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Abstract

The bimodal titanium alloy Ti-6Al-4V is a well-known high strength-to-mass ratio material in different engineering sectors.
Furthermore, the rapid oxidation of the surface protects the base material from the interaction with a wide spectrum of corrosive
environments. However, the presence of surface defects and the mechanical loading may compromise the effectiveness of the oxide
film. Quasi-static loading tests were carried out on different smooth and notched Ti-6Al-4V specimens in order to analyze the role
of environment and stress concentration factor.
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1. Introduction

As stated in Lutjering et al. (2007), Ti-6Al-4V is one of the most widespread high strength-to-mass ratio alloy in
aerospace, automotive and marine advanced applications. Furthermore, Dimah et al. (2012) pointed out that this alloy
is widespread in biomedical fields thanks to its biocompatibility and encouraging interaction with the body
environment while Gurrappa (2003) underlined the high resistance to a huge spectrum of corrosive environments due
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to the quick formation of protective surface oxides. Unfortunately, the resistance to corrosion can decrease in presence
of tensile and fatigue loads, as reported in Codaro (2003).

A long series of experimental tests were carried out in order to characterize the Ti-6Al-4V alloy and its behavior in
different environments.

Morrisey et al. (2005) investigated the fatigue strength of Ti-6Al1-4V at 60 Hz and 20kHz finding out no frequency
effects while Lanning et al. (2005) tested smooth and notched specimens with different stress concentration factors in
order to evaluate the maximum stress for 1,000,000 cycles. Bellows et al. (1999) validated the step test method for Ti-
6Al-4V specimens. Leuders et al. (2013) highlighted the detrimental effects of the porosity on fatigue strength of
additive manufactured Ti-6Al-4V specimens. Van Hooreweder et al. (2012) investigated the fatigue strength of
Selective laser melting (SLM) and find out a reduction of the fatigue strength of SLM Ti-6Al-4V. Since an equal
density of the SLM Ti-6Al1-4V and conventionally produced specimens was imposed, Van Hooreweder et al. (2012)
concluded that the lower fatigue properties are most likely due to the anisotropy of the microstructure. Seifi et al.
(2017) studied specimens processed by electron beam melting (EBM) concluding that in general their fatigue behavior
was similar to the cast and wrought Ti-6Al-4V.

Nalla et al. (2002) studied a fine-grained equiaxed bimodal and a coarser lamellar microstructure in order to evaluate
the effects on mixed mode high-cycle fatigue behavior pointing out that lamellar microstructure is characterized by
higher thresholds.

Different environments were also investigated. For example, Sanderson et al. (1968) tested U-specimens and found
out that Ti-6Al-4V is not susceptible to Stress Corrosion Cracking (SCC) in seawater. In a similar work described in
Sanderson et al. (1968), a significant SCC sensitivity was noticed for Ti-6Al-4V alloy in pure methanol and methanol-
HCI solutions. The effects of the methanol on Ti-6Al-4V pressurized fuel tanks was observed also in Johnston et al.
(1967) and Johnson et al. (1967) for static and fatigue loading. Johnston et al. (1967) however pointed out that only
1% of moisture or cathodic protection are sufficient to inhibit SCC.

In view of that, the Structural Mechanics Laboratory (SM-Lab) research group of the University of Bergamo is
carrying out a Stress Corrosion Cracking (SCC) and Corrosion Fatigue (CF) experimental campaign in air, sea water
(3.5% wt. NaCl) and different methanol concentrations. These experiments are described in Baragetti et al. (2013),
Baragetti et al. (2013), Baragetti et al. (2014), Baragetti et al. (2014), Baragetti et al. (2015), Baragetti et al. (2015),
Baragetti et al. (2016) and summarized in Baragetti et al. (2018). The research topic is the investigation of the effect
of the environment on various loading conditions, in terms of fatigue strength, with the separation of the chemical and
mechanical driving forces involved in fatigue phenomena.
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Fig. 1. Maximum stress vs stress concentration factor, fatigue loading, adapted from Baragetti et al. (2018).
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g. 2. Maximum stress vs methanol concentration, quasi-static and fatigue loading, adapted from Baragetti et al. (2018).

