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Abstract 
Ultrasonic fatigue tests were carried out on titanium alloy Ti–6Al–
4V on the base material and the pre-corroded specimen to assess the 
pre-corrosion effect on the fatigue life of this alloy. The pre-corrosion 
was obtained by immersion of specimens in an acid solution: hydro-
chloric acid with 1.4 of pH during 8 and 16 minutes. All ultrasonic 
fatigue tests were performed following a predetermined sequence to 
attain the nominal applied load. 
Infrared images were taken at the neck section of specimens during  
ultrasonic fatigue testing, revealing that temperature is higher for 
the specimens with pre-corrosion and it increases with the time of 
pre-corrosion. It was observed that pits generated by pre-corrosion 
were associated with stress concentration, temperature increase and 
fatigue endurance decrease. Fracture surfaces were analyzed to de-
termine the crack initiation and propagation and the stress intensity 
factor range threshold KTH was obtained for both: the pre-corroded 
and non pre-corroded specimens. 
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Ultrasonic fatigue; titanium alloy; corrosion pitting; infrared im-
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1 INTRODUCTION 

The alloy Ti–6Al–4V is the most popular titanium alloy for industrial applications. The wide spectrum 
of uses includes the aerospace industry (Venkateswarlu et al. 2013; Inagaki et al. 2014), marine ap-
plications (Gurrappa 2003; Sorkin et al., 1982), biomedical uses (Elias et al. 2008; Assis and Costa 
2007), and others (Henry et al. 1995). Frequently, this titanium alloy is subjected to mechanical 
loading and corrosion (Baragetti 2014; Zavanelli et al. 2000), which lead to a detrimental effect on 
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fatigue endurance. In order to assess the pre-corrosion effect on the ultrasonic fatigue endurance on 
this titanium alloy, the testing specimens were immersed in a solution of hydrochloric acid with pH 
= 1.4, for 8 and 16 minutes. All specimens were dried with air after the immersion in the acid solution 
to avoid additional corrosion attack. 

Corrosion pitting is commonly present after corrosion attack on specimens used for fatigue tests 
(Dominguez-Almaraz et al. 2012; Nový et al. 2013). Recently, some authors have reported a system-
atic study to evaluate the influence of diverse surface treatment methods on corrosion resistance of 
the Ti-6Al-4V alloy, after anodic oxidation (Szewczenko et al. 2010). Concerning fatigue endurance 
results on this titanium alloy, the stress concentration factor Kt and the notch effects have been 
investigated under different neutral and corrosion environments for 2 × 105 cycles and 10 Hz of 
frequency (Baragetti 2014). Also, ultrasonic fatigue tests have been reported for this titanium alloy 
under fully reversed loading conditions at room temperature and atmospheric environment (Morrissey 
and Golden 2005); others authors have studied the fatigue life and the failure mechanisms of Ti-6Al-
4V alloy using ultrasonic technology and 3D laser scanning vibrometry, to obtain non-contact strain 
measurements during cyclic loading (Heins et al. 2013). Ultrasonic fatigue tests for bimodal and 
basketweave microstructures have shown that no conventional fatigue limit is observed for the fatigue 
life range: 105 – 109 cycles; furthermore, beyond one million of cycles of fatigue life the fatigue endur-
ance of bimodal titanium Ti-6Al-4V is higher in regard the basketweave microstructure (Zuo et al. 
2008). Nevertheless, no investigations have been developed to assess the corrosion effect on this tita-
nium alloy under ultrasonic fatigue testing. 

In this work, pre-corrosion on the ultrasonic fatigue specimens was imposed and special attention 
was devoted to the geometry and proximity of pre-corrosion pitting, which were revealed strongly 
associated with the stress concentration, temperature increase and decrease of fatigue endurance. This 
behavior has been observed for a large number of metallic alloys (Dolley and Dolley 2000; Akid et al. 
2006; Zupanc and Grum 2010). Furthermore, most of the stress concentration models for pitting 
corrosion are related to the geometrical dimensions of one single pit: the depth and width of the pit 
(Jia et al. 2015; Turnbull et al. 2010). In this work is proposed a model for the stress concentration 
factors of two or four pits at the neck section of the hourglass shape testing specimen, under uniaxial 
ultrasonic load. 
 
