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A B S T R A C T

Titanium aluminides (TiAl) are distinguished by their exceptional strength-to-weight ratio, making them ideal 
for aerospace and medical applications. Notably, TiAl alloys offer a unique combination of high-temperature 
resistance and corrosion resilience, contributing to their growing prominence in advanced engineering and 
biomedical fields. Although initially developed for aerospace applications, TiAl alloys have demonstrated 
promising potential as implant materials over time. Hence, this research focuses on producing γ-TiAl alloy 
through electron beam powder bed fusion (EB-PBF) technology, utilising a powder with a composition of Ti- 
48Al-2Cr-2Nb. For comparative purposes, the corrosion characteristics of Ti6Al4V produced via EB-PBF were 
also evaluated under identical conditions. The findings indicate that the EB-PBF γ-TiAl exhibits exceptional 
resistance to corrosion. This is supported by the significantly high polarisation resistance and corrosion potential 
values, as well as the notably low corrosion current value. However, based on the analysis of the polarisation and 
impedance curves, it can be observed that the γ-TiAl sample displayed a less protective passive film formation. 
This occurrence can be attributed to the presence of aluminium ions within the passive layer, resulting in the 
formation of unstable oxides. As a consequence, it can be inferred that γ-TiAl exhibits inferior resistance to 
pitting corrosion when compared to Ti6Al4V alloy. The point defect model and Mott-Schottky test further 
revealed that the γ-TiAl alloy exhibited increased oxygen vacancies. Additionally, the presence of aluminium ions 
as impurities or dopants led to their substitution for titanium ions, creating cationic vacancies within the passive 
film. The accumulation of excessive cation vacancies ultimately led to the initiation of pitting corrosion.

1. Introduction

Nowadays, there is a substantial and continually rising need for 
resilient implants, especially in the context of dental and orthopaedic 
replacements [1,2]. Titanium and its alloys have emerged as preferred 
choices for implant materials owing to their exceptional biocompati-
bility and superior mechanical strength. However, it is well documented 
that the success of implantation does not solely depend on the me-
chanical properties of the material, but its functional characteristics, 
such as corrosion behaviour in bodily fluids, also play a crucial role [3,
4].

Generally, Ti-based biomaterials exhibit relatively high corrosion 
resistance under normal physiological conditions, primarily attributed 
to the presence of a passive oxide layer. This oxide layer, typically in the 
range of 4–6 nm, spontaneously forms at room temperature and serves 
as a protective barrier on the surface of the components [5,6].

Ti6Al4V is the most common titanium alloy used in bone repair and 
replacement [7,8]. However, its applications as a biomaterial are faced 
with some limitations. For instance, one notable concern is the potential 
release of vanadium ions, which are considered toxic and can cause 
allergic and inflammatory reactions [9]. Additionally, the low wear 
resistance of Ti6Al4V is another significant issue that needs to be 
addressed when considering its suitability as a biomaterial [10,11].

Recently, there has been growing interest in exploring titanium 
aluminide (TiAl) intermetallics as potential alternatives to replace 
Ti6Al4V, which are primarily developed for aerospace and automotive 
applications [12,13]. γ-TiAl alloys exhibit several unique properties, 
including low density, high strength-to-weight ratio, and excellent 
stiffness and strength. These attributes make them appealing candidates 
for various applications, particularly in the field of biomaterials [14].

Apart from the advancement of new titanium alloys, significant ef-
forts are being directed towards the production of intricate components 
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in a controlled vacuum environment, free from oxidation or contami-
nation, using innovative techniques. One such promising approach is 
additive manufacturing, which offers immense potential in fabricating 
complex parts directly from powdered materials. This technique enables 
precise control over the manufacturing process, allowing for the crea-
tion of intricate and customised designs with enhanced efficiency and 
accuracy [15–18].

The electron beam powder bed fusion (EB-PBF) process is an additive 
manufacturing technique that uses a high-energy electron beam to 
construct complex parts from a powder bed layer-by-layer [19]. This 
process enables the creation of near-net shape components with intricate 
geometries. While significant research has been conducted on the 
EB-PBF of γ-TiAl alloy in recent years [13,20–25], limited information is 
available concerning its electrochemical performance. It should be 
highlighted that existing literature primarily focuses on the corrosion 
properties of EB-PBF γ-TiAl alloy in the context of high-temperature 
oxidation resistance [26,27], with less emphasis on its behaviour in 
corrosive environments at normal physiological conditions [28,29].

Currently, there is insufficient information about the corrosion 
mechanisms of γ-TiAl alloys fabricated through the EB-PBF process for 
biomedical purposes. Therefore, this study seeks to explore the elec-
trochemical dissolution behaviour of EB-PBFed γ-TiAl alloys in a 0.9 % 
NaCl solution. Through this investigation, we aim to gain a more 
comprehensive understanding of the electrochemical characteristics of 
γ-TiAl alloys produced via EB-PBF, which will, in turn, contribute to 
advancing the development of enhanced corrosion-resistant materials 
for biomedical applications.

