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The aim of this study was to evaluate and compare the effect of low temperature and saline
environment on the fatigue crack growth behavior of the AA7050-T7451 Al alloy and the recently
developed AA2050-T Al-Cu-Li alloy. Fatigue at room and low temperature and corrosion-fatigue
tests were carried out using an applied stress ratio (R) of 0.1, 15 Hz frequency (air at RT and —54 °C)
and 1 Hz frequency (seawater fog) using a sinusoidal wave form. In the near-threshold region,
in air and at RT it was found a AK = 2.9 MPa.m"* for AA2050-T84, in saline environment this
value increased to AK = 4.9 MPa.m'?, due to closure effect through wedge effect by the corrosion
products. At the beginning of the Paris-Erdogan region, the crack closure effect was not present for
the AA7050-T7451, but persisted for the AA2050 Al-li alloy. It was observed that both alloys were
equally affected by temperature reduction. When the saline environment is considered it was observed
that the AA7050-T7451 presents lower m value (2.6) than the one for AA2050-T84 (3.4), meaning
a lower FCG rate variation with AK, however it presented the highest C value, as a consequence the

©2015

worst FCG behavior.
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1. Introduction

Aluminum alloys are produced as castings, sheets, plates,
bars, rods and forgings, as well as, applied in different industrial
sectors, including the acrospace industry'. The aircraft industry
is on the constant lookout for improved materials that offer
benefits in terms of performance, weight and cost savings.

Aluminum alloys effectively reduce the weight of
transportation vehicles, and their applications are expanding
continually. The aforementioned factors, plus the fact that
some of these alloys can be formed in a soft condition and
heat-treated to a temper comparable to that of structural
steel, make them very attractive for aircraft parts.

The aerospace industry has recently shown renewed interest
in aluminum-lithium (Al-Li) alloys. Since they discovery,
in the mid-1950s, that adding lithium to aluminum alloys
results in materials with reduced weight and high specific
modulus (E/p), aluminum manufacturers have been diligent
in their efforts to fabricate a commercial alloy. The low
ductility and fracture toughness of the first generation of
Al-Li alloys led to a significant increase in research focusing
on these alloys®*. The second generation of Al-Li alloys are
characterized by strong anisotropy, while the third generation
of Al-Li-Zr and Al-Mg-Li-Zr alloys are more resistant to
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stress corrosion cracking (SCC) than more conventional
alloys subjected to the same heat treatments*. Pronounced
slip reversibility and tortuous morphology of the crack path
may result in a material with higher tolerance to damage than
that of conventional aluminum alloys. Factors that improve
resistance to fatigue crack propagation often tend to have a
detrimental influence on fatigue crack initiation. The fatigue
strength of aluminum alloys is lower in aggressive media
such as seawater and saline solutions than in air, particularly
when tested in the high cycle region®.

The interaction of corrosion and fatigue effects on the
mechanical properties of aluminum alloys are major issues
in the in-service life assessment of aircraft structures and
in the management of aging air fleets®. Corrosion-fatigue
(CF) is an important and very complex failure mode that
take place in high-performance structural metals operating
in an aggressive environment. CF affects nuclear power
systems, steam and gas turbines, aircraft, marine structures,
pipelines, and bridges. CF, which is defined as the sequential
stages of metal damage that evolve with accumulated cyclic
loads in environments that are more aggressive than inert
or benign environments, is the result of the interaction of
irreversible cyclic plastic deformation with localized chemical
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or electrochemical reactions. Environment-enhanced fatigue
is a modern term; however, the term CF is traditionally used
when referring specifically to electrochemical environments.
Mechanical fatigue experiments and analyses described in
recent textbooks’® provide the basis for understanding the
corrosion-fatigue phenomena’.

High strength age-hardenable aluminum alloys, such
as 2XXX and 7XXX series, have been most widely used
structural materials in aeronautical applications, based on their
good mechanical properties and low densities'’. However,
2XXX and 7XXX series aluminum alloys used in aircraft
industry are particularly sensitive to corrosion process'!.

The 2XXX series are used in structural components due to
their high toughness and good fatigue strength. These alloys
generally have a desirable combination of strength, damage
tolerance, formability and density that is suitable for many
engineering applications. They are especially sensitive to
aqueous media containing chloride ions, because such media
favor pitting corrosion, generating stress concentrators that
reduce their fatigue life'>"%. 7XXX series aluminum alloys
are widely used in the aircraft industry due to their high
strength to density ratio'.

The AA7050-T7451 is the premier choice for aerospace
applications requiring the best combination of strength,
stress corrosion cracking (SCC) resistance and toughness,
which are superior to that provided by conventional high
strength alloys like AA7075-T6'3. AA7050-T7451 was
developed specifically for an optimum combination of the
above properties in thick sections by reducing the quench
sensitivity.

