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Abstract

Electrochemical characteristics, and semiconducting behavior of additively manufactured electron 

beam melted (EBM) and wrought (WR) Ti-6Al-4V (Ti-G5) are compared in Ringer’s 

physiological solution. X-ray diffraction (XRD) and field emission scanning electron microscopy 

(FE-SEM) confirmed the α+β structure of the tested materials, with two different microstructure 

types of “bimodal” and “basket-weave” for WR and EBM, respectively. Potentiodynamic 
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polarization (PDP) revealed that the corrosion current density for EBM (icorr=0.27±0.06 μA.cm−2) 

is less than the WR (icorr=0.70±0.05 μA.cm−2). Moreover, potentiostatic polarization (PS) that was 

employed to form the passive layers at three different potentials of 300, 500, and 700 mVAg/AgCl, 

showed that the passive films on the EBM sample are thinner. This finding was confirmed by 

electrochemical impedance spectroscopy (EIS). Furthermore, through Mott-Schottky (M-S) 

analysis, donor densities on WR passive films were found to be ~1.5 times larger than EBM. 

Although PS and EIS confirmed that the passive layer on EBM is thinner, it provides higher 

corrosion resistance than WR. The passive layer on both samples were found to have n-type 

characteristics with a duplex structure. 
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1. Introduction

Titanium alloys are known for their excellent engineering properties such as high corrosion 

resistance, biocompatibility, high stiffness to weight ratio, and high strength [1–3]. Grade 5 

titanium alloy, Ti-6Al-4V (Ti-G5), classified as one of the α/β type titanium alloys, is widely used 

in biomedical applications due to its lightweight, corrosion resistant and human allergic response 

characteristics [4]. New manufacturing methods have been considered for the production of alloys 

with specific properties and designs, such as biomedical implants. Additive manufacturing (AM) 

is a newer  manufacturing technique that can produce parts and objects using three-dimensional 

computer-aided design models in a layer-wise manner [5–7]. Using this technique, complex 3D 

geometries can be produced directly from raw materials [5]. Powder bed fusion (PBF), as a 
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subgroup of AM, includes electron beam melting (EBM), which utilizes a high energy electron 

beam [8, 9]. 

EBM technology can be considered as an effective option to increase precision for the production 

of biomedical implants [10, 11]. The ability to print metals with high melting points, reduced 

production steps, high efficiency of material use, and minimized need for post-processing are some 

of the advantages of EBM manufacturing [12]. These advantages of EBM make it an acceptable 

option to manufacture customized biomaterials and implants based on patient-specific 

requirements [10, 11]. Therefore, evaluation of different properties of EBM manufactured 

implants is essential as the final product properties are process dependent.  

One of the great concerns about Ti-G5 for biomedical applications is the release of metallic ions 

such as Ti, Al and V, which can adversely affect the human body. The ion release effect is 

associated with clinical implant failure and allergic reactions that can negatively affect the 

implant's long-term performance [13–16]. Long-term health disorders such as Alzheimer's disease, 

neuropathy and osteomalacia can be caused by the Al and V ions released from Ti-G5. Previous 

studies have shown that V, which is alloyed with Ti as a β phase stabilizer, can form harmful 

oxides for the body and alter the enzyme activity kinetics that may affect the mechanisms for cell 

attraction to the affected area [17–21]. 

Different mechanisms such as corrosion, wear, and mechanically accelerated electrochemical 

processes could lead to metallic ion release from orthopedic implants [13–16]. Corrosion or wear 

processes may lead to a rise in the metal content in local or remote tissues, such as the kidney and 

liver. Colour changes of the surrounding tissue are often signs of implant corrosion [22]. To 

increase the corrosion resistance of titanium alloys for enhanced ion release, passive film growth 

(anodic oxidation) can be considered as a surface modification technique. This technique can grow 
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a passive film on the surface to increase the corrosion resistance before the implantation process 

[23]. However, the passive layer on the surface is not defect-free and contains point defects that 

can affect its properties [24]. 

Many studies in the literature focus on the corrosion of EBM produced alloys [7, 12, 25–28]. 

Concerning the surface condition, the corrosion resistance of ground EBM manufactured alloys 

was reported comparable to WR counterparts as opposed to the inferior corrosion resistance of 

selective laser melted (SLM)-produced Ti-G5 in various electrolytes [7, 12, 25, 27–30]. Some 

EBM microstructural features, such as its ultrafine grain structure and larger β phase content, 

contribute to its better corrosion resistance than the WR counterpart [12]. In terms of physiological 

electrolytes, there are studies in the literature about the corrosion behavior of EBM fabricated Ti-

G5 in phosphate buffered saline (PBS), simulated body fluid (SBF), and Hank’s solutions [12, 26–

28, 31–35]. However, the investigation of corrosion and semiconducting properties of EBM 

produced Ti-G5 with the emphasis on orthopedic applications in Ringer’s solution, which has not 

been reported in the literature to date, will add complementary information to the literature on 

EBM alloys, and valuable information for use of AM materials in orthopedic applications. The 

difference between PBS, SBF, and Ringer's solution is the absence of phosphates in the latter [29]. 

This makes Ringer's a less complex solution for corrosion evaluation of metallic biomaterials 

compared to other physiological solutions (e.g., PBS and SBF), leading to different corrosion and 

electronic properties of the passive film [29]. 

Ringer’s physiological solution is a compatible physiological electrolyte for orthopaedical 

applications [22, 36–40]. Ringer’s solution is also used for arthroscopic surgery which is an 

orthopaedical procedure for joint disorders. For an optimal joint surgery, Ringer’s solution may 

replace the synovial fluid with the purpose of continuous irrigation. Ringer’s solution is preferred 
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over normal saline for irrigation [39]. Moreover, a better cell tolerability for cells from the human 

meniscus tissue, a part of the knee cartilage, was offered by lactated Ringer’s solution in 

comparison with the isotonic saline solution [40]. 