2. Material and methods

Parallelepiped samples (18 × 18 × 15 mm3) were produced using an 
Arcam A2X, an EB-PBF machine, operating at a constant acceleration 
voltage of 60 kV. The selected material for the study was γ-TiAl alloy 
powder purchased from Arcam with a composition of Ti-48Al-2Cr-2Nb, 
with a particle size in the range of 55–150 μm and an average size of 75 
μm. The samples were printed with a layer thickness of 90 μm. The 
preheating temperature of the powder bed was set to 1050 ◦C, according 
to Ref. [20]. A hatching mode was used to selectively melt the powder 
layer according to the 2D Section. In addition, at each layer, the scan-
ning path was rotated by 90◦. The process parameters for the melting 
were 9 mA for the beam current, sped equal to 1350 mm/s and 0.3 mm 
of line offset. For comparison purposes, Ti6Al4V samples of the same 
size were produced, tested and served as a reference. The Ti6Al4V 
samples were printed using standard parameters, as reported in 
Ref. [30]. The chemical compositions of the precursor powders are 
shown in Table 1.

The microstructural analysis of the samples was carried out using 
both optical microscopy (OM, Nikon EpipHot 300) and scanning elec-
tron microscopy (SEM, Philips XL 30) in conjunction with energy 
dispersive spectroscopy (EDS). Prior to analysis, the samples were pre-
pared by grinding and polishing to 1 μm with alumina suspension and 
subsequent etching in Kroll’s reagent. X-ray diffraction (XRD) analysis 
was performed on the cross-sectional plane (x-z plane, along the build 
direction) of the samples to investigate the phase composition of the as- 
built samples. This analysis was carried out using a Philips X-ray 
diffractometer equipped with a Mo Kα X-ray target (0.7093 Å). The 

working voltage and current were set to 40 kV and 30 mA, respectively. 
The samples were scanned in a 2θ range of 15◦–40◦ with a step size of 
0.02◦ to determine the phase composition of the alloys.

The electrochemical tests were carried out using a three-electrode 
system and an electrochemical workstation (PARSTAT 2273, Princeton 
Applied Research, USA). In this setup, a platinum sheet served as the 
counter electrode, an Ag/AgCl electrode was used as the reference 
electrode, and the samples served as the working electrode. Before the 
tests, the surface of the samples were mechanically polished using sili-
con carbide abrasive papers up to a grit size of #2000 and then 
degreased in acetone. They were then rinsed with distilled water and 
dried in the air. The electrolyte solution utilised for the experiments was 
a 0.9 wt% NaCl solution, which was kept at room temperature. In the 
first step, the open circuit potential (OCP) was monitored for 60 min. 
Subsequently, electrochemical impedance spectroscopy (EIS) was per-
formed, measuring the impedance over a frequency range of 10− 2 to 105 

Hz and an AC amplitude of 10 mV. In the next step, the Mott-Schottky 
(MS) relationship was measured at a frequency of 1 kHz. In the MS 
measurements, the potential was swept from an initial potential of 0.6 
VAg/AgCl to a final potential of − 1.2 VAg/AgCl in the cathodic direction. 
The step size for each potential increase was set to 10 mV/s. Subse-
quently, potentiodynamic polarisation measurements (PDP) were con-
ducted with a scanning rate of 1 mV/s. The potential range for the PDP 
measurements ranged from − 250 to 1200 mVAg/AgCl relative to the OCP. 
Electrochemical experiments were performed three times to ensure the 
reproducibility of the data.

After the PDP test, the morphology of the sample surfaces was 
examined after corrosion. This analysis was performed using SEM in 
combination with EDS. SEM allows the observation of surface features 
and morphological changes, while EDS provides information on the 
elemental composition of the corroded regions.

Inductively coupled plasma mass spectrometry (ICP-MS) was 
employed to quantify the release of Ti and Al ions from the Ti6Al4V and 
γ-TiAl alloys produced via EB-PBF into the electrolyte after anodic 
polarisation.

3. Results and discussion

Fig. 1(a and b) shows the typical XRD profiles of the as-built samples. 
Based on previous works [31,32], most of the peaks in the Ti6Al4V 
sample corresponded to the α (or α′) phase and a small portion to the β 
phase. For the γ-TiAl sample, the XRD pattern displayed the crystal 
structures of the hexagonal close-packed (HCP) α2-Ti3Al phase and the 
face-centered tetragonal γ-TiAl phase. As shown in Fig. 1 (b), the 
strongest diffraction peak was at 17.66◦, which belonged to (111) γ, and 
thus γ was identified as the matrix phase. These findings are consistent 
with the known crystal structures of the γ-TiAl and α-Ti3Al phases in the 
γ-TiAl alloy [20,33].

Typical microstructures of the EB-PBF processed Ti6Al4V and γ-TiAl 
are shown in Fig. 1(c–f). Based on the outcomes of the microstructural 
analysis presented in Fig. 1(c–e), the microstructure of the as-built 
Ti6Al4V exhibited a relatively fine α lamellar structure, which is due 
to the nature of the EB-PBF process as a rapid solidification process. For 
the γ-TiAl sample, lamellar colonies composed of dual phases with 
gamma grains can be seen in Fig. 1(d–f). These lamellar colonies, namely 
(α2+γ)-TiAl, consist mainly of alternating γ and α2 phases. Dark grey 
regions represent the α2 phase, while the γ phase are depicted as light 
grey regions. According to the Ti-Al phase diagram [34], various mi-
crostructures can be formed depending on the Al content. In addition, 
microstructural evolution can be significantly affected by varying the 
heat input, the important factor being the cooling rate. The formation 
mechanism of the microstructure along the building direction has been 
investigated in previous studies [20,35].

