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Abstract: This work studies the influence of the saline atmospheric corrosion on the fatigue strength
of 6061-T6 aluminum alloy. For this purpose, this alloy was subjected to tests in a salt spray
corrosion chamber at different exposure times (1, 2, and 3 months) according to ASTM B117 standard.
The morphological study of the pits was carried out by confocal microscopy. Subsequently, fatigue tests
were performed at variable stresses whose maximum stress (S,5x) was between 30% and 95% of the
yield strength (Sp) in order to keep them within the zone of elastic behavior of the material. Data were
analyzed using the Basquin equation and the maximum likelihood function method. The results
show a similar decrease in the conventional fatigue limit (2 x 10° cycles) after one month (98 MPa)
and two months (91 MPa) of corrosion. After three months of corrosion, the material showed a very
important reduction in the fatigue limit (68 MPa) with respect to the uncorroded material (131 MPa).
The data of S./Sy (fatigue limit/yield strength) versus the ratio P,,/D,, (pit average depth/pit diameter
at zero depth) can be fitted to a logarithmic curve.

Keywords: 6061-T6 aluminum alloy; pitting; confocal microscopy; fatigue; Basquin’s equation;
maximum likelihood method

1. Introduction

Aluminum alloys have great advantages in shipbuilding and offshore platforms applications
thanks to their lightweight, specific strength, and corrosion resistance. AIMg (series 5xxx) and AIMgSi
(series 6xxx) are the most commonly used aluminum alloys in seawater [1]. One of them is 6061alloy,
which is used for general purposes in the form of extruded profiles because the combination of
mechanical properties and adequate corrosion resistance makes it one of the most versatile aluminum
alloys in marine applications. Its good mechanical properties are due to the aging treatment, which can
be natural (T4) or artificial (T6). 6061 aluminum alloys have %Mg + %Si (wt) in amounts greater than
1.4%, which favors the increase in mechanical resistance after heat treatment compared with other alloys
such as 6063. Magnesium and silicon form Mg,Si compound, which behaves like a semiconductor [2,3].
Additionally, it contains amounts of Cu around 0.25% to improve corrosion resistance and 0.7%
Fe, which results in the precipitation of the ternary compounds AlsFeySi, [4,5]. All these types
of precipitates favor the appearance of localized corrosion due to the difference in electrochemical
potentials between them and the matrix [6,7]. 6061 alloy is less resistant to pitting corrosion than
non-aging AlMg alloys, especially in T6 condition, in the presence of chloride ions and poorly aerated
deep water with low pH. The study of pitting corrosion can be carried out according to the ASTM
G46 standard [8] to determine the morphology, density, size, and depth of the pits and to predict the
remaining service life of the alloy. According to this standard, the pitting factor (F)) can be calculated
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by dividing the deepest metal penetration by the average metal penetration when corrosion is uniform.
One instrumental way to parameterize the pits is to use confocal microscopy. This technique is an
extension of conventional microscopy, which allows to perform the three-dimensional characterization
of the materials’ surface and is a very interesting non-contact technique for the study of pitting as it is
possible to obtain finer details of the morphology of a surface because of its higher lateral resolution.

In addition, it is important to take into account that marine structures may be subject to cyclical
loads of different nature. The formation of pits has a detrimental effect on the fatigue strength
aluminum alloy. Pits can be cracking nuclei under cyclic loads that can compromise structural integrity
as a result of the effect of stress concentration [9-11]. There are situations in which the structures of
6061-T6 alloys can be corroded by the effect of the saline atmosphere and subsequently be subjected to
cyclic stresses of low intensity and high frequency (vibrations) and high intensity and low frequency
(waves). In the former, failure can occur after a high number of cycles, while in the latter, fracture
occurs at a much lower number of cycles. There are many studies that have determined the influence
of pitting on the fatigue strength of aluminum alloys [12-15]. However, little has been investigated
on the fatigue behavior of AIMgSi alloys in the presence of a high salt concentration. The objective
of this work is to provide information on the resistance to fatigue of this type of alloy in the extreme
environments mentioned, given that many of the applications of these alloys require good performance
in saline atmospheres.

