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 Abstract: Thanks to their excellent corrosion resistance, superior mechanical properties and good 
biocompatibility, titanium (Ti) and Ti alloys are extensively applied in biomedical fields. Pitting 
corrosion is a critical consideration for the reliability of Ti and Ti alloys used in the human body. 
Therefore, this article focuses on the pitting corrosion of Ti and Ti alloys, which introduces the 
growth stages of pitting corrosion and its main influencing factors. Three stages, i.e. (1) breakdown 
of passive film, (2) metastable pitting, and (3) propagation of pitting, are roughly divided to intro-
duce the pitting corrosion. As reviewed, corrosive environment, applied potential, temperature and 
alloy compositions are the main factors affecting the pitting corrosion of Ti and Ti alloys. Moreover, 
the pitting corrosion of different types Ti alloys are also reviewed to correlate the types of Ti alloys 
and the main factors of pitting corrosion. Roughly speaking, β-type Ti alloys have the best pitting 
corrosion resistance among the three types of Ti alloys. 
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1. INTRODUCTION 

 Generally, biomedical materials are artificial or natural 
materials that are used to diagnose, treatment, repair or re-
place the dysfunctional tissues or organs and/or to enhance 
their functions in natural body [1-6]. In general, biomedical 
materials are differentiate into biomedical metallic materials, 
bioglass, bioceramics, bio-derived materials and biomedical 
polymer materials according to their compositions and prop-
erties [7-13]. Among these biomedical materials, biomedical 
metallic materials have good processability, high strength, 
good toughness, good anti-fatigue properties and other irre-
placeable excellent properties as compared to other biomedi-
cal materials [14-17]. Therefore, biomedical metallic materi-
als are mainly employed as load-bearing implant materials 
for a long-time use [18-23]. For example, biomedical metal-
lic materials are frequently used for some total hip replace-
ments as well as joint replacement surgeries, including 
knees, shoulders and elbows [24-28]. Other applications of 
biomedical metallic materials in the human body are intra-
vascular stents, cardiac simulator, trauma and spinal fixation 
devices, heart valves and dentistry [24, 29-31]. Until recent-
ly, biomedical metallic materials demonstrate wider applica-
tions due to the flourish of additive manufacturing technolo-
gy and other new technologies [29, 32-37]. 
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To be functional as metallic implants in the human body, 
biomedical materials should meet the following require-
ments: high biocompatibility, adequate mechanical proper-
ties and good corrosion resistance in the human body [1]. 
Biocompatibility refers to the success of the interaction be-
tween biomaterials and biological cells in a biomedical envi-
ronment [38]. High biocompatibility requires no adverse 
reactions, such as inflammation, infection, rejection and tox-
ic action after implantation. Some elements such as Ti, Nb, 
Zr, Mo, Ta, W and Sn possess high biocompatibility, while 
some elements such as Al, V, Cr and so on are harmful to 
human body [29, 39-41]. Therefore, selecting appropriate 
alloying elements is of vital importance to design biomedical 
metallic materials. The demands of mechanical properties 
(including tensile characteristic, compressive characteristic 
and fatigue [42, 43]) of metallic materials vary with different 
purposes. For example, hip joint mainly requires high fatigue 
strength [44]. Elastic modulus, which is a fundamental me-
chanical property for bone replacement [45], has received 
special attention among the mechanical properties. If the 
elastic modulus of an implant is significantly greater than 
that of the replaced bone, stress shielding effect would pro-
duce between the implant and the natural bones [46-48]. The 
implant material with higher elastic modulus would bear 
more load when two materials with different elastic moduli 
are stressed together [46]. Actually, this phenomenon would 
result in bone atrophy and bone death [49]. Therefore, ap-
propriate mechanical properties are another important factors 
for the success of implantation. Moreover, biomedical metal-
lic implants would be corroded when immersed in the human 
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physiological environment. Good corrosion resistance of 
metallic implants can avoid the damage of material proper-
ties (the degradation of metallic implants) [50]. Furthermore, 
there may be the impairment of host tissue due to the corro-
sion products from the implant [50]. Hence, good corrosion 
resistance is also necessary. 

Based on the above considerations, the designed biomed-
ical metallic materials are expected to have good biocompat-
ibility, high strength, comparative elastic modulus with hu-
man bones and excellent corrosion resistance. As such, stain-
less steels were developed and successfully used as implant 
materials at the beginning of the 20th century [51]. After-
wards, Co–Cr-based alloys, Ti and Ti alloys were gradually 
available [52]. In the view of biocompatibility, stainless 
steels and Co–Cr-based alloys would release toxic ions (such 
as Cr, Ni and Co) in the human body, while Ti and Ti alloys 
are completely bioinert [47]. Meanwhile, from the aspect of 
mechanical properties, the stainless steels and Co–Cr-based 
alloys have significantly higher elastic moduli than the bones 
in the human body, as shown in Fig. (1) [47]. In comparison, 
Ti and Ti alloys have close elastic moduli to human bone, 
while they also possess enough strength [47, 53, 54]. Moreo-
ver, Ti and Ti alloys have the best corrosion resistance 
among these three types of materials, which can avoid the 
ion release and maintain the mechanical properties to the 
maximum extent in long-term implantation [49]. Therefore, 
Ti and Ti alloys receive considerable attentions in the bio-
medical field during recent decades.  

 

 
Fig. (1). Elastic moduli of various biomedical alloys and bone. 
(Reproduced with permission from ref. [47]. Copyright (2019), 
Wiley). (A higher resolution / colour version of this figure is avail-
able in the electronic copy of the article). 

 
For a better understanding, a brief introduction with re-

spect to the physical metallurgy of Ti and Ti alloys is offered 
as a background. Ti has a hexagonal close-packed (HCP) 
structure when the temperature below 882 °C and has a 
body-centered cubic (BCC) structure when the temperature 
is over 882 °C. Over 1668 °C, metallic Ti is melted. Com-
monly, Ti with HCP or BCC crystalline structures are called 
α–Ti or β–Ti, respectively. β–Ti is a high-temperature phase. 
However, appropriate additions of β–stabilizers (such as Zr, 
Nb and Ta) can maintain β–Ti at room temperature [55-58]. 