The chemical composition and microstructure of metals play a sig-
nificant role in determining their corrosion behaviour in various envi-
ronments, including medical solutions [5,10]. In an attempt to provide 

Table 1 
Chemical composition of the as-received Ti6Al4V and γ-TiAl alloy powders in at 
% and wt% units.

Element Al V Cr Nb Ti

Ti6Al4V wt.% 6 4 – – Bal.
at.% 10.6 1.9 – – Bal.

γ-TiAl wt.% 33.4 – 2.4 4.8 Bal.
at.% 48 – 2 2 Bal.
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insights into understanding the corrosion behaviour and electronic 
properties of the passive films of Ti6Al4V and γ-TiAl, potentiodynamic 
polarisation, electrochemical impedance spectroscopy and 
Mott-Schottky measurements were performed in 0.9 wt% NaCl solution 
at room temperature.

Fig. 2(a) shows the results of the OCP examination performed on the 
Ti6Al4V and γ-TiAl alloys. The curves demonstrate a gradual increase 
towards a more positive potential until both alloys reach an almost 
constant value. These outcomes indicate the spontaneous formation of 
an oxide film on the surfaces of the samples during the test duration of 

Fig. 1. Microstructural features of EB-PBF-produced samples: (a,b) XRD pattern, OM and SEM of (c,e) Ti6Al4V and (d,f) γ-TiAl alloy.

Fig. 2. (a) Open circuit potential measurements, (b) potentiodynamic polarisation curves of EB-PBF-produced Ti6Al4V and γ-TiAl alloy for 1 h in 0.9 % 
NaCl solution.
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3600 s. This oxide film acts as a protective layer that passivates the 
metallic surface upon contact with the electrolyte [36,37].

Fig. 2(b) displays the potentiodynamic polarisation curves of 
Ti6Al4V and γ-TiAl alloys. From these curves, various electrochemical 
parameters were determined to assess the corrosion behaviour of the 
alloys. The values of the corrosion potential (Ecorr), the corrosion current 
density (Icorr), the passive current density (Ipass), and the breakdown 
potential (Eb) are listed in Table 2. The passive current densities were 
determined specifically at a point in the middle of the passive region.

Based on the potentiodynamic curves and the electrochemical 
parameter data, it can be concluded that both the Ti6Al4V and the γ-TiAl 
alloys exhibit typical passive behaviour in the anodic branches of the 
polarisation curves, which is characterised by low current densities. The 
Ecorr and Icorr values of the γ-TiAl intermetallic alloy did not differ 
significantly from those of the Ti6Al4V alloy sample (Table 2).

According to Faradays law [38], the corrosion rate is directly related 
to Icorr, with a higher Icorr indicating a higher corrosion rate of the 
samples. Therefore, the slightly higher Icorr for the γ-TiAl alloy indicates 
a relatively higher corrosion rate and fast dissolution kinetics compared 
to the Ti6Al4V alloy. In addition, a slight shift in corrosion potential 
towards more cathodic values (lower Ecorr) was observed for the γ-TiAl 
alloy, which can be attributed to the addition of aluminium. This shift 
indicates a less noble character of the aluminium in the alloy, which may 
contribute to its corrosion behaviour [39]. Furthermore, when the 
samples are in the passive region, the current remains relatively constant 
and exhibits only minimal fluctuations. This behaviour suggests the 
spontaneous formation of a passive film above the corrosion potential, 
resulting from chemical reactions that impede further metal dissolution. 
However, it is evident that the protective ability of the oxide layer on the 
γ-TiAl alloy is inferior to that of Ti6Al4V, as indicated by the observed 
increase in passive current density (Ipass).

The most noticeable difference observed in the passive regions of the 
two alloys is the lack of a passivity breakdown in Ti6Al4V, while a well- 
defined breakdown potential is clearly evident in the γ-TiAl alloy, 
characterised by a sharp increase in anodic current densities at 0.53 ±
(0.11) VAg/AgCl. This indicates that γ-TiAl has a weaker resistance to 
pitting corrosion compared to the Ti6Al4V alloy as the passive film 
breaks down and the pits start to grow. Pitting corrosion is widely rec-
ognised as one of the most detrimental and insidious types of corrosion. 
Moreover, the breakdown potential indicates the localised breakdown of 
the passive film and can be utilised as a measure of resistance to local-
ised corrosion. Actually, when the breakdown potential is exceeded, the 
passive film ruptures, leading to a rapid increase in current density [38]. 
One possible explanation for this phenomenon is the increased electro-
chemical activity resulting from the higher aluminium content in the 
γ-TiAl matrix compared to Ti6Al4V. This higher aluminium content 
leads to a significantly lower standard electrode potential compared to 
titanium, thus contributing to the observed differences in breakdown 
behaviour [40].