The present research was carried out in two stages. Firstly, the pits generated in a highly saline
environment were dimensionally characterized in order to evaluate the main pitting parameters.
Secondly, the relationship between the severity of pitting and the decrease of fatigue strength
was analyzed.

2. Materials and Methods

Sheets of 6082-T6 alloy with 2 mm of thickness were used. The composition (%wt) of this material
is as follows: 0.7-1.2% Si, 0.6-1.2% Mg, 0.4-1.0% Mn, 0.50% Fe, 0.10% Cu, 0.25% Cr, 0.20% Zn, and 0.10%
other elements, Al balance. Before any test, the material was machined according to the ASTM E-8/E
8M-08 standard [16] to obtain the samples used throughout this work. Its dimensions are shown in
Figure 1. The orientation of the samples was chosen so that the main axis of the specimen was parallel
to the direction of rolling.
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Figure 1. (a) Dimensions of the specimens (in mm) used in the tensile test and fatigue test, (b) orientation
of the specimens with respect to the rolling direction of the metal sheets.

The corrosion tests were carried out in a salt spray chamber DYCOMETAL SSC 400 (DYCOMETAL
EQUIPOS CONTROL DE CALIDAD, S.L., Barcelona, Spain) according to ASTM B117 standard [17].
According to this standard, the salt solution was prepared by dissolving 5 parts by mass of sodium
chloride (Merck, Darmstadt, Germany) in 95 parts of water. The salt used contained, as set by
the standard, less than 0.3% by mass of total impurities. The pH of the saline solution was 6.5,
the saline concentration was 15%, and the pressure was between 0.9 and 1.0 bar. The temperature
inside the chamber was 35 °C. The samples were corroded for 1 month (C1), 2 months (C2), and 3
months (C3). The loss of mass due to corrosion was determined with a SCALTEC precision scale
model SBC 22 (SCALTEC Instruments GmbH, Goettingen, Germany) with an accuracy of 0.01 mg.
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Weight measurements were made before and after the corrosive attack and carefully removing
impurities on the surface. The analysis of the corrosion products was done with a D5000 SIEMENS
X-ray diffractometer (SIEMENS, Munich, Germany). The Diffractplus V.8.0 (8.0, Bruker AXS Advanced
X-ray Solutions GmbH, Karlsruhe, Germany) and Bruker-AXS (Bruker AXS Advanced X-ray Solutions
GmbH, Karlsruhe, Germany) software programs were used for data acquisition and processing.

Morphological studies of the pits were performed by confocal microscopy using a Sensofar PLp
2300 dual microscope (SENSOFAR, Terrassa, Spain). The acquisition of data was done using the
Gwyddion (Czech Metrology Institute, Brno, Czech Republic) and SensoMAP (SENSOFAR, Terrassa,
Spain) computer packages. Scanning electron microscopy (SEM) image was obtained by a JEOL JSM
6400 microscope (JEOL, Tokio, Japan).

The equipment used for the tensile and fatigue tests was a servo-hydraulic universal testing
machine Instron 8800 with Fast Track controller (Instron, Norwood, Massachusetts, MA, USA).
Axial stresses were applied in the direction of alloy rolling. The software used for the tests design is
WaveMaker (WaveMaker, Inc., Mountain View, California, CA, USA). The 100 kN load cell has a force
relative error over the entire measurement range of 0.22%. The temperature and humidity conditions
were environmental. The oxide layer of the test samples was not removed in both kinds of tests in
order to obtain similar conditions to those of service of the material. Therefore, the tests are carried out
with the surface in the same conditions that are presented in service, without previously treating them.
The fatigue tests were carried out by applying a periodic axial load of constant stress amplitude with a
stress ratio (R = S;in/Smax) of 0.1 and a frequency of 15 Hz. As a criterion for the end of these tests,
the fracture of the samples or conventional fatigue limit at 2 x 10° cycles were considered [18-20] (the
end of the test is set to this value for those samples that were not previously broken). The maximum
stress values (S;ux) were between 30% and 95% of the elastic limit, in order to keep them within the
zone of elastic behavior of the material. A minimum of four S, values and three samples in each Sy,
level were tested for each corrosion time. The results were divided into two groups in order to evaluate
separately the slope of the S-N curve between 10 and 10° cycles by the Basquin method [21-23] and
the fatigue limit (S,) by the maximum likelihood function method [24-27]. Starting from a data sample,
the objective of the likelihood method is to find the population with the highest probability of having
generated this sample. A detailed explanation of this statistical method, widely used in parameter
estimation, has been published by Myung in 2003 [28].