Similar to other hexagonal metallic materials, Ti alloys can 
be roughly categorized into α -type Ti alloys, (α+β)-type Ti 
alloys, and β-type Ti alloys according to their chemical com-
positions and phase constituents [59-64]. Different Ti alloys 
show different properties. Table 1 compares the mechanical 
properties of different types of Ti and Ti alloys [47, 65]. As 
seen from Table 1, Ti alloys generally exhibit yield strength 
in the range of 544 and 1060 MPa. Meanwhile, the elastic 
moduli of β-type Ti alloys are between 55 and 85 GPa (Ta-
ble 1), close to that of human bone (Fig. 1). Such mechanical 
properties enable Ti and Ti alloys to be satisfactory biomedi-
cal implants.  

All types of Ti alloys possess excellent corrosion re-
sistance in various environments because of the protective 
passive film formed on their surfaces in corrosive environ-
ments [66]. Especially, human body is an aqueous environ-
ment, which contains various salts and compounds. Hence, 
corrosion of Ti and Ti alloys is inevitable in the human body. 
The corrosion behavior of Ti and Ti alloys is strongly de-
pend on the conditions of environment. Some aggressive 
ions, such as Cl-, Br-, F-, I-, etc., would lead to the pitting 
corrosion of Ti and Ti alloys [67]. Pitting corrosion is the 
accelerated dissolution of metals in a small region, which 
results from the local breakdown of protective passive film 
[68]. In human-body, once pitting corrosion of implants 
takes place, implants would rapidly age. As a result, pitting 
corrosion has great destructiveness and hidden trouble. To 
better understand the mechanism of pitting corrosion is an 
effective way to provide theoretical basis for the improve-
ment in the pitting resistance of Ti and Ti alloys. Therefore, 
the investigation of pitting corrosion of titanium in the hu-
man environment is of great significance. This review intro-
duces the applications of Ti and Ti alloys in the first place. 
During the service of Ti and Ti alloys, corrosion is inevitable 
in various corrosive environments, which promotes the for-
mation of passive film on the surfaces of Ti and Ti alloys. 
Pitting, as a local phenomenon, always takes place on the 
passivated Ti and Ti alloys. Hence, pitting corrosion of Ti 
and Ti alloys is illustrated according to pitting nucleation 
and growth as well as their influencing factors. Due to their 
different chemical compositions, different types of Ti and Ti 
alloys exhibit distinct corrosion behavior and pitting behav-
ior in a variety of corrosive environments. Therefore, the 
pitting corrosion of various Ti and Ti alloys is also reviewed 
[47, 65, 69-71]. 

2. PITTING CORROSION THEORY 

2.1. Stages of Pitting 

The formation of pitting corrosion needs a process. There 
is a long period of time from pit initiation to pit nucleation. 
Sometimes, this period maintains up to a few months or one 
year [68]. The surface scratches, inclusions, discontinuity 
and so on would become the preferential sites of pit initiation 
for metals. Once the pit is presented on the metal surface, it 
would continue to grow up in most cases. The process of 
pitting corrosion can be divided into three stages: (1) break-
down of passive film, (2) metastable pitting, and (3) propa-
gation of pitting [72-75]. Fig. (2) exhibits primary processes 
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of pitting corrosion. In the following paragraphs, these three 
stages of pitting corrosion would be introduced in detail. 

Breakdown of passive film.-The pitting process about the 
breakdown of passive film and pit initiation is rarely known 
[68]. Usually, passive film is considered as a simple inert 
layer which covers the metal substrate and prevents the in-
gression of corrosive ions from environments [68]. The stage 
of breakdown is very rapidly observed or examined. This 
stage also takes place in a small area (even in nano-scale) 
and therefore the nucleation currents are very small (alt-
hough the current densities in this stage may be very large) 
[76]. A dynamic passive film should be considered during 
corrosion, which is critical to establish the relationship be-
tween the breakdown of passive film and the pit initiation 
[68]. Three models have been proposed in the last decade 
[77]: (1) the first model proposes that the local dissolution of 
metal initiates the pit without destroying passive film; (2) the 
second model assumes that the breakdown of passive film 
before pit initiation; (3) the third model postulates that the 
passive film would be thinned until the exposure of bare 
metal to corrosive environment. Accordingly, theories for 
the breakdown of passive film and pit initiation can be cate-
gorized into three mechanisms: penetration mechanism, 

film-breaking mechanism and adsorption mechanism [78]. 
However, these three mechanisms cannot be identified up to 
now.  

The penetration mechanism was firstly proposed by Hoar 
et al. [79]. They found that the passive films of alloys would 
be penetrated by aggressive ions under relatively high poten-
tials. Later, a better penetration mechanism was gradually 
established. Zhang et al. [80] discussed the mechanism of 
chloride-induced passivity breakdown in atomic scale. They 
postulated that the interfaces of nanocrystals and amorphous 
phases provide tunnels for Cl- permeation. Cl- eventually 
reaches the metal/passive film interface through these inter-
connected tunnels. Consequently, aggressive dissolution 
would be promoted by the accumulated Cl- (the same as oth-
er aggressive ions). Fig. (3) illustrates the mechanism of the 
chloride-induced passivity breakdown in detail [80]. After 
the formation of passive film on metal substrate, Cl- is ad-
sorbed on the surface of passive film (Fig. 3a and 3b). Cl- 
can permeate along the tunnels provided by the interfaces of 
nanocrystals and amorphous phases, resulting in an undulat-
ed interface of passive film and substrate (Figs. 3c and 3d) 
[80]. On other hand, if the tunnels are not interconnected, Cl- 
is unable to get through (Fig. 3d) [80]. 