2. EXPERIMENTAL TESTING  

2.1 Material 

Ultrasonic fatigue tests were carried out on the titanium alloy Ti-6Al-4V, which has a microstructure 
containing primary alpha phase (60%), and lamellar beta combined with secondary alpha phases 
(40%). The chemical composition (% in weight) and the principal mechanical properties are listed in 
Table 1 and Table 2, respectively. 

The dimensions of the hourglass shape specimen for ultrasonic fatigue were obtained by numerical 
simulation to fit the resonance condition, which is required for this fatigue testing method. In Figure 
1 are shown the obtained dimensions (in mm), for the ultrasonic fatigue testing specimen. 
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CHEMICAL COMPOSITION (% IN WEIGHT) 
Al  V Fe C N H O Ti 

5.5 -6.75 3.5 - 4.5 
0.08 
Max. 

0.08 
Max. 

0.05 
Max. 

0.015 
Max. 

0.20 
Max. 

Balance 

Table 1: Chemical composition (% in weight) of titanium alloy Ti-6Al-4V. 
 

PRINCIPAL MECHANICAL PROPERTIES 
E Density  Hardness y u Poisson Elongation  

GPa 
116 

Kg/m3 
4440 

Brinell 
95 

MPa 
931 

MPa 
970 

ratio 
0.33 

 at break % 
10  

Table 2: Principal mechanical properties of titanium alloy Ti-6Al-4V. 

 

 

Figure 1: Dimensions (mm), for the ultrasonic fatigue specimen of Ti-6Al-4V. 

 
2.2 Ultrasonic Fatigue Testing System 

During the ultrasonic fatigue tests, a stationary elastic wave is developed along the testing specimen 
that induces high stress at the neck section and high displacements at the two ends. The stress and 
displacement along the testing specimen have been obtained by numerical simulation, as shown in 
Figure 2. All numerical analysis was carried out on a tridimensional specimen using the Ansys 15.0 
sofware, the tridimensional element SOLID185, automatic meshing and some of the mechanical prop-
erties of Table 2 and the dimensions of Figure 1. 

A linear relationship was determined between the displacement at the ends of specimen and the 
high stress induced at the neck section: 1 m of displacement at the ends generates 12 MPa of stress 
at the neck section, approximately. Thus, the highest Von Mises stress close to 600 MPa is obtained 
on the neck section of specimen when the displacement at the ends is of  50 m, as shown in Figure 
2. 

In addition, modal numerical analysis was carried to determine the natural frequency of vibration 
in longitudinal direction of testing specimen. The Figure 3a presents the result of this modal analysis: 
20054 Hz of natural frequency for this titanium alloy using some of the mechanical properties of Table 
2 and the dimensions of Figure 1. In Figure 3b is shown the testing specimen attached to the ultrasonic 
fatigue machine. 
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Figure 2: Displacement and stress along the titanium alloy Ti-6Al-4V  

under resonance, obtained by numerical simulation. 

 

 

Figure 3: a) Natural longitudinal frequency of vibration of Ti-6Al-4V obtained by modal analysis,  

b) Ultrasonic fatigue testing specimen attached to the testing machine. 

 
All ultrasonic fatigue tests were carried out with a patented machine developed in our laboratory 

(patent number: 323948, Mexican Institute of Industrial Property, 2014), which is totally controlled 
by a developed LabVIEW program, allowing the test initiation, the record of the number of cycles in 
real time and the automatic stop when the specimen fails (Dominguez-Almaraz 2015). Calibration of 
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testing specimen at the free end was implemented by an inductive proximity sensor which has reso-
lution of 2 m, working at 1.5 KHz. All tests were carried out at room temperature (close to 25 C), 
with environmental humidity between 35 and 45% and full reversed load ratio R = -1. 

The sequence for the ultrasonic fatigue tests has been as follow: stabilization of the system for 30 
seconds with an applied load of 149 MPa (corresponding to the lower voltage of ultrasonic generator: 
10 volts); afterwards, increasing 14.9 MPa each second to attain the nominal applied load. This 
titanium alloy presents sensibility to the increasing load rate during starting test. The described 
sequence for the test starting was implemented to fix the conditions of ultrasonic fatigue testing. 
 
2.3 Pre-Corrosion Attack 

The pre-corrosion attack was imposed to a number of specimens by immersion in hydrochloric acid 
with 1.4 of pH during 8 and 16 minutes, Figure 4a. All specimens were dried with dry air immediately 
after immersion to stop the subsequent corrosion. Micrographs for specimens without pre-corrosion 
and specimens with 8 and 16 minutes of pre-corrosion are shown on Figures 4b, 4c and 4d, respec-
tively. 
 