The AA2050-T84 is a part of the 2XXX series aluminum
alloys newly developed for application in the aircraft industry.
These alloys are specifically designed to have good mechanical
properties in order to be used as structural components in
aircraft. This alloy contains lithium as an alloying element
to reduce density and increase the Young’s modulus and
thus to save weight. In fact, the addition of 1 wt% lithium to
aluminium reduces the density by 3% and increases the elastic
modulus by about 6%"3. The AA2524-T3 is a Al-Cu-Mg alloy
intended for fuselage skin replacements, presenting a superior
fracture toughness and resistance to fatigue crack growth.
In what concerns the AA7081-T73511, its applications may
include wing components or fuselage frames

The aim of this work was to evaluate the fatigue crack
growth behavior of the AA2050-T84 (Al-Cu-Li), comparing
the results considering the effect of low temperature and a
saline environment with the ones for the AA7050-T7451
regularly employed in aircraft structural application.

2. Experimental Procedures
2.1. Materials

In the present investigation, two high strength Al alloys
were provided as rolled plates, named as AA7050-T7451
(Al-Zn-Mg-Cu-Mg alloy - 25.4 mm thick), and the recently

Table 1. Nominal chemical composition of the Al alloys (Wt%).
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developed AA2050-T84 (Al-Cu-Li alloy - 50 mm thick). Their
nominal chemical compositions are presented in Table 1.

2.2. Fatigue crack growth tests

Fatigue crack growth (FCG) tests were carried out
following the ASTM E647-11 standard", in a 100 kN capacity
MTS servo-hydraulic testing system, under load control,
sinusoidal waveform, frequencies of 15 Hz (air) and 1 Hz
(saline environment), stress ratio, R =0.1, in air at room (RT)
and low temperature (=54 °C), and in seawater fog (water
solution with 3,5 wt% NaCl). Precracking was conducted in
air, at 15 Hz frequency and to a crack size of Imm from the
notch. T-L compact tension C(T) specimen were used, with
width, W =50 mm and a thickness, B = 12.5 mm. Figure 1
shows the size and geometry of the C(T) specimens. The low
temperature fatigue crack growth tests were carried out inside
of a cooling chamber, after a soaking time of 30 min at the
chosen temperature.

In seawater fog at RT, the tests followed similar procedure
applied in air. A special acrylic cell and a reservoir for fog
generation were specially fabricated, see Figure 2. In this setup,
the fog circulated through the cell, supplied by the external
reservoir and then expelled to the external environment,
detail may be found elsewhere'®.

Crack length was measured using elastic compliance
technique as recommended by the ASTM E647-11',
with the clip gage mounted at notch mouth, providing the
crack-mouth-opening displacement (CMOD). The salt
solution concentration (3.5 wt% of NaCl) and pH (7.2) in
the reservoir to generate the fog, were controlled during the
test and kept constant.
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Figure 1. Size and geometry of the C(T) specimens (dimensions
in millimeter). ASTM E647-11'.

Alloy Cu Mg Mn Zn Fe Ti Si Cr Li Zr Al
2050-T84 3.54 0.31 0.37 0.02 0.06 0.03 0.03 20% 0.87 0.08 Base
7050- T7451 2.25 1.896 0.01 6.02 0.05 0.03 0.04 0.01 ND 0.10 Base

ND: Not determined. * - ppm.
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Figure 2. (a) Settings for FCG in saline fog. (1) Specimen mounted for testing. (2) Reservoir for fog generation. (3) Fog outlet towards
the acrylic cell. (4) Compressed air to enter the nebulizers inside the reservoir. (b) Detail of the specimen mounted inside the fog cell®.

From the fatigue crack growth tests, the coefficients C
and m, from the Paris/Erdogan equation, were evaluated for
all tests conditions. The fatigue threshold, AK was only
evaluated for the new AA2050-T84 Al alloy considering air
and saline fog environments. In this case, as recommended
by the ASTM E647-11%, the tests were carried out in K
control, with the normalized K-gradient of approximately
—0.07 mm". Otherwise, the FCG tests were carried out in
load control.

3. Results and Discussions

The fatigue crack growth rates (FCGRs), da/dN, as
function of the variation of the stress intensity factor, AK,
measured in air at room and —54 °C temperatures, and in
seawater fog are presented in Figures 3 to 5.

Generally, the results show that independent of the
environment, the FCG rates are quite similar for the two
alloys studied here. There is a light difference when they
were tested in seawater fog at the beginning of the linear
region (Paris region near-threshold), where the AA2050-T84
presented a lower FCG rate than the AA7050-T7451.

