MTT assay employs a compound called methylthiazolyldiphenyl-tetrazolium bromide (MTT), 

which is reduced by viable cells to purple formazan crystals. The intensity of the resulting color is 

proportional to the number of viable cells. In this study, the viability of cells was compared to a 
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negative control, and MTT was obtained from Sigma-Aldrich Co; USA. To perform the MTT 

assay, a fresh MTT solution was prepared by dissolving 0.5 mg/ml MTT in DMEM and 

penicillin/streptomycin without FBS. The MTT solution was then filtered using a 0.2 µm cellulose 

membrane syringe filter at each time point (i.e., day 1, 3, and 7). Following the designated time 

points, the culture medium (DMEM) in the wells was substituted with 300 µL of MTT solution. 

The cells were then placed in an incubator with MTT at a temperature of 37°C under a 5% CO2 

atmosphere for four hours. This allowed sufficient time for the formation of formazan crystals. 

Afterward, the MTT solution was carefully removed, and the cells were solubilized with 300 µL 

DMSO to dissolve the formazan crystals. The absorbance of the resulting solution was measured 

using a 96-well plate and microplate reader at a wavelength of 630 nm to determine the relative 

cell viability. 

In this study, the viability assay was performed with three replications for each sample and 

negative control. The viability was presented as a percentage of the negative control, where 100% 

or higher indicated no cytotoxicity (all cells were equally or more viable than in the negative 

control), and 0% reflected maximal cytotoxicity (all cells were dead). The optical density (OD) 

corresponding to cell adsorption was measured for wells containing the samples. The 

measurements were then compared to the control wells without the samples to determine the cell 

viability percentage. The formula used to calculate the cell viability is as follows: 

Cell viability =
OD (sample) − OD (blank)

OD (control) − OD (blank)
∗ 100                                                                              (2) 

where OD of sample is the absorbance of the samples containing the cells; OD of blank refers to 

the absorbance of the blank wells with no cells or samples, and OD of control is the absorbance of 

the control wells with cells but no samples. By comparing the absorbance of the sample to that of 

the control wells, the relative viability of cells on the samples were determined. 

3. Results and discussion 

3.1. Microstructure  

Figure 2 shows the XRD pattern of Ti6Al4V and Ti6Al4V-7Cu samples. The diffraction peaks of 

α-Ti and β-Ti were detected in the Ti6Al4V sample. For the Ti6Al4V–7Cu alloy, Ti2Cu 

intermetallic diffraction peaks were also detected. The EDS patterns (Table 2) further confirms the 

existence of copper rich phases in the microstructure. As shown in Figure 2a and c, a typical acicular 

martensite phases can be observed in the cross section of the Ti6Al4V sample. Due to the rapid 

melting characteristics of EBM process, the obtained martensite structure was fine and 

accompanied by second phase precipitation. Significant differences were observed in the 

microstructure morphology for the Ti6Al4V–7Cu sample, consisting of fine grained fully equiaxed 

microstructure (Figure 2b) with layer-wise narrow bands of Ti2Cu (Figure 2d), as explained in Ref. 

[28], where the formation of equiaxed prior-β grains was linked to the combinatory influence of a 

constitutionally undercooled zone formed by the rejected Cu solutes in front of the solidification 
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front, and a relatively lower thermal gradient in the melt pool during EB-PBF, compared with other 

AM techniques. Table 2 details the chemical compositions of different points, marked in Figure 2d, 

obtained by EDS. It was observed that the V and Cu contents at point A were comparatively lower 

than those at point B, while the Al content was higher than that at point B. Considering the fact 

that Al is an α-stabilizer, and V and Cu serve as β-stabilizers, it was deduced that point A belonged 

to the phase α, whereas point B was categorized as the phase β. According to the EDS results, 

point C contained up to 24.18 wt.% Cu and could be identified as Ti2Cu. It can be further noticed 

in Figure 2 that Cu is homogenously distributed in the matrix phase, i.e., alpha, and no Cu enriched 

area can be traced. This observation is attributed to the large melt pool formed during the EBM 

process facilitating the melting of Cu powders followed by the improved mixing of the resultant 

melt with the molten Ti. It should be noted that, this homogeneous microstructure is obtained not 

only due to the facilitated mixing in the melt pool, but also due to the enhanced diffusion of Cu in 

a certain solidified layer upon the scanning of subsequent layers. A homogeneous distribution of 

Cu, as a solid solution in phase alpha, is expected to offer a huge advantage for biomedical 

applications [47]. Mosallanejad et al. [28] reported the formation of fine Ti2Cu phases with 

different morphologies and sizes in the EBMed Ti6Al4V-7Cu samples, citing the complex thermal 

history experienced for a given nod during the EBM process. Generally, the formation of Ti2Cu 

precipitates can occur via the eutectoid decomposition of the β phase, or precipitation from the 

supersaturated α phase, which is attributed to the decreasing solubility of Cu in the α phase at lower 

temperatures [48]. 