Herein, the corrosion properties of the naturally-formed and anodic oxide passive layers on EBM 

and WR Ti-G5 were assessed using immersion tests, open circuit potential (OCP), 

potentiodynamic polarization (PDP), potentiostatic polarization (PS), and electrochemical 

impedance spectroscopy (EIS) in Ringer's physiological solution at 37±1 °C. Further 

measurements were taken by Mott-Schottky analysis (M-S) to investigate the semiconducting 

behavior of the passive layer. Microstructural characterization was carried out using field-emission 

scanning electron microscopy (FE-SEM) to elucidate the influences of microstructural features on 

the corrosion resistance. FE-SEM micrographs were analyzed using image analysis to 

comparatively estimate the content of each phase. Also, X-ray diffraction (XRD) was performed 

for phase analysis of the material. 

2. Experimental Procedure 

2.1.  Materials

The disc shape EBM fabricated samples were from GPM2 group at the Université Grenoble Alpes 

in France, produced using an ARCAM A1 EBM machine equipped with a W-filament (tungsten 

filament from which electrons are extracted [41] ), and with an accelerating voltage of 60 kV. The 

standard melting themes from ARCAM were used for printing the Ti-G5 samples. The powder 

deposition layer in each step was 50 μm on a stainless-steel build plate [42]. The extra low 

interstitial (ELI) Ti-G5 metal powder (according to ASTM F3001 specifications [43]) was used in 

the EBM machine, and Ar gas was utilized in the atomization process to produce metallic powders 

with a size range of 45-105 μm. The samples' thickness and diameter were 1 and 160 mm, 
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respectively, and they were printed perpendicular to the build direction. TIMET provided the WR 

billet, with a diameter of ~4.75". The samples were known to be alpha-beta forged products and 

tested in the mill annealed condition. Wire cutting was employed to cut circular pieces with a 

diameter of 160 mm and a thickness of 2 mm. Inductively coupled plasma optical emission 

spectroscopy (ICP-OES) was performed after an acid digestion technique to obtain the chemical 

compositions of the tested alloys, and the results are presented in Table 1.

Table 1 Chemical composition of WR and EBM Ti-G5 

Element (wt.%) Fe Al V Ti Others

WR 0.09 5.82 3.94 90.1 Less than 0.05

EBM 0.10 5.93 4.11 89.8 Less than 0.05

2.2.  Microstructural evaluations

The EBM and WR samples were ground to a 1200 grit finish with silicon carbide paper and then 

mirror polished with 0.6 μm SiC particles. Before etching, samples were rinsed with DI water and 

alcohol, followed by ultrasonication in acetone for 5 min to ensure contaminants removal from the 

grinding stage. Modified Kroll’s reagent was used to etch the samples before the characterization 

step [12]. A Carl Zeiss Sigma FE-SEM was used to observe the microstructures of the WR and 

EBM samples. Then, ImageJ software was used to estimate the volume fraction of the constituent 

phases [44]. The phase constituents of WR and EBM alloys were also determined using X-ray 

diffraction by a Rigaku MultiFlex X-ray diffractometer with a 2 kW X-ray generator and a Cu-Kα 

radiation source. 

2.3. Electrochemical measurements
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A standard three-electrode flat cell with EBM and WR Ti-G5 samples as working electrodes was 

used for all electrochemical measurements. The exposure area of the working electrodes was 1 

cm2. Platinum (Pt) mesh was used as the counter electrode, whereas the reference electrode was 

silver/silver chloride (Ag/AgCl) with saturated potassium chloride (KCl) solution (+0.199 V vs. 

SHE). All recorded potentials herein are reported with respect to the Ag/AgCl reference electrode 

potential. Electrochemical measurements were performed using a PGSTAT 100 from Autolab. 

Before electrochemical measurements, all samples were successively ground up to 1200 grit 

silicon carbide paper and then washed with DI water and alcohol and then ultrasonically cleaned 

for 5 minutes. Samples were then dried using a high pressure compressed cold air stream. The 

electrolyte for electrochemical measurements was the aerated Ringer's physiological solution with 

the chemical composition of 8.69 g/L NaCl, 0.30 g/L KCl and 0.48 g/L CaCl2 (pH=6.7). A freshly 

made solution with a volume of 300 mL was used for each experiment. The temperature was 

maintained at 37±1 °C to simulate the body temperature using circulating water from a water bath. 

All electrochemical measurements were repeated at least three times to ensure the reproducibility 

of the results, with the most representative curves presented. 

Before electrochemical tests, samples were cathodically polarized at −1 VAg/AgCl  for 600 seconds 

to remove any air-formed oxide layer. The OCP tests were performed for 1 h to obtain a stable 

potential. Then, PDP experiments were carried out from −0.5 vs. OCP to +1.5 VAg/AgCl with a scan 

rate of 0.166 mV/s. Three different potentials of 0.3. 0.5, and 0.7 VAg/AgCl were chosen from the 

anodic passive region of the PDP curves (see Fig. 4). At each of these passive film formation 

potentials (Ef), the passive layer was formed for 1 hour using PS. Then, EIS measurements were 

carried out at each of these three potentials in the frequency range of 100 kHz to 10 mHz. EIS was 

also performed on naturally-formed oxide layers after OCP (see supplementary information). 
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Logarithmic sweeps of 10 points per decade were utilized for EIS analysis, and 10 mV peak-to-

peak sinusoidal voltage signals were used within this experiment. The results of the EIS 

measurements were analyzed using the Nova 2.1 software from Autolab. EIS results were 

interpreted using electrochemical equivalent circuits by fitting circuit parameters through a 

complex non-linear least-squares technique. After EIS analysis, M-S measurements were carried 

out in the voltage range of the passive film formation potential up to −1 VAg/AgCl with a step 

potential of 40 mV at 1 kHz frequency.

