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Abstract: High strength-to-weight ratio Ti-6Al-4V alloy is 
used in many engineering applications. Its surface oxide 
film can protect the substrate from interaction with a lot of 
corrosive environments. Unfortunately, this surface layer 
can be damaged under mechanical and chemical actions 
with a consequent reduction in corrosion resistance. A 
characterization of the untreated alloy under quasi-static 
loading is here provided. Inert and aggressive environ-
ments have been investigated and the influence of the 
notch geometry of the alloy has also been analyzed.

Keywords: inert and aggressive environment; quasi-static 
loading test; Ti-6Al-4V.

1  �Introduction
Ti-6Al-4V titanium alloy is widespread in aerospace, auto-
motive, maritime, and biomedical applications thanks to 
its high strength, low density, bioinertness, and corrosion 
resistance due to its TiO2 surface oxide (Donachie, 1982).

The influence of the tensile strain rate on the mechan-
ical properties of Ti-6Al-4V was highlighted by Wojtaszek 
et  al. (2013). The quasi-static tests performed by Zhou 
and Chew (2002) in ambient environment pointed out 
that the strength of the alloy is higher and the ductility 
is lower with high strain rate because of the transition of 
the plastic deformation mechanism from dislocation slip 

to twinning. Strain rate sensitivity gradually decreases 
during plastic deformation for low strain rate, whereas it 
is quite constant for the majority of the plastic deforma-
tion for high strain rate.

The interesting corrosion performance of Ti-6Al-4V 
can decrease in some conditions.

Fretting-corrosion is one of the most common causes, 
for instance, in case of implant loosening. The protective 
surface layer can be lacerated by the motion of bone or 
debris against the implant. The implantation of iridium 
carried out by Meassick and Champaign (1997) can guar-
antee a continuous passivated state.

Zhou and Bahadur (1995) investigated solution-
treated and aged (STA) and annealed Ti-6Al-4V. Their 
analysis pointed out that above 650°C the alloy produces a 
porous and slightly adherent surface oxide that decreases 
the corrosion and erosion resistance in air environment.

In seawater, the laceration of the protective surface 
layer is due to wear and corrosion. Li et al. (2017) deposited 
Ti/TiCN coatings by arc ion plating. Higher carbon content 
gives an increased density of the coating but also a reduc-
tion in the friction coefficient and wear rate. However, the 
last two features have a small decrement while the carbon 
content is equal or more than 10% at. in Ti/TiCN coatings, 
in saline solution, or in the atmosphere.

Lee et al. (1999) investigated the effects of the prepa-
ration of the material (as-polished or brazed), passivation 
(nitric acid passivation, heating in air, or aging in deion-
ized water), and immersion time on trace element release 
in Hank’s ethylenediaminetetraacetic solution. The 
heated air specimens showed a considerable decrease in 
release probably due to a very thick oxide. For acid-passi-
vated and water-aged treatments, the brazed specimens 
had a significant decrease in constituent element release 
against the as-polished specimens. Furthermore, the 
release rate dropped throughout 0–8 days.

Titanium is not susceptible to stress corrosion crack-
ing (SCC) in hot saline solution or seawater, whereas its 
alloy can be. VVAA (1969) and Blackburn et  al. (1973) 
stated that SCC can occur under tensile and not com-
pressive state because tensile stresses open the crack 
and make possible the contact of the substrate with 
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the aggressive environment, SCC occurs for alloys that 
produce a passivation layer (like TiO2 for Ti-6Al-4V), some 
alloying elements such as palladium can decrease the SCC 
susceptibility of titanium alloys, and the SCC susceptibil-
ity of titanium alloys increases in the 500°C–800°C range. 
Barella et al. (2004) tested precracked specimens in two 
different NaCl concentrations to simulate maritime condi-
tions. It was observed that a different crack propagation 
direction depends on the NaCl concentration and strain 
rate. A 10−6/10−7 s−1 strain rate is needed to promote SCC in 
artificial seawater. The authors also underlined that the 
use of synthetic seawater does not take into account the 
presence of biological species, thermal variations, and 
motion in the actual sea.

As stated by Bursle and Pugh (1977), the slip-disso-
lution (film-rupture) model is suitable for the SCC of dif-
ferent alloys in passivating solutions. According to this 
mechanism, a protective surface layer is locally destroyed 
by plastic deformation at the crack tip. The unprotected 
metal is now a small anode, whereas the surface layer is 
the cathode. For this reason, the strain rate, repassivation 
rate, corrosive environment, and nature of the dissolving 
metal are very important points (Sarioglu & Doruk, 1989).