In the threshold region, in air and at RT, were found values
of AK,, of 3.4 and 2.9 MPa.m'? for the AA7050-T7451 and
AA2050-T84, respectively. In saline environment and at low
AK values, the corrosive effect becomes the most influential
variable, since the environment overrides the loading influence,
increasing or reducing crack growth rate. In this study, in the
saline environment, the value of AK was only evaluated for
the new AA2050-T84 (Al-Cu-Li) and it was observed that
this value increased to AK , =4.9 MPa.m"?. However, from

16400

©AA7050-T73511, TL, R=0.1, Air, RT

1601 , TL, R=0.1, Air, RT

1602 +

1E-03 +

1€04 -

da/dN, [mm/cyclo]

1E05 -

1E06

1E-07

AK, [MPa.m'2]

Figure 3. da/dN x AK curves for the AA2050-T84 Al-Li and
AA7050-T7451 Al alloys tested in air, R = 0.1, 15 Hz frequency
and room temperature.

the results from Maciel”, it was observed that the effective
value of the stress intensity range, AK .= 3.0 MPa.m'” is
quite similar to the one in air.

The explanation for this increased value of AK  , in saline
environment, lies in the fact that in near-threshold, crack
closure is quite important and the corrosion-products have
induced wedge effect. Although the crack is fully opened
at the maximum stress intensity. K . corrosion products

max’

formed within the crack lead to earlier contact between
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Figure 4. da/dN x AK curves for the AA2050-T84 Al-Li and
AA7050-T7451 Al alloys tested in air, R = 0.1, 15Hz frequency,
saline environment (3.5 wt% NaCl).
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Figure 5. da/dN x AK curves for the AA2050-T84 Al-Li and
AA7050-T7451 Al alloys tested in air, R = 0.1, 15Hz frequency
at —54 °C.

crack surfaces, thereby raising the minimum value of the
stress intensity factor at which the crack closes, K . =K .
see Figure 6.

At low AK values, close to the threshold regime, the
corrosion-fatigue behavior of AA2050-T84 was quite
similar to that obtained in air at RT. In both case the values
of da/dN was found to be approximately 1E-5 mm/cycle
for a AK = 6 MPa.m'2. As was observed by Maciel', the
effect of crack closure on the FCG rate in this region was
quite intense in this alloy in presence of the saline fog. It is
assumed that it may have persisted at the beginning of the
Paris-Erdogan regime, neutralizing the environment effect
(salt fog effect), i. e., causing reduction in the FCG rate by
wedging effect. When low values of AK are considered for
the AA7050-T7451 alloy, it is observed a different FCG
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Figure 6. Schematic illustration of the wedging effect mechanism
induced by corrosion products. Figure adapted from Komai'®.

behavior when tested in air and seawater fog environments.
As observed by Vasudévan & Suresh'’ the extent of crack
closure due to corrosion debris in aluminum alloys is strongly
dependent on the composition and aging treatment, and this
may be the case when comparing FCG for AA7050-T7451
and AA2050-T84 close to the threshold regime.

In the Paris-Erdogan region, the results show a slightly
increase in the FCG rate by the chloride environment for
both alloys, AA7050-T7451 and AA2050-T84. As expected,
when AK increased during test, this effect gradually was
reduced, since the mechanical effect of loading in the FCG
micromechanism start to be predominant. For AK values
larger than 17 MPa.m'?, both alloys present similar FCG
rate in air and in seawater conditions. The corrosion-fatigue
behavior dependence on AK can be explained based on the
following reasons: at higher AK values, the environment has
less time to interact with the propagating front and the FCG
process occurs by purely mechanical action as the case in air.

Table 2 presents the values of the material’s constants for
the Paris-Erdogan regime and Figure 7 presents a summary of
these equations for FCG behavior considering both Al alloy
and environments. The Paris’ law parameters are empirical
constants that are dependent on the testing conditions, and
they may be dependent on each other, making the FCG
analysis based on them a quite complex task. Higher m values,
indicates higher increments in FCG rate with increasing AK.
For similar m values, higher C values indicates higher FCG
rates. Considering the air-RT environment, both alloys present
close m (3.1 and 3.4) and C values (8.87E-08 to 3.63E-08).
In air —54 °C, the Al alloys presents quite similar values of
m (4.2) and C (3.00E-09 to 3.4E-09) proving that their FCG
behavior were equally affected by temperature reduction.
When the saline environment is considered it was observed
that the AA7050-T7451 presents lower m value (2.6) than
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Table 2. Material s constant C and m for the Paris-Erdogan equation.
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Alloy Environment m C Paris R?
Air - RT 3.14 8.87E-08 da/dN = 8.87-08(AK)*! 0.992
AA7050-T7451 3.5 wt%Fog 2.61 4.45E-07 da/dN = 4.45-07(AK)**! 0.987
Air—54 °C 4.17 3.37E-09 da/dN = 3.37E-09(AK)*!” 0.997
Air - RT 3.42 3.63E-08 da/dN = 3.63-08(AK)** 0.993
AA2050-T84 3.5 wt%Fog 3.37 4.25E-08 da/dN = 4.25-08(AK)*?7 0.983
Air-54 °C 4.15 3.00E-09 da/dN = 3.00-09(AK)*! 0.976
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Figure 7. Summary of plots for the equations presented in Table 2
for FCG behavior considering both Al alloy and environments.

the AA2050-T84 (3.4), meaning a lower FCG rate variation
with AK, however it presents the highest C value, as a
consequence it presented the worst FCG behavior. At lower
AK values, near-threshold regime, and in the presence of
chloride ions two mechanisms may be acting.

