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Localized corrosion and repassivation behaviors of additively
manufactured titanium alloys in simulated biomedical
solutions
Dong-Il Seo 1 and Jae-Bong Lee1✉

The localized corrosion behavior of additively manufactured (AM) titanium alloys is studied based on the relation between pitting
potentials, the flux of oxygen vacancies in a passive film, and the repassivation rate using potentiodynamic polarization,
Mott–Schottky, and an abrading electrode techniques. The relationship between the localized corrosion resistance and the
repassivation behaviors of AM titanium alloys was explained by the survival probability constant based upon the point defect
model which describe the generated oxygen vacancies and accumulated cation vacancies affect the occurrence of the localized
corrosion. Localized corrosion can be initiated by survival pits under sufficient conditions of the breakdown passive films. Survival
probability is constant means a quantitative probability value of the transition from metastable pit to stable pit to occur localized
corrosion. The higher the survival probability constant of AM titanium alloys, the more difficult repassivation and the easier
occurrence of localized corrosion.
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INTRODUCTION
Titanium (Ti) alloys have been used in many fields such as
aerospace, marine, and medical industries for many years1–3. This
is attributed to their high strength-to-density ratio and excellent
corrosion resistance4. The outstanding corrosion resistance of Ti
alloys is attributed to their protective passive layers on their
surface5,6. The biocompatibility of passive films on Ti alloys is an
essential factor in human body biomaterials. Commercial pure
titanium (CP Ti; α phase) has been used as biomaterials. However,
their mechanical strength was not satisfactory in some hard
tissues or load-bearing parts. Therefore, α+ β-type Ti alloys such
as Ti–6Al–4V and Ti–6Al–7Nb were developed. Although
α+ β-type Ti alloys have high strength and good fatigue
resistance, the containing aluminum (Al) and vanadium (V)
elements have the potential problems of Alzheimer’s and are
toxic to the human body, respectively7. Additionally, Young’s
modulus of α+ β-type Ti alloys is higher than that of human
bones8. Hence, the stress-shielding effect may occur because of
the difference in Young’s modulus between an implant and the
bone. Recently, β-type Ti alloys with low modulus for preventing
the stress-shielding effect and containing nontoxic elements have
been developed such as Ti–13Nb–13Zr (near β) and Ti–15Mo9.
Nowadays, additively manufactured (AM) Ti alloys have become

popular because of the advantage of their buy-to-fly ratio, which is
approximately 1/20 compared with conventional subtractively
manufactured (SM) Ti alloys10. AM processes include several
versatile methods such as directed energy deposition (DED),
selective laser melting (SLM), and electron beam melting
(EBM)11,12. During the DED process, a laser beam generates a
molten pool. Powder materials are delivered by argon (Ar) gas and
locally injected to fuse and solidify into a bead. DED has a higher
degree of freedom in composition design than the other two
methods, as it can simultaneously feed powder. Conversely,
because SLM and EBM are powder bed fusion processes, metallic
powders are uniformly spread on the platforms using a rake, as

distinct from DED. The SLM process can control thinner layers than
the DED process, whereas the EBM process generates a faster
build rate than the DED process.
From a mechanical perspective, the strength and ductility of AM

Ti alloys are comparable with or even greater than those of SM
methods13–15. However, AM Ti alloys have lower corrosion
resistance than SM Ti alloys due to anisotropy caused by the
stacking direction and rapid solidification of the martensite
phase16,17. SM Ti alloys (α or α+ β type) have a microstructure
comprising α or α+ β phases, whereas AM Ti alloys contain
martensite α′ phases18. The martensite α′ phase is unstable and
significantly reduces the corrosion resistance of AM Ti alloys19. Dai
et al.20 studied the corrosion behavior of AM Ti–6Al–4V alloys and
found that the higher the proportion of the acicular martensitic α′
phase, the weaker the formation of a weaker passive layer. Seo
and Lee21–23 investigated the uniform and localized corrosion
resistance of AM Ti–6Al–4V alloys using potentiodynamic polar-
ization, electrochemical impedance spectroscopy (EIS), electro-
chemical critical pitting temperature, and electrochemical critical
localized corrosion temperature24. They found that the reduction
in localized corrosion resistance of AM Ti alloys was caused by the
formation of martensite α′ phases and their distribution.
Meanwhile, many researchers have investigated the corrosion

resistance of SM or AM Ti alloys in terms of the semiconductive
properties of passive films9,12,25,26. Chen et al.26 measured the
corrosion resistance of passive films formed on AM Ti–6Al–4V
alloys in dynamic Hank’s solution and explained the corrosion
resistance of passive films on AM Ti–6Al–4V alloys using a point
defect model (PDM)27,28. In the PDM, a passive film contains
several point defects, including oxygen or cation vacancies, which
act as donors and acceptors, respectively29 An increase in donor
density in the passive film may be attributed to an increase in
oxygen vacancies. Thus, Chen et al.26 reported that a higher
density of oxygen vacancies and a higher oxygen diffusion
coefficient of passive films reduced the corrosion resistance on AM