3. Results and Discussion

Figure 2a shows the three-dimensional representation of the uncorroded material obtained by
confocal microscopy where rolling grooves in the x direction can be seen. Furthermore, microcracks
can also be perceived by scanning electron microscope (Figure 2b). They have a depth of approximately
10 pm and their formation may be due to the rolling process. These microcracks are not evenly
distributed over the surface, but appear very localized. These defects may constitute anodic zones
where pitting corrosion can be intense, and thus reduce the fatigue strength of the material.

(a)

Figure 2. (a) Image of the surface texture of the uncorroded alloy, where x axis represents the rolling
direction, (b) scanning electron microscopy (SEM) image showing the rolling microcracks.
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As an example of calculating the pitting parameters, see Figure 3 obtained by confocal microscopy
from a sample corroded for two months. The maximum depth (P) is 20.5 pm and the mean diameter
(D) at zero level is 40 um. If it is considered that the pit can approach an elliptical geometry in depth,
the P/D ratio gives information on the concentration of stresses at the bottom of the notch and the
severity of the defect. In this way, P represents the major axis of the ellipse and D is the minor. If the
value of D approaches zero, the stress value at the bottom of the pit becomes infinite (ideal crack).

1 228 um
Average pitting diameter: 40 um - 20.0

Maximum deep: 20.5 pm

15.0

10.0

-10.0

-15.0
-20.5

Figure 3. Two-dimensional digital image of a pit of the sample corroded during two months (C2)
obtained by confocal microscopy. Pit depth and mean diameter were determined by Sensomap software.

The average parameters were determined by confocal microscopy for a total area of the confocal
image (Ajmia_conf) of 33 mm?. These parameters can be seen in Table 1, where pj, is pit density, F), is
the pitting factor, P, is the average pit depth, Dy, is the average pit diameter measured at the surface,
and P,y is the deepest pit value detected. Pits with a depth superior to 10 pum were chosen for the
calculation of the values, as it was intended to conduct the study without taking into account the
lamination defects. In Figure 4, the normal distribution of the depth (a) and diameter (b) of the pit can
be observed. It can be seen how both the diameter and the depth of the pit are greater for samples C1
and C2 than for C3, although the difference is greater in the case of depth. It can also be seen how the
depth of the pit increases significantly the longer the exposure time. This trend is also observed in the
case of diameter, but again in a less pronounced way.

Table 1. Parameters determined by confocal microscopy for a total area (Ajyiq_cony) of 33 mm? where Pp
is pit density, Py is the deepest pit value detected, Py, is the average pit depth, op,, is the standard
deviation of Py, D;, is the average pit diameter measured at surface, op,, is the standard deviation of
Dy, and Fp is the pitting factor.

Parameter C1 C2 C3
pp (pic/mm?) 0.12 0.44 1.25
Pryax (1tm) 39 57 130
Py (um) 19.5 26.0 50.0
OPm 13.2 14.1 33.0

Dy (um) 115 10.9 14.1
ODm 45 5.5 6.8
(P/D)y 1.61 2.35 3.27

Fp 2.00 2.19 2.60
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Figure 4. Normal distribution of the depth (a) and diameter (b) of the pit.