3. Results and discussion

3.1.  Microstructure

Figure 1 shows the typical XRD patterns of WR and EBM Ti-G5 samples. The α+β structure of 

both alloys is clear from the peaks of the XRD patterns. As shown in Fig. 1, most of the patterns 

are hexagonal close-packed (HCP) α (or α')  and body centered cubic (BCC) β. As both HCP α 

and α' share the same crystallographic structure and lattice parameters, differentiating these two 

phases is difficult. XRD patterns were fitted to the reported results of [12] and confirmed using 

the Match3! software analysis. It is seen that the respective intensities of the (100), (002), and 

(101) crystallographic planes (α-Ti) are higher than the others for both WR and EBM samples, 

consistent with other studies on Ti-G5 [12, 45]. However, the β phase peaks are relatively low due 

to its minor presence and, consequently, XRD had difficulty detecting this phase [46]. 

The β phase proportions for both WR and EBM samples were estimated using semi-quantitative 

analyses of XRD results using the Match! 3 software and the Reference Intensity Ratio (RIR) 

method. The RIR method works by scaling all diffraction data to the diffraction of standard 

reference materials [47]. This method assumes that the sum of all identified phases is 100%. Also, 

RIR assumes that there are no unidentified crystalline or amorphous phases in the tested material. 
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Meaningful semi-quantitative results can only be achieved when these assumptions are valid [48-

50]. Therefore, RIR is not a high accuracy quantitative technique for calculation of the phase 

content in the material. However, it can be used for comparative studies. In spite of its limitations, 

the RIR method has been used for semi-quantitative analysis of different titanium alloys, including 

Ti-G5 [49, 51-53]. The weight fraction of the β phase in laser welded Ti-G5 samples was measured 

using RIR and reported to be 4%, 6%, and 7% for various welding speeds [51]. There are studies 

in the literature that performed atom probe tomography (APT) and reported the volume fraction of 

the β phase in an EBM Ti-G5 sample to be ≈4% and ≈5%, which is more convincing and accurate 

compared to other methods [2, 54]. However, other studies in the literature reported different β 

phase fraction values of around 5%, 12%, and 28% for EBM and SLM Ti-G5 samples [12, 30, 55, 

56]. The discrepancies in values might stem from the different processing parameters of the various 

AM techniques and uncertainties associated with the quantitative analysis methods [2].

The β phase proportions (wt.%) obtained using the RIR method were approximately 12% and 7% 

for EBM and WR, respectively. Because of the assumptions associated with RIR [32], this 

technique is not considered to be a high accuracy quantitative method; however, as noted above,  

it can be performed for an adequate semi-quantitative and comparative analysis [43]. 
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Fig. 1 XRD patterns of the EBM and WR Ti-G5 samples

Figure 2 shows the FE-SEM micrographs of the WR and EBM alloys. For the WR sample (Fig. 2 

(a)), equiaxed α grains with the intergranular β phase are seen in the microstructure, which is 

known as "bimodal." In this type of microstructure, in addition to the equiaxed α grains, some α 

lathes can be detected with the same Burgers orientation relationship to the β phase. However, the 

Burgers orientation relationship between the equiaxed α and β phases is not the same [58]. This 

type of microstructure appears when the heat treatment temperature is below the β-transus 

temperature, but still in the α+β region. The described microstructure is for the typical annealed 

Ti-G5 sample which has been held for long periods under the β-transus temperature [58,59]. The 

strong oxidizing power of the Kroll's reagent can etch out the α phase, so it looks darker in contrast 

compared to the β phase. The β phase looks brighter in FE-SEM images [12]. 
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Fig. 2 FE-SEM images of (a) WR and (b) EBM Ti-G5 microstructures. The light grey areas are 

the beta phase while the darker grey areas are the alpha phase

The microstructure of the EBM sample is shown in Fig. 2 (b). This is a "basket-weave" 

microstructure, which is consistent with other studies [2, 12]. During the cooling process, the α 

phase precipitates from the β phase, and then lath or plate-like features appear in the morphology, 

separated by β ribs. In the condition where the cooling rate is fast, the laths might not arrange in a 

parallel structure of five or more through the nucleation and growth process. As a result, the final 

morphology shows a weave-like structure, in and out of the laths, which is why it is referred to as 

a "basket-weave" microstructure [58, 59]. Figure 2 (b) shows a sandwiching structure of β/α/β that 

was formed of singular α bulges and prior β grains [2, 12]. As shown in Fig. 2, both WR and EBM 

Ti-G5 microstructures consist of α and β phases arranged in different morphologies dependent on 

the different manufacturing processes. Microstructure images also showed that the grains in WR 

are coarser compared to EBM, where a dot-like morphology was observed. 

3.2.  Volume fraction of the β phase 
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Figure 3 demonstrates the processed FE-SEM images using ImageJ to estimate the volume fraction 

of the β phase. To minimize the potential inaccuracies, five different FE-SEM images for WR and 

EBM were considered and the average value is reported. From the results of the microstructural 

analysis, ≈ 20% of the morphology is occupied by the β phase in the EBM sample, whereas this 

value for the WR sample is ≈ 13%, which confirmed that the β phase content was more 

considerable in EBM than the WR counterpart. Similar amounts were reported in the literature for 

differently manufactured and processed Ti-G5 alloys [12, 30, 45, 55,56].

The literature contains several studies on phase quantification of titanium alloys using image 

analysis by different software, including ImageJ [57, 58, 60-68]. Various procedures have been 

reported for phase quantification using image analysis. Although some studies explain the exact 

procedure for the phase quantification and image analysis, there are studies in the literature that 

did not describe the methodology [61, 62, 66, 68]. For example, in a study on Ti-6Al-2Sn-4Zr-

6Mo(Ti-6246), the “Auto Threshold” option was performed on as-collected SEM-BSe images, 

without performing any prior processing (e.g. brightness, contrast, sharpness adjustments) [57]. 

Due to the errors associated with the manual “Threshold”, the “Auto Threshold” was chosen 

instead [57]. Cao et al. also used “Threshold” for variously heat treated SLM Ti-G5 samples to 

estimate the volume fraction of the β phase [63]. In another work on Ti-G5 samples produced by 

direct energy deposition (DED), optical microscopy micrographs of WR and DED samples 

converted to binary images and used for the analysis. When using the binary images, the α phase 

displays in white pixels and the β phase displays in black pixels, or vice versa [64]. 