 

 

Figure 4: a) Pre-corrosion process, b) specimen without pre-corrosion,  

c) 8 minutes of pre-corrosion, d)16 minutes of pre-corrosion. 

 
The corrosion rate (CR, mm/year) is used to estimate the corrosion effect on industrial metallic 

alloys (Jones 1995; Deng et al. 2012), and is expressed as: 
 

87.6 ∆
. .

 (1)

 
Where: 
CR is the corrosion rate, 
wt is the weight loss, measured in milligrams, 
 is the density of titanium alloy in g/cm3, 
A is the area of corrosion in cm2, and 
t is the time of exposure in hours. 

The weight losses in milligrams for the two types of pre-corroded specimens were: 8 milligrams 
for specimens immersed 8 minutes, and 12 milligrams for specimens immersed 16 minutes of pre-
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corrosion. The pre-corrosion surface of this specimen has been 5.34 cm2, and:  = 4.44 g/cm3, t = 8 
and 16 minutes; thus, the obtained values for CR have been: CR = 221.7 mm/year for 8 minutes of 
immersion, and CR = 166.3 mm/year for 16 minutes. Corrosion rates comprised between 40 and 230 
mm/year are commonly present in this titanium alloy at room temperature for different uses, such 
as: chemical, marine and other industrial applications (Gurrappa 2003). 
 
2.4 Measures of Temperature During Ultrasonic Fatigue Testing on Pre-Corroded Specimens and Non-Pre-

Corroded Specimens 

Important energy dissipation takes place under ultrasonic fatigue testing because of the very high 
frequency of vibration, which is related to the damping phenomenon. One direct consequence is the 
temperature increase caused by the high frequency vibration at the neck section of specimen. Tem-
perature at this zone was registered by an infrared camera for two stress levels and for the three types 
of specimens: non-pre-corroded and pre-corroded with 8 and 16 minutes of immersion in hydrochloric 
acid, Figure 5. The last figure shows some images for the two applied loads: 298 and 447 MPa; whereas 
Figure 6 presents the temperature evolution for the three types of specimens in regard the applied 
load: the results show that temperature increases with applying load and with time of pre-corrosion. 
Furthermore, an asymptotic behavior seems to be observed for the three types of testing specimens 
when the applied load reaches the 450 MPa. 
 
 

 

Figure 5: Infrared images loading at 298 MPa for the specimens: a) Non-pre-corroded,  

b) Pre-corroded 8 minutes, and c) Pre-corroded 16 minutes. Thermographic images  

loaded at 447 MPa for the specimens: d) Non pre-corroded,  

e) Pre-corroded 8 minutes and f) Pre-corroded 16 minutes. 
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Figure 6: Temperature evolution at the neck section of specimen with the applied load and the time of pre-corrosion. 

 
3. ULTRASONIC FATIGUE RESULTS ON TITANIUM ALLOY TI–6AL–4V, FOR PRE-CORRODED 

AND NON CORRODED SPECIMENS 

In Figure 7 are plotted the ultrasonic fatigue endurance results for this titanium alloy and for the 
three testing specimens. The experimental results in this figure show that the ultrasonic fatigue en-
durance for the pre-corroded specimens decreases compared to non-pre-corroded specimens. For fa-
tigue life of 5 million of cycles (high loading between 560 – 660 MPa), the difference between speci-
mens without pre-corrosion and specimens pre-corroded 16 minutes is close to 100 MPa; whereas for 
the very high number of cycles (beyond 109 cycles), the effect of pre-corrosion seems to decrease: at 
2 x 109 cycles the difference between the two last specimens is only 40 MPa, approximately. 
 

 

Figure 7: Ultrasonic fatigue endurance for titanium alloy Ti-6Al-4V: non-pre-corroded  

specimens and pre-corroded with hydrochloric acid (pH = 1.4), 8 and 16 minutes. 
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The origin of this behavior seems to be associated with the pre-corrosion pits, which induces stress 
concentration at the pre-corroded surface. The stress concentration is related to temperature increase, 
as observed by the infrared images of Figure 5. In order to assess the general interaction between: 
pits – stress concentration – temperature increase – and fatigue endurance reduction, a numerical 
study has been developed and is presented in the next section. 
 