1School of Advanced Materials Engineering, Kookmin University, 77 Jeongneung-ro, Seongbuk-gu, Seoul 02707, Republic of Korea. ✉email: leejb@kookmin.ac.kr

www.nature.com/npjmatdeg

Published in partnership with CSCP and USTB

1
2
3
4
5
6
7
8
9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-023-00363-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-023-00363-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-023-00363-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-023-00363-4&domain=pdf
http://orcid.org/0000-0002-8815-0593
http://orcid.org/0000-0002-8815-0593
http://orcid.org/0000-0002-8815-0593
http://orcid.org/0000-0002-8815-0593
http://orcid.org/0000-0002-8815-0593
https://doi.org/10.1038/s41529-023-00363-4
mailto:leejb@kookmin.ac.kr
www.nature.com/npjmatdeg


Ti–6Al–4V alloys. Gai et al.12 researched passive films formed on
AM or SM Ti–6Al–4V alloys via Mott–Schottky analysis, transmis-
sion electron microscopy, and X-ray photoelectron spectroscopy.
They found that a high oxygen diffusion coefficient and flux of
oxygen vacancies are affected by a decrease in localized corrosion
resistance of AM and SM Ti–6Al–4V alloys. Cheng et al.9

investigated the corrosion behaviors of Ti–10Mo–6Zr–4Sn–3Nb
and Ti–6Al–4V in Hank’s solution. They reported that not only a
high oxygen diffusion coefficient but also the fast flux of oxygen
vacancies of passive films on Ti alloys played an important role in
the deterioration of localized corrosion resistance.
Additionally, the repassivation kinetics, which is the rapid

recovery after the breakdown of passive films on Ti alloys in
biomedical environments, is a critical factor. In the initiation of
localized corrosion on passive films, rapid repassivation is
indispensable to prevent Ti alloys from further localized corrosion
on the human body30,31. Lee and Seo evaluated the localized
corrosion resistance of AM Ti alloys using the electrochemical
critical localized corrosion potential (E-CLCP) method32,33. E-CLCP
is an evaluation method of the localized corrosion resistance of
AM Ti alloys by measuring the repassivation potential. This
method combines potentiodynamic–galvanostatic–potentiostatic
techniques in biomedical environments. Repassivation potential
means the possibility that stably growing pit corrosion or crevice
corrosion ceases to grow. The repassivation potential of AM Ti
alloys in the human body can be used to assess their resistance to
localized corrosion.
In this study, the localized corrosion resistance and repassiva-

tion behaviors of AM Ti alloys were investigated through various
electrochemical tests such as potentiodynamic polarization, EIS,
Mott–Schottky techniques, abrading electrode tests, and E-CLCP
tests. The relationship between the pitting potential, repassivation
rate, and flux of oxygen vacancies in various Ti alloys, such as SM
Ti–6Al–4V and AM Ti–6Al–4V, AM Ti–6Al–7Nb, AM CP Ti, and AM
Ti–13Nb–13Zr, was examined. Repassivation kinetics was also
investigated via E-CLCP and the survival probability constant was
calculated from the semiconductive properties of passive films on
AM Ti alloys in biomedical environments.

RESULTS AND DISCUSSION
Potentiodynamic polarization studies
Figure 1 shows the potentiodynamic polarization curves of the SM
and AM Ti alloys in Ringer solutions at 37 °C. As shown in Fig. 1,

the pitting potentials on AM Ti–6Al–4 V, AM Ti–6Al–7 Nb, and SM
Ti–6Al–4V alloys are represented as 5.83 (±0.15) V, 6.68 (±0.18) V,
and 7.96 (±0.45) V, respectively, whereas AM CP Ti and AM
Ti–13Nb–13Zr do not exhibit a pitting behavior up to maximum
9V, depending on the substrate. Particularly, the pitting potential
of AM Ti–6Al–4V was lower than that of the SM Ti–6Al–4V alloy
because of the formation of acicular martensite α′ phases21–23.

EIS and Mott–Schottky studies
To determine the film formation potentials, the potentiodynamic
polarization tests of SM and AM Ti alloys were conducted.
Considering the passive potential region, 1.0, 1.5, and 2.0 V were
chosen as the film formation potentials.
Figure 2a–c shows the EIS test results of SM and AM Ti alloys

according to the different film formation potentials (1.0, 1.5, and
2.0 V), respectively. A Randles circuit model was used to represent
an equivalent circuit with solution resistance (Rs), charge transfer
resistance (Rct), and constant phase elements (CPE) of the double
layer (CPEdl). CPE implies an imperfect capacitor value deviated
from the ideal capacity because of the effect of surface
inhomogeneity and roughness. The effective capacitance (Ceff)
defined in Eq. (1)34 is calculated using Rs and Rct as follows:

Ceff ¼ Q
Rs þ Rct
RsRct

� � α�1ð Þ" #1
α

; (1)

where Q represents the CPE coefficient value and α represents the
exponent of CPE ranging from 0 to 1, which is related to the
nonuniform current distribution. Hence, α represents the deviation
from the ideal capacitor. The ideal capacitor response in the system
corresponds to a fitted α value of 1. If the value of α is 0.9 or more,
the constant phase element can be regarded as a capacitor.
Capacitance should influence the effective film thickness deff

according to Eq. (2)35.

deff ¼ εε0
Ceff

; (2)

where ε represents the dielectric constant of a passive film
(considered 8535 in the case of passive films on Ti alloys) and εo
represents the vacuum permittivity of free space
(8.854 × 10−14 F cm−1).
Figure 3a–c shows the Mott–Schottky plots of the passive films

formed on the SM and AM Ti alloys at the film formation
potentials of 1.0, 1.5, and 2.0 V. The results show the existence of
three potential ranges due to the different capacitance behaviors
and the n-type semiconductor behaviors of the oxide film of SM,
as depicted in the positive slopes of the R2 region. From the
slopes in the R2 region shown in Fig. 3a–c, donor densities of SM
and AM Ti alloys for n-type semiconductors can be calculated
using Eq. (3)35,36.

1

C2
sc

¼ 2
εε0eND

E � Efb � kT
e

� �
for n-type semiconductors; (3)

where e represents the electron charge, ND denotes the donor
density, Efb denotes the flat band potential, k represents the
Boltzmann constant, and T represents the absolute temperature.
ND can be determined using the slopes of the Mott–Schottky
plots. As shown in Table 1, the calculated donor densities are in
order of 1018–1019. Regardless of the film formation potentials, the
calculated donor densities consistently increased in the following
order: SM Ti–6Al–4V and AM Ti–6Al–4V, AM Ti–6Al–7Nb, AM CP Ti,
and AM Ti–13Nb–13Zr. This is completely different from what we
expect, based on pitting potentials.

Abrading electrode studies
To investigate the difference in the localized corrosion resistance
between various SM and AM Ti alloys, the repassivation kinetics

Fig. 1 Potentiodynamic polarization techniques of SM and AM Ti
alloys in Ringer solution at 37 °C.
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after the passive film breakdown was investigated using the
abrading electrode technique. Figure 4a shows the current density
decay for repassivation with an increase in time on a logarithmic
scale. The repassivation kinetics of the SM and AM Ti alloys can be
expressed using Eq. (4)37:

logi ¼ logA� nlogt; (4)

where i denotes the anodic current density; A denotes the
constant; t denotes the time; n represents the repassivation rate
representing the slope of the logi � logt plot.
Based on Eq. (4), the value of n is regarded as a repassivation

rate of the growth of the passive oxide film on the bare surface. As
shown in Fig. 4(b), the repassivation rate (n) consistently decreases
in the following order: AM CP Ti, AM Ti–13Nb–13Zr, SM Ti–6Al–4V,
AM Ti–6Al–7Nb, and AM Ti–6Al–4V.

E-CLCP studies
Figure 5a, b demonstrates the determination of the E-CLCP in the
AM Ti–6Al–4V and AM Ti–6Al–7Nb alloys, respectively. The E-CLCP

of the AM Ti alloy samples was determined by the highest
potential value, where there was no further increase in current
density in the anodic direction after maintaining a constant
potential for 2 h, which is the repassivation potential in the Ringer
solution at 37 °C31,32. The E-CLCP values of AM Ti–6Al–4V and AM
Ti–6Al–7Nb were measured as 1.544 (±0.002) V and 1.720
(±0.007) V, respectively.
Relationship between the resistance to localized corrosion such

as pitting, donor density of oxygen vacancies, the diffusion
coefficient of oxygen vacancies, and the flux of oxygen vacancies
in various AM Ti alloys
Mott–Schottky tests were conducted to investigate the effect of

donor densities obtained from Mott–Schottky technique on the
pitting potentials measured by potentiodynamic polarization
technique. The amounts of donor densities formed on the passive
films were measured on the various AM Ti alloys, including CP Ti,
Ti–6Al–4 V, Ti–6Al–7 Nb, Ti–13Nb–13Zr, and SM Ti–6Al–4 V. Results
show that the AM Ti–6Al–4V alloy with the lowest pitting potential
has the lowest donor densities (6.48 (±0.26) × 1018 cm−3), whereas
AM CP Ti (10.03 (±0.49) × 1018 cm−3) and AM Ti–13Nb–13 Zr (11.00