Although the discussed procedures for image analysis can estimate the phase fractions to some 

extent, different factors affect the accuracy of the results. For example, variations in resolution, 

preparation methods, brightness, and contrast can create errors in final results [57]. Also, the 
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“Threshold” option in ImageJ software is sensitive to the mentioned variables and, therefore, can 

report inaccurate results where the picture processing and contrast adjustments are not sufficient 

[57].

In the present study, after noise reduction, contrast adjustment, and surface smoothing (to reduce 

the effect of dot-like particles [62]), the “Auto Threshold” option (using binary images) was 

applied on FE-SEM micrographs of WR and EBM samples. The over-etched areas in some FE-

SEM micrographs and insufficient contrast between phases in some images could be potential 

reasons for inaccurate results. When the SEM micrographs contain over-etched areas or dark 

regions, the phase quantification using image analysis by ImageJ may only prove useful for 

comparative studies and semi-quantitative analysis. Therefore, the obtained values for β phase 

content in this study were considered only for comparison between WR and EBM samples.

The β phase constituents for the EBM Ti-G5 obtained from semi-quantitative analysis of XRD and 

FE-SEM images were 12% (wt.%) and 20% (vol.%), respectively. These values for the WR sample 

were 7% (wt.%) and 13% (vol.%). Therefore, by comparison, the EBM sample seems to have a 

larger β phase content than the WR counterpart. The amounts of β phase that were semi-

quantitively calculated using RIR and image analysis are not indicative of the exact amount of this 

phase present in the structure; however, these values can provide a comparison. 
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Fig. 3 Representative FE-SEM images used in ImageJ software for phase quantification analysis 

of WR (a) and EBM (b) Ti-G5. Images on the left are the processed images while those on the 

right show the binary images that represent the amount of the β phase 

3.3.  Electrochemical measurements 

3.3.1. Open circuit potential 

OCP measurements were carried out for 3600 seconds. Figure 4 (a) illustrates the OCPs of WR 

and EBM samples. An upward trend is seen clearly for both tested alloys followed by OCP 

stabilization, indicating the formation of a passive protective film on the surface of the specimens 

[69-71]. It is known that the more positive OCP for an alloy shows that the formed passive layer 

on the surface is more protective against corrosion [72]. From Fig. 4 (a), it is observed that after 
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350 seconds, the OCP trend of the EBM sample surpasses the WR and moves towards more 

positive potentials. The more positive OCP value of the EBM sample means that the 

spontaneously-formed passive layer on the EBM sample after 3600 seconds of OCP measurement 

is thermodynamically more stable and corrosion-resistant than the layer formed on the WR sample 

[71]. The same general OCP behavior was observed in another study for Ti-G5 in chloride-

containing Ringer’s solution [71].

Fig. 4 (a) OCP and (b) PDP curves of WR and EBM Ti-G5 in Ringer's solution at 37±1 °C

3.3.2. Potentiodynamic polarization measurements

Figure 4 (b) shows the PDP curves of WR and EBM samples. The behavior of these two alloys is 

nearly the same, particularly in the passive region, with a slight difference in kinetic parameters. 

Both samples showed the passive behavior over a wide potential range starting from ≈100 mV up 

to 1500 mVAg/AgCl [72]. In the passive region, there are no clear spikes, indicating that localized 

attack for these alloys in Ringer's solution did not happen. Using the Tafel extrapolation technique 

for the cathodic branch, corrosion kinetic parameters were extracted from the PDP curves. The 

obtained corrosion parameters, including corrosion potential (Ecorr), corrosion current density 
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(icorr), cathodic Tafel slope (βc), passive current density (ipp), and corrosion rate (CR) are 

summarized in Table 2. Because of the passive behavior of Ti, the anodic Tafel slope (βa) was not 

calculated [73]. 

According to the corrosion parameters in Table 2, the Ecorr value of the EBM (−0.16±0.02 VAg/AgCl) 

is nobler than the WR counterpart (−0.25±0.01 VAg/AgCl), which agrees with the OCP results. This 

indicates that the passive layer on the EBM sample has higher thermodynamic stability, with lower 

electrochemical surface activity and, consequently, better corrosion resistance [74-76]. Likewise, 

the icorr value of the EBM sample (0.27±0.06 μA.cm−2) is lower than for the WR sample (0.70±0.05 

μA.cm−2), meaning that the corrosion rate of the EBM material is less than for its WR counterpart. 

In terms of biomedical applications, where the lower release of metal ions is desired, lower 

corrosion current densities result in fewer ions released into the human body [75]. 

Table 2 Corrosion parameters of WR and EBM Ti-G5 in Ringer's electrolyte at 37±1 °C. 

Reported potentials are vs. Ag/AgCl, and data are presented with standard error

Sample Ecorr (V)
icorr (μA.

cm−2)

ipp (μA.

cm−2)

bc  

(mV/dec)

CR  

(mm.year−1)

from PDP

WR −0.25 ± 0.01 0.70 ± 0.05
0.98 ± 

0.02

−251 ± 

21.4

6.22(±0.43) 

×10−3

EBM −0.16 ± 0.02 0.27 ± 0.06
0.80 ± 

0.02

−218 ± 

10.1

2.35(±0.50) 

×10−3
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The ipp values of WR (0.98 ± 0.02 μA.cm−2) and EBM (0.80 ± 0.02 μA.cm−2) are very close. It can 

also be said that the passivation of the two materials was easy since the ipp values were lower than 

10 μA.cm−2, which is considered as a passivation current density threshold for bio-metals. At this 

threshold, passive films are formed in corrosive electrolytes [31]. 

The corrosion rate of the WR and EBM samples from PDP data was calculated using the equation 

in the ASTM G102-89 standard [77]:

𝐶𝑅 = 𝐾 ×
𝑖𝑐𝑜𝑟𝑟

𝜌 × 𝐸𝑊 (1)

Where “K” is a constant (3.27×10−3 for CR in mm.year−1 ), “icorr” is the corrosion current density 

(μA.cm–2), “ρ” is the density (g.cm−3), and “EW” is the equivalent weight. The EW of Ti-G5 was 

found to be 11.90 [77]. The calculated CR values are summarised in Table 2. The CR values 

calculated from immersion tests (see supplementary information) and PDP are comparable for both 

WR and EBM Ti-G5.