4. DISCUSSION 

Pitting associated with stress concentration has been the object of scientific studies, most of them are 
oriented to investigate the relationship between: the geometrical properties of one single pitting (semi-
elliptical or hemispherical), and the stress concentration factors (Cerit et al. 2009; Mu et al. 2010; 
Zhao et al. 2013). In a recent work has been investigated the stress concentration around perforations 
produced by corrosion in steel storage tanks (Godoy et al. 2014); which points out that the irregular 
profiles of pitting can approach an elliptical perforation with two principal parameters: the number 
n of “grooves” or “waves” at the inner boundary of the perforation (cosine boundary and star-like 
boundary), and the deviation “d” of the cosine or star-like at the inner boundary. The principal 
conclusion is that the stress concentration factor tends to highest values when the number of waves 
“n” increases, under uniaxial and shear loading. It is mentioned interaction between waves inside the 
same perforation when the number of waves n increases; nevertheless, numerical results are not pre-
sented for the case when two or more close perforations are interacting. 

Very few studies have been devoted to investigate the proximity of two or more pitting and its 
effect on the stress concentration factor (Dominguez Almaraz and Pérez Mora 2013; Kolios et al. 
2014). In the next section is presented a numerical analysis to investigate the effect of two or more 
hemispherical pits at the neck section of the hourglass shape specimen of titanium alloy. 

The diameter for all simulated hemispherical pitting at the neck section of specimen was 200 m, 
a factor of 10 in regard the physical dimension of the diameter of pitting for the pre-corroded speci-
mens: 20 m approximately, Figure 8. 
 

 

Figure 8: SEM image for pitting on the specimen surface: pH = 1.4 and 16 minutes of pre-corrosion. 
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It was observed that the number of pits increases with the time of pre-corrosion from 8 to 16 
minutes, rather than the size of pits. Furthermore, numerical simulations were carried out using 
different diameters for the pitting: 20, 50 100, 200 and 300 m; nevertheless, no important variation 
was observed on the obtained stress concentration factors under similar condition of loading. The 
average physical dimension for the pitting diameter corresponds to the grain size of this titanium 
alloy, that is: 20 m approximately. Some authors have pointed out that the corrosion attack is 
primarily developed at the grain boundary (Young and Young 2003; Han et al. 2000). 

In Figure 9a is shown the stress distribution for the titanium specimen without hemispherical pits 
and 30 m of tension at both ends; whereas in Figure 9b is presented the Von Mises stress distribution 
with one single pitting under the same tension. Figure 9c shows the Von Mises stress distribution 
under the same tension and two transverse pits with 50 m of separation; whereas Figure 9d presents 
the stress distribution under similar tension at the ends of specimen and two transverse pits, this time 
with only 20 m of separation. 
 

 

Figure 9: Von Mises stress at the neck section of testing specimen with 30 m of  

tension at the ends: a) Without pre-corrosion, b) With one single pitting, c) Two  

transverse pits separated 50 m, d) Two transverse pits separated 20 m. 
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Additional numerical simulations have been obtained concerning four pitting holes: two on trans-
verse direction and two on longitudinal direction in regard the principal axis of testing specimens, 
separated 50 and 20 m as shown in Figure 10a and 10b, respectively. 

The interaction between two or more hemispherical pits at the surface seems to be an important 
factor for the stress concentration, in addition of the dimensions and shape of pitting (Dominguez 
Almaraz and Pérez Mora 2013). Under uniaxial loading, which is the case of this study, transverse 
pitting and its proximity seems to be the principal factor to increase the stress concentration. The 
high Von Mises stress for the non-pre-corroded specimen is close to 383 MPa with a tension displace-
ment of 30 m at the ends of titanium alloy specimen (Figure 9a); this value increases to 707 MPa 
with a single pitting (Figure 9b), it reaches 732 MPa for two transverse pits separated 50 m (Figure 
9c), and it attains 1280 MPa for two transverse pitting at the neck section of specimen with separation 
of 20 m (Figure 9d). 
 

 

Figure 10: Von Mises stress for 4 pits at the neck section of specimen and 30 m of tension  

at the ends: a) separation between pits of 50 m, b) separation between pits of 20 m. 