Table 1. Mechanical properties of various Ti and Ti alloys for biomedical applications. 

Alloy Phase  
Constituent  

Tensile Strength 

(MPa) 

Yield Strength 

(δy) 

Elongation 

(%) 

Elastic  
Moduli (GPa) 

Pure Ti α 240 – 550 170 – 485 15 – 24 102 – 104 

Ti–6Al–4V (annealed) α+β 895 – 930 825 – 869 6 – 10 110 – 114 

Ti–6Al–7Nb α+β 900 – 1050 880 – 950 8.1 – 15 114 

Ti–5Al–2.5Fe α+β 1020 895 15 112 

Ti–5Al–1.5B α+β 925 – 1080 820 – 930 15 – 17.0 110 

Ti–15Sn–4Nb–2Ta–0.2Pd      

(annealed) α+β 860 790 21 89 

(aged) α+β 1109 1020 10 103 

Ti–15Zr–4Nb–4Ta–0.2Pd      

(annealed) α+β 715 693 28 94 

(aged) α+β 919 806 18 99 

Ti–13Nb–13Zr (aged) β 973 – 1037 836 – 908 10–16 79–84 

Ti–12Mo–6Zr–2Fe (annealed) β 1060 – 1100 100 – 1060 18–22 74–85 

Ti–15Mo (annealed) β 874 544 21 78 

Ti–15Mo–5Zr–3Al (aged) β 1060 – 1100 1000 – 1060 18–22  

Ti–15Mo–2.8Nb–0.2Si (annealed)  β 979 – 999 945 – 987 16–18 83 

Ti–35.3Nb–5.1Ta–7.1Zr β 596.7 547.1 19.0 55.0 

Ti–29Nb–13Ta–4.6Zr (aged) β 911 864 13.2 80 

Ti–24Nb–4Zr–8Sn β 665 – 830 563 – 700 13 – 15 46 – 55 

Ti-25Nb-3Zr-3Mo-2Sn β 622 – 716 308 – 592 32 – 37 55 – 78 
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Fig. (2). Schematic illustration of the processes of pitting corrosion. 
(A higher resolution / colour version of this figure is available in 
the electronic copy of the article).

 
As known, the corrosion of metals is inhibited by the 

passive film formed on their surfaces. The breakdown of 
passive film leads to the ingression of aggressive ions, sub-
sequently results in the formation of pits. Therefore, for film-
breaking mechanism, passive film is in a breakdown-repair 
alternating state [81]. Hoar et al. [77] assumed that the pas-
sive film would suffer mechanical stress after being in con-
tact with aggressive electrolyte and then the passive film is 
damaged by pores and flaws due to the change of interfacial 
force. Zhang et al. [80] deduced the local breakdown events 
due to surface tension effect; the proposed schematic dia-
gram is shown in Fig. (4) [80]. A considerable number of Cl- 
are inhomogeneously adsorbed on the surface of naked metal 
at the beginning of corrosion (Fig. 4a) [80]. After permea-
tion of Cl-, high-concentration Cl- leads to the quick dissolu-
tion of metal, which induces the inhomogeneous growth rate 
of passive film (Fig. 4b) [80]. Undulated interface produces 
convex and concave, which would induce mechanical stress 
and cause local breakdown of passive film (Fig. 4c and 4d) 
[80]. Sato et al. [82] found that when the thickness of pas-
sive film reaches a certain thickness, breakdown taken place 
on account of electrostriction. Frankel [68] proposed that the 
electrostriction and surface tension effect in the weak sites 
would induce local breakdown events, which can be repaired 
in non-aggressive environments. However, re-passivation 
would be restrained in aggressive environments and the pos-
sibility of healing is lower [68].  

 

Fig. (3). Schematic diagram of the mechanism of chloride-induced 
passivity breakdown: (a) bare metal exposure to corrosive envi-
ronment, (b) the formation of passive film and the adsorption of 
chloride ions, (c) the interfaces of nanocrystals and amorphous 
phase provides tunnels for Cl- ions heterogeneously penetrating and 
(d) the formation of undulated interface of passive film and sub-
strate. (Reproduced with permission [80]. Copyright (2018), Na-
ture). (A higher resolution / colour version of this figure is availa-
ble in the electronic copy of the article). 

 

 
Fig. (4). Schematic diagram for the local breakdown of passive 
film: (a) the heterogeneous adsorption of Cl- on the surface of na-
ked metal in corrosive environment, (b) the inhomogeneous growth 
of passive film under the effect of Cl-, (c) the deterioration of undu-
lated interface and (d) the local breakdown induced by mechanical 
stress. (Reproduced with permission from ref. [80]. Copyright 
(2018), Nature). (A higher resolution / colour version of this figure 
is available in the electronic copy of the article). 

 
Adsorption mechanism was the first proposed based on 

the conception of competitive adsorption of aggressive ions 
and oxygen ions [68]. Hoar et al. [83] found that the adsorp-
tion of aggressive ions at the surface of oxide film promotes 
the transfer of metal cations from oxide to electrolyte. This 
process results in the thinning of passive film, which may  
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be eventually removed [81]. As such, the local dissolution of 
passive film ensues [81]. Furthermore, there are at least sev-
eral monolayers of passive film as compared to the adsorbed 
oxygen layer [68]. Under constant anode potential, some 
local adsorbed substances would lead to the local thinning of 
passive film. As a result, the strength of local electric field 
would significantly increase. Finanlly, a complete break-
down of passive film and pit initiation taken place [77, 81]. 