 
Figure 1. XRD patterns of as-built Ti6Al4V and Ti5Al3V6Cu produced in this work. 
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Figure 2. OM and SEM of (a,c) Ti6Al4V and (b,d) Ti6Al4V–7Cu samples, (e) higher magnification of Ti2Cu 

intermetallic phases, and (f) EDS map of Cu in (e). 

Table 2. Chemical composition of the spots identified in Figure 2f (wt%) 

Points Cu V Al Ti Phase 

Point A 2.08 3.94 6.85 balance α 

Point B 5.45 6.26 4.48 balance β 

Point C 24.18 5.92 3.91 balance Ti2Cu 

 

3.2. Corrosion 

3.2.1. Open circuit potential and cyclic potentiodynamic polarization 

Figure 3a shows the OCP results for Ti6Al4V and Ti6Al4V-7Cu samples in an SBF solution at 37 

°C. The curves indicate that the samples spontaneously developed passive films on the surface 

over time (2800s) while in contact with the electrolyte. During the OCP test, the metal cations 

(Ti4+ and Cu2+ ions) accumulate on the electrode surface and react with the solution anions (Cl¯), 

which results in charge transfer at the metal-solution interface and thus passive film formation. 

Such a passivation phenomenon increases the potential in the OCP curve and reduces the kinetic 
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energy of the anode reaction. Previous studies have reported a similar passivation behavior, 

manifested by a gradual improvement of the passive film on the surface with time, upon immersion 

in a physiologically relevant solution for biomedical alloys [49–51]. 

The Ti6Al4V and Ti6Al4V-7Cu alloys showed similar CPP curves in SBF, with an active-to-

passive transition at 37 °C, as shown in Figure 3b. The negative hysteresis in both Ti6Al4V and 

Ti6Al4V-7Cu alloys suggests that they are not prone to either pitting or crevice corrosion. Both 

alloys exhibited a passive stabilization region and similar pitting potentials. After analyzing the 

cathodic and anodic branches of the polarization curves, the corrosion potentials (Ecorr) and 

corrosion current densities (Icorr), as well as the Tafel slopes of the anodic (βa) and cathodic (βc) 

branches were determined using Tafel extrapolation. Icorr and Ecorr indicate the corrosion rate of 

the material. The polarization resistance (Rp) was calculated using the Stern-Geary Equation [52]: 

 Rp = (βa × βc)/(2.3 × Icorr × (βa + βc))                                                                               (3) 

In addition, electrochemical parameters such as reverse potential (Erev), reverse current density 

(Irev) and repassivation potential (Erep) were shown and presented in Table 3. Results indicated that 

in-situ alloying the Ti6Al4V by adding 7% Cu had not statistically significant impact on corrosion 

parameter values. 

 

Figure 3. (a) Representative OCP measurements, and (b) cyclic potentiodynamic polarization curves (including 

forward and reverse scans) for Ti6Al4V and Ti6Al4V-7Cu in SBF solutions at 37 ˚C. 

The corrosion behavior of materials is influenced by various factors such as microstructure, 

chemical composition, and processing methods. In the case of the sample under consideration, the 

addition of Cu resulted in two distinct mechanisms affecting its corrosion properties. The first 

mechanism was grain refinement, which leads to the formation of stable passive films at the grain 

boundaries [35,53–55], thereby enhancing the corrosion resistance. This behavior was attributed 

to the increased activity of electrons at the grain boundaries, which facilitated the rapid generation 

of passive films. On the other hand, the addition of Cu also promoted the formation of the 

intermetallic Ti2Cu phase in the matrix, which created galvanic microcells between the matrix and 
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Ti2Cu. In this case, the matrix acted as a cathode, and the Ti2Cu acted as an anode. The flow of 

electrons from the cathode to the anode led to charge redistribution, surface potential difference 

(ΔE), and enhanced cathodic reactions, which increased the anodic reaction rate. Therefore, the 

corrosion mechanism in this case can be explained by a corrosion microcell (or corrosion galvanic 

couple) formed on the electrode surface between the Ti2Cu, α-Ti, and β-Ti phases. Overall, these 

two competing mechanisms had a significant influence on the corrosion behavior of the sample, 

and their interplay needs to be considered to optimize the corrosion resistance of the material [37]. 

 Table 3. Summary of electrochemical parameters based on cyclic potentiodynamic polarization of the samples after 

1h immersion in SBF (pH 7.4) solutions at room temperature.  