Studies have reported that the composition of the surface passive 
film of Ti6Al4V consists primarily of a compact oxidation film of TiO2, 
whereas the passive film in γ-TiAl is composed of TiO2 and Al2O3 [40,
41]. As a result, the Ti6Al4V alloy exhibits a wide passivation window 
with no sign of breakdown or pitting, even at high potentials. This su-
perior resistance to the formation and growth of stable corrosion pits 
indicates the presence of a more stable passive film in the 
chloride-containing electrolyte for Ti6Al4V.

The EIS test was used to assess the condition of the alloy surfaces 
after being exposed to solutions for 1 h. Fig. 3 (a, b) illustrates the 

Nyquist and Bode diagrams, representing the passive film characteristics 
of the γ-TiAl and Ti6Al4V alloys.

In the Nyquist plot, a clear semicircle shape can be seen, which is 
primarily associated with the charge transfer process at the interface 
between the solution and the anode. The diameter of this semicircle is 
linked to the polarisation resistance of the electrode in the solution and 
reflects its corrosion resistance. Consequently, the Ti6Al4V alloy has a 
higher polarisation resistance compared to the γ-TiAl alloy. As for the 
Bode plot diagram shown in Fig. 3(b), the high impedance values and 
phase angle indicate the presence of a single thin passive oxide layer on 
the surface of both samples [38].

The results of the bode phase diagram indicate that the impedance 
increases as the scanning frequency decreases and reaches its maximum 
value at 10 mHz, which is due to the high polarisation resistance of the 
samples. However, when comparing the two alloys, the Ti6Al4V alloy 
exhibits an even stronger capacitive behaviour with a phase angle 
approaching 80◦ over a wide frequency range. This finding supports the 
presence of an impermeable and passive layer formed on the Ti6Al4V 
alloy, as well as the high values of polarisation resistance (Rp) that 
emerge from the Nyquist plot. In addition, changes in the resistance of 
the passive film in the materials can be attributed to structural changes 
in the film itself or to changes in the ionic or electrical conductivity of 
the film. These factors can influence the overall impedance behaviour 
observed during the EIS test.

To obtain a more quantitative analysis of the experimental EIS data 
for both samples, an equivalent electrical circuit (EEC) was used. The 
EEC shown in Fig. 3 is commonly utilised for passive metals [42]. In this 
circuit, Rs stands for the solution resistance, Rp denotes the polarisation 
resistance, and CPE represents the constant phase element. The CPE is 
used to describe the non-ideal behaviour of a capacitor and its imped-
ance can be expressed as follows [42]: 

ZCPE =
1

Q(ωj)n (1) 

where the CPE constant is represented by Q, the angular frequency by ω 
(in radians per second), the imaginary number by j, and the CPE expo-
nent by n. It is important to highlight that the CPE exponent (n) is 
associated with different parameters, where a value of 1 is assumed for 
an ideal capacitor and values between 0 and 1 are assumed for non-ideal 
capacitive behaviour [42]. The fitted parameter values can be found in 
Table 3.

According to the data presented in Table 3, both alloys exhibit high 
corrosion resistance, which is indicated by the high Rp value and the low 
CPE value. The CPE value in the equivalent electrical circuit is positively 
correlated with the ion diffusivity within the passive film. Therefore, the 
significantly lower CPE value observed for Ti6Al4V indicates a higher 
compactness of the passive film formed on this alloy compared to γ-TiAl. 
This indicates that the passive film on Ti6Al4V is denser and provides 
stronger protection against corrosion.

The thickness of the passive film can also be estimated using equa-
tion (2) as follows [43]: 

Lss=
εε0
Ceff

(2) 

Here, ε0 stands for the vacuum permittivity (8.854 × 10− 14 Fcm− 1), ε 
for the dielectric constant of the passive film (approximately 60 for the 
TiO2 passive film [42]), A for the effective area of the electrode and Ceff 
for the effective capacitance. The value of Ceff can be calculated using 
equation (3) [44]: 

Ceff =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Q.R1− n
t

n
√

(3) 

where Rt is the sum of the total resistance (Rs and Rp). By utilising the 
values of n and CPE obtained from the experimental EIS data fitting, the 
passive film thicknesses were calculated and presented in Table 3.

Table 2 
Summary of electrochemical parameters obtained for 1 h in 0.9 % NaCl solution.

Sample Icorr (μA/cm2) Ipass (μA/cm2) Ecorr(VAg/AgCl) Epit (VAg/AgCl)

Ti6Al4V 0.034 ± 0.012 1.22 ± 0.03 − 0.41 ± 0.23 –
γ-TiAl 0.092 ± 0.038 2.34 ± 0.05 − 0.46 ± 0.11 0.53 ± 0.11
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From the results of the EIS test, it is evident that the presence of 
aluminium in the γ-TiAl alloys has an impact on the characteristics of the 
passive film compared to Ti6Al4V. The aluminium content leads to the 
formation of a thicker oxide layer; however, this oxide layer is more 
porous and less protective. Previous literature supports this observation 
and attributes it to the increased formation of aluminium oxides in the 
film [39,45]. These aluminium oxides contribute to the formation of 
porous oxide layers, resulting in a thicker passive layer. Additionally, 
the lower proportion of titanium oxides (TiO2) in the film, which play a 
crucial role in maintaining passivity, has a negative effect on corrosion 
resistance. Consequently, the protection provided by the oxide layer in 
the γ-TiAl alloy is lower than that in Ti6Al4V. This is reflected in the 
increased values of Icorr and Ipass in Table 2, despite the thickening of the 
passive film.