Metastable pitting.-Usually, metastable pits are consid-
ered as the growth of pits in the limited time before re-
passivation of local substrate [68]. Metastable pits are often 
micron-sized and their lifetimes are up to couple of seconds 
[68]. Many characterization methods are applied for better 
understanding about metastable pitting. For instance, statisti-
cal techniques are used to evaluate the intensity of pitting 
[84]. Besides, potentiostatic statistics is applied to analyze 
the current transients which are caused by metastable pitting 
[84]. According to a given applied potential, a few fluctua-
tions of small current transients would be found before stable 
pitting takes place. Therefore, each nucleation event is ac-
companied by a sharp anodic current transient, which 
demonstrates quick re-passivation of local substrate [85]. 
These small current transients also indicate the formation, 
growth and annihilation of metastable pits [86]. Jiang et al. 
[67] studied the influence of Cl- on Ti products, which is 
based on the constant potential statistics using the recorded 
current transients. They found that the amplitude and number 
of current transients increase with increasing the concentra-
tion of Cl- [67]. Meanwhile, the random appearance of cur-
rent transients manifests the stochastic properties of metasta-
ble pitting events. Actually, Jiang et al. [84] proposed an 
approach about the quantitative determination of metastable 
pitting based on the charge integration of current transients. 
They obtained a pit density (the number of metastable pits 
per unit area) of 1.0×103 cm-2 h-1 in 0.6 M NaCl solution at 
0.5 VSCE, which has a typical radius of 0.12 μm [84]. As 
known, Ti and Ti alloys have been widely applied in the bi-
omedical industry. Therefore, even a small quantity of metal 
ions releasing into human body may change the biological 
performance of Ti implants. Although stable pitting corro-
sion may be rare in the biomedical environment, metastable 
pitting corrosion, as the primary source of metal ion release, 
may play a vital role in the biological properties of implants 
[87]. Therefore, the investigation of metastable pitting is also 
of great significance for biomedical Ti and Ti alloys. 

The development of metastable pitting is related either to 
the formation of stable pitting or to the appearance of re-
passivation. If the growth rate of metastable pitting is greater 
than re-passivation rate of local substrate, there would be a 
tendency of stable pitting, especially in solutions containing 
aggressive ions. Conversely, the passive film would be re-
paired. Although the material is passivated again, the local 
thickness of passive film is below the regions where no pit-
ting corrosion takes place. Such a case would enhance the 
probability of the recurrence of pitting corrosion and the 
passive film may crack again under stress states [88, 89]. 

Propagation of pitting.-The growth of metastable pits is 
complex. There are many different models for the growth of 
metastable pits. For instance, Frankel [68] considered that  
 

the crucial factor for the growth of metastable pits is the 
metastable pits covered by passive film. The film is porous, 
which results in the diffusion of dissolved products in the 
pores and the aggressive ions from the environment. These 
micropores cause current convergence which brings about a 
higher impedance of the local region, while the growth of 
metastable pits is controlled by passive film impedance [68]. 
Therefore, the passive film with high impedance facilitates 
the growth of metastable pits. Otherwise, once the passive 
film ruptures, metastable pits would disappear because of re-
passivation. As such, the rate of the propagation of pits 
would be significantly fast once a pit is formed. The growth 
rate of pit depends on the electrolyte concentration inside, 
the potential at the pit bottom and material compositions 
[68]. Laycock et al. [90] proposed a model for the propaga-
tion of corrosion-pitting using a two-dimensional finite ele-
ment method. They used the dissolution kinetics to simulate 
the growth of pits and found that the propagation of pitting 
requires a higher applied potential as compared to the pitting 
initiation.  

There are numerous growth models regarding the propa-
gation of pitting. At present, the existence of acidizing auto-
catalytic in pits is generally accepted [68, 91, 92]. Once a pit 
is formed, the metal in the pit is in an active state as anode 
and the other surface of metal is in a passive state as cathode. 
Therefore, a micro-galvanic corrosion cell is formed [93-95]. 
The anodic reaction can be indicated as follows: 

 � � ��
��
� ��

�                                                        (1) 
The cathode reaction outside the pit can be expressed as 

follows: 

�� � ���� � ��
�
� ���

�                                          (2) 
Afterwards, metal ions produce secondary reaction as pH 

value increases [96]: 

 ���� � ��� � ����
��� �

� �
�                            (3) 

 ����� � ����
� ��� � �����

��� �                   (4) 
These reactions induce sediment accumulating in the pit. 

The pH value outside the pit increases as the reaction pro-
gresses due to the production of OH-. The sediment accumu-
lation impedes the migration of ions both inward and out-
ward the pit. Soluble salt in electrolyte, such as Ca(HCO3)2, 
turns into CaCO3 sediment with the development of corro-
sion. Therefore, the accumulation of sediment would form 
occluded cells. Dissolved oxygen hardly diffuses into the pit 
after the formation of occluded cell. As such, oxygen con-
centration difference is formed between the inside and out-
side of pit. Outward diffusion of dissolved metal ions is also 
difficult, therefore the concentration of metal cations in the 
pit gradually increases. If the reaction takes place in the neu-
tral solution containing Cl-, Cl- would transfer from outside 
to inside for keeping electrical neutrality. Therefore, the con-
centration of Cl- rises inside the pit. As mentioned above, the 
environment with high-concentration Cl- would accelerate 
the corrosion of metal. As corrosion progresses, more Cl- 
migrate into pits, which further accelerates the corrosion of 
metal. Such a circulation behaves as an autocatalytic process 
until the formation of stable pitting.  
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2.2. Principle Influencing Factors of Pitting Corrosion 