Materials 
Parameters 

βa 

(mV) 
βc 

(mV) 
Icorr  

(μA/cm2) 
Irev 

(μA/cm2) 
Erep 

(mV) 
Ecorr 

(mV) 
Rp 

(kΩ.cm2) 
Erev 

(mV) 

 

Ti6Al4V 246±16 75±22 0.019±0.001 6.64±1.4 0.43±0.09 -0.03±0.01 1320 1.87±0.36 

Ti6Al4V-7Cu 290±25 35±10 0.056±0.002 11.27±2.3 0.48±0.10 -0.09±0.03 242 1.85±0.42 

Furthermore, it is worth mentioning that the physical characteristics, including the size, 

morphology, and distribution, of Ti2Cu precipitates play a crucial role in determining the quality 

of the passive film formation that covers the Ti2Cu phase. As a result, these characteristics have a 

significant impact on the corrosion properties of the sample. When the Ti2Cu phase is uniformly 

distributed in the metal matrix phase, the Ti2Cu phase can be covered by TiO2 oxide film after the 

matrix dissolves and forms the passivation film. However, certain reports have stated that the 

formation of intermetallic compounds like Ti2Cu phases can offer an “envelope effect”, which can 

effectively prevent the contact between the titanium alloy and corrosive substances, thus protecting 

the surface of the Ti alloy and offering corrosion protection to slow down galvanic corrosion and 

improve corrosion resistance [56,57]. In whole, the properties of the passive film could be altered 

by the formation of the Ti2Cu phase, further highlighting the importance of studying its properties. 

 3.2.2. Electrochemical impedance spectroscopy and Mott- Schottky analysis 

Figure 4a-c presents the Nyquist and Bode modulus/phase plots of EIS tests. Nyquist plots and 

Bode diagrams were used to analyze the impedance spectra of Ti6Al4V and Ti6Al4V-7Cu alloys 

when immersed in an SBF solution at their OCP state at 37℃. The Nyquist plots showed that both 

alloys had a semi-circular arc dependence on their real (Zreal) and imaginary (Zimag) components, 

which indicated a typical mono-layer film as observed in EIS analysis. The impedance moduli (Z) 

were assessed based on the size of the semi-circular arc, and the larger value of impedance 

indicated a higher corrosion resistance. As shown in Figure 4a, adding Cu resulted in a smaller 

diameter of the semi-circular arc in the Nyquist loop. This suggests that a less compact passive 

layer formed on the metal surface which weakened its corrosion resistance. In summary, the 

presence of a porous passive layer on the Ti6Al4V-7Cu metal surface resulted in reduced corrosion 

resistance [38]. 
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Figure 4. (a) Nyquist, (b) Bode impedance, (c) Bode phase angle, and (d) Mott-Schottky plots for Ti6Al4V and 

Ti6Al4V-7Cu in SBF solutions at 37 ˚C. The inset in (a) shows the equivalent electrical circuit for the analysis of 

the impedance spectra (Table 3).  

The Bode plots obtained from Ti6Al4V and Ti6Al4V-7Cu alloys exhibited a high degree of 

similarity in terms of their frequency vs. impedance magnitude |Z| (Bod-Z) and frequency vs. phase 

angle curves (Bod-Phase). Figure 4b revealed a broad linear region with a slope of approximately 

-1 in the mid-frequency range (10-1000Hz), which is a typical characteristic of a mono-layer 

passive layer. Moreover, the Bod-Z curve of Ti6Al4V alloy had almost a steeper slope than that 

of Ti6Al4V-7Cu, indicating a higher barrier layer capacitance. Figure 4c revealed that both alloys 

had similar phase angles of 86.5˚ at medium and low frequency ranges. The Bode plots in the 

medium and low frequency ranges indicate the charge transport properties across the double layer 

at the interface between the sample and solution, as well as the passive oxide film. This result 

suggests that the Ti6Al4V alloy had a highly stable barrier layer of passive film. To analyze the 

passive layer properties, curve fitting was carried out for EIS results using a simplified Randles 

equivalent electrical circuit (EEC), which is a method applied in other studies as well [49,58,59]. 

Table 4  lists the electrochemical parameters obtained from the impedance data analysis software. 

The Rp value of Ti6Al4V-7Cu was significantly lower than that of the Ti6Al4V. The results 

revealed that adding Cu decreased Rp, which suggests that the corrosion resistance of the Ti6Al4V 

alloy weakened due to the formation of micro galvanic sites and porous passive layer. The fitting 

fairly matched the data points, as evidenced by the chi square of fitting (χ2) values being less than 

10-3. In the equivalent electrical circuit (shown as inset in Figure 4a, Rs represents the solution 
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resistance, Rp is the resistance of the oxide film, CPE denotes the constant phase element. A CPE 

was employed in the circuit model to account for the non-ideal capacitance of the surfaces. The 

impedance of the CPE is defined as [60]:  

ZCPE = Y0(jωn)−1                                                                                                                          (4) 

where Y0 is a frequency-independent constant, j is the imaginary unit (j2 = –1), ω is the angular 

frequency, and n (0 ≤ n ≤ 1) is the phase constant exponent that represents surface irregularities. 