Compared to the WR sample, the larger corrosion resistance of the EBM material might be 

attributed to its higher amount of the β phase. It is known that the oxide film formed on the β phase 

is of higher stability and corrosion resistance compared to the α phase [12, 30, 31, 78]. Since the 

β phase contains more V as a β phase stabilizer, the better corrosion resistance of this phase can 

be explained by its higher content of V [12, 30, 56, 79]. Therefore, the β-type titanium alloys 

possess better corrosion resistance compared to the α-type [12, 79]. Moreover, the α phase is more 

prone to selective corrosion, and its corrosion rate at the α/β interface at OCP is higher than the β 

phase [12, 79]. As reported in the literature, higher β phase contents result in the better corrosion 

resistance for the EBM samples than for the WR; also, lesser amounts of β phase contributed to 

the inferior corrosion resistance of some SLM samples [12, 30, 56]. As explained in [12], more β 
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phase in the EBM sample is the reason for increased charge transfer resistance through the double-

layer, and as a result, the dissolution rate of the EBM alloy decreased [12]. According to the results 

of the semi-quantitative β phase analysis using ImageJ, the β phase content of the EBM sample is 

larger than in the WR material. Therefore, the higher content of the β phase in the EBM sample is 

thought to be one reason for its better corrosion resistance when compared to the WR counterpart. 

3.3.3. Potentiostatic polarization measurements

In the PDP passive regions, three potentials were chosen as passive film formation potentials (Ef) 

for the steady growth of the passive layers. The selected potentials were 0.3, 0.5, and 0.7 VAg/AgCl. 

These potentials were chosen to investigate the passive film for a better compatibility with the 

body at various conditions. PS measurements were performed for 1 hour to grow a passive layer 

on the WR and EBM surfaces. Figure 5 (a) shows the typical current density variation with time 

for both WR and EBM samples at 0.3 VAg/AgCl. It is evident that after 3600 seconds of passivation, 

the current density decreased and stabilized to a value on the order of 10−7 μA.cm−2. 

Fig. 5 (a) current-time curves of WR and EBM Ti-G5 at 0.3 VAg/AgCl and (b) average iss values at 

0.3, 0.5, and 0.7 VAg/AgCl in Ringer’s physiological solution at 37±1 °C
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The initial current drop in  Fig. 5 (a) can be described by the formation and growth of the passive 

oxide layer on the surface [31, 71, 80, 81]. The formation of the oxide layer in the primary stages 

of current density drop results in the resistance increase and, accordingly, current density decreases 

[80]. As time passes, the surface passive oxide layer improves either by increased thickness or 

improved compactness. This causes the inhibition of mass transport kinetics through the passive 

layer, which leads to the reduction of the passive current density [81]. The values of the steady-

state passive current density (iss) of WR and EBM samples at three Ef of 0.3, 0.5 and 0.7 VAg/AgCl 

are plotted in Fig. 5 (b). The average WR and EBM passive current densities were 2.68×10−7 and 

3.29×10−7 μA.cm−2, respectively. The current density values are on the order of 10−7 A.cm−2
, which 

is consistent with other studies for Ti-G5 in PBS and severely deformed pure titanium in Ringer’s  

solution at 37 °C [31, 82]. 

The compactness of the passive film is one of the factors affecting its stability. A more compact 

passive film is desirable due to its better corrosion protection and ability to inhibit attachment of 

aggressive ions, such as chloride ions, to the passive film [71, 75]. Linear fits in the log (i) vs. log 

(t) plots were compared to assess the compactness of the passive layers. The variations of log (i) 

vs. log (t) (double-log) are shown in Fig. 6 (a), (b) and (c) for WR and EBM samples at different 

Ef. The following equation can be used to describe the relationship between log (i) and log (t) [71, 

75]:

log(𝑖) = log(𝐴) ― 𝑘 log (𝑡) (2)

Where "i" is the current density (μA.cm−2),"t" represents the time, "A" refers to a constant, and "k" 

is the slope of the linear regions in the double-log plots, describing the compactness of the passive 

film. The “k” value for a compact passive film with high corrosion resistance is equal to −1, and 

its growth process is under electrical field control [31, 71]. However, “k=0.5” is indicative of a 
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passive film with porosity that was formed under diffusion controlled conditions [71, 75]. The 

obtained data from double-log plots shows that the “k” value for EBM is closer to −1, indicating 

that a more compact passive layer with higher corrosion protection was formed on the EBM 

material. This finding will be confirmed by EIS analysis [31].

     

Fig. 6 Representative double-log plots of current-time curves for EBM and WR Ti-G5 in 

Ringer's physiological solution at 37±1 °C at passive film formation potentials of (a) 0.3 (b) 0.5 

(c) 0.7 VAg/AgCl
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3.3.4. Electrochemical impedance spectroscopy analysis

After the passive layer was formed on the surface using PS at three chosen Ef of 0.3, 0.5, and 0.7 

VAg/AgCl, EIS was performed to investigate the properties of the passive layers. Figure 7 (a) and (b) 

shows the Nyquist plots of WR and EBM passive films formed at three different Ef. As can be 

seen from Fig. 7 (a) and (b), by increasing the Ef from 0.3 to 0.7 VAg/AgCl, the semicircle diameters 

become larger, showing the formation of a more protective passive layer for both WR and EBM 

alloys. At each Ef, the diameter of the EBM Nyquist curve is larger than the WR counterpart, 

meaning that the EBM passive layer is of higher resistance at all conditions.