The M − S tests could explain the semi-conductive behaviour of the 
formed passive film on passive metals. Fig. 4 shows the M − S curves for 
both samples in 0.9 % NaCl.

The M − S curves reveal linear regions with positive slopes in the 
range between − 0.8 VAg/AgCl and − 0.3 VAg/AgCl. These positive slopes 
indicate n-type semiconductor behaviour. This observation suggests that 
the primary charge carriers in the passive films are oxygen vacancies, 
which act as anion donors [46]. The donor densities (ND) of the oxide 
films formed on both samples can be determined by calculating the 
slopes of the linear region in the M − S curves using equation (4): 

ND =
2

εε0ea
(4) 

where e is the elementary charge (1.6 × 10− 19 C), and a is the slope in 
the n-type range. The estimated ND values for Ti6Al4V and γ-TiAl alloys 
are 9.22 ± (0.77) × 1019 cm− 3 and 19.83 ± (1.24) × 1019 cm− 3, 
respectively. The donor density in the oxide layer formed on titanium is 
typically lower (in the order of 1019-1020 cm− 3) compared to that of 
most passive metals such as nickel (Ni) [47] and iron-steel (Fe) [43,46,
48] (in the range of 1020-1021 cm− 3). This difference in donor density 
could contribute to the exceptional resistance of titanium alloys to both 
uniform corrosion and pitting corrosion [49].

The obtained ND values indicate that the passive film formed on TiAl 

has a higher ND compared to Ti6Al4V. This suggests that the oxide film 
on γ-TiAl is less protective, which aligns with previous findings from 
polarisation and EIS measurements. Based on these results, it can be 
deduced that the oxide layer on the γ-TiAl alloy has a higher density of 
defects. Point defects, particularly oxygen vacancies in n-type semi-
conductors, play a crucial role in the stability of the passive film and the 
initiation of localised corrosion processes [49,50]. The n-type semi-
conducting behaviour of the passive film is closely associated with 
susceptibility to pitting corrosion. Furthermore, passive films with high 
donor density are known to favor chloride adsorption, which enhances 
pit nucleation and growth [38,51]. Consequently, the γ-TiAl alloy is 
more susceptible to pitting corrosion compared to the Ti6Al4V alloy 
(Fig. 2), indicating an interplay between the electronic structure of the 
passive film and its susceptibility to localised corrosion attack.

Fig. 5 shows the concentrations of Ti and Al ions released into the 
electrolytes by the tested samples. In an aqueous solution, the main 
source of released metal ions is the dissolution of the passive film. 
Interestingly, despite the significant difference in aluminium content, 
the Ti ion release from the γ-TiAl alloy is similar to that of the Ti6Al4V 
alloy. Previous studies have reported that Al3+ ions are usually associ-
ated with oxygen vacancies in the passive film [52]. When oxygen va-
cancies are trapped by halide ions such as Cl‾ on the film surface, 
anion/cation vacancy pairs are formed, releasing metal ions [51]. Due to 

Fig. 3. EIS plots for the EB-PBF-produced Ti6Al4V and γ-TiAl alloy for 1 h in 0.9 % NaCl solution: (a) Nyquist plots and (b) Bode plots (Inset shows the equivalent 
circuit used to fit the data).

Table 3 
Variations in the impedance parameters and passive film thickness of all samples 
for 1 h in 0.9 % NaCl solution.

Sample Rs (Ω. 
cm2)

Rp (MΩ. 
cm2)

CPE 
(μΩ− 1•sn•cm− 2)

n L 
(nm)

Ti6Al4V 106.2 ±
0.3

2.76 ±
0.37

3.79 ± 0.61 0.80 ±
0.06

2.8- 
3.1

γ-TiAl 105.9 ±
0.3

1.49 ±
0.72

5.68 ± 0.32 0.84 ±
0.07

3.9- 
4.6

Fig. 4. Mott-Schottky curves at frequency 1 kHz measured in the cathodic di-
rection for EB-PBF-produced Ti6Al4V and γ-TiAl alloy for 1 h in 0.9 % 
NaCl solution.
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the higher aluminium content in the intermetallic γ-TiAl alloy (48 vs. 
10.6 at.%), Al3+ ions are also more prone to be released into the solution 
from the γ-TiAl alloy than from Ti6Al4V.

