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Abstract

The paper describes the corrosion based degradation of aluminium alloys using an
analytical and numerical framework. The corrosion rate was calculated using
analytical equations for aluminium sheets subjected to a corrodent. Parametric
analysis for the pit morphology, diameter, depth and distribution on the plate was
conducted using finite element analysis. A comparison between elliptical and
circular pits of the same area was also made for stress magnification using
numerical analysis. It was observed that the stress generated at constant load
when a specimen corrodes due to pitting is directly proportional to the pit
diameter and pit depth. Zigzag pit morphologies due to the combined effect of
mechanical degradation and corrosion have the highest stress at the corners of the
pattern, while circular pits have the highest stress at the centre of the pit. The
zigzag pit morphology has more detrimental effects than circular pits. For multiple
distributed pits, the pits closer to the specimen edges exhibit higher stress values
than those near the centre of the specimen. The effect of multiple or
quantitatively increased number of pits having smaller geometric properties has a

more detrimental effect than a single pit with larger geometric attributes.

1. Introduction

Material degradation and corrosion have been
an area of serious concern in almost all reputed
engineering areas like aerospace engineering, civil
engineering, industrial engineering, etc. Uniform
corrosion and pitting corrosion are common and
severe types of corrosion that damage metallic
engineering structures [1-2]. The corrosion damage
gets augmented with the applied loads resulting in
stress magnification due to both the geometric
defect created by corrosion and the load
concentration on the reduced area as in the case
of tensile stress in stress corrosion cracking (SCC)
[3-5]. There are different mathematical models
and equations which can help in the calculation of
the corrosion rate on a specified specimen against
a particular corrodent [6,7]. This can aid the
engineers to predict the service life of the
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component and calculating the reduced geometric
attributes such as thickness. Another way to assess
corrosion durability is to conduct accelerated or
long-term corrosion testing of standardised
coupons subjected to the corrosive environment
and then analyse their response to electric
potential known as potential dynamic curves [8].
The limitations of corrosion testing are focused
on the fact that these tests are conducted on
coupons and not full-scale components [9].
Secondly, they require extensive testing time.
Thirdly, they do not exhibit stress distribution and
concentration due to the degradation of material or
structure under constant load. Most importantly,
the service life of any component subjected to
corrosion cannot be directly predicted using these
tests. From the engineering perspective, it is
detrimental to analyse the behaviour of a
component when it starts corroding in service [10].
Numerical modelling provides an efficient and
effective  manner to study how the stress
distribution and concentration in a component will
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vary once it corrodes by introducing the corroded
morphology in the specimen or component using
computer-aided design (CAD) [11-13]. The CAD
model is subjected to the desired loading conditions
in terms of clamping and pressures. The model is
then discretised into small elements called meshing
and the results are compared with literature or with
neat specimens for qualitative analysis [14-17].

This research has calculated the corrosion rate
on an aluminium sheet (age hardened aluminium-
copper alloy AA 2219) subjected to a corrodent to
analyse the reduction in its thickness, followed by
a numerical analysis of thickness reduction, pit
morphology and distribution introduced in the
specimens to analyse the stress distribution and
concentration under constant load.

2. Methodology

To calculate the effect of uniform corrosion, it
was assumed that the surface of desired
aluminium sheet is immersed in 3.5 wt. % NaCl
solution. The corrosion rate in mils per year (mpy)
is calculated by the following relationship:

Veorr =M/ (1)

PA

where V., is the corrosion rate (calculated value is
0.244 mpy), leorr is the corrosion current density
calculated from potentiodynamic polarization (PDP)
curves (I = 0.508 uA/cmZ), K is the constant for
corrosion rate unit as per ASTM standard G102 (K =
1.288 x 10° mpy A’ cm), E, is the equivalent
weight for the specific aluminium alloy with respect
to sample volume (E,, = 10.6 g), p is the density of a
specific aluminium alloy (p = 2.84 g/cm®) and A is
the area (sheet length x sheet width) of the sample
(A=1cm?).