Applied potential.-Pitting potential is defined as the low-
est potential which can result in the pitting phenomenon of 
metals in the passive state. As we know, the basic require-
ment of pitting corrosion for metals in the passive state is 
aggressive ions (such as Cl- or Br-) and dissolved oxygen in 
the electrolyte [96, 97]. Therefore, local corrosion is prone to 
take place when the applied potential is beyond a certain 
value [96]. In other words, the increase of potential enhances 
the driving force for the adsorption of aggressive ions [68]. 
The adsorption of aggressive ions causes the breakdown of 
passive film, which induces pitting corrosion of metals in the 
passive state. As such, the pitting potential also reflects the 
difficulty or the facility in the breakdown of passive film. 
Moreover, the existence of oxidant is prone to make the cor-
rosion potential rise or even exceed a certain critical value-
pitting potential (breakdown potential) [98]. Boucherit et al. 
[99] prepared solutions that respectively containing pitting 
agent, inhibitor and oxidant with different concentrations. 
Afterwards, they evaluated the performances of carbon steels 
in terms of the pitting potential and found that the oxidant 
promotes the efficiency of inhibitor. Therefore, the pitting 
corrosion of specific metals in specific environments can be 
examined according to the applied potential. Beck [100] 
drew a graph concerning the current densities of pitting cor-
rosion for commercial pure Ti (CP–Ti) in 0.6 M KBr and 0.6 
M HBr solutions as a function of applied potential. The re-
sults indicated that the current density of pitting corrosion 
increases linearly with the applied potential. Therefore, the 
increase of applied potential would facilitate pitting corro-
sion. Meanwhile, Beck [101] also potted a series of transient 
current density-potential curves for CP–Ti electrode in 1 M 
KBr. Metastable pits are found between 1 V and 1.5 V. 
When potential increases to about 3.8 V, stable pits are 
formed. Basame and White [102] obtained a similar conclu-
sion by voltammetric response of Ti/TiO2 in 0.05 M KI solu-
tion. There is a small current undulation at 7.0 V, which re-
veals the formation of metastable pits. Moreover, stable pits 
are formed at 7.8 V.  

Temperature.-In general, the function of temperature (T) 
vs. corrosion current density (�����) of Ti and Ti alloys fol-
lows the Arrhenius relationship, which can be expressed as 
[103, 104]: 

��� ����� � � �
��

�����
                                                      (5) 

where � is a constant, �� is activation energy and R is gas 
constant. Such an equation indicates that the corrosion cur-
rent densities of Ti and Ti alloys increase with environment 
temperature. Therefore, the corrosion rate of Ti and Ti alloys 
increases exponentially with temperature. Like potential, 
temperature is also a critical factor of pitting corrosion. Sta-
ble pitting takes place over a specific temperature which is 
called critical pitting temperature (CPT). The initiation of 
metastable pits or the formation of stable pits hardly takes 
place at a low temperature [97]. Hence, only extremely high 
breakdown potential can observed at a low temperature for 
metallic materials, which is related to the transpassive disso-
lution instead of local corrosion [68]. Over CPT, pitting cor-
rosion can take place at a potential which is far below the 
transpassive potential [68]. Therefore, CPT is an important 

index related to the transformation from metastable pits to 
stable pits [97]. Below CPT, alloys cannot maintain the an-
odic current density (the necessary condition for pitting cor-
rosion) [97]. Liu et al. [105] plotted the current-temperature 
curve of Ti in 0.1 M Na2SO4 solution at a potential of 1.1 V 
and found that metastable pitting takes place from 128 °C, 
while the stable pitting takes place at 205 °C [105]. Burstein 
et al. [85] investigated the influence of temperature on the 
pitting nucleation of CP–Ti micro-electrode in Ringer’s 
physiological solution. The frequency of breakdown remark-
ably increases with rising temperature, which means the oc-
currence of pitting corrosion [85].  

Alloy compositions.-It is well known that the alloy com-
positions influence the pitting corrosion of metallic materials 
[68, 106, 107]. The addition of certain elements is beneficial 
for the properties of passive film, hence improving the pit-
ting corrosion resistance [108]. However, the added elements 
would also produce crystallographic defects and distinct 
phases, which form galvanic couples and eventually cause 
pitting corrosion [108-110]. Some specific examples are 
used to intuitively understand the influence of alloy compo-
sitions on pitting corrosion. Oliveira et al. [111] investigated 
the corrosion resistance of Ti–50Zr and Ti–13Nb–13Zr al-
loys in various solutions. They found that the two alloys ex-
hibit similar voltammetric responses and no transpassivation 
in solutions of H2SO4, HNO3, CH3SO3H and H3PO4 (pH=1) 
are observed at the potential up to 8 V. Pitting corrosion of 
Ti–50Zr alloy takes place at a potential over 2 V in HClO4, 
while Ti–13Nb–13Zr alloy remains excellent corrosion re-
sistance at the potential up to 8 V under the same condition. 
Therefore, the contents of Nb and Zr lead to different pitting 
behavior of Ti–50Zr and Ti–13Nb–13Zr. Glass and Hong 
[112] immersed Ti–Mo alloys (the contents of Mo = 10, 20, 
30 wt.%) in 1 M H2SO4, and found that the increased content 
of Mo improves the thermodynamic stability of Ti, which 
enhances the pitting corrosion resistance accordingly. 

Other unclear factors.-The oxide layer plays a key role in 
protecting alloys from corrosion. However, the protective 
passive film would degrade in the acidic solutions, which 
encourages the corrosion rate [113]. Zhong et al. [114] found 
that the corrosion potential of Ti electrode increases from -
665 mV to -402 mV in the electrolytes with different pH 
values from 2.8 to 9.8. Interestingly, the current density 
(1.08 ± 0.2 μA cm-2) is the lowest at the pH of 7.0 as com-
pared to those at other pH values, while the pitting potential 
(1501 mV) is the highest. By contrast, Sueptitz et al. [115], 
found that Ti–Fe–Sn alloys reveal low corrosion rate and 
high stability to pitting corrosion in a wide range of pH val-
ues. Similarly, Virtanen and Curty [116] considered pH val-
ues have little influence on the pitting corrosion of Ti. Such a 
contradiction was explained by Maria et al. [117], who in-
vestigated the pitting corrosion of Ti–6Al–4V and Ti–13Nb–
13Zr alloys. The results showed that the pitting behavior of 
Ti–13Nb–13Zr alloy is sensitive to the change in pH value 
and Ti–6Al–4V alloy is insensitive in the electrolytes with 
different pH values. However, the pH value of body fluid is 
almost stable, which is a neutral salt environment at a tem-
perature of ~37 ºC. Therefore, the effect of pH on corrosion 
of Ti and Ti alloys may be neglected in the human body un-
less some diseases take place (such as inflammation and in-
fection) [118]. 
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Furthermore, Beck [100] also put forward another factor, 
namely, flow rate of electrolyte. They immersed CP–Ti in 
flowing iodide solution, bromide solution and chloride solu-
tion, respectively. However, CP–Ti exhibit different behav-
ior in these solutions. The pitting corrosion current density 
increases with flow rate in iodide solution but decreases with 
flow rate in bromide solution. In chloride solution, pitting 
corrosion is completely absent. Therefore, pitting corrosion 
behavior of CP–Ti varies with different solutions in flowing 
electrolyte. A hypothesis was supposed that pitting corrosion 
in iodide solution could be related to oxide accumulation. As 
such, flowing electrolyte removes the blocking oxide, lead-
ing to pitting corrosion [100]. By contrast, in bromide solu-
tion and chloride solution, the concentration of hydrolytic 
product determines the production of passive film. There-
fore, increased flow rate of electrolyte contributes to reduc-
tion in the concentration of hydrolytic productions, thereby 
improving pitting corrosion resistance [100]. However, there 
is still not enough evidence to support this hypothesis. Simi-
lar to the effect of pH value, the effect of flowing electrolyte 
is still not clear. 