Fig. 2 EIS results represented by the Nyquist plots of SM and AM Ti alloys with the various film formation potentials. a 1.0, b 1.5, and c 2.0
VSCE. The inset equivalent circuit is used to fit impedance spectra.
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(±0.42) × 1018 cm−3) with more donor densities have higher
pitting potentials, indicating better resistance to pitting. These
results indicate that donor densities obtained from only
Mott–Schottky plots cannot completely explain the results of the
resistance to pitting corrosion between various types of AM Ti
alloys. Cheng et al. also reported a discrepancy in that
Ti–10Mo–6Zr–4Sn–3Nb with more donor densities exhibited
higher localized corrosion resistance than Ti–6Al–4V with lower
donor densities9. Meanwhile, Gai et al.11 studied the flux of oxygen
vacancies (JP) in passive films of SM and AM Ti–6Al–4V alloys in
terms of donor densities and diffusion coefficient of oxygen
vacancies (DO) compared with localized corrosion resistances of Ti
alloy samples. DO in the passive film on the SM and AM Ti alloys is
determined using Eq. (5)12:

DO ¼ ipRT
4eFεLω2

; (5)

where ip represents the current density in the passive state by
potentiodynamic polarization technique (noted in Table 1), R
represents the ideal gas constant, and F represents Faraday’s
constant. εL denotes the electric field strength in Eq. (7). ω2

denotes the fitted constant in Eq. (6).
If DO is high, the outward diffusion of oxygen vacancies in

passive films is facilitated and the possibility of reaction with

halogen ions increases on the interfaces between the passive layer
and solution.
To obtain ω2, ND (donor densities) is used, as shown in Fig. 6(a).

Equation (6) shows the ND expression with the unknown
constants, ω1, ω2, and b,

ND ¼ ω1e
�bE þ ω2; (6)

where ω1, ω2, and b represent unknown constants, which are
determined by the ND expression.
As shown in Fig. 6b, εL denotes the electric field strength, which

is related to applied potential and film thickness, as expressed in
Eq. (7)12:

deff ¼ 1� αð ÞE
εL

þ B; (7)

where α represents surface polarizability with a value of 0.512. B
represents a constant, and deff denotes effective film thickness
(from Eq. 2).
As mentioned above, DO is associated with the growth and

breakdown of passive films. Higher DO leads to thicker passive
films with higher breakdown susceptibility. As shown in Fig. 7(a),
DO increases in the following order: AM CP Ti, AM Ti–13Nb–13Zr,
AM Ti–6Al–7Nb, SM Ti–6Al–4V, and AM Ti–6Al–4V. However, this
sequential order does not agree with the tendency of pitting
potentials. Therefore, DO cannot explain the results of the

Fig. 3 Mott–Schottky plots for passive films formed on the SM and AM Ti alloys with the film formation potentials of a 1.0, b 1.5, and c 2.0
VSCE.
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resistance to pitting corrosion between various types of AM Ti
alloys.
Conversely, the flux of oxygen vacancies (Jp) can be expressed

using Eq. (8)12:

Jp ¼ qiKDOND; (8)

where qi represents the charge of species (=2e), and K is defined
as K= FεL/RT.
Jp values are determined by donor densities (ND), diffusion

coefficient (DO), and electric field strength (εL). According to the
results of Gai11 high JP values indicate that passive breakdown can
easily occur by facilitating the reaction between oxygen vacancy
and halide ion (e.g., Cl−). Considering the current density at the
passive state (ip), ND, DO, and JP are summarized in Table 1.
As shown in Fig. 7b, the flux of oxygen vacancies (JP) increases

in the following order: AM CP Ti, AM Ti–13Nb–13Zr, SM Ti–6Al–4V,
AM Ti–6Al–7Nb, and AM Ti–6Al–4V, which exactly corresponds to
the sequential order on pitting potentials determines by
potentiodynamic polarization technique. This indicates that the
higher the flux of oxygen vacancies, the greater the susceptibility
of the passive films of the various Ti alloys to break down. Thus,
the resistance to localized corrosion such as pitting among the
various Ti alloys is mainly determined by the flux of oxygen
vacancies, which is the combination of the donor density and
diffusion coefficient of oxygen vacancies.
Repassivation is related to the repassivation kinetics due to the

re-formation after the breakdown of a passive film. Repassivation
kinetics can be monitored through electrode abrading experi-
ments. According to Eq. (4) (logi ¼ logA� nlogt), the slope, −n of
log i versus log t close to 1, is typical for passive films growing
without the imposed dissolution of passive films, whereas 0 or
positive slopes represent uniform or pitting corrosion, respec-
tively37. The slope of SM and AM Ti alloys greater than 1 indicates
the formation of the protective film without the dissolution of
passive films. The repassivation slopes of the SM and AM Ti alloys
in a biomedical environment decreased in sequential order: AM
CP Ti (1.70 (±0.02)), AM Ti–13Nb–13Zr (1.63 (±0.02)), SM Ti–6Al–4V
(1.47 (±0.02)), AM Ti–6Al–7Nb (1.40 (±0.02)), and AM Ti–6Al–4V
(1.13 (±0.04)).
Additionally, Fig. 8 shows that the repassivation rate, the

calculated flux of oxygen vacancies, and pitting potentials have
the same tendency, indicating that their relationship achieves
identical results compared with resistance to localized corrosion
between the various AM Ti alloys.