Table 1 shows that the pitting parameters increase with corrosion time, especially in C3 specimens.
The pit density (pp) is tripled each month or, what is the same, there is a constant speed of pits
appearance on the surface of the alloy. Taking into account that the F, factor is 1.00 when there is
uniform corrosion, there is a high degree of localized attack from the first month of testing (F, = 2.00);
in particular, the pitting severity increases considerably from the third month of testing. There is
also an increase in the (P/D),, ratio with the corrosion time, although the average pit diameter (D)
has hardly changed during the first two months in sample C2. On the other hand, the values of the
maximum depth of pitting (Pj.x) have to be taken into account for the estimation of the maximum
net section stress that supports the material, that is, considering only the uncracked cross section of
the sample.

The results of the X-ray diffraction (XRD) analyses were similar in all samples. Figure 5 shows
the diffractograms of the samples C1 (black line), C2 (red line), and C3 (blue line), respectively.
The oxidation product layer consists mainly of bayerite [(3-Al(OH);. 3H,O]. In the case of sample
C3, more intense bayerite peaks were obtained than in the other samples, indicating a higher level
of corrosion. Bayerite is a metastable compound that constitutes an intermediate stage between
amorphous aluminum hydroxide and gibbsite [29]. The last one is a common compound in the
atmospheric corrosion of aluminum alloys, especially when there are alkaline ions in the medium [30].
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SOO% C3
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Figure 5. X-ray diffraction analysis of corrosion products where a bayerite [3-Al(OH);. 3H2O] peak
can be seen in the sample corroded for 3 months.

The tensile tests are shown in Figure 6. The data obtained for the tensile strength (S,) and yield
strength (Sp) of the uncorroded material (R) match the values found in the literature (see Table 2):
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311 MPa for S, and 275 MPa for Sy. In the corroded samples C1 and C2, S, and Sy do not change with
respect to the uncorroded material. By last, there is a decrease in the tensile strength for the corroded
samples during 3 months (C3). In this case, S, falls to 286 MPa, 8% lower than the R value, and its yield
strength decreases to 255 MPa, 7% less than in R. Defining the value of Sy for each type of sample is
very important because it will be used as a reference stress in the subsequent fatigue tests of this work.
The elongation (/) is the parameter most sensitive to the corrosion process, as can be seen in Figure 6.
It is around 17% for the uncorroded material, 15.5% for C1, and approximately 11% for C2 and C3.
According to these results, it can be deduced that, from the first month of corrosion, the ductility
decreases significantly.

350
300 _ = = =
~ |
250
g 200
C 150 — R
s -  |eeesa C1
100 { P
50 - =C3
0 - - 4
0 5 o/ 10 15 20
& (/o)

Figure 6. Tensile curves of the uncorroded and corroded samples.

Table 2. Yield stress, tensile strength, and elongation values obtained from Figure 6.

Material So (MPa) S, (MPa) &
Uncorroded (R) 275 311 17.0
C1 271 311 15.5
C2 276 309 11.6
C3 255 286 11.2

The adjustment of the S/N curves by the Basquin method was performed using the maximum
stresses of 95% Sy, 90% Sy, 80% Sy, and 70% Sy in the case of the uncorroded material (R) and 95% S,
70% Sp, 55% Sg, and 45% Sy in the corroded samples. This adjustment is equivalent to expressing
fatigue strength as a straight line of slope b in an S/N diagram in double logarithmic scale.

AS = KN? (1)

K represents the stress required to produce fracture when only one stress cycle is applied and b is
the Basquin exponent, which characterizes how much the number of cycles varies until fracture with
the change of alternating tension. b is in the range of —0.05 to —0.12 for most uncorroded metals [31,32].

Figure 7 shows the AS versus N graph that collects the average experimental data shown in
Table 3, with a logarithmic scale for the x and y axes, together with the adjustments obtained for
each sample. There is a significant decrease in fatigue strength when corrosion is only one month.
Meanwhile, the changes are more appreciable for a high number of cycles between the state C1 and C2.
In the case of C3, the curve begins at a lower stress level because its elastic limit is lower than the rest
of the materials, and testing at a higher level could have masked the fatigue crack growth process with
a process of high plastic deformation.
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Figure 7. Stress range (AS) vs. average number of cycles at failure (N) curve.