Figure 7 (c) and (d) show the Bode-phase plots of WR and EBM samples at three different Ef. It 

is evident from the Bode modulus curves that in the high-frequency range (1-100 kHz), the 

impedance curve behaves independently of the frequency, inclines to be resistive, and is nearly 

linear with the slope of about zero. This behavior is related to the electrolyte resistance between 

the working and reference electrodes. Impedance values continue to rise in a nearly linear shape 

(slope≈−1) in middle and low-range frequencies (1 kHz-10 mHz). Then, values on the order of 106 

Ω·cm2 are reached, showing the presence of a passive protective layer and its contribution to the 

impedance curve [12, 72, 80]. 
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Fig. 7 (a), (b) Nyquist and (c), (d) Bode-phase modules plots of WR and EBM Ti-G5 at 
0.3, 0.5, and 0.7 VAg/AgCl

In the high-frequency region of Bode-phase curves, the phase angle drops to values near zero. The 

near-zero values of the phase angles at higher frequency ranges show that the impedance is 

controlled by solution resistance. In the intermediate ranges of frequency, the absolute phase angle 

values rise. Then, in the lower frequency range, the phase angle decreases towards lower values, 

indicating the contribution of the passive layer resistance [12, 83]. The low-frequency region 

elucidates the formation of a more compact and protective inner passive layer on the surface and 
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the processes occurring at the electrode/electrolyte interface [80, 84–86]. Figure 7 (c) and (d) also 

show that the high phase angle values of about −90° are recorded at middle-range frequencies. The 

phase angle values near −90° and the high impedance values (on the order of 106 Ω·cm2) at lower 

frequencies signify a near-capacitive response for both WR and EBM alloys. This is the behavior 

of typical passive and corrosion-resistant materials as a result of the formation of a highly stable 

passive film [12, 21, 87–89].

High values of impedance (on the order of 106 Ω.cm2) at lower frequency ranges indicate the 

existence of a passive barrier film, consistent with all other measurements herein and with all 

relevant studies on corrosion of Ti [12, 72, 80]. Overall, the larger Nyquist semicircle diameters 

and the higher impedance values of the EBM sample confirm its better corrosion resistance and 

nobler electrochemical properties than the WR counterpart.  

From the Bode-phase plots, the large and broad phase angle peaks indicate an interaction of at 

least two time constants in the equivalent circuit [88, 90]. The presence of two time constants 

points to a bi-layered passive film. The Bode-phase diagrams of some results in Fig. 7 (c) and (d) 

show two obvious phase angle peaks, revealing at least two relaxation time constants. However, 

two overlapping phase angle peaks in Bode-phase diagrams of other samples indicate the 

formation of a duplex passive film, too. The same was also seen in other studies on Ti-G5 and Ti-

Mo alloys [83, 89].  

Various researchers have stated that the film on Ti is a two-layered oxide (generally 𝑇𝑖𝑂2), 

composed of a porous outer layer and a less porous, barrier, inner layer [88, 90, 91]. As mentioned 

by Yang et al., the time constant in the high-frequency region represents the reactions at the film-

solution interface. Whereas, the time constant in the intermediate and low range frequencies 

represents the passive layer properties [86]. After multiple tries to find a suitable equivalent circuit 
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that properly fits the experimental data, the proposed equivalent circuit with two time constants is 

presented in Fig. 8Error! Reference source not found. for WR and EBM alloys in Ringer’s 

solution. The elements of this circuit are solution resistance (Rs), inner barrier layer resistance (Rb), 

outer porous layer resistance (Rp), and corresponding constant phase elements representing a shift 

from an ideal capacitor (CPEb and CPEp). The same equivalent circuit model has been reported by 

other researchers for Ti-Mo alloys with high porosity [83] and for WR and EBM Ti-G5 in PBS 

[12]. Moreover, model R(QpRp)(QbRb) was utilized for a duplex oxide film with a sandwich 

structure, in which the layers are separate quasi-homogeneous oxide phases [92].

Due to the complexity of reactions and processes at the metal/solution interface, the ideal capacitor 

behavior is not often experimentally observed in EIS experiments for the surface oxide film. Thus, 

the frequency-dependent constant phase element (CPE) with the exponent “n” is usually used 

instead of an ideal capacitor [12, 80]. Many researchers proved that a more accurate fitting is 

achieved by using CPE instead of an ideal capacitor [80, 89, 93]. Results of the EIS fitting are 

summarized in Table 3.

 

Fig. 8 Equivalent electrochemical circuit used for fitting experimental EIS data of WR and EBM 

Ti-G5 in Ringer's physiological solution at 37±1 °C. The passive layer on the surface is a bi-

layer film
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Table 3 EIS fitting parameters of WR and EBM Ti-G5 at film formation potentials of 0.3, 0.5, and 0.7 VAg/AgCl 

in Ringer's solution at 37±1 °C. The data are presented with standard error

Sam
ple

E
f 

( V
A

g/A
gC

l)

Rs 

(Ω.cm2)

Rp 

(KΩ.cm2)

Qp 

(μF.cm−2)
np 

Rb 

(MΩ.cm2)

Qb 

(μF.cm−2)
nb χ2 db (nm)

0.3
43.953 ± 

0.376

1.235 ± 

0.034

119.396 ± 

2.775

0.937 ± 

0.003

0.423 ± 

0.013

34.213 ± 

1.691

0.898 ± 

0.006
0.009

1.552 ± 

0.037

0.5
44.223 ± 

0.158

1.587 ± 

0.077

52.981 ± 

3.731

0.958 ± 

0.002

0.698 ± 

0.024

22.641 ± 

2.020

0.916 ± 

0.013
0.007

2.345 ± 

0.177
WR

0.7
43.870 ± 

1.167

2.692 ± 

0.068

39.5498 ± 

2.381

0.965 ± 

0.007

0.759 ± 

0.041

15.848 ± 

2.473

0.983 ± 

0.028
0.010

3.350 ± 

0.293

0.3
45.474 ± 

0.204

30.072 ± 

0.966

45.836 ± 

1.077

0.888 ± 

0.012

0.634 ± 

0.037

41.172 ± 

0.425

0.909 ± 

0.006
0.008

1.316 ± 

0.013

0.5
43.945 ± 

0.723

46.803 ± 

1.136

43.616 ± 

0.392

0.900 ± 

0.009

0.741 ± 

0.025

26.557 ± 

0.397

0.911 ± 

0.004
0.010

1.999 ± 

0.029
EBM

0.7
44.958 ± 

0.956

75.881 ± 

1.845

41.361 ± 

0.303

0.923 ± 

0.010

1.021 ± 

0.145

23.227 ± 

0.889

0.916 ± 

0.004
0.011

2.286 ± 

0.081

In a study on corrosion evaluation of Ti-G5, 316 stainless steel, and CoCrMo alloys in Ringer’s 