Fig. 6 displays the surface morphology of the experimental samples 

before and after the polarisation test. Before the test, the surface appears 
clear and homogeneous (Fig. 6(a and b)). The EDS analysis reveals that 
the weight percentages of the elements present on the surface of both 
alloys are almost identical to those of the alloy matrix. However, after 
the polarisation test, the micrograph of γ-TiAl in NaCl shows the pres-
ence of several pits on the alloy surface, indicating the collapse of the 
oxide film (Fig. 6 (d)). In contrast, as shown in Fig. 6 (c), the Ti6Al4V 
sample exhibits only thin oxide films on the surface, which is consistent 
with the polarisation curve shown in Fig. 2. The EDS analysis in Fig. 6(c 
and d) indicates that the presence of oxygen contributes to the formation 
of ceramic phases such as TiO2 and Al2O3. Furthermore, the EDS results 
for the γ-TiAl alloy indicate that the composition of the non-corroded 
regions remains relatively unchanged after the polarisation test. How-
ever, the corroded area shows a significant decrease in aluminium 
content. It is noteworthy that the passive film formed on the surface of 
Ti6Al4V has a lower defect density (as shown in Fig. 4), which effec-
tively prevents further corrosion reactions.

Fig. 6(e–j) presents high-magnification SEM images and EDX map 
analysis conducted on the dissolution morphologies and pit analysis of 
the γ-TiAl alloy. The EDX map analysis reveals a decrease in the 
aluminium content compared to its original content before the test. This 
suggests that the corrosion of the alloy may have been caused by the 
dissolution of aluminum, leading to the formation of aluminium 
depletion zones around the pits under the attack of chloride ions. 
Additionally, the presence of oxygen is likely due to the formation of an 
Al2O3 layer on the surface of the alloy, which helps to reduce the 
corrosion of the γ-TiAl alloy. The atomic percentage and solute 

Fig. 5. Releasing of metal ions into the 0.9 % NaCl solution after anodic 
polarisation testing.

Fig. 6. (a) The SEM of EB-PBF-produced Ti6Al4V and γ-TiAl alloy (a,b) before and (c,d) after potentiodynamic polarisation in 0.9%NaCl solution, (e) high 
magnification of pit morphologies of γ-TiAl alloy, and (f–j) EDS map analysis.
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distribution for Nb and Cr remain relatively unchanged before and after 
immersion. This confirms that Ti and Al play a significant role in the 
corrosion and protection of the alloy through selective dissolution in the 
form of oxide/hydroxide complexes.

According to the literature, the stability, composition, and 
compactness of a passive film are closely related to its electronic prop-
erties [42,53]. Several factors, such as the oxidation potential, the pH, 
and the chloride ion concentration in the solution, influence these 
characteristics. When the passive oxide layer is well-formed and 
compact, it acts as an effective barrier that prevents oxygen atoms from 
migrating to the metal/oxide interface and participating in further 
electrochemical reactions. The growth and breakdown of the passive 
film under steady-state conditions can be explained by the point defect 
model (PDM), which describes the behaviour of defects at the micro 
level. This model provides insights into the mechanisms underlying the 
formation and degradation of passive films [46,54].

Based on the PDM described in Ref. [54], defects in passive films can 
be classified into different types depending on whether they are asso-
ciated with n-type or p-type characteristics. In the PDM, oxygen va-
cancies and cation interstitials are considered as defects associated with 
n-type behaviour, while cation vacancies impart a p-type character to 
the passive film. Cation vacancies are consumed at the interface between 
the metal and the passive layer, while oxygen vacancies are eliminated 
at the interface between the passive layer and the solution. This results 
in opposing directions of the fluxes of these point defects.

Previous studies have reported that five main reactions occur during 
corrosion in an aqueous solution involving the titanium substrate, pas-
sive film, and solution [37]. Jiang et al. [51] proposed a 
cation-anion-vacancy condensation mechanism to explain the pit 
nucleation process of titanium-based alloys based on the PDM. This 
mechanism suggests that the presence of chloride ions (Cl‾) in the so-
lution catalyses the generation of cation vacancies within the passive 
film. The presence of Cl‾ ions facilitates the formation of cation va-
cancies, which are involved in the nucleation of pits on the surface of 
Ti-based alloys.

In the case of γ-TiAl alloy, it has been observed that aluminium has a 
higher affinity for oxidation compared to titanium [39]. Previous studies 
have investigated the effects of Al as an alloying element with lower 
valencies than titanium on destabilising the surface films formed on 
Ti-based alloys. It has been suggested that Al3+ ions may enter the ti-
tanium lattice as interstitial substituents. Consequently, a portion of the 
aluminium oxide is located on the titanium dioxide layer and penetrates 
into the TiO2 matrix. The addition of aluminium to titanium alloys and 
the subsequent dissolution of aluminium oxide can destabilise the TiO2 
layer in the γ-TiAl alloy [55].

Based on the PDM and present research findings, a schematic model 
showing the passive film growth process and the mechanism of pitting 
corrosion on EB-PBF produced γ-TiAl is presented in Fig. 7. The model 
includes reactions (5–18), that describe the relevant processes involved. 