The outcomes of these experiments pointed out the presence of a threshold for maximum stress (K=8-9, Fig. 1) for
Ti-6Al-4V under cyclic loading. These results are in accordance with Frost and Dugdale (1957) for mild steel even if
the threshold value for the stress concentration factor is 3-4. The reason of this difference can be the higher propagation
rate for Ti-6Al-4V as stated in Baragetti et al. (2015). In Baragetti et al. (2018) can be also seen the effects of methanol
solutions on the quasi-static and fatigue strength of the alloy: only methanol concentrations higher than 90% wt. are
detrimental for quasi-static loading (-25% for pure methanol), while also small concentrations are detrimental for
fatigue loading (-24% for 15% wt. methanol and -56% for pure methanol, Fig. 2).

In this paper quasi-static tests on Ti-6Al-4V, not STOA (Solution Treatment and Over-Aging) treated, specimens
are described. STOA treatment consists of a 1 h solution treatment (925°C) and following over-aging carried out by
means of a 2 h vacuum annealing (700°C), as stated in Baragetti et al. (2018). The specimens were smooth and notched
and were tested in inert environment (air and paraffin oil) and aggressive environment (methanol solution).

Nomenclature

A% elongation

E Young modulus

K stress concentration factor
r radius of the notch

UTS  ultimate tensile strength
YS yield strength

2. Experimental tests

The specimens were obtained from a Ti-6Al-4V raw plate supply and were not subjected to STOA treatment. The
mechanical properties of the specimens are reported in Table 1.

Table 1. Mechanical properties.
UTS [MPa] YS [MPa] E [MPa] A%
1,000-1,100 958-1,050 110,000 16
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Fig. 3. Smooth specimen.
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Fig. 5. EDM+sharp knife notched specimen.
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Three different shapes were tested. In this paper, they are called “smooth specimen”, “EDM notched specimen”
and “EDM-+sharp knife notched specimen” (Fig. 3, Fig. 4 and Fig. 5). For the EDM notched specimen, two notches
(one left and one right) were carried out by means of Electro Discharge Machining (EDM) and can be seen in Fig. 4.
For the EDM+sharp knife notched specimen, two further notches (one left and one right) were carried out by means
of a sharp knife on the previous EDM notches (Fig. 5). In Fig. 3 and Fig. 4, the positioning of the strain gauges can be
seen (two on the front side, two on the rear side). The strain gauges in the central zone were not placed during the tests
in aggressive environments in order to avoid contamination. In this way, the stress on the specimen can be monitored
during the setup and the test (a load cell was also used during the test).

The local stress concentration factors for the three geometries were calculated by means of linear elastic finite
element modelling with plane-stress elements and are reported in Table 2. For the calculation the maximum principal
stress was used.

Table 2. Stress concentration factors.

Ky
Smooth specimen 1.1
EDM notched specimen 8.1
EDM-+sharp knife notched specimen 18.0

The specimens were loaded by means of a testing machine (Fig. 6) specifically designed by the SMLab research
group. The machine consists of a threaded road tensile system and rolling bearing hinge grips to avoid parasite bending
moments. The plate behind the two grips is useful during the setup of the test in order to avoid bending stress on the
specimen.

Fig. 6. Testing machine: (a) general view; (b), (c) details.
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After the polishing of the specimens by means of grinding papers and diamond paste, abrasive blasting operations
on the gripping points were carried out in order to reach more friction. Aluminum tape pieces were placed so that they
work like a gasket and they inhibit the sliding of the specimen in the machine (Fig. 7).

Fig. 7. Preparation of the specimen.

2.1. Smooth specimen in inert environment (air)

The first test was carried out on a smooth specimen in inert environment (air). The stress in Fig. 8 was applied on
the specimen. In Fig. 8, also the strain rate is plotted. All the tests were carried out at low strain rates.
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Fig. 8. Smooth specimen in inert environment (air): stress in the middle section and strain rate.

2.2. EDM notched specimen in inert environment (paraffin oil)

This test (Fig. 9) was carried out in order to evaluate the effects of the EDM notch. Paraffin oil was used in order
to simulate vacuum conditions.
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Fig. 9. EDM notched specimen in inert environment (paraffin oil): stress in the middle section and strain rate.
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2.3. EDM notched specimen in pure methanol
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Fig. 10. EDM notched specimen in pure methanol: stress in the middle section and strain rate.