solution for orthopaedical applications, Songur et al. mentioned that the proposed equivalent 

circuit with two time constant could be an indicator of the presence of sealed pores by hydrated 

materials [91]. Cvijovii et al. also pointed out that the contribution of physiological solutions into 

the pores can increase their resistance, which is less significant for Ringer's solution due to its 

lower complexity. In Ringer's solution, chlorides can be absorbed into the outer porous layer but 

these chlorides usually form soluble compositions [94]. As it is clear from the fitting results, Rb 

values are much larger than Rp, showing that the corrosion resistance of the tested samples is 

mainly controlled by the inner barrier layer [21, 88, 90, 94]. Since the inner barrier layer properties, 
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with higher corrosion resistance, govern the EIS data, the effect of the porous film on impedance 

can be comparatively neglected [88]. While the excellent corrosion resistance of Ti alloys is 

associated with the inner barrier layer, the outer porous layer contributes to osseointegration. 

Osseointegration refers to the interaction between the bone and implant’s surfaces [16]. As stated 

by other researchers, the existence of a porous layer for WR and EBM alloys is advantageous for 

biomedical applications. The presence of the porous layer is crucial to ensure the osseointegration 

after the implantation process in the body [21, 90, 95]. 

The lower Rp values for WR also show that the movement of ions inside the WR outer porous 

layer is more accessible, possibly due to the presence of more porosities  [21, 85]. The presence 

of a more porous outer layer on the WR sample could possibly be due to the low amount of some 

incorporated oxides with the main 𝑇𝑖𝑂2 component, such as Al and V oxides. In a study of 

variously heat treated Ti-G5 samples with different microstructures in Ringer’s solution, it was 

shown that the incorporation of Al2O3 and V2O5 oxides homogeneously distributed in the 𝑇𝑖𝑂2 

matrix is a possible reason for the presence of a more resistant outer porous layer [94]. 

Considering that the capacitance of the inner barrier layer is the predominant capacitance in the 

calculation of the film thickness, the passive layer thickness (db) can be estimated using the 

following formula [96]:

𝑑𝑏 =
ɛɛ0𝐴

𝐶𝑏
(3)

Where "db" is the oxide layer thickness (nm), "Cb" is the capacitance of the inner barrier layer 

(μF.cm−2), "𝜀0" is the vacuum permittivity (8.85×10−14 F/cm), "𝜀" is the dielectric constant (taken 

as 60 for Ti [31]), and "A" is the electrode surface area (cm2). Calculation of thickness values 

(Table 3) shows that although the passive layer on the EBM sample is thinner, its corrosion 
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resistance is higher than its WR counterpart. The PS results also support the formation of a more 

compact barrier layer on the EBM material. As it is clear from the results in Table 3, the Rb values 

of EBM are larger than the WR at each Ef, showing that the EBM inner barrier layer is more 

corrosion-resistant. Overall, from the EIS results, it was shown that the passive layer on EBM 

provides higher corrosion protection compared to the WR. 

3.3.5. Mott-Schottky analysis 

Figure 9 shows the M-S plots of WR and EBM Ti-G5 at three different Ef of 0.3, 0.5, and 0.7 

VAg/AgCl in Ringer’s physiological solution at body temperature. Similar M-S plots were previously 

reported for nanosheets [97] and various titanium alloys, including AMed alloys in different media 

such as chloride-containing solutions [35, 98], sulphate [81], and sulphuric acid solutions [99]. 

The slopes of the linear sections of the M-S curves represent the passive film donor density (Nd) 

[100]. All the lines in Fig. 9 have positive slopes, indicating the n-type semiconducting behavior 

of the passive films at all conditions [80]. 

Fig. 9 Mott-Schottky plots of (a) WR and (b) EBM Ti-G5 at various passive film formation 

potentials in Ringer's solution at 37±1 °C. The dashed lines represent the linear fit used for donor 

density and flat band potential calculations

n-type
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The following formula, known as the M-S relationship, shows the connection between applied 

potential (E) and capacitance (C) of a semiconductor [80, 101, 102]: 

1
𝐶2 =

2
𝜀0𝜀𝑒𝑁𝐷𝐴2 𝐸 ― 𝐸𝑓𝑏 ―

𝑘𝑇
𝑒 (4)

In the above equation, “e” is the electron charge (1.6×10−19 C) [+e for electrons and −e for holes], 

“A” is the surface area of the electrode (cm2), “Nd” is the donor density in the passive film per 

volume (cm−3), “E” is the film formation potential (VAg/AgCl), “Efb” is the flat band potential 

(VAg/AgCl), “k” is the Boltzmann constant (1.38×10−23 J/K), and “T” is the absolute temperature 

(K). It is well known that the donor density values are inversely proportional to the slope of the 

linear sections in M-S plot [80]. According to Equation 4 for n-type semiconductors, Nd values 

can be calculated by the relationship below:

𝑠𝑙𝑜𝑝𝑒 =
2

𝜀0𝜀𝑟𝑒𝑁𝐷𝐴2 (5)

Flat band potentials (Efb) can also be obtained from the intercept on the X-axis (extrapolation to 1
𝐶2

= 0). The linear part of the M-S curve at higher potentials corresponds to the region where the 

formation and growth of the passive film govern, i.e. space charge capacitance [98]. Therefore, the 

slopes of the linear regions at higher potential ranges were considered for the calculation of Nd and 

Efb, and the obtained values are summarised in Table 4. The Nd values of this study are analogous 

with the mentioned range of 1018 to 1023 cm-3 in the literature [80].