3.1. Stress-assisted dissolution

The protective film formed at crack tips is ruptured by the
applied cyclic stresses, whereby dissolution of exposed metal
is accelerated. The repassivation reaction competes with the
dissolution, and when the rate of the former exceeds that of
the latter, stress-assisted dissolution stops'®. Figure 8 shows
the stress-assisted dissolution mechanism near the crack tip.

3.2. Hydrogen embrittlement

The effects of environment in the intermediate region
(Paris region) of the FCG curve have shown that in aluminum
alloys, environmentally induced variations in FCG rates
result primarily from hydrogen embrittlement mechanisms
due to the presence of a moisture in the medium'®. Recent
surface chemistry studies in aluminum alloys suggest that the
hydrogen embrittlement process resulting from moisture is
rate-limited by the transport of water vapor to the crack tip
and the surface reaction kinetics. Hydrogen embrittlement
occurs in a number of forms, but the common features are
an applied tensile stress and hydrogen dissolved in the metal.
Hydrogen embrittlement has been proposed to account for the
enhanced FCG rate in corrosive environments for aluminum
alloys. According to Lin & Yang'® corrosion fatigue and
surface chemistry studies in high strength aluminum alloys
suggest that hydrogen produced by the reaction of water

Stress

Figure 8. Schematic illustration of the stress-assisted dissolution
mechanism near the crack tip. Figure adapted from Komai'® and Ford'®.

vapor with the freshly formed fracture surface is responsible
for an embrittlement process by an active path dissolution
mechanism. Ford'® presented a quantitative verification of
the slip dissolution and hydrogen embrittlement mechanisms,
and concluded that the environment controlled component
for A1-Mg alloy is due to the slip dissolution mechanism.
Menan & Henaff® studied the influence of frequency and
exposure to a saline solution on the corrosion-fatigue behavior
of the AA2024 Al alloy, and concluded that the possible
mechanisms that govern the corrosion-fatigue behavior
of the AA2024 Al alloy must be discussed in terms of a
competition between passivation and anodic dissolution
and/or hydrogen embrittlement.

Considering the effect of low temperature and air in the
FCG rate, it was found that in the Paris-Erdogan regime,
FCG rate was lower at lower AK values, and this effect was
associated to an increase in the yield strength at —54 °C and
reduction in the effect of the environment.

A similar trend was found by Albelkis', studying the
effect of temperature on the FCG of AA2024 and AA 7475
Al alloys. It has been verified that materials with no ductile
- brittle temperature transition and with significant increase
in the yield strength when tensile test temperature is lowered,
the FCG rate may be reduced due to more resistance to
plastic deformation at the crack tip (reduction in dislocation
mobility)*2!. Table 3 presents the results from the tensile
tests carried out at RT and —54 °C. It is observed that when
the temperature was lowered that was an increase in Gy
of 11% and 14%, for the AA2050-T84 and AA7050-T7451,
respectively. Although, the increasing in yield strength was
not very significant, it may has contributed for the reduction
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Table 3. Tensile properties.
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RT =23 °C -54°C
Alloy Oy G, EL AR Oy ), EL AR
(MPa) (MPa) [%] [%] (MPa) (MPa) [%] [%]
AA2050-T84 511 477 12 33 566 530 12 31
AA7050-T7451 533 459 9.7 35.1 589 524 9.5 33

in the FCG rate, added to the low temperature effect on
the activity of the environment at the crack front. At lower
temperature the effect of air moisture are reduced’. In fact,
in this study this appears to be the major effect on reducing
FCG rate, since at higher AK values FCP rates are similar
to the one at RT and air environment. Therefore, the main
effect is the one from mechanical loading (fatigue striation
that is dependent on local plastic deformation).

4. Conclusions

The AA2050-T84 with Li addition, was specifically
designed to have improved specific mechanical properties
in order to be used as structural components in aircraft in
substitution to the regular ones, as the AA7050-T7451.
As fatigue is a major concern in this type of application,
the following conclusions were obtained:

- In the threshold region, in air and at RT it was found
a AK, = 2.9 MPa.m'* for AA2050-T84, in saline
environment this value increased to AK, = 4.9 MPa.
m'2. However, the effective value of the FCG threshold
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