Al → AlAl +3
/

2V••
O + 3eʹ (5) 

Ti → TiTi +2V••
O + 4eʹ (6) 

TiTi → 2TiAĺ + V••
O (7) 

Ti+V4ʹ
Ti → TiTi +VTi + 4eʹ (8) 

V••
O +H2O → OO + 2H+ (9) 

4V••
O +2V4ʹ

Ti ↔ Nulĺ (10) 

3V••
O +2V3ʹ

Al ↔ Nulĺ (11) 

TiAĺ → Al3+(aq) + V4ʹ
Ti (12) 

AlAl → Al3+(aq) + V3ʹ
Al (13) 

TiTi → Ti4+(aq) + V4ʹ
Ti (14) 

V••
O +Cl− •n H2O → Cl•O + nH2O (15) 

TiTi +Cl•O ↔ Cl− •nH2O+
(

V••
O +V4ʹ

Ti
)
+ Ti4+(aq) (16) 

AlAl +Cl•O ↔ Cl− •nH2O+
(

V••
O +V3ʹ

Al
)
+ Al3+(aq) (17) 

TiAĺ +Cl•O ↔ Cl− •nH2O+
(
V••

O +V4ʹ
Ti
)
+ Al3+(aq) (18) 

The reactions and defects that occur within the passive film, 
including anionic and cationic vacancies, can be represented using 
Kröger-Vink notation [37]. In the passive film, Ti and Al, being metal 
atoms, undergo oxidation and exist as TiTi, TiAl’, and AlAl, representing 
Ti ions in the Ti cation site, Al ions in the Ti cation site, and Al ions in the 
Al cation site of the passive film, respectively. V••

O , V4ʹ
Ti and V3ʹ

Al represent 
oxygen, Ti, and Al ion vacancies within the passive film, while VTi de-
notes vacancies in the Ti substrate. e’ refers to an electron, Oo signifies 
an oxygen ion in the anion site of the passive film, and Ti4+(aq) and Al3+(aq)

represent Ti and Al ions in the solution.
In equations (5)–(7), it is mentioned that as corrosion progresses, Ti 

and Al are oxidised, resulting in the production of oxygen vacancies 
(V••

O ) a means of charge compensation [37]. In addition, Al ions, acting 
as impurities or dopants, tend to substitute titanium ions in the passive 
film due to their lower formation energy [39]. This substitution of Al 
cation in the Ti cation site of TiTi, as mentioned in equation (7), gener-
ates more oxygen vacancies in the passive film, resulting in a negative 
charge (TiAl’). It is worth mentioning that this condition is similar to the 
oxygen vacancy generation by the oxidation of Ti3+ and Ti2+ to Ti4+ due 
to charge compensation in the passive layer of pure titanium [51,56]. 

Fig. 7. Schematic diagram of passive film growth and pit formation mechanism based on the point defect model on EB-PBF-produced γ-TiAl in 0.9 % NaCl solution.
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Consequently, a significant number of oxygen vacancies V••
O exist within 

the passive film. These vacancies then migrate towards the film/solution 
interface in the direction of the electric field. Simultaneously, according 
to equation (9), V••

O reacts with H2O, leading to the occupation of va-
cancies by O2‾ ions and the introduction of Oo into the passive film. This 
reaction between V••

O and H2O illustrates the formation and growth of 
the passive film [57]. However, the consumption of V••

O due to this re-
action creates a charge imbalance, which promotes the Schottky reac-
tion and the formation of V4ʹ

Ti and V3ʹ
Al/ V••

O pairs (equations (10) and 
(11)) [37,51].

Once equations (12)–(14) occur, many cation vacancies are gener-
ated and diffuse towards the metal/film interface. As a result, Ti and Al 
atoms occupy these V4ʹ

Ti and V3ʹ
Al vacancies within the passive film, 

creating vacancies (VTi, VAl) in the substrate. This process can be 
considered as an annihilation reaction (Equation (8)) [51]. However, if 
there is an excess of unannihilated V4ʹ

Ti and V3ʹ
Al vacancies that have not 

been filled in time, they can condense together, forming a void at the 
metal/film interface (indicated by the green dashed ellipse in Fig. 7). 
This void disrupts the integrity of the passive film, acting as a starting 
point for the formation and propagation of pits, marking the onset of 
pitting corrosion.

The impact of Cl− on the degradation of the passive layer can be 
elucidated by considering equations (15)–(18). The elevated electro-
negativity of Cl− may lead to its entrapment within the V••

O structure, 
leading to the formation of Cl•O (Equation (15)). This presence of Cl− in 
the solution would inhibit the reaction between V••

O and H2O, while also 
affecting the transport of Oo within the passive film. Moreover, Cl•O in-
teracts with TiTi, TiAl’, AlAl within the passive film, facilitating the cre-
ation of cation/oxygen vacancies pairs (V4ʹ

Ti and V3ʹ
Al/ V••

O ) according to 
equation 16–18 [37,57]. Subsequent to this, cation vacancies species 
originating from the solution/film migrate towards the film/alloy 
boundary and are removed by Ti, as depicted in Equation (8) [58]. 
Nevertheless, as mentioned before, if an excess of V4ʹ

Ti and V3ʹ
Al vacancies 

are not promptly eliminated, they can accumulate at the film/alloy 
interface, resulting in the formation of voids [57].