Table 3. Data of stress range (AS) and average number of cycles at failure (N) for S;4x/S ratios tested.
o is the standard deviation of N data and (%o¢) standard deviation expressed as percentage.

Sample Sinax/So AS (MPa) N (cycles) o o (%)
0.95 235 52,432 20,813 40
R 0.90 223 68,404 29,931 44
0.80 198 147,233 7945 5
0.70 174 348,293 191,183 55
0.95 235 20,248 4129 20
c1 0.70 174 78,343 18,991 24
0.55 136 175,615 35,238 20
0.45 112 376,934 134,688 36
0.95 235 21,944 2789 13
I 0.70 174 79,986 7991 10
0.55 136 138,925 14,744 11
0.45 112 264,567 23,102 9
0.95 218 28,266 5367 19
c3 0.70 160 66,757 15,519 23
0.55 126 148,015 50,770 34
0.45 103 236,728 89,123 38

Table 4 includes the fatigue strength coefficient (K), the Basquin exponent (b), and the coefficient
of determination (R?). The coefficient of determination is 0.98 for sample C2, while it is higher than
0.99 for C1 and C3, which is indicative that the number of stress values used is sufficient for a high
approximation of the Basquin equation. In relation to the coefficient K, an increase is obtained with
the severity of the pits, given by the P/D ratio, especially between R and C1. Similarly, the Basquin
exponent (b) shows a significant decrease from the first month of corrosion.

Table 4. Fitting constants of the Basquin equation.

Material K (MPa) B R?
R 1.287 -0.1570 0.999
C1 3.008 —0.2557 0.996
C2 4.846 —0.3002 0.983
C3 7.495 —0.3453 0.997

Applying Basquin’s equation for the value of 200 MPa, it is calculated that the life (N) for the
uncorroded material (R) is 141,251 cycles, while for C1 and C2, it decreases to approximately 42,000
cycles, which represents a decrease with respect to R of almost 72% (Figure 8). In the case of C3, N is
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36,108 cycles, which is a 74% decrease with respect to R. Thus, there is a clear decrease in fatigue
strength with corrosion time and the highest difference is between the uncorroded material (R) and the
corroded material during one month (C1). When AS is 150 MPa, the number of cycles to failure is
882,630 for R, while it is 123,775 and 106,567 cycles for C1 and C2, respectively, which represents a

decrease in relation to R of approximately 86% for C1 and 88% for C2. The material in state C3 has a
decrease of Ny of 91% compared with R.

1 x 108

1 x 105

§
§

1 x10%

Number of cycles to failure (N)

Corrosion time (months)
§=150MPa B8 $=200MPa

Figure 8. Number of cycles to failure (N) vs. corrosion time (). Data were calculated from the Basquin
equation for AS = 200 MPa (dark) and AS = 100 MPa (light).

The adjustment of the S/N curves by the maximum likelihood method was performed for the
maximum stress levels 65% oy and 55% o in the case of R, 40% oy and 35% gy in C1 and C2, and 40%
op and 35% o0p in C3. This method assumes that the runouts test stress is distributed normally for a
certain number of cycles [33]. The probability of experimental data is given by

v =[[1-FGuE o)1 -F(si % 0))f @)
i=1

where ¥ is the mean, o is the standard deviation, r; represents the number of “run-outs” at the ith
stress level (S;), f; is the number of failures observed at the same stress level, and F is the cumulative
probability of failure. This equation can be written as

s - \2
F(S,%,0) —j: - 12nexp[—%(¥) ]dx ©)

Equation (2) in the form of napierian logarithms is expressed as

n

v = Z rin(1—F;) + finF; )
i=1

where F; is F(S;,x,0). It is necessary to obtain the partial derivatives with respect to x y ¢ and equate
them to zero to calculate the maximum of Equation (4). Thus, a system of two non-linear equations
with two unknowns X y ¢ is obtained. The resolution of the system makes it possible to calculate the
fatigue limit and the associated deviation.