Evaluation of resistance to localized corrosion: survival
probability constant
The relationship between repassivation and localized corrosion
resistance on the AM Ti alloys is clarified by the introduction of the
survival probability constants. To further understand the repassi-
vation mechanism, the PDM proposed by Macdonald27 is
examined in terms of the vacancy behavior in the passive film.

Table 1. Passive current density, donor density (ND), diffusion coefficient (DO), and the flux of vacancies (JP) of passive films formed on SM and AM Ti
alloys at various film formation potentials in Ringer solution at 37 °C.

Passive current density (μA/
cm2)

Donor density (1018/cm3) DO (10−18 m2/s) JP (10−2 m2/s)

Film formation potential (VSCE) 1.0 V 1.5 V 2.0 V 1.0 V 1.5 V 2.0 V 1.0 V 1.5 V 2.0 V 1.0 V 1.5 V 2.0 V

AM CP Ti 3.853
(±0.319)

3.999
(±0.129)

3.454
(±0.213)

10.03
(±0.49)

6.57
(±0.24)

4.55
(±0.23)

13.9
(±0.01)

14.5
(±0.04)

12.4
(±0.01)

11.0
(±1.2)

7.64
(±0.24)

4.57
(±0.28)

AM Ti-6Al-7Nb 4.549
(±0.223)

4.946
(±0.005)

4.732
(±0.041)

8.44
(±0.12)

5.00
(±0.26)

3.20
(±0.15)

27.8
(±0.06)

30.2
(±0.01)

28.9
(±0.01)

15.7
(±0.8)

10.1
(±0.1)

6.21
(±0.10)

AM Ti-6Al-4V 4.281
(±0.343)

5.240
(±0.058)

5.462
(±0.387)

6.48
(±0.26)

3.82
(±0.56)

2.36
(±0.48)

71.6
(±0.06)

87.6
(±0.01)

91.3
(±0.06)

23.9
(±1.9)

17.3
(±0.1)

11.1
(±0.08)

AM Ti-13Nb-13Zr 5.006
(±0.490)

5.318
(±0.646)

5.249
(±0.648

11.00
(±0.42)

7.42
(±0.31)

5.35
(±0.22)

14.6
(±0.02)

15.5
(±0.02)

15.3
(±0.02)

11.2
(±0.8)

7.86
(±0.9)

5.66
(±0.61)

SM Ti-6Al-4V 4.346
(±0.130)

4.561
(±0.025)

4.521
(±0.090)

5.26
(±0.77)

2.96
(±0.33)

1.83
(±0.32)

47.1
(±0.02)

49.4
(±0.02)

50.0
(±0.01)

15.4
(±0.5)

9.12
(±0.10)

5.59
(±0.11)

Fig. 4 Plots of i(t) vs. time in logarithmic scale for a SM and AM Ti
alloys. b Comparison of the repassivation rate obtained from the
abrading electrode technique.

D.-I. Seo and J.-B. Lee

5

Published in partnership with CSCP and USTB npj Materials Degradation (2023)    44 



Application of PDM to AM Ti alloys
According to the application of the PDM to AM Ti alloys, oxygen
vacancies are regarded as donors. As shown in Fig. 8, the oxide
layer (barrier layer), which is the inner passive film adjacent to the
substrate (Ti metal), grows into Ti through the
cation–anion–vacancy condensation in Eqs. (9) and (10)38:

Ti ¼ TiTi þ 2V��O þ 4e=; (9)

O2 þ 2V��O þ 4e= ¼ 2OO; (10)

where TiTi denotes a titanium cation in a normal lattice site and “∙”
and “/” denote positive and negative charges, respectively.
Oxygen vacancies are generated by the oxidation of Ti3+ and

Ti2+ to Ti4+ due to charge compensation. The transport of oxygen
vacancies and Ti interstitials and the associated transport of
electrons lead to oxide growth.
Oxygen ions diffuse across the oxide layer through their

vacancies in the opposite direction, indicated by the arrows in
Fig. 9a.

Aggressive ions such as Cl ions diffuse through the hydroxide
layer (outer passive layer) adjacent to the solution and subse-
quently are adsorbed on the oxide surface (Eq. (11)).

Cl�aq þ � ¼ Cl� þ e�; (11)

where the superscripts “−” and “*” denote a negative charge and
a free site on the oxide surface, respectively. Adsorbed Cl ions (Cl*)
move over the oxide layer. Some of the adsorbed Cl ions will be
trapped by oxygen vacancies to form Cl�O defects (Eq. (12)).