The variation of capacitance with applied potential (Fig. 9) represents the electronic properties of 

the closest areas to the electrolyte/passive layer interface. This is because the electron depletion 

occurs at the regions close to the electrolyte [80] . Consequently, a region of uniform donor density 

is present in the areas adjacent to the metal/passive layer interface [80]. Therefore, the passive film 
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acts as a barrier against the electrons at the metal/passive layer interface, resulting in the corrosion 

inhibition and a decrease in the capacitance values.

Table 4 The donor density concentrations (Nd) and flat band potentials (Efb) of WR 

and EBM Ti-G5 at various film formation potentials in Ringer's solution at 37±1 °C. 

The data are presented with standard errors

Sample
Ef                                       

(VAg/AgCl)

Nd                          

(1018.cm−3)

Efb                                                               

(VAg/AgCl)

0.3 5.90 ± 0.13 −1.60 ± 0.02

0.5 3.27 ± 0.11 −1.22 ± 0.02WR

0.7 2.04 ± 0.11 −0.95 ± 0.01

0.3 4.86 ± 0.26 −1.52 ± 0.01

0.5 2.00 ±0.21 −0.95 ± 0.01EBM

0.7 1.43 ± 0.17 −0.93 ± 0.01

From the results of the M-S analysis, it can be realized that the slopes of the lines increased with 

increasing Ef for both WR and EBM alloys. As the linear slopes increase, Nd values decrease 

accordingly. The reason behind a decrease in Nd is the formation of a stable and more protective 

passive film on WR and EBM alloys [80]. It is known that the Nd values are associated with the 

electronic and ionic conductivity of passive films, and the relationship between the Nd and passive 

film conductivity is direct [35, 103]. 

As the Nd values decreased, the conductivity of passive films decreased as well and resulted in the 

formation of a more protective passive film. The lower Nd value also indicates the presence of 

fewer defects in the passive film. Charge carriers, which represent electron donors in an n-type 

semiconductor, reflect the number of defects in the space charge layer. Therefore, it can be said 

that the larger the charge carrier or donor density value, the higher the conductivity of passive film, 
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and the lower the corrosion resistance [71, 103]. Predominant defects in an n-type semiconductor 

refer to either oxygen vacancies or metal interstitials [71, 103].

The electrolyte in this study was Ringer’s physiological solution, a chloride (Cl−) containing 

media. In such a solution containing Cl−, chloride ions may take the place of oxygen vacancies in 

the passive film in which the concentration of oxygen vacancies is high. This leads to the 

autocatalytic generation of cation vacancies [35]. The passive film dissolution rate rises as a result 

of the increase in the cation vacancy concentration, which can negatively influence the stability of 

the passive film [35]. Therefore, the ideal condition is to have fewer possible locations for the 

attachment of aggressive ions such as Cl−, i.e., fewer cation vacancies. Hence, a decrease in Nd at 

increasing Ef shows an improvement of the WR and EBM passive film electrochemical resistances 

and susceptibility to localized corrosion [35]. As a comparison between WR and EBM, it can be 

seen from Table 4 that the Nd values of EBM are lower than WR at all conditions. Thus, it could 

be concluded that the corrosion resistance of the EBM sample is higher than WR, and also, the 

passive film on EBM is of higher stability.

The extracted values of flat-band potentials are summarized in Table 4. Efb values increased to 

more positive potentials by increasing Ef from 0.3 towards 0.7 VAg/AgCl for both WR and EBM. 

Nobler Efb values for EBM at each Ef can also be detected. The Efb value depends on the 

concentration of impurities and defects in the passive film [104]. According to similar studies in 

the literature [82, 105, 106], the lower density of defects in the EBM sample and its more positive 

Efb seem to improve the protective behavior of the passive film with a more stable structure. The 

more positive Efb with lower Nd was also observed for stainless steel in chromate and bicarbonate 

solutions, NiTi in PBS, SLM, nano-grained, and ultrasonic shot-peened Ti-G5 in Ringer’s and 

NaCl solutions [82, 104–107].
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In summary, a lower concentration of defects on the surface of the passive layer provides better 

corrosion protection [82]. Therefore, lower Nd values of EBM indicates the formation of a more 

protective passive layer on its surface.  In summary of the M-S results, it was observed that the Nd 

values decreased with increasing Ef for both WR and EBM. The corrosion protection capability of 

both alloys increased with increasing Ef, i.e. a more protective passive layer with a lower density 

of defects formed. Moreover, at all Ef values, the lower Nd for EBM suggests its comparably better 

corrosion resistance than its WR counterpart. 

4. Conclusions

This study evaluated the corrosion and semiconducting properties of the passive films on EBM 

and WR Ti-G5 in Ringer's physiological solution at body temperature. 

The findings of this study are as follows: 

- FE-SEM images showed that the microstructure of both EBM and WR consists of α and β 

phases, with larger β phase content for the EBM sample.  

- OCP measurements showed that a more protective naturally-formed passive layer was 

developed on the EBM sample. PDP experiments also revealed that both WR and EBM 

materials have similar passive regions. 

- The EBM's lower corrosion current density (icorr=0.27 ± 0.06 μA.cm−2) confirmed that the 

dissolution rate of the EBM material is lower than that of the WR material (icorr=0.70 ± 

0.05 μA.cm−2). 

- EIS measurements revealed that the passive film on EBM and WR materials is bi-layered 

and composed of an inner barrier layer and an outer porous layer. EIS fitting results 
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confirmed that the passive film on the EBM material is of higher resistance than that on 

the WR materials. 

- From the results of M-S analysis, it was realized that the WR and EBM passive layers are 

n-type semiconductors. Nd values for WR ranged from 2.04(±0.11)×1018 to 

5.90(±0.13)×1018 cm−3 for 0.3 to 0.7 VAg/AgCl, while this range for EBM was 

1.43(±0.17)×1018 to 4.86(±0.26)×1018. Calculation of M-S parameters such as Nd showed 

that the EBM sample could form a passive layer with lower conductivity. Therefore, its 

corrosion resistance is higher than the WR. Overall, the EBM sample showed enhanced 

corrosion properties compared to the WR counterpart. 
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