If n is equal to 0, the CPE is resistive, whereas if it is equal to 1, the CPE is capacitive. The effective 

capacity (Ceff) for each passive layer was calculated using the Brug model [61]: 

𝐶𝑒𝑓𝑓 = √𝑄. 𝑅𝑇
1−𝑛𝑛

                                                                                                                          (5) 

where RT is the total resistance sum (Rs and Rp). The capacitance can be related to the thickness 

of the film (LSS) using the following equation:  

Lss =
𝜀𝜀0A

𝐶𝑒𝑓𝑓
                                                                                                                                       (6)                      

where ɛ represents the relative permittivity of the material (around 45 for TiO2 passive film 

[50,62]) ɛ0 denotes the permittivity of the vacuum (8.854 × 10-14 Fcm-1) and A represents the 

surface area. According to Equation 5, an increase in Ceff indicates a decrease in the thickness of 

the passive layer. This reduction in thickness can be attributed to the presence of Cu, which may 

have affected the formation and stability of the passive layer. The copper element can create micro 

galvanic sites, which can accelerate the corrosion rate and cause the passive layer to become 

unstable, leading to a decrease in its thickness [56]. The decrease in the thickness of the passive 

layer can result in a lower corrosion resistance of the Ti6Al4V-7Cu alloy, as observed in the 

experimental results. In conclusion, it can be said that the random distribution of the Ti2Cu phase 

had a negative effect on passive layer properties.  

Table 4. EIS fitting parameters (average and standard deviation of three independent samples) 

Materials 

Parameters 

Rs 

(Ωcm2) 

CPE 

(Y0, µFcm-2s-

n) 

Ceff 

(µFcm-2) 
N 

Rp 

(MΩcm2) 
LSS 

(nm) 
X2 

(10−3) 

Ti6Al4V 24.28±0.68 20.36±4.31 14.82±2.51 0.95±0.06 2.48±0.22 1.82±0.20 0.55±0.08 
Ti6Al4V-

7Cu 
23.24±0.95 42.82±6.78 23.47±3.18 0.92±0.09 0.75±0.13 1.07±0.24 0.86±0.08 

 

Mott-Schottky analysis was used to probe the electrical characteristics of the passive film by 

measuring the capacitance variation that occurs in an electrochemical interface as its DC voltage 

is changed [63]. From Mott-Schottky plots, a linear relationship is expected between 1/C2 and the 



15 

 

applied potential (E) for the passive film, which can be described by the following two equations 

for different types of semiconductors:  

1

CSC
2 =

2

eεε0ND
(E − Efb  −    

kBT

e
)                                                                                                   (7) 

1

CSC
2 = −

2

eεε0NA
(E − Efb −   

kBT

e
)                                                                                                 (8) 

Where ND and NA represent the charge carrier densities of the donor and acceptor, respectively, 

and Csc represents the space charge capacitance, e is the elementary charge (1.6 ×10-19 C), k is the 

Boltzmann constant, T is the absolute temperature and Efb is the flat band potential. 

Figure 4d shows the M-S curves for passive film on Ti6Al4V and Ti6Al4V–7Cu alloys in SBF at 

37 °C at -1.5 VAg/AgCl to 1.1 VAg/AgCl. There was a linear region with a positive slope in M-S plots. 

Based on the point defect model (PDM) [64], the passive films show n-type semiconducting 

behavior for both samples indicating that the dominant defects in the oxide layer are donors, which 

determine the rate of active dissolution of the electrode surface. Regarding the donor species, 

oxygen vacancies could be dominant in the oxide film due to its lower formation energy compared 

with Tin+ interstitials [49,65]. It is reported that the donor concentrations (ND) are inversely 

proportional to the slope obtained  from the linear part of the M-S plot. So, ND can be estimated 

using equation (9): 

ND =
2

𝜀.𝜀0.𝑒.𝑎
                                                                                                                                    (9) 

where a is the slope in n-type region. The ND of the passive films was estimated to be 4.43 ± (1.27) 

× 1020 cm−3 and 8.95 ± (1.42) × 1020 cm−3 for Ti6Al4V and Ti6Al4V-7Cu, respectively. It is worth 

mentioning that the value for ND in previous literature is from 1018 to 1023 cm−3, depending on the 

oxide film potential formation and the electrolyte used [65,66]. It was clearly observed that ND 

increased by adding Cu to EBM Ti6Al4V alloys. According to the PDM model [67], once the 

passive film formed on the electrode surface, the subsequent growth process is determined by the 

flux of oxygen vacancies in the film. Charge transfer plays a crucial role in influencing the density 

of oxygen vacancies. The increase in oxygen vacancy density corresponds to an increased defect 

density, which, in turn, reduces the stability of the passive film [65]. Compared to Ti6Al4V, adding 

Cu and formation of Ti2Cu contribute to an increased presence of elemental copper within the 

passive film. This higher percentage of elemental copper enhances the probability of charge 

transfer from elemental copper to Cu2+, leading to a higher defect density within the passive film 