The load history and the strain rate for this test are reported in Fig. 10. This test consists of two phases. During the
first phase the methanol was contained in a tank made of two PVC pieces connected by means of silicone (Fig. 11a).
A stress higher than 800 MPa was reached without failure and the contamination of the methanol with silicone was
noticed. Because of the idea of a possible reduced effectiveness of the methanol due to this contamination, a different
tank was adopted. Here the two PVC pieces were linked by means of bolts and another type of sealant unable to react
with methanol (Fig. 11b).

Fig. 11. Tank for the containment of the methanol, (a) first version, I phase, (b) second version, II phase.

Methanol was added during the test and removed whenever the test was paused in order not to accelerate the
corrosion phenomena.

2.4. Smooth specimen in pure methanol

Fig. 12 summarizes the imposed load and strain rate. Methanol was added during the test and not removed during
the stops. During the stops a small load was applied.
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Fig. 12. Smooth specimen in pure methanol: stress in the middle section and strain rate.
2.5. EDM+sharp knife notched specimen in pure methanol

For this test, a completely sealed tank was used. The tank was also completely filled with methanol so that moisture
cannot penetrate and contaminate the solution. It has to be reminded indeed that moisture can reduce the effectiveness
of the methanol, as stated in Johnston et al. (1967).

Fig. 13 summarizes the load steps adopted. The last step was 345 MPa and was set to take 1 hour. However, after
this time, the load on the specimen was 0 MPa and when an increment of load was attempted, the failure occurred.

350,00 A 1,86-07
345,00 1,6£07
340,00
335,00
330,00
325,00
320,00
315,00
310,00
4E08
305,00
300,00 2E-08

295,00 0

1,4E-07

1,2E-07

0,0000001

6E-08

Middle section [MPa]
Strain rate [1/s]

Fig. 13. EDM+sharp knife specimen in pure methanol: stress in the middle section and strain rate.

3. Results and discussion

Fig. 14 summarizes the outcomes of the described tests in terms of stress and time to failure. It could be stated that
no significant differences appeared for specimens in inert environment, K; =1.1 and 8.1. At the same time methanol
has no effects on smooth specimen if Ti-6Al-4V is not subjected to STOA treatment while an appreciable reduction
was observed in Baragetti et al. (2018) for the treated specimen. No appreciable differences between STOA K=1.18
and not STOA treated K=8.1 specimens can be noticed while a drastic reduction of maximum stress was observed for
K=18 in pure methanol.

The rupture occurred in a brittle way for all the specimens, except the EDM+sharp knife notched specimen.
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Fig. 14. Results.

During the analysis of the results, some important aspects have to be taken into account. First of all, the tests were
not carried out at the same strain rate so the specimens were in contact with methanol for different times. Furthermore,
the methanol used during the third and fourth test could have been contaminated by the moisture in air because the
tank was not completely sealed. A chemical analysis of the methanol after the test could be necessary in order to verify
an eventual contamination of the methanol solution. An example of the effects of the possible combination of these
two factors is the third test: at the end of the first phase a load higher than 800 MPa was reached but some modifications
of the test parameters were sufficient to have a stress to failure of about 700 MPa.

4. Conclusions

Quasi-static loading tests were performed on smooth and notched specimens in different environments in order to
characterize the behavior of Ti-6Al-4V, not STOA treated. In particular, three different stress concentration factors
(Ke=1.1, 8.1 and 18) and three different environments were investigated (inert environment: air and paraffin oil,
aggressive environment: pure methanol).

The results highlighted no notch sensitivity for specimens in inert environments, for K=1.1 and 8.1. Also the
methanol seems to be not effective on smooth specimens. For methanol, K=8.1, a stress to failure equal to the
maximum stress for STOA treated K=1.18 specimens, shown in Baragetti et al. (2018), was reached.

Only pure methanol, without contamination with moisture and air, seems to have detrimental effects.

Further studies are mandatory in order to verify the results here presented and to investigate other stress
concentration factor — environment combinations. An analysis of the methanol solutions after the test could be
interesting in order to verify the composition of the solution and the presence of other chemical species in the solution.
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