It is assumed that such pits will be generated
against prolonged corrosion of the sheets as per
the calculated corrosion rate. Based on this
assumption, the pits of a definite geometry are
modelled and analysed in the aluminium sheets
using FEM as also available in the literature. It is
assumed that based on the calculated corrosion
rate of 0.244 mpy, the pit formation will start and
ultimately reach a circular form i.e. in close
approximation to a hole or circle. Therefore for
model simplification, elliptical and circular pits are
already modelled in the structure before analysing
the effect of load [17-20]. The numerical modelling
of the aluminium plate was carried out as per the
material properties and dimensions mentioned in
Tables 1 and 2, respectively.

Table 1. Material properties

Property Value
Density, g/cm® 2.84
Modulus of elasticity, GPa 74
Poisson's ratio 0.3
Yield strength, MPa 320
Table 2. Model dimensions
Parameter Value, mm
Sheet length 10
Sheet width 10
Sheet thickness 0.5
Pit depth 0.1-0.3
Circular pit diameter 0.2-04
Elliptical pit diameter 1.6x0.1/0.8%x0.2

The plate was clamped from one end, while the
other end was subjected to a tensile load of 10 N
as shown in Figure 1. Features and parametric
variations in terms of pit diameter, depth,
morphology, and distribution were added using
computer-aided drafting (CAD) [18,19]. Solid

hexahedral elements were used for the meshing of
the models and the mesh was refined near the pits
or corroded areas for accurate results as shown in
Figure 2.
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Figure 1. Loading conditions of the plate

In order to conduct model calibration and
validation, the mesh was refined by taking output
values of stress and deformation against the
aforementioned boundary conditions. Once no
significant variation was observed upon further
mesh refinement and the results were found to be
in agreement with their analytical counterparts,
the element size was then fixed as shown in
Figures 3 and 4, respectively.
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Figure 2. Meshed neat specimen
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Figure 3. Mesh sensitivity for stress
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Figure 4. Mesh sensitivity for deformation

3. Results and discussion

Figure 5 represents the stress distribution on the
neat sample. The highest stress value was observed in
the corners of the clamped side, while the remaining
stress was uniformly distributed on the plate cross-
section normal to the direction of the applied load.
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Figure 5. Stress distribution for the neat sample at
0.5 mm plate thickness

Figure 6 represents the effect of pit depth on
the stress generated in the specimen. A linear
trend between the pit depth and the
correspondingly generated stress was observed.
Figure 7 represents the stress distribution on the
pit sample. The highest stress value was observed
to be concentrated at the centre of the pit,
indicated by the red colour, while the value of
stress decreases upon moving away from the pit.
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Figure 6. Effect of central pit depth on the stress
generated at 0.4 mm pit diameter and 0.5 mm plate
thickness

Figure 8 represents the effect of pit diameter
on the generated stress in the specimen. A linear
trend between the pit diameter along with the
correspondingly generated stress was observed.
Figure 9 represents the stress distribution on the
pit sample with respect to the diameter. The
highest stress value was observed to be
concentrated at the centre of the pit, indicated by
the red colour, while the value of stress decreases
upon moving away from the pit.
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Figure 7. Stress distribution for 0.3 mm central pit
depth, 0.4 mm pit diameter and 0.5 mm plate
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Figure 8. Effect of central pit diameter on stress at
0.3 mm central pit depth and 0.5 mm plate thickness
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Figure 9. Stress distribution for 0.4 mm central pit
diameter, 0.3 mm pit depth and 0.5 mm plate
thickness