[68].Consequently, the passive film exhibits an increased reactivity with halide anions, especially 

chloride ions (Cl¯) [35,56,69]. In line with this observation, Han et al. found that precipitates can 

serve as preferential sites for the initiation of passive film breakdown [70]. Therefore, it is 

reasonable to infer that the formation of Ti2Cu results in localized defects, which in turn promote 

the release of metallic elements and hinder the formation of a protective passive film [37]. Thus, 

it can be deduced from EIS and M-S analysis that the passive film on Ti6Al4V-7Cu will be thinner 

with a higher defect density and lower corrosion resistance than Ti6Al4V. These results further 
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show that the effect of Cu content on the corrosion resistance of Ti6Al4V alloy, as determined 

from the CPP plots, was consistent with the results obtained from the EIS and M-S tests. 

3.3 Metal ion release and surface analysis 

Figure 5a shows the Cu2+ dissolution concentration and the dissolution rate of EBM Ti6Al4V-7Cu 

sample in SBF solution for 14 days. The concentration increased gradually while the dissolution 

rate decreased sharply with the immersion time. The release of Cu ions was much lower than the 

minimum acceptable intake of Cu for an adult recommended by World Health Organization 

(approximately 1.3 mg/day) [71,72]. 

 

Figure 5. (a) Cu ion release concentration and Cu ion release rate from Ti6Al4V-7Cu alloy, (b) XPS spectra of Ti2p 

for Ti6Al4V, (c) XPS spectra of Ti2p for Ti6Al4V-7Cu alloy, and (d) XPS spectra of Cu2p for Ti6Al4V-7Cu alloy.  

As mentioned in the previous section, the excellent corrosion resistance of the Ti-based alloys may 

be attributed to the spontaneous formation of a passive film on their surfaces. Chemical 

composition of the passive film outermost surface formed on Ti6Al4V and Ti6Al4V-7Cu alloys 

were examined by XPS. Figure 5b-d shows the high-resolution XPS spectrum corresponding to 
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Ti2p and Cu 2p. In the Ti spectra for Ti6Al4V shown in Figure 5b, Ti2p1/2 at 463.94 eV and Ti2p3/2 

at 458.54 eV, both corresponding to TiO2, were detected, indicating that TiO2 was formed on the 

surface. Similarly, the Ti2p XPS spectra (Figure 5c) of Ti6Al4V-Cu sample were composed of 

TiO2. The peaks that appeared at a binding energy of 458.62 eV for Ti2p3/2 and 464.52 eV for 

Ti2p1/2 were assigned to TiO2 state. In Figure 4d, the high-resolution spectra of Cu show that Cu2O 

was formed on the surface with the Cu2p3/2 peak at 931.62 eV and the Cu2p1/2 peak at 951.82 eV. 

It is well accepted that the Cu-rich phase, i.e., Ti2Cu in titanium alloys, is the major source of Cu 

oxides on the surface [37,40,73]. Therefore, it can be inferred from the XPS results that a thin 

oxide layer mainly consisting of TiO2 and Cu2O was formed on the Ti6Al4V-7Cu alloy surface. 

3.4 Antibacterial Properties 

Figure 6 shows images of typical S. aureus and E. coli bacteria colonies and the antibacterial rates 

after 24-h incubation at 37 ± 0.5 °C on both samples. Numerous colonies were observed on the 

agar plates containing Ti6Al4V, indicating the lack of any antibacterial effect. In contrast, the 

Ti6Al4V-7Cu sample exhibited only a few colonies, suggesting the complete elimination of both 

S. aureus and E. coli bacteria after 24 hours of incubation. This outcome confirms that the addition 

of copper to the alloy enhanced the antibacterial properties of the EBMed product. The 

antibacterial rates calculated from the data in Figure 6 clearly illustrate that the Ti6Al4V-7Cu 

samples displayed a significant reduction in bacterial growth, exceeding 99%. This remarkable 

decrease in bacterial rate demonstrates strong antibacterial behavior. 

 
Figure 6. (a) Typical bacteria colony cultured for 24 h on Ti6Al4V and TI6Al4V-7Cu samples, and (b) the 

calculated antibacterial rate. 

Figure 7 shows the morphologies of S. aureus and E. coli on the sample surfaces after a 24hr 

incubation period, as observed by SEM. On the surfaces of Ti6Al4V sample, a large number of 

bacteria were observed, with S. aureus appearing as spherical and E. coli as rod-shaped clusters. 

This indicates that most of both bacteria grew well and were in good condition on the surface. In 

contrast, on the surfaces of Ti6Al4V-7Cu samples, there was a significant decrease in the number 
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of bacteria, and the bacterial morphology became irregular. Some bacteria showed signs of 

shrinkage and deformation, displaying a collapsed appearance with disrupted cell walls and 

cytoplasm leakage. These observations confirm the strong antibacterial properties of the Ti6Al4V-

7Cu sample against both bacteria types. It has also been shown in previous reports that the 

antibacterial activity of Ti-Cu alloy is significantly dependent on the Cu content [35,39,74], and 

that the volume fraction, particle size and shape of Ti2Cu phase in Ti-Cu alloy plays a critical role 

in the alloys antibacterial properties [75,76]. 