In the Sanderson and Scully (1968) study, SCC suscep-
tibility was observed for Ti-6Al-4V alloy in methanol and 
methanol-HCl solutions. The consequences of methanol 
on two Ti-6Al-4V Apollo service propulsion system pres-
surized fuel tanks were observed by Johnston et al. (1967). 
Fatigue, constant load, ultimate tensile strength, and 
cathodic protection tests were carried out. According to 
this report, the STA alloy is highly notch sensitive if under 
stress in methanol. Johnston et al. (1967), however, stated 
also that as little as 1% of water in methanol or cathodic 
protection is enough to prevent SCC.

A short analysis on the literature about the corrosion 
fatigue (CF) behavior points out the crack size influence. 
Gangloff (1985) found that a small crack size accelerates 
CF growth of 4130  steel in aqueous 3% NaCl solution. 
The crack geometry, as the author stated, influences the 
localized transport and reactions for brittle environment-
assisted propagation. In general, during short crack 
propagation, the plastic zone dimensions nearby the 
crack tips are comparable to crack length. For this reason, 
linear elastic fracture mechanics cannot explain the phe-
nomenon but it is mandatory an elastic-plastic approach. 
Wang et al. (2014) suggested a model that takes account 
of this aspect and Kitagawa effect (the short crack propa-
gation rate depends on the range of cyclic stress rather 
than the range of the stress intensity factor, which is the 
driving force in long crack propagation). This model was 
adopted by the authors to predict the short fatigue crack 

propagation of Ti-6Al-4V under different stress ratios and 
stress levels in good agreement with the experimental 
data.

The Structural Mechanics Laboratory (SMLab) 
research group of the University of Bergamo has already 
investigated and is still investigating the SCC and CF 
behavior of Ti-6Al-4V in air, seawater (3.5% wt. NaCl), and 
water-methanol solutions (Baragetti & Medolago, 2013; 
Baragetti et  al., 2013; Baragetti, 2014; Baragetti & Villa, 
2014, 2015a,b, 2016; Baragetti & Arcieri, 2018). The work 
presented here is the extension of the study described 
by Baragetti et al. (2018) and focuses on the quasi-static 
behavior of untreated Ti-6Al-4V in inert and aggressive 
environments. The influence of the notch geometry on the 
strength has been also analyzed.

This paper is based on the addition of a single repli-
cate data point to the publication of Baragetti et al. (2018). 
In the Baragetti et al. (2018) study, an investigation about 
the behavior of the untreated alloy in inert and aggres-
sive environments was carried out. In particular, a further 
notched specimen in pure methanol was tested in this 
paper to compare the outcomes with those of Baragetti 
et al. (2018) and more deeply understand the influence of 
the strain rate and contamination of the moisture, whose 
contribution in corrosion phenomena was pointed out by 
Johnston et al. (1967) for methanol.

2  �Materials and methods
This study is the extension of the analysis shown by Bara-
getti et  al. (2018). Here, all the tested specimens were 
produced from a Ti-6Al-4V raw plate supply and were not 
subjected to any treatment. The mechanical properties of 
the specimens are summarized in Table 1.

In the Baragetti et  al. (2018) study, three different 
types of specimens were investigated: “smooth specimen” 
(unnotched; Figure 1A), “electrical discharge machining 
(EDM)-notched specimen” (Figure 1B), and “EDM + sharp 
knife-notched specimen” (Figure 1C). For the EDM-
notched specimen, two notches (one left and one right) 
were carried out by means of EDM. For the EDM + sharp 
knife-notched specimen, two further notches (one left 

Table 1: Mechanical properties (Baragetti et al., 2018).

Ultimate tensile 
strength (MPa)

  Yield stress 
(MPa)

  Young’s 
modulus (MPa)

  Elongation (%)

1000–1100   958–1050  110,000  16
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and one right) were carried out by means of a sharp knife 
on the previously described EDM notches. The surface 
nearby the central zone of the specimen was polished 
with grit paper from 600 to 1200 grit. Polishing with 3 
μm diamond paste followed by cleaning with acetone 
was carried out. Abrasive blasting operations on the grip-
ping points of the specimens were carried out to reach 
more friction. Aluminum tape pieces were placed so that 
they inhibit the sliding of the specimen in the machine. 
Some strain gauges were placed during testing to monitor 
the stress on the specimen (a load cell was also used). 

The strain gauges were not placed in the central zone 
during the tests in aggressive environments to avoid 
contamination.

A tank for the containment of the aggressive 
environment was designed and modified by Baragetti 
et al. (2018).

The local stress concentration factors (SCF) were cal-
culated (Table 2) by means of linear elastic finite-element 
modeling. The model consists of plane-stress elements 
and the maximum principal stress was used during the 
calculation of SCF.

Figure 1: Dimensions of the specimens: (A) smooth specimen, (B) EDM-notched specimen, and (C) EDM + sharp knife-notched specimen 
(Baragetti et al., 2018).
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The quasi-static tests were carried out by means of a 
testing machine designed by the SMLab research group. 
The machine was made of a threaded rod tensile system 
and rolling bearing hinge grips, which avoid parasite 
bending stresses. The load was applied by means of a 
hydraulic jack.