Table 5 shows the results of the fatigue limit S, and the percentage deviation (6%) calculated
considering a technological life level of 2 X 10° cycles. The value obtained for the fatigue limit of
sample R is 161 MPa. In the case of C1, the limit is 98 MPa, which implies a reduction in the fatigue
limit of 39%. In the same way as in the analysis of fatigue strength, it is in this first stage of corrosion
that the most pronounced reduction in fatigue response occurs. The decrease in fatigue limit is not so
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marked between C1 and C2 (94 MPa). However, the C3 samples corroded for three months show a
large decrease of S, (68 MPa) with respect to the previous stage samples (C2). The total decrease of
Se between material R and C3 was 57.4%. The drastic decrease in fatigue resistance during the first
month of saline corrosion is in accordance with studies carried out by other authors [12], in which it
was observed that the corrosive effect has a more pronounced effect on aged aluminum alloys, such as
alloy 6061-T6, than non-heat treatable aluminum alloys (2xxx, 5xxx groups).

Table 5. Fatigue limit (S,), and the percentage deviation (6%) calculated considering a technological
life level of 2 x 10° cycles.

Material %So Sinax (MPa) F r S, (MPa) o (%)
.
T T T
C2 ‘;(5) zz é g 94 0.21
L T T

Figure 9 shows the fatigue parameter S./Sg versus (P/D),, ratio for R, C1, C2, and C3 samples.
The point corresponding to the reference material (uncorroded sample) does not start from P,,/D,, =0,
but from 8.6 um/74 um = 0.11. This is explained by the presence of microcracks resulting from the
lamination process. The maximum depth observed in these microcracks was 10 um. This graph
shows that all data can be correlated by a logarithmic curve. The determination coefficient (R?) is
0.985, which indicates a good fit. This demonstrates that a correlation can be established between
a dimensional ratio of the pits (P/D),, and the normalized fatigue limit (S¢/Sp), allowing even to
integrate the uncorroded material data into the fit. This result makes sense considering that the ratio
(P/D),y is indicative of the concentration of stresses at the edge of the pit, reducing the fatigue strength
of the material. According to various authors [34,35], the significant decrease in fatigue strength
in precorroded aluminum alloys is related to the progressive appearance of pits, which are stress
concentration points where cracks begin.

14

1
S./55= — 0.08815{Pu/D.)-0.3989
0.8 4 > y 0.8
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- 0.6 \ S 0.6 -0
w04 S~o “ 04 S
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0.2 0.2
04 : o
0 1 2 3 4 5 6 0 1 10
Pw/Dm Pn/Dim (log)

Figure 9. Fatigue S,/S, ratio vs. (P/D),;, ratio for R, C1, C2, and C3 samples.
4. Conclusions

Corrosion parameters show a large increase after 3 months in a salt spray chamber. Pitting factor
(Fp) values indicate that corrosion is highly localized from the first month. X-ray diffraction analysis
shows the formation of aluminum hydroxides: bayerite. The appearance of intense bayerite peaks at
the third month of corrosion (C3) is related to a higher level of corrosion.
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The samples corroded for three months (C3) are the most affected in the tensile test. In this case,
tensile strength (S,) falls to 286 MPa, 8% lower than the uncorroded material value, and its yield
strength (Sg) decreases to 255 MPa, 7% less than in R. On the other hand, the results show a significant
decrease in ductility from the first months of corrosion.

The application of the Basquin equation and the maximum likelihood model shows a significant
decrease in the number of cycles until failure during the first month of corrosion (around 72% for C1
when AS is 200 MPa, and 86% when AS is 150 MPa). This decrease continues for the next two months
(C2 and C3), but without the variations being so marked with respect to C1.

Finally, the fatigue data were treated with the maximum likelihood model. The conventional
fatigue limit suffers an important decrease between R (161 MPa) and C1 (98 MPa) and between C2
(94 MPa) and C3 (68 MPa). The representation of the fatigue parameter S./Sy versus ratio Py,/D;, ratio
shows that data can be correlated by a logarithmic curve. The determination coefficient (R?) is 0.985,
which indicates a good fit.
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