 
Figure 7. Morphology of S. aureus and E. coli cultured on the samples surface for 24 h. 

In summary, the possible antibacterial mechanism of the Ti6Al4V-7Cu sample can mainly 

attributed to the combined effect of the Cu ion release, surface potential difference caused by 

micro-galvanic corrosion cells and the contact-killing effect of Cu oxides on the surface 

[40,56,77]. Figure 8 shows a schematic diagram of the antibacterial mechanisms. 
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Figure 8. Schematic diagram of Cu ion release caused by micro-galvanic corrosion and contact killing mechanism of 

Ti6Al4V-7Cu alloy during the antibacterial process. 

To further explain the potential antibacterial mechanisms (Figure 8), the feasible reactions between 

the existing species should be taken into account. The electrochemical results indicate that the 

corrosion behavior of Ti-Cu alloy is predominantly governed by the corrosion of Ti2Cu, which 

results in the release of Cu and Ti ions. The corrosion process of Ti2Cu can be primarily attributed 

to two factors, namely, the consumption of cathodic oxygen and the degradation of the anodic 

metal [78,79].The corrosion reaction responsible for consuming cathodic oxygen can be 

represented as follows [68]: 

            O2 + 2H2O + 4e¯ = 4OH¯                                                                              (1) 

Then, the free OH- reacts with Ti2Cu through anodic degradation. In the first step, Ti2Cu degrades 

into Ti4+ and Cu2+ ions [80,81].  

            Ti2Cu + 10OH¯ = 2Ti4+ + Cu2+ + 4H2O + 10e¯                                            (2) 

Subsequently, considering that Ti4+ has a stronger affinity for O2- than Cu2+ does, Ti4+ reacts with 

OH¯ generating TiO2, followed by formation of Cu2O on the surface [65,82].  

            Ti4+ + 4 OH¯ = TiO2 +2H2O                                                                         (3) 

            Cu2+ + 2 OH¯ = Cu2O + 2H2O                                                                      (4) 

The antibacterial mechanism, based on the release of copper ions, can occur in the following way 

according to the first step of the anodic reaction (reaction 2): Cu2+ ions can extract electrons from 

bacteria. These electrons bind to the plasma membrane due to electrostatic attraction, and then 

penetrate the cell membrane through the opening or closing of the membrane channels. 

[56,83].However, it is well recognized that the concentration of Cu ions must be greater than 1 × 

10−5 molL−1 (or 640 μgL−1) to obtain a substantial antibacterial rate [9,13,84] As shown in Figure 

5a, the Cu ions released from Ti6Al4V-7Cu alloy are far less than the critical Cu concentration 

required for desirable antibacterial performance. In other words, such a small amount of released 
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Cu ions cannot account for the high antibacterial rate. This finding implies that other factors also 

contributed to the antibacterial properties. It was mentioned earlier that the micro-galvanic 

corrosion cells between Ti2Cu particulate and matrix caused directional movement of charges due 

to surface potential difference (Figure 8). According to the reported findings, it is commonly 

observed that electrons tend to flow from the cathodic phase (matrix) to the anodic phase (Ti2Cu 

particulate) [40,56,83]. This redistribution of charge results in a difference in surface potential [9]. 

Hence, a significant accumulation of bacteria and microorganisms on a material's surface may lead 

to the formation of biofilms. Such biofilms can alter the pH levels of the surrounding area. 

Furthermore, these biofilms may cause the hydrolysis of water, leading to a dynamic change in the 

distribution of dissolved oxygen ions in the system. [56,85], as depicted in Figure 8. Furthermore, 

the micro-galvanic cell on the surface of the Ti6Al4V-7Cu alloy will produce electrons (reaction 

2). Thus, as reported in previous reports, the electrons donated by the Cu-rich phase (Ti2Cu 

particulate) are consumed and depleted by H+ (Figure 8). Afterward, the growth of the bacteria 

chain is disturbed by the Proton Motive Force (PMF) activity of bacteria, ultimately leading to the 

antibacterial effect [56,74,83,86].  