 
Additional pits in longitudinal direction seems to induce low modification on the high stress at 

the neck section of specimen: Figure 10a shows a slight increase of stress for the specimen with 4 pits 
separated 50 m compared to Figure 9c; whereas Figure 10b presents a decrease of stress compared 
to Figure 9d, concerning pits separated 20 m. In addition, it is observed that the highest stress is 
located at the bottom of the hemispherical pitting (Figure 9c), and it moves to the front sides of the 
two pitting when the distance of separation is reduced (Figure 9d). This behavior is modified when 
longitudinal pits are added, as depicted in Figure 10a and 10b, where highest stresses change to the 
opposite sides of the two transverse pits. 

Thus, the stress concentration increases with the reduction of separation of two transverse pits 
at the neck section of specimen, undergoing uniaxial tension. Under this loading condition, the addi-
tion of longitudinal pits induces low variation or even reduction on the stress, as it is observed on 
Figure 10b. 
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It is necessary to remark that all these numerical results have been obtained under uniaxial 
loading; it is expected an important deviation when applying biaxial or triaxial loading, since inter-
action between pits in different angles and proximities must be introduced. This will be the subject 
of a future study. 

Concerning the uniaxial loading, a simple model is proposed to assess the stress concentration 
factor related to the proximity of two transverse pits and two longitudinal pits at the neck section of 
the specimen. In Figure 11 is shown the stress concentration factor Kt in the vertical axis and the 
separation d between the two hemispherical pits (200 m of diameter), in transverse or longitudinal 
direction, plotted on the horizontal axis. 

The empirical model for Kt considering two hemispherical pits in transverse direction without 
pits in longitudinal direction is as follows: 
 

1.85 . /  (2)
 

Where: 
B is a constant = 13.75, and d is the separation (m) between the two hemispherical pitting holes. 
 

 

Figure 11: Evolution of stress concentration factor Kt with the separation of two hemispherical pitting  

in transverse and longitudinal direction at the neck section, with 30 m of tension at the ends. 

 
The corresponding empirical model for two hemispherical pits in transverse direction with two 

pits in longitudinal direction (the four pits separated the same distance d), is written as: 
 

1.85 . /  (3)
 

This time with: B = 3.335. 
The asymptotic behavior of these models implies that Kt tends to 1.85 when the separation 

between the two pits grows up: no interaction of hemispherical pitting at the neck section of specimen 
in both directions: Kt corresponds to a single pitting hole, Figure 9b.  

In addition, the crack initiation and propagation were analyzed by SEM images as shown in 
Figure 12. The Figure 12a presents the fracture surface for this titanium alloy tested at 700 MPa of 
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loading (75% the elastic limit of this alloy), for a specimen attacked with hydrochloric acid (pH=1.4) 
during 8 minutes. Crack initiation has been reported at the subsurface of specimen under ultrasonic 
fatigue testing of Ti–6Al–4V titanium alloy: a distance from the surface between 419 m and 586 m, 
no matter the stress amplitude (Heins et al. 2013). Since some of specimens in this work has been 
subjected to pre-corrosion attack, the crack initiation site for them has been frequently located at the 
surface of specimen, associated with high stress concentration induced by pitting. 
 

 

Figure 12: a) Fracture surface for the specimen tested at 700 MPa, with immersion in hydrochloric  

acid (pH=1.4) for 8 minutes, b) site of crack initiation c) Micro-voids coalescence. 

 
The crack initiation site was associated with the high stress concentration at the surface of spec-

imen (presence of pitting generated by pre-corrosion), accompanied with plastic deformation at mi-
croscopic scale (micro-voids coalescence), which is observed in Figure 12c (Dominguez-Almaraz et al. 
2014; Xue et al. 2002). The nucleation of micro-voids under ultrasonic fatigue leads to micro-cracks, 
which is the result of shear bands that facilitate the sites of failure inside the regions softened by 
thermal effect (Xue et al. 2002; Zhang et al. 2011). Furthermore, the line of separation between the 
ductile-like (zone A) and brittle-like (zone B), of crack propagation is clearly denoted on Figure 12a. 