Cl� þ V��O þ e= ¼ Cl�O: (12)

The system responds to the loss of oxygen vacancies by
creating new oxygen vacancies because of charge compensation
(Eq. (13), Schottky disorder).

Null ¼ 2V��O þ V0000Ti : (13)

The electric field and the concentration gradient in cation
vacancies migrate toward the interface between the metal and
barrier layer. Oxygen vacancies at the metal/barrier layer interface
will increase with the arrival of cation vacancies to achieve

Fig. 5 Determination of E-CLCP values for a AM Ti-6Al–4 V alloy and b AM Ti–6Al–7 Nb at 37 °C in Ringer solution.
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electroneutrality. These associations increase with the arrival of
more cation vacancies. Eventually, the large association of
condensation of vacancies will lead to the formation of voids
(void-1, Fig. 9b). These voids locally detach the oxide layer from
the metal substrate. The continuous inward oxide growth leads to
thinning and subsequent local breakdown of inner passive films
through these voids caused by tensile stresses27 (Fig. 9c).
Based on the PDM, the kinetics of pit initiation involves not only

the migration of oxygen vacancies but also the generation,
migration, and condensation of cation vacancies. The concentra-
tion gradient across the oxide layer can be expressed using Fick’s
first law, and the inward flux of cation vacancies is expressed by
Eq. (14)38:

JV0000Ti
¼ DV0000Ti

V0000Ti

� �
L

; (14)

where DV 0000
Ti
represents the chemical diffusion/migration coefficient

of metal vacancies, and L represents the thickness of the passive
film.
Meanwhile, the reaction rate of cation vacancy generation

depends exponentially on potential (E) in accordance with the
Langmuir isotherm. The dependence of cation vacancy concen-
tration on the Cl− concentration and electrode potential can be

expressed by Eq. (15)38:

V0000Ti

� � ¼ k Cl�½ �eαFE=RT; (15)

where k represents the rate constant for cation vacancy
generation.
Therefore, vacancy condensation is proportional to the flux of

cation vacancies. Hence, the density of associations or voids (dmpit)
can be expressed by Eq. (16)38:

dmpit ¼ kPDV0000Ti
eαFE=RT; (16)

where P represents condensation probability.
Most voids repassivate instantaneously after exposure, but a

few survive to nucleate stable pits with the survival probability
constant (ν). The number of survivable pits is proportional to the
void population. When the density of stable pits reaches a critical
value, the oxide film can be broken down, and the corresponding
potential is the critical pitting potential. Likewise, the critical
adsorption of Cl− concentration (βCl�Þ result in the breakdown of
passive films. βCl� can be obtained using the nonlinear curve

Fig. 6 Semiconductive properties of passive films formed on SM
and AM Ti alloys after 2 h potentiostatic polarization at 1.0, 1.5,
and 2.0 VSCE. a Donor density and b thickness of passive films.

Fig. 7 Semiconductive properties of passive films formed on SM
and AM Ti alloys after 2-h potentiostatic polarization at 1.0, 1.5,
and 2.0 VSCE. a Diffusion coefficient of oxygen vacancy and b flux
of vacancy.
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fitting technique with Eq. (17)39:

Epit ¼ Epit ΓsatCl�
� 	þ ΩCl�Γ

sat
Cl�

1
1þ βCl� Cl�½ �

� �
; (17)

where Epit Γ satCl�
� 	

represents the pitting potential when the surface
is completely covered by Cl−, ΩCl� denotes a proportionality
constant that describes the sensitivity of the pitting potential to
the surface concentration of Cl−, Γ satCl� denotes the surface
concentration of Cl−, βCl� denotes the equilibrium adsorption
coefficient of Cl−, and Cl�½ � is mole concentration of Cl−.

Survival probability constants of AM Ti alloys
Figure 10 exhibits the pitting potential of AM Ti–6Al–7Nb and AM
Ti–6Al–4V at various Cl concentrations, respectively. According to

the nonlinear curve fitting results in terms of Epit Γ satCl�
� 	

, the pitting
potentials measured in saturated NaCl are 5.26 and 4.46 V in AM
Ti–6Al–7Nb and AM Ti–6Al–4V, respectively. AM Ti–6Al–7Nb and
AM Ti–6Al–4V have ΩCl�Γ

sat
Cl� values of 2.05 and 13.8 V, respectively.

Using the nonlinear curve fitting technique, the equilibrium
adsorption coefficient of Cl− of AM Ti–6Al–7Nb and AM
Ti–6Al–4 V, that is, βCl� ; are calculated as 2.94 and 60.6 M−1,
respectively. This means that chloride ions are easier to adsorb on
the surface of AM Ti–6Al–4V than on that of AM Ti–6Al–7Nb. The
adsorption coefficient obtained by Eq. (17) and the survival
probability constant (νÞ are related in Eq. (18)38:

Epit ¼ � RT
αF

ln
1

βCl�
þ 1
α
ln

νdmpit

kPDV0000Ti

: (18)

Fig. 8 Comparison of the flux of oxygen vacancy, repassivation rate, and pitting potential of SM and AM Ti alloys.