Now, a further EDM-notched specimen with the 
mechanical properties in Table 2 was tested in pure metha-
nol with a completely filled and sealed tank. The objective 
is to compare the result of this test with the experiment of 
Baragetti et al. (2018) and to understand the effects of immer-
sion time, strain rate, and contamination by moisture.

The loading history is reported in Figure 2. Each load 
block was set to 15  min with some exceptions. The load 
block 520 MPa took 14 h 20 min (the specimen was under 

stress all night). Actually, after this period, the stress 
read in the middle section was 440 MPa. The load block 
720 MPa took 35 min and the load block 760 MPa took 2 h 
30 min. At this time, the rupture occurred.

3  �Results and discussion
Quasi-static tests on untreated Ti-6Al-4V are presented 
by Baragetti et al. (2018). Table 3 summarizes the results. 
The loading history for each specimen can be seen in 
Figures 3–7. In the tests of Figures 6 and 7, the specimen 
was immersed in the environment during the pauses in 
unloaded conditions. Figure 8 summarizes the results.

From these results, it could be concluded that there 
are no appreciable differences for smooth and EDM-
notched specimens in inert environment, SCF Kt = 1.1 and 
8.1. Furthermore, methanol is not aggressive on smooth 
specimens of untreated Ti-6Al-4V. Only the combination 
of methanol/very sharp notch seems to be harmful.

As consequence of the test of the EDM-notched speci-
men in methanol (third test in Table 3), the authors made 
the following considerations:

–– The immersion time of the specimen in methanol is an 
important point because the environment has more 
time to corrode the alloy.

–– As small contamination of the environment by mois-
ture or components of the sealant of the tank is suf-
ficient to decrease the aggressiveness of the methanol 
as stated also by Johnston et al. (1967).

The test of the sharply notched specimen in methanol (fifth 
test in Table 3) pointed out the aggressiveness of the metha-
nol combined to a sharp notch but also a possible contribu-
tion of the strain rate as the rupture occurred after a very 
long load block (1 h). At the end of this load block, the load 
on the specimen was 0 MPa, and when an increment of load 
was attempted, failure occurred. This consideration was 
also in accordance with the Zhou and Chew (2002) study.

Table 2: SCFs (Baragetti et al., 2018).

SCF

Smooth 1.1
EDM 8.1
EDM + sharp knife 18.0
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Figure 2: Loading history.

Table 3: Results of Baragetti et al. (2018).

No.  Type   Environment   Experimental 
stress to 

failure (MPa)

  Considerations

1   Smooth   Air   1083  Equal to ultimate tensile strength
2   EDM   Paraffin oil   1025  Equal to ultimate tensile strength
3   EDM   Pure methanol   689  Two phases (two different tanks for the containment of the environment)

  Methanol removed whenever the test was paused
4   Smooth   Pure methanol   1042  Immersion in methanol also during the stops
5   EDM + sharp knife   Pure methanol   345  Completely sealed and filled tank (no contamination with air)
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For the further test presented in this paper, the 
rupture occurred at 760  MPa after 31  h. The tank was 
completely sealed and filled with methanol so no 
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Figure 3: Loading history, test 1 of Table 3, from Baragetti et al. 
(2018).
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Figure 6: Loading history, test 4 of Table 3, from Baragetti et al. 
(2018).
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Figure 7: Loading history, test 5 of Table 3, from Baragetti et al. 
(2018).

Figure 8: Results.
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Figure 4: Loading history, test 2 of Table 3, from Baragetti et al. 
(2018).
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Figure 5: Loading history, test 3 of Table 3, from Baragetti et al. 
(2018).
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contamination by moisture occurred. The stress was 
comparable to the third test of Table 3 of Baragetti et al. 
(2018). The time to failure was instead higher. The reason 
could be that in the Baragetti et al. (2018) study the tank 
for the containment of the methanol was substituted 
during the test. During the time necessary for the sub-
stitution of the tank, the specimen and in particular the 
notch was in contact with methanol because no cleaning 
operations were carried out. Unfortunately, the authors 
did not measure this time.

The rupture of the specimen occurred during a very 
long load step and after a long immersion time so we con-
clude that the considerations made for the experiments of 
Baragetti et al. (2018) could be valid.

4  �Conclusions
An EDM-notched specimen was again tested in pure meth-
anol by quasi-static loading. Unlike the corresponding 
test presented by Baragetti et al. (2018), the tank was com-
pletely filled and sealed. The result of the test was similar 
to the previous test in stress but not in time. The specimen 
tested by Baragetti et  al. (2018) was not cleaned during 
the tank substitution so the specimen remained in contact 
with methanol. The way in which the rupture occurred 
could imply the influence of the strain rate, immersion 
time, and possible contamination on the quasi-static 
behavior.
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