In summary, it can be concluded that in γ-TiAl alloys, compared to 
Ti6Al4V, the incorporation of Al ions into the passive film leads to the 
formation of more oxygen vacancies within the passive layer (equation 
(5)). This results in the ejection of metal cations (equations (12) and 
(13)) at the film/solution interface, generating a greater number of 
cation vacancies, which then migrate towards the metal/film interface 
[54]. When more cation vacancies are created, the connections between 
vacancies become more pronounced, resulting in the formation of voids 
(known as pit nucleation). Although most voids repassivate immediately 
upon exposure, a few of them persist and act as nucleation sites for stable 
pits. The quantity of pits that can survive is directly proportional to the 
number of voids. When the density of stable pits reaches a critical value, 
the stability of the oxide layer is significantly reduced. This critical 
density corresponds to the critical pitting potential. At this potential, the 
alloy is more prone to the nucleation and growth of stable pits, indi-
cating the onset of pitting corrosion.

4. Conclusions

The aim of this study was to explore the electrochemical behaviour 
and mechanisms of γ-TiAl produced by the electron beam powder bed 
fusion process using various electrochemical measurements and micro-
structural characterisation techniques. The key findings can be sum-
marised as follows:

• The corrosion potential and corrosion current density of the γ-TiAl 
intermetallic alloy are comparable to those of the Ti6Al4V sample. 
These results indicate that the γ-TiAl alloy exhibits excellent corro-
sion resistance when exposed to 0.9 % NaCl solutions.

• The potentiodynamic polarisation curve displayed a consistent pas-
sive current density for both samples. However, the presence of 
higher aluminium content in the γ-TiAl sample caused an increased 
introduction of Al3+ ions into the titanium oxide lattice. This, in turn, 
contributed to the occurrence of pitting corrosion and the formation 
of an aluminium depletion zone around the pits.

• The combination of EIS and Motty-Schottky tests suggests that the 
passive layer formed on γ-TiAl is thicker, has a lower polarisation 
resistance, and contains more defects with a higher donor density 
value compared to the passive film on Ti6Al4V. These factors 
together contribute to affect the corrosion resistance of γ-TiAl.

• The concentration of Al ions released from the γ-TiAl produced by 
EB-PBF was higher than Ti6Al4V. This was attributed to the higher Al 
content in the γ-TiAl matrix and the higher oxygen vacancy density 
of the passive film for the γ-TiAl sample, which increased the 
dissolution rate.

• According to the point defect model, the presence of higher 
aluminium content in the γ-TiAl sample leads to an increase in the 
density of cationic vacancies within the passive films. Consequently, 
these cationic vacancies tend to aggregate and form voids at the 
interface between the metal and the film, leading to a localised 
disruption of the passive film. As a result, pits are initiated at these 
sites, leading to pitting corrosion.
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J. Noël, M. Mohammadi, Corrosion behaviour of electron beam melted Ti6Al4V: 
effects of microstructural variation, J. Electrochem. Soc. 167 (2020) 131505, 
https://doi.org/10.1149/1945-7111/abb9d1.

[37] Y.W. Cui, L.Y. Chen, Y.H. Chu, L. Zhang, R. Li, S. Lu, L. Wang, L.C. Zhang, 
Metastable pitting corrosion behavior and characteristics of passive film of laser 
powder bed fusion produced Ti–6Al–4V in NaCl solutions with different 
concentrations, Corrosion Sci. 215 (2023) 111017, https://doi.org/10.1016/j. 
corsci.2023.111017.

[38] Y.W. Cui, L.Y. Chen, P. Qin, R. Li, Q. Zang, J. Peng, L. Zhang, S. Lu, L. Wang, L. 
C. Zhang, Metastable pitting corrosion behavior of laser powder bed fusion 
produced Ti-6Al-4V in Hank’s solution, Corrosion Sci. 203 (2022) 110333, https:// 
doi.org/10.1016/j.corsci.2022.110333.

[39] H.M. Saffarian, Q. Gan, R. Hadkar, G.W. Warren, Corrosion behavior of binary 
titanium aluminide intermetallics, Mater. Org. (Berl.) 52 (1996) 626–633, https:// 
doi.org/10.5006/1.3292153.

[40] H. Li, Y. Zheng, J. Lin, Comparative evaluation on the in vitro biological 
performance of Ti45Al8.5Nb intermetallic with Ti6Al4V and Ti6Al7Nb Alloys, 
Adv. Eng. Mater. 13 (2011) 80110, https://doi.org/10.1002/adem.201080110.

[41] Y. Wang, Z. Xu, T. Geng, Y. Teng, Electrochemical dissolution behavior of TNM 
intermetallic in sodium nitrate solution, J. Mater. Res. Technol. 25 (2023) 
5950–5963, https://doi.org/10.1016/j.jmrt.2023.07.031.

[42] X. Gai, Y. Bai, J. Li, S. Li, W. Hou, Y. Hao, X. Zhang, R. Yang, R.D.K. Misra, 
Electrochemical behaviour of passive film formed on the surface of Ti-6Al-4V 
alloys fabricated by electron beam melting, Corrosion Sci. 145 (2018) 80–89, 
https://doi.org/10.1016/j.corsci.2018.09.010.

[43] A. Behjat, M. Shamanian, A. Taherizadeh, E. Lannunziata, S. Bagherifard, 
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