Fig. 9 Schematic illustration of the pit formation on Ti alloys based on the point defect model27.
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Lee and Seo32,33 measured E-CLCP values as repassivation
potentials of AM Ti alloys using a new localized corrosion
resistance test method for AM Ti alloys. As shown in Fig. 5, the
AM Ti–6Al–4 V and AM Ti–6Al–7 Nb alloys have E-CLCP values of
1.544 and 1.720 VSCE, respectively. If the potential (E) of Eq. (16) is
replaced with the E-CLCP, survival probability constants can be
calculated using the following equation:

ν ¼ eαðEpitþ
RT
αFln

1
βCl��

ECLCPF
RT Þ

: (19)

The survival probability constants, ν values obtained from Eq. (19),
are 2.81 × 10−13 and 4.62 × 10−12 for AM Ti–6Al–7Nb and AM
Ti–6Al–4V, respectively, whereas those of stainless steels are
~10−2–10−5 40 indicating that Ti alloys have significantly greater
localized corrosion resistance than stainless steels. Because of its
lower repassivation properties, AM Ti–6Al–4V has higher survival
probability constants than AM Ti–6Al–7Nb. This means that AM
Ti–6Al–4V is easier to transition from metastable pits to stable pits
than AM Ti–6Al–7Nb, resulting in a higher survival probability
constant. Repassivation kinetics of AM Ti alloys is represented by the
survival probability constant, indicating that the higher the survival
probability constant, the easier the occurrence of localized corrosion.
The resistance to localized corrosion and repassivation for SM

Ti-6Al-4V and AM Ti alloys including AM Ti-6Al-4V are studied. The
localized corrosion resistance is mainly determined by the flux of
oxygen vacancies, which comprises the donor density and
diffusion coefficient of oxygen vacancies. It is found that localized
corrosion resistances of various AM Ti alloys is determined by the
flux of oxygen vacancies rather than the amount of donor density.
The repassivation kinetics of AM Ti alloys is analylized by the
survival probability constant based upon PDM. Since generated
oxygen vacancies and accumulated cation vacancies affect the
occurrence on the localized corrosion, the increase in oxygen and

cation vacancies can result in the more stable pits. As a result, the
higher the survival probability constant, the easier the transition of
metastable pits to stable pits, the more difficult repassivation and
finally the easier occurrence of localized corrosion. The accurate
role of alloying elements may be also important in AM Ti alloys
containing precipitates due to alloying elements. The precipitates
such as Ti3Al or TiAl may represent the deteriorated resistances to
localized corrosion, on the contrary, make the beneficial effect on
those due to the accelerated repassivation. In some case the
precipitates may play an important role on repassivation in mild
corrosive environments such as simulated human body conditions
while in harsh environments such as 25% NaCl aqueous solution,
the precipitates may provide the initiation site for localized
corrosion instead of repassivation33.

METHODS
Samples and test solution preparation
SM and AM Ti alloys, including AM CP Ti, AM Ti–6Al–4V, AM
Ti–6Al–7Nb, AM Ti–13Nb–13Zr, and SM Ti–6Al–4V alloys, were
used as samples. The exposed area of the samples was
approximately 1.0 cm2 in the electrolyte. AM Ti samples were
manufactured through the DED process (InssTek, Korea) with a
laser power of 460W and a laser scan speed of 0.85 m/min under
Ar gas conditions. Table 2 shows the weight composition of
powder percentage of all test samples. All fabricated samples
were wet-ground to 600-grit SiC paper, washed using double-
distilled water, and air-dried. Before the electrochemical tests, a
deaerated Ringer solution (8.69 g/L NaCl, 0.30 g/L KCl, and 0.48 g/L
CaCl2)35 was prepared at a temperature of 37 °C.

Microstructural characterization
The sample surfaces were etched using a solution of Kroll’s reagent
containing 10mL HNO3, 5 mL HF, and 85mL H2O for 10 s. Field
emission–scanning electron microscopy (FE-SEM) was performed
using JEOL JSM-7610F equipped with a retractable backscattered-
electron detector to characterize all etched samples.
The phase was identified through X-ray diffraction (XRD) using a

Rigaku D/MAX 2500/PC fitted with a Cu∙Kα radiation source. The
samples were scanned at room temperature when 2θ= 30°–90°
with a step size of 1° and a dwell time of 1 min per step. The
JADE9 (KSAnalyst) software was used to analyze the XRD pattern
results.