3. PITTING CORROSION OF VARIOUS TYPES OF TI 
AND TI ALLOYS 

3.1. α-type Ti Alloys 

α-type Ti alloys (such as CP–Ti and/or those Ti alloys 
only contains a trace of β-stabilizers) primarily consist of α 
phase [119-121]. α-type Ti alloys can maintain their strength 
and creep resistance under the temperature of 600 °C. The 
mechanical properties of α-type Ti alloys more rely on their 
compositions as compared to those of (α+β)-type Ti and β-
type Ti alloys [122, 123]. For instance, the oxygen contents 
and processing procedures of α-type Ti alloys have signifi-
cant influence on their properties [47]. Oxygen is the prima-
ry interstitial elements for Ti and Ti alloys [124]. Therefore, 
oxygen content is conducive to the strength of Ti and Ti al-
loys. In addition, processing procedures also determine the 
crystallographic characteristics of Ti and Ti alloys, which is 
another factor influencing the properties of metallic materials 
[60, 125-133]. It is well known that α-type Ti alloys exhibit 
excellent corrosion resistance, good weldability and high 
creep resistance. Therefore, α-type Ti alloys can be applied 
in the oral environment and high-temperature environment. 

Although α-type Ti alloys have excellent corrosion re-
sistance, their performances would be weakened in aggres-
sive environments due to corrosion, especially pitting corro-
sion. Such a phenomenon is unfavorable for Ti and Ti alloys 
used in biomedical fields. The following examples are used 
to better understand the pitting corrosion of α-type Ti alloys 
in various environments. Neville and Xu [134] immersed 
CP–Ti in three different solutions (i.e., the HCl solutions at 
pH of 4 and pH of 2 as well as HCl solution with the addi-
tion of 500 ppm NaCl at pH of 4, respectively). They found 
that the critical pitting temperature of CP–Ti would decrease 
with decreasing the pH value. Casilla et al. [135] immersed 
CP–Ti electrode in 1 M KBr and 0.05 M H2SO4 solutions 
and measured the voltammetric responses by electrochemical 
measurements. They obtained a function of the pitting poten-
tial and the thickness of passive film. The function indicated 
that the pitting potential of CP–Ti is proportional to the aver-

age thickness of passive film. Cheng et al. [136] observed a 
considerable number of pits on CP–Ti immersed in the fluor-
idated solutions, which specifies the adverse influence of 
fluoridated solutions on CP–Ti. As mentioned above, one 
can note that the pitting corrosion of α-type Ti alloys is in-
fluenced by the factors mentioned in Section 2. 

Generally, α-type Ti alloys (as well as other types of Ti 
alloys) can form a passive film (mainly consist of TiO2) with 
1.5~10 nm thickness at room temperature [137]. This oxide 
layer provides excellent corrosion resistance in aqueous en-
vironments and possesses low electronic and low ion con-
ductivities [137]. As mentioned earlier, halide ions are det-
rimental to passive film to some extent, thereby leading to 
pitting corrosion. Furthermore, α-type Ti alloys have a high 
solubility for hydrogen, which indicates that the passive film 
of α-type Ti alloys is sensitive to H+ [138]. H+ attacks pas-
sive film (TiO2) and causes the hydrolyzation reaction as 
below: 

���� � ��
�
� ���� � ��

��                                        (6) 
Therefore, the possibility of pitting corrosion would in-

crease in the aqueous solutions at low pH value. 

3.2. (α+β)-Type Ti Alloys 

(α+β)-type Ti alloys are defined as dual-phase alloys and 
they have excellent mechanical properties and good structur-
al stability [93, 139-142]. The mechanical performances of 
(α+β)-type Ti alloys can be adjusted their microstructures by 
heat treatment due to the existence of β phase [143-146]. Ti–
6Al–4V is the most used (α+β)-type Ti alloy in biomedical 
applications [147-151]. However, Ti–6Al–4V has toxic ele-
ments of Al and V. Therefore, many other (α+β)-type Ti 
alloys, such as Ti–6Al–7Nb and Ti–5Al–2.5Fe, are gradually 
developed to be employed in biomedical fields [152]. Ti–
6Al–7Nb is used in some medical device: fasteners, wires, 
femoral hip stems and screws [47]. Ti–5Al–2.5 Fe is also 
frequently applied in the hip prostheses and hip prosthesis 
heads [47]. 