Moreover, it can be said that the direct interaction of the Ti6Al4V-7Cu alloy with the bacterial cell 

membrane resulted in an enhanced antibacterial activity. From the second anodic reaction, the 

release of Cu2+ ions from the surface caused the formation of copper oxide (CuO, Cu2O) on the 

surface. It is reported that the redox cycling between different copper species, Cu, Cu+, and Cu2+, 

could result in an imbalance of the inner and outer membrane potential [87], thus promoting the 

formation of reactive oxygen species (ROS) within the bacteria and leading to a contact-killing 

effect [56,83,85]. ROS is a common intracellular signaling molecule as a product of the imbalance 

of oxygen in the cell by oxidation. Hydrogen peroxide (H2O2), superoxide anion (O2¯), and 

hydroxyl radical (OH') are the three common types of ROS [56]. Indeed, as reported, Cu was an 

important cofactor for many oxidases that act as a catalyst in producing ROS following the 

reactions below: 

 

         Cu+ + H2O2 = Cu2+ + OH¯ + OH'                                                                    (5) 

         H2O2 + O2
¯ = O2 +OH¯ +OH'                                                                          (6) 

Consequently, the superoxide radicals (O2−) and H2O2 formed in response to oxidative stress, 

induce the formation of hydroxyl radicals (OH') [85,88], which disrupt the integrity of cell 

membranes, inducing cell wall damage and protein damage and ultimately leading to the death of 

bacteria [83,89,90]. Furthermore, Mathews et al. [91] reported that the reduction potentials of 

Cu/Cu+, Cu+/Cu2+ fall within the biological reduction potentials range, which result in the 

production of ROS species.  

Overall, based on Figure 8 and the above discussion, it could be assumed that the bacteria could 

not adhere to the surface due to the presence of the Ti2Cu phase and the release of Cu2+ ions, and 

hence the Ti6Al4V-7Cu implant is expected to have a long-lasting antibacterial role in the human 

body. 
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3.5.   In-vitro bioactivity test 

To evaluate the bioactivity, both samples were immersed in SBF for 7 and 14 days, as a part of in 

vitro tests [44]. As mentioned in previous reports, the growth of HA on the sample surfaces is a 

measure of the bioactivity level [92,93]. Figure 8 shows SEM images of the top views of Ti6Al4V 

and Ti6Al4V-7Cu samples after immersion in SBF. Both samples exhibited flake-like deposits on 

their surfaces. The images in Figure 9 illustrate a comparable gradual accumulation of precipitates 

on both samples, with the entire surface appearing to be coated with a relatively thick layer of HA 

after 14 days. The EDX analysis shown in Figure 10 presents the Ca/P ratio in the deposited layers. 

The atomic Ca/P ratio increased progressively for all samples with exposure time, and no 

significant differences were observed among the samples. After 14 days, the Ca/P ratio of Ti6Al4V 

and Ti6Al4V-7Cu reached 1.52 ± 0.12 and 1.61 ± 0.04, respectively, which are close to the natural 

HA ratio of 1.67 [44]. 

 
Figure 9. SEM images of (a-b) Ti6Al4V and (c-d) Ti6Al4V-7Cu samples after immersion in simulated body fluid 

for 7 (D7), and 14 (D14) days at 37 °C. Insets in the images provide an overview at a higher magnification. 



22 

 

 
Figure 10. EDS results showing the atomic Ca/P ratio for Ti6Al4V and Ti6Al4V-7Cu samples, after immersion in 

SBF for 7 (D7), and 14 (D14) days at 37°C. The error bars indicate the standard deviation of triplicate 

measurements. 

3.6.    Biocompatibility test 

Studies have indicated that the existence of a certain concentration of copper ions can induce 

cytotoxicity, leading to cell death. Thus, it is crucial to investigate the compatibility of copper-

containing titanium alloys with cells when biomedical applications are intended [13,94–96]. Figure 

11 shows the results of the MTT assay, which was used to assess cell viability after 1, 3, and 7 

days. As shown in Figure 11a, optical density (OD) values increased for both samples with the 

incubation time, indicating that cells were in healthy condition during the whole experimental 

period. There were no significant differences in the OD values observed between the Ti6Al4V-

7Cu and Ti6Al4V samples at all investigated time points. Figure 11b shows the calculated cell 

viability of MG63 cells on both samples. After 1 day of cultivation, both samples displayed fully 

viable cells, i.e., around 100%. However, the viability of cells significantly decreased in both 

samples after 3 and 7 days of cultivation. On day 7, the cell viability values ranged from 80% to 

92%, which is relatively low compared to the values obtained on day 1 and day 3. However, no 

significant differences were noticed in cell viability values for the Ti6Al4V sample and the 

Ti6Al4V-7Cu samples at all cultivation time points. According to the Standard Gb/T 16886.5 [97], 

which provides guidelines for the evaluation of the cytotoxicity of biomedical materials, the  

materials exhibit cell viability between 90% and 100% are classified as Grade 0, and materials that 

exhibit cell viability between 75% and 90% are classified as Grade 1. A biomedical material is 

considered to have no significant toxicity for cells when it is classified as Grade 0 or Grade 1 based 

on the cytotoxicity scale. In previous studies [32,78,94], it has been suggested that a cell viability 

of 75% or higher can be reported as a sign of no cytotoxicity. According to the findings of this 

study (Figure 11b), the materials used in the experiment were classified as Grade 0 on day 1, 

indicating that Cu did not have any significant cytotoxic effects on cells at that point in time. 
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During days 3 and 7 of the study, all samples almost were rated as Grade 1 on the cytotoxicity 

scale. In addition, cells on the surface  reached 100% confluency on day 7. This means that cells 

had no more room to grow and increase in number compared to the control, meanwhile, some of 

the cells did not survive. Therefore, this may explain the observed decrease in viability on day7 in 

comparison to day 1.  