Figure 10 represents the comparative stresses
generated by changing the morphology of the pit
to a zigzag manner. In comparison with Figures 6
and 8, it was observed that with the changing of pit
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Figure 10. Effect of pit morphology on generated
stress at 0.4 mm central pit diameter/zigzag width,
0.3 mm depth and 0.5 mm plate thickness
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Figure 11. Stress distribution for a zigzag pit of 0.4
mm width and 0.3 mm depth and 0.5 mm plate
thickness

morphology from circular to zigzag, the
guantitative stress has increased tremendously.
Figure 11 represents the stress distribution for the
changed morphology. It was observed that due to
the increase in the number of sharp corners and
stress risers, a prominent increase in the overall
generated stress was observed along with the
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accumulation of stresses at the sharp corners. It is
pertinent to mention that it is not a conventional
corrosion  damage  shape. Rather  such
unconventional morphologies can only arise due to
a prolonged combined effect of mechanical
degradation (wear, friction, drill, grinding, etc.) and
corrosion in some cases.

Figure 12 represents the effect of multiple pits
distributed on the specimen having different pit
depths. It was observed that due to the increase in
the quantity of pits being distributed among the
same specimen area, the minute increase in the pit
depth resulted in a tremendous increase in the
quantitative stress values. Figure 13 represents the
stress distribution for the multiple pits. It was
observed that the maximum stress was generated
at the centre of the respective pits, while the
highest stress value was observed for the pits near
the respective edges of the specimen.
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Figure 12. Effect of pit depth on generated stress for
the effect of multiple distributed pits having 0.4 mm
pit diameter
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Figure 13. Stress distribution for the effect of
multiple distributed pits having 0.4 mm pit diameter,
0.3 mm pit depth and 0.5 mm plate thickness at
central and random locations

The influence of pitted or crack morphology as
per the previously published literature, whose
extension has been emphasised in the current
work was also compared [11,14]. It was observed
that as the pit morphology would change from
circular to elliptical or semi-elliptical, the stress
concentration factor would increase due to the
generation of sharp corners, while the stress
concentration would shift from the central region
to the corner regions of the pit. This can result in
extensive stress magnification, leading up to a 50
% reduction in failure strength, buckling strength
and resonant modal frequencies of the structure.
The stress generation along with deformation can
increase up to 69 and 10 %, respectively due to the
pitted structure of the geometry.

Figures 14 and 15 represent the stresses
generated against the elliptical pits due to
corrosion. It was observed that with the
subsequent formation of the pit, the stress rises
and is concentrated on the sharp corners of the
pit resulting in subsequent stress magnification at
a constant force. It was also observed that in
comparison to the case where a circular pit of the
same area was simulated, the stress was
concentrated at the centre of a pit as shown in
Figure 9, while as the morphology changes to
elliptical, the stress shifts to corner points due to
stress concentration and is enhanced accordingly.
It was also observed that under the same area for
elliptical pits as shown in Figures 14 and 15, the
stress concentration increased with the increase
in longitudinal and decrease in lateral diameter.
This can be attributed to the reduction in the
distance between the sharp corners of the
elliptical pit, leading to higher stress
magnification.

4. Conclusion

The stress generated at constant load when a
specimen corrodes due to pitting is directly
proportional to the pit diameter and pit depth.
Zigzag pit morphologies due to corrosion have the
highest stress at the corners of the pattern, while
circular pits have the highest stress at the centre of
the pit. The zigzag pit morphology has more
detrimental effects than circular pits. For multiple
distributed pits, the pits closer to the specimen
edges exhibit higher stress values than those near
the centre of the specimen. The effect of multiple
or quantitatively increased number of pits having
smaller geometric properties has a more
detrimental effect than a single pit with larger
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Figure 14. Stress distribution for central elliptical pit
(0.1 mm longitudinal and 1.6 mm lateral diameter) at
0.3 mm pit depth and 0.5 mm plate thickness

geometric attributes. The formation of elliptical
pits is more detrimental than circular pits of the
same area as the sharp corners of the elliptical
morphology act as stress risers leading to stress
magnification. The novelty of this research lies in
the convention that typical structural analysis
assumes only drills and holes in the structure and
not the possibility of pits. This research has
focused on the incorporation of the formation and
growth of pits in the sample and analysed it based
on the corrosion rate calculated using finite
element analysis (FEA).
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