In order to assess the effect of pre-corrosion on the crack initiation threshold of this titanium 
alloy, large-crack tests (a > 3 mm), were implemented using the back-face strain compliance technique 
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(Newman et al. 2011). Tests were carried out on a servo-hydraulic machine, working under close-loop 
control on K and 50 Hz of frequency. Crack growth tests were obtained at room conditions (23° C 
and 45% of relative humidity), using the compact test (CT) specimen, following the ASTM E647 
standard for the fatigue crack growth rate and the K decreasing test. Three types of compact test 
specimens were tested: the non-pre-corroded and the specimens with 8 and 16 minutes of pre-corro-
sion. The dimensions of testing specimen have been selected to correspond to the ASTM E647 stand-
ard: B = 6 mm (the thickness of specimen), a = 18 mm (the crack length) and W = 35 mm (the 
width of the specimen). 
 
 

 

Figure 13: Crack growth rates for the titanium alloy Ti-6Al-4V, without pre-corrosion  

and 8 and 16 minutes of pre-corrosion in hydrochloric acid (pH = 1.4). 

 
In Figure 13 are plotted the crack growth rates for the three tested specimens: the stress intensity 

factor range threshold KTH for the non-pre-corroded specimens under large-crack testing is revealed 
near to 6.5 MPa m1/2, a value close to 5.9 MPa m1/2 which has been predicted recently by others 
authors in the case of short fatigue cracks under load ratio R = -1 and max= 650 MPa (Wang et al. 
2014). Concerning the pre-corroded specimens, the stress intensity factor range threshold under large-
crack testing has been near to 4.8 MPa m1/2 for the specimens with 8 minutes of pre-corrosion, and 
4.2 MPa m1/2 for the specimens with 16 minutes of pre-corrosion. 

The crack growth tests were carried out considering the so called “large-cracks”, which implies 
lower growth rates compared to the “small cracks” (< 500 m), under the same applied driving force 
(Ritchie et al. 1999). Small cracks can propagate below the stress intensity factor range threshold 
corresponding to large cracks; nevertheless, some small cracks become large cracks with time. The 



I.F.Z. Tello et al. / Controlled Pre-Corrosion Attack and Ultrasonic Fatigue Endurance of Titanium Alloy Ti–6Al–4V     525 

Latin American Journal of Solids and Structures 14 (2017) 512-527 

results obtained herein are devoted to investigate the effect of pre-corrosion on the large-crack growth 
rates of the Ti-6Al-4V alloy. 
 
5 CONCLUSIONS 

The following conclusions can be drawn from the present work:  
 Ultrasonic fatigue tests have been obtained on non-pre-corroded titanium alloy Ti-6Al-4V, and 

on specimens with 8 and 16 minutes of pre-corrosion in hydrochloric acid (pH = 1.4). 
 The pre-corrosion on this titanium alloy has induced the corrosion rates: 221.7 mm/year and 

166.3 mm/year, which are commonly present on this titanium alloy at room temperature for 
applications in industries, such as: chemical, marine and others. 

 The infrared images reveal that stress concentration and temperature increase at the neck 
section of pre-corroded specimens compared to non-pre-corroded specimens, under similar load-
ing. 

 Pre-corrosion pitting is at the origin of the relationship: increase of stress concentration – in-
crease on temperature – decrease on ultrasonic fatigue endurance. 

 The ultrasonic fatigue endurance decreases on pre-corroded specimens compared to the non-
pre-corroded specimens of this titanium alloy: near to 100 MPa the difference between speci-
mens without pre-corrosion and specimens pre-corroded 16 minutes at 5 million of cycles of 
fatigue life; this difference is close to 40 MPa when fatigue life attains the 2 x 109 cycles. 

 An empirical model is proposed to estimate the stress concentration factor Kt, by the proximity 
of two hemispherical pitting at the neck section of specimen in transverse and longitudinal 
direction, in regard the principal axis of specimen. 

 Numerical results show that the proximity of two transverse hemispherical pitting holes on the 
neck section of specimen is critical for the increase of the stress concentration factor Kt. 

 Fracture surfaces show two zones for crack propagation: the ductile-like crack propagation 
(zone A), characterized by microscopic plastic deformation and containing the crack initiation 
site, and the brittle-like (zone B), crack propagation where plastic deformation is inexistent. 

 Crack growth rates for the three tested specimens were obtained under large-crack testing: the 
stress intensity factor range threshold KTH for the non-pre-corroded specimens has been near 
to 6.5 MPa m1/2, whereas the values for this property have been 4.8 MPa m1/2 and 4.2 MPa 
m1/2 for specimens with 8 and 16 minutes of pre-corrosion, respectively. 
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