(α+β)-type Ti alloys also possess good corrosion re-
sistance in a variety of aqueous environments. However, 
pitting corrosion is frequently observed for (α+β)-type Ti 
alloys. Barranco et al. [153] prepared three Ti–6Al–4V al-
loys with different surface roughnesses by blasting and eval-
uated their pitting sensitivities after oxidation treatment. 
They found that the pitting sensitivity of blasted Ti–6Al–4V 
alloy increases as the surface roughness increases. As is 
known, the topography of passive film is determined by the 
topography of Ti substrate. Therefore, one can conclude that 
the pitting corrosion of Ti alloys is also influenced by their 
topographies. López et al. [154] oxidized Ti–6Al–7Nb, Ti–
13Nb–13Zr and Ti–15Zr–4Nb in air at 750 °C ranging from 
6 h to 48 h and then examined their pitting sensitivities in 
Hank’s solution by cyclic voltammetry method. The result 
revealed that Ti–6Al–7Nb shows smaller loop area (as well 
lower pitting sensitivity) compared with other two alloys. On 
the other hand, these three oxidized alloys have better pitting 
corrosion resistance than the non-oxidized counterparts 
[155], which indicates that the pre-formed oxide layer en-
hances the protection against pitting corrosion. Simsek and 
Ozyurek [156] investigated the pitting corrosion of Ti–5Al–
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2.5Fe and Ti–6Al–4V alloys in simulated body fluid. Ti–
6Al–4V alloy shows duct-shaped pits along the grain bound-
aries, which is considered to be related to the dissolution of 
V-rich zones [156]. In comparison, the pits on the Ti–5Al–
2.5Fe alloys are mainly presented in β-phase zones.  

According to the above statements, it can be concluded 
that the pitting behavior of dual-phase Ti alloys depends on 
their chemical compositions to a great extent. The changes in 
the compositions of the oxide layer would promote the oc-
currence of pitting. Therefore, some surface treatments, such 
as oxidation and anodic treatment, can improve pitting cor-
rosion resistance [69]. On the other hand, (α+β)-type Ti al-
loys have two different phases, which are prone to produce 
micro-galvanic effect. The dissolution of micro-anode accel-
erates the formation of passive film. As such, the passivation 
phenomenon is more obvious in (α+β)-type Ti alloys [157]. 
Meanwhile, it has been reported that the oxide formed on β 
phase is more stable than that formed on α phase [158]. Co-
daro et al. [159] investigated the influence of heat treatment 
on pitting corrosion of selective laser melted Ti–6Al–4V by 
statistical analysis. They discovered that pits are mainly lo-
cated in the interface of α/β phases. In annealed condition, 
pits are spherical and hemispherical, which are deeper than 
those in samples treated by the other conditions. Neverthe-
less, Sherif et al. [160] studied the effect of annealing tem-
perature on pitting corrosion of Ti–54M alloy and found that 
uniform corrosion resistance and pitting corrosion resistance 
can be obviously improved at the annealing temperature of 
940 °C. Hence, the annealing conditions significantly influ-
ence the microstructures and, therefore the pitting corrosion 
of dual-phase Ti alloys. As such, the corrosion behavior of 
dual-phase Ti alloys is more complex than that of single-
phase Ti alloys, especially pitting corrosion.  

3.3. β-type Ti Alloys 

In β-type Ti alloys, Nb, Ta, Zr, Mo and other β stabilizers 
are added as main alloying elements [29, 70, 161-165]. 
Hence, β-type Ti alloys are primarily composed of β phase 
[166-172]. Their strength can be enhanced by quenching and 
subsequently aging at the temperature of 450 °C~650 °C, 
which is attributed to the dispersion strengthening. As with 
other hexagonal materials, aging treatment produces α phase 
resulted from the transformation from β phase, [47, 173-
178]. For instance, the tensile strength of Ti–10V–2Fe–3Al 
alloys exceeds 1200 MPa after heat-treated at 760 °C and 
subsequently aged at 500 °C for 8 h [179]. Meanwhile, β-
type Ti alloys exhibit lower modulus as compared to α-type 
Ti alloys and (α+β)-type Ti alloys since β phase exhibits 
lower modulus than α phase [180-185]. So far, many β-type 
Ti alloys have been developed, such as Ti–12Mo–6Zr–2Fe, 
Ti–13Mo–7Zr–3Fe, Ti–15Mo–5Zr–3Al, Ti–14Nb–13Zr, Ti–
35Nb–7Zr–5Ta, Ti–34Nb–9Zr–8Ta, Ti–15Mo, Ti–12Mo–
5Ta, Ti–25Nb–3Fe, Ti–35Nb and so on [180, 186-192]. β-
type Ti alloys have better biocompatibility as compared to 
(α+β)-type Ti alloys due to the absence of toxic elements of 
Al and V [47]. Due to the better corrosion resistance of β 
phase, β-type Ti alloys also possess better corrosion re-
sistance than (α+β)-type Ti alloys [47]. Owing to their fasci-
nating properties, β-type Ti alloys also are expected to be 
biomedical materials. Therefore, it is important to β-type Ti 
alloys that whether they have good pitting corrosion re-
sistance or not. Oliveira et al. [193] found that β-type Ti–
15Mo alloy reveals a typical valve-metal behavior via poten-
tiodynamic polarization tests in Ringer’s solution (NaCl 8.61 
g l−1, CaCl2 0.49 g l−1, KCl 0.30 g l−1). Oliveira et al. [111] 
also found that Ti–13Nb–13Zr and Ti–50Zr alloys show sim-
ilar voltammetric responses with no evidence of pitting cor-
rosion in acidic solutions, even at potentials up to 8 V. How-

Table 2. Pitting corrosion potential, corrosion potential and critical pitting temperature (CPT) of CP-Ti and some Ti alloys. 

Alloy Type Ep (VSCE) Ecorr (VSCE) CPT (°C) Environment Refs. 