Electrochemical measurements
A Gamry PCIB–4750 potentiostat was used for electrochemical
measurements. A three-electrode system was used. The platinum
wire was used as the counter electrode. A saturated calomel
electrode (SCE) was used to facilitate the potential measurements.
Samples mounted by flat cell in 1.0 cm2. Additionally, a Luggin
probe was used to connect the reference and working electrodes.
Potentiodynamic polarization tests were conducted at a

potential of −200 mV below the open-circuit potential, up to
9.0 V, or the pitting potential at a scan rate of 1 mV/s.

Fig. 10 Epit of AM Ti–6Al–7Nb and AM Ti–6Al–4V as a function of
the concentration of NaCl. The solid lines correspond to Eq. (17).

Table 2. Material composition of SM and AM Ti alloys (wt%).

C Fe Al V Sn Nb O N H Zr Ti

AM CP Ti 0.1 0.3 - - - - - 0.03 0.015 - Bal.

AM Ti-6Al-7Nb 0.01 0.125 6.05 - - 7.1 0.1 0.01 0.001 - Bal.

AM Ti-6Al-4V 0.011 0.18 6.1 3.7 0.01 - - - - - Bal.

AM Ti-13Nb-13Zr 0.015 0.001 - - - 13.8 0.09 0.01 0.002 12.7 Bal.

SM Ti-6Al-4V 0.04 0.16 5.9 4.1 - - 0.15 - 0.001 - Bal.
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The samples were statically polarized for 2 h during the
formation of passive films for Mott–Schottky and EIS measure-
ments at the film formation potentials of 1.0, 1.5, or 2.0 V.
The EIS measurements at the various film formation potentials

(1.0, 1.5, or 2.0 V) were potentiostatically conducted at an
alternating current voltage amplitude of 10mV within the
frequency range of 10−2–105Hz. The EIS results were analyzed
using the Gamry Echem Analyst software.
Capacitance was measured at 1000 Hz using a potentiostat.

Polarization was applied at successive steps of 50 mV, starting at
the film formation potentials (1.0, 1.5, or 2.0 V) in the cathodic
direction up to −2.0 V.
An abrading electrode technique was used to obtain the

repassivation kinetics of oxide films on the samples after exposure
of their bare surfaces to the solution37. The electrode was abraded
with a 2000-grit SiC disc while immersed in the electrolyte to
acquire current transients. The sample was mounted in the center
of an epoxy resin with an exposed area of 0.18 cm2 welded with
copper wire. The sample surface was renewed by abrading with a
2000-grit SiC disc fixed to the rotating shaft operated by a direct
current motor. A carbon rod was used as the counter electrode,
and an SCE was used as the reference electrode. The resulting
current transient was acquired at an applied potentiostatic
potential of 1.0 V in the passive potential region of SM and AM
Ti alloys according to potentiodynamic polarization curves.
All electrochemical measurements were performed in triplicate

to ensure data reproducibility.

E-CLCP measurements
E-CLCP values were obtained by measuring the repassivation
potential through potentiodynamic–galvanostatic–potentiostatic
processes. E-CLCP was determined in accordance with the
following steps proposed by Lee and Seo32,33:
The test sample was prepared without a crevice former.

Potentiodynamic anodic polarization was performed from an
open-circuit potential until the anodic current density rose to
500 μA/cm² at 1 mV/s potential sweep velocity using a potentio-
stat. When the anodic current density reached 500 μA/cm², it was
immediately maintained for 2 h. After holding the constant current
density of 500 μA/cm² for 2 h, a constant polarization was
immediately maintained in the reverse (cathodic) direction at an
electrode potential of 10mV, which was lower than the initial
potential. Immediately, an increase in current density was
observed in the anodic direction, the constant potential was
further decreased by 10mV. This operation was repeated until no
further increase in current density was found in the anodic
direction after maintaining a constant potential for 2 h. The E-CLCP
of AM Ti alloy specimens was determined at the highest potential
value, where no further increase in current density was found in
the anodic direction after maintaining a constant potential for 2 h.
All electrochemical measurements were performed in triplicate

to ensure data reproducibility.
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APPENDIX A: MICROSTRUCTURE STUDIES
Figure 11a–d shows the micrographs of AM CP Ti, AM Ti–6Al–4V,
AM Ti–6Al–7Nb, and AM Ti–13Nb–13Zr alloys based on FE-SEM,
respectively. As shown in Fig. 11(e), SM Ti–6Al–4V alloys have both
α and β phases whereas, AM Ti alloys have grains with acicular
martensite α′.
Figure 12 shows the XRD results of the SM and AM Ti samples,

indicating that SM Ti–6Al–4 V only displays α and β phases as the
(110) plane, whereas the phases of AM Ti alloys comprise only α
and α′ phases without any β phase.
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Fig. 12 XRD patterns of SM and AM Ti alloys.

Fig. 11 FE-SEM micrographs of SM and AM Ti alloys. a AM CP Ti,
b AM Ti–6Al–7 Nb, c AM Ti–6Al–4 V, d AM Ti–13Nb–13Zr, and e SM
Ti–6Al–4 V.
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