 
Figure 11. Variation of (a) OD values, and (b) cell viability values of Ti6Al4V and Ti6Al4V-7Cu alloys with 

incubation time. 

Furthermore, the morphology of cells can provide insight into their behavior and interactions with 

the surrounding environment. The contact and interaction between cells and biomaterial surfaces 

play a crucial role in physiological processes. In this study, Figure 12 depicts the morphology of 

MG63 cells that were cultured on the Ti6Al4V and Ti6Al4V-7Cu samples for 1 and 7 days, 

respectively. After one day of incubation, a semi-confluent layer of cells was observed on the 

surfaces of both samples. On the 7th day, a sharp increase in the rate of cell adhesion and 

proliferation was observed for both samples. The cell morphology of the Ti6Al4V and Ti6Al4V-

7Cu samples did not exhibit any discernible differences, indicating that the presence of Cu in the 

Ti6Al4V-7Cu samples did not affect the cell morphology during 1 day and 7 days of cultivation. 

In addition to cell attachment and proliferation, the study observed cell-to-cell interactions, 

characterized by the presence of filopodia and lamellipodia extending from the cells. Previous 

studies have emphasized the importance of filopodia, which are frequently observed in migratory 

cells [98]. Filopodia play crucial roles in various cellular processes, including cytoskeletal 

organization, cell division, and transport mechanisms. These dynamic cellular extensions aid in 

the expansion of the cell surface and facilitate the exchange of substances [99,100]. Consequently, 

the existence of these cytoskeletal components serves as an indication of normal cellular activity 

and implies that the cells were able to retain their regular functions and behavior when in contact 

with the surfaces of both the Ti6Al4V and Ti6Al4V-7Cu samples. In addition, Zhang et al. have 

indicated that the released Cu ion from Cu-bearing titanium alloys would not affect the MG63 cell 

if the concentration of the released Cu ion is well controlled in the range between 30-227 µg/L 

[94]. This behavior is consistent with the results obtained in the Cu ion concentration section of 

this study (Figure 5a). 
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Figure 12. Morphology of MG63 cells formed on (a-b) Ti6Al4V and (c-d) Ti6Al4V-7Cu alloys after 1 and 7 days of 

incubation.  

In summary, based on the aforementioned findings and analysis, it can be inferred that the 

biocompatibility of Ti6Al4V-7Cu alloy has been found to be comparable to that of Ti6Al4V, 

indicating its potential suitability for use in implant materials. However, it is imperative to conduct 

extensive long-term in vitro assessments and in vivo studies to comprehensively evaluate the 

biocompatibility of this alloy. Such investigations will provide detailed insights into its 

biocompatibility profile. 

4. Conclusions 

In conclusion, this study provides a comprehensive evaluation of a Cu-modified Ti6Al4V alloy, 

focusing on its microstructure, corrosion properties, antibacterial behavior, and biological 

responses. The findings contribute to a better understanding of the material’s potential for 

biomedical applications. Enhanced antibacterial properties without compromising cell 

biocompatibility and corrosion behavior is reported. The following concluding remarks can be 

highlighted: 

• The study successfully demonstrated the feasibility of producing a novel Ti-based implant 

with enhanced biomedical properties using EB-PBF method. 

• The corrosion test results indicated that the Ti2Cu precipitates in the Ti536 microstructure 

caused a slight increase in corrosion rate, a decrease in corrosion resistance, and the 
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formation of a thinner passive film compared with Cu-free Ti6Al4V alloy. Moreover, the 

overall corrosion behavior of Ti536 samples was suggested to be also influenced by prior-

β grain refinement leading to the formation of passive films at grain boundaries and thus 

alleviating the corrosion behavior of the sample. 

• Based on the Mott-Schottky test, it was found that while both samples exhibit typical n-

type semiconductive properties, the calculated density of oxygen vacancy for the Ti6Al4V 

sample was lower than that of the Ti536 sample, indicating a more defective passive film 

on the latter. The XPS results indicated that though the passive film formed on the Ti6Al4V 

mainly consisted of TiO2, the Cu addition introduced Cu2O in the passive film of Ti536 

alloy. 

• Ti536 exhibited strong and stable antibacterial properties against E. coli and S. aureus. The 

possible antibacterial mechanism of the Ti536 sample was mainly attributed to the 

combined effect of Cu ion release, the surface potential difference caused by micro-

galvanic corrosion cells, and the formation of Cu2O in the passive film. 
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