CP-Ti Grade 2 α — — 83.1 HCl solution (pH=4.0) [134] 

Ti5111 α — — 94.7 HCl solution (pH=4.0) [134] 

CP-Ti Grade 2 α — — 198.0 1M NaCl solution (pH=7.0) [105] 

Ti-6Al-4V α+β — — 98.2 HCl solution (pH=4.0) [134] 

Ti-6Al-4V  α+β — — 86.0 3.5wt.% NaCl solution (pH=7.0) [89] 

Ti-6Al-4V α+β 0.250 -0.45± 0.04 — Phosphate buffered saline (pH=7.4) [195] 

Ti-6Al-4V α+β -0.180 -0.47± 0.02 — Serum and Urine joint fluid (pH=8.0) [195] 

Ti-6Al-4V α+β -0.100 -0.44 ±0.05 — Serum (pH=7.6) [195] 

Ti-6Al-4V α+β 0.250 -0.40 ± 0.18 — Urine (pH=6.6) [195] 

Ti-6Al-4V (selective 
laser melted) 

α+β 8.13~8.45 (α′ 
phase) 

— 70.0 (α′ phase) 3.5wt.% NaCl solution (pH=7.0) [89] 

Ti-13Nb-13Zr β — 0.11 — Hank’s solution (pH=7.4) [154] 

Ti-15Zr-4Nb β — 0.14 — Hank’s solution (pH=7.4) [154] 
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ever, Ti–13Nb–13Zr retains corrosion resistance in chloride-
containing solution, while Ti–50Zr alloy undergoes local 
corrosion (pitting corrosion) at the potential even lower than 
2 V. Meisterjahn et al. [194] reported that the pitting corro-
sion potential of pure Zr is approximately 1.6 V. Therefore, 
it can be seen that the excessive addition of Zr in Ti alloy 
would result in the similar corrosion behavior to pure Zr 
[111]. It is also suggested that adding Zr in Ti alloys may 
facilitate pitting corrosion. Moreover, Meisterjahn et al. 
[194] examined the pitting corrosion potentials of as-cast and 
heat-treated Ti–50Zr alloys and found that heat treatment has 
a slight effect on the pitting corrosion behavior of Ti–50Zr 
alloys. Hence, one can conclude that the chemical composi-
tions may play a more significant role in the pitting corrosion 
for β-type alloys.  

Combined the statements in Section 3.1 and 3.2, β-type 
Ti alloys have the best pitting corrosion resistance among the 
three types Ti alloys. Satendra et al. [180] also demonstrated 
this result by cyclic polarization tests in Ringer’s solution. 
They found the loop areas of the cyclic polarization curves 
for these three alloys following the order of Ti–15Mo < Ti–
6Al–4V < CP–Ti. It is well known that the smaller the loop 
area, the better the pitting corrosion resistance and vice ver-
sa. However, this result cannot illustrate that all β-type Ti 
alloys would have similar pitting behavior. For a simple 
comparison, Table 2 lists the Pitting corrosion potential, cor-
rosion potential and critical pitting temperature of CP-Ti and 
some different-typed Ti alloys. 

β-type Ti alloys always have single phase and they gen-
erally exhibit higher pitting corrosion than dual-phase Ti 
alloys owing to the absence of galvanic coupling effect be-
tween different phases [196]. Shoesmith et al. [197] reported 
that the different film formation rates on α phase and β phase 
would induce the breakdown of passive film at α/β interface, 
resulting in the pitting corrosion of dual-phase Ti alloys. 
However, a single-phase microstructure of Ti alloys can be 
obtained by appropriate heat treatment for β-type Ti alloys, 
which also eliminates the galvanic coupling effect and fur-
ther improves their corrosion resistance. For two types of 
single-phase alloys (i.e. α- and β-types of Ti alloys), it is 
well known that α phase dissolves faster than β phase in var-
ious environments [198]. Therefore, β-types Ti alloys gener-
ally possess better corrosion resistance than α-types Ti al-
loys. Meanwhile, due to the inappropriate processing proce-
dure, α′ martensite phase may be produced in α-type of Ti 
alloys, which is considered as the potential source for pitting 
corrosion [199]. Therefore, β-type Ti alloys often have better 
pitting corrosion resistance than α-type Ti alloys.  

CONCLUSION 

This article introduces the pitting corrosion of three types 
(α-type, α+β-type and β-type) of biomedical Ti alloys, in-
cluding pitting corrosion mechanism, influencing factors as 
well as pitting behavior. At first, the importance of Ti and Ti 
alloys in the applications of biomedical fields is illustrated. 
However, pitting corrosion is frequently found for Ti and Ti 
implants, which is significantly harmful to human body. 
Therefore, the investigation of pitting corrosion for Ti and Ti 
alloys is significant. Based on the formation of pitting, the 
growth stages of pitting corrosion are introduced and the 

main influencing factors of pitting corrosion (corrosive envi-
ronment, applied potential, temperature and alloy composi-
tions) are also specified in detail. Afterwards, the distinct 
pitting behavior for various types of Ti and Ti alloys are in-
troduced. β-type Ti alloys are considered to have better pit-
ting corrosion resistance as compared to α-type and α+β-type 
alloys. 

There are many different opinions about the growth of 
pitting corrosion, which has no consensus, although some 
models or hypotheses have been proposed. It is interesting to 
note that the stage of metastable pitting has received more 
attentions. Many models were proposed to find the precursor 
sites of pits in order to better understand the pitting corro-
sion. Three types of Ti alloys exhibit excellent corrosion 
resistance in a variety of aqueous environments while pitting 
corrosion is still found. The influencing factors of pitting 
corrosion for three types of Ti alloys can still be attributed to 
corrosive environment, applied potential, temperature and 
alloy compositions. Considering these four influencing fac-
tors is an effective way to deep understand the pitting corro-
sion for Ti and Ti alloys. Some methods, such as heat treat-
ment and surface treatment, have been used for Ti and Ti 
alloys to improve their corrosion resistance. As a result, pit-
ting corrosion resistance of Ti and Ti alloys is correspond-
ingly improved. Therefore, synthesizing a protective surface 
layer may be better for Ti and Ti alloys against pitting corro-
sion as compared to bare metal surface.  
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