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1. Introduction

Various aluminum types are used in modern civil aircraft these
days. Aluminum grade 2024 and 7075 are commonly used in aircraft
structures for example aircraft skin, frames, stringers, floor beams,
and longerons. However, under routine flight usage, the aluminum
tends to corrode quickly and needs to be inspected to ensure the safety
of flight [1]. The small or shallow corrosion can spread quickly if that
part remains unchecked for a long time or due to an inappropriate
inspection schedule [2].

The corrosion can be identified from a material or thickness loss
due to corrosion. The non-destructive testing (NDT) methods are used
to detect damage and determine thickness loss due to corrosion.
Consider the aircraft skin which is aluminum sheet metal, if the
corrosion were located on the top surface, it could be inspected by
visual or other Non-destructive testing (NDT) methods [3-5]. But if
the corrosion were hidden or located on the opposite side of the surface,
it would be difficult to inspect properly. The NDT method that could be
appropriate to inspect the aluminum corrosion in this circumstance
is eddy current testing [6,7].

Eddy current testing is categorized as a surface method. The
defects that are normally identified by this method are included surface
crack, scratch, nick, and corrosion [8-11]. However, this method can
inspect sub-surface defects if using the correct probe frequencies.
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Aluminum alloys are commonly used in the aircraft industry but it tends to corrode and needs to be
inspected properly. Eddy current testing is the widely used non-destructive testing (NDT) for aircraft
metals. This research studied estimating the thickness loss due to corrosion in an aircraft aluminum
sheet metal. The Al1100, A12024, and A17075 were 2 mm thick. Aluminum sheet metals were used to
create artificial damage in hydrochloric acid. The thickness loss due to corrosion was inspected with
eddy current testing (ET) and compared with the measurement from the coordinate measurement
machine (CMM). The results showed that the thickness loss due to corrosion could be estimated using
the eddy current skin depth frequencies. However, in the practical application, the skin depth could be
guessed from the corrosion rate which could reduce the inspection time. In this research, the corrosion rate
was measured by using potentiodynamic measurement. It can be used for estimating the thickness loss
for an appropriate inspection interval.

The eddy current uses alternating current that flows through the
excitation copper coil inside the probe to produce an alternated magnetic
flux. When using a probe to inspect the conductive workpiece, these
magnetic fluxes permeate into the workpiece surface and generate
eddy current. The defect is the disturbance of eddy current. This also
affects the change of magnetic flux linkage between the workpiece
and the probe, sensing by the measuring coil. Then the signal is sent
and displayed as voltage, current or impedance changes.

The eddy current has the highest strength at the top surface
that contact with the probe. The eddy current strength is decreasing
exponentially inside the materials due to the conductivity, magnetic
permeability of materials, and frequencies of probe. According to skin
effect theory, the higher frequencies usage push the eddy current to
the top surface near the probe which can identify the shallow defects
but the low frequencies pull the eddy current deep into the workpiece
appropriate for detecting deeper or sub-surface defects. However,
to detect the corrosion on the opposite side of the sheet metal surface,
a very low frequency probe such as a reflection probe is recommended.

In this research, artificial corrosion damages are produced to
simulate the corrosive thickness loss by using electro-etching technique.
The thickness loss from these artificial damages is inspected by
eddy current testing with a reflection probe. The signal amplitudes
are analyzed to estimate the thickness loss according to skin effect
theory and compared with thickness loss measurement from a coordinate
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measuring machine (CMM). Then the results are compared with the
corrosion rate (mm/year) from potentiostat-galvanostat instrument to
estimate the appropriate inspection schedule.

2. Experimental

2.1 Artificial corrosion damage

This research considers three types of aluminium sheets, A11100,
Al2024, and A17075. The Al1100 is represented the pure aluminium
(A199% and Cu 0.12 wt%). The A12024 (Al 93.5%, Cu 4.4%, Mn
0.6% and Mg 1.5 wt%), and A17075 (Al 89%, Cu 2.3%, Mg 2.3%,
Cr 0.23%, Zn 6.2%, and Zr 0.12 wt%) are aircraft aluminum that is
normally used for fuselage and wing structure. A11100 sheet metal
is considered a non-heat treatment condition but A12024 and Al7075
are heat treatment at T3 and T6 conditions respectively. A12024 T3
sheet is aging at a temperature between 185°C to 195°C with 10 h
holding time. A17075 T6 sheet is aging between 157°C to 168°C
with 24 h to 30 h holding time. The samples were cut to 3 cm x 12 cm
with 2 mm thick. The samples were ground with sandpaper up to
1000 grit and cleaned by an ultrasonic cleaner for 5 min, and dried
with a hot air blower. A direct current (DC) power supply was used
to create the corrosion damage. The sample was etched with 0.6 M
hydrochloric acid in a 1.5 cm hole dimension. The penetration depth
of corrosion damage was controlled by time etch according to
Faraday’s law. The various time was divided into 1 min to 9 min at
a constant apply current of 1 A. Photographs of the corrosion damage
with different etching times were demonstrated in Figure 1. There are
three different corrosion depths for each sample plate. The first plate
(A1) contains 1, 2, and 3 min of corrosion time damage. Next, the
second plate (A2) contains 4, 5, and 6 min and the third plate (A3)
contains 7, 8, and 9 min of damage. Three samples were prepared
in each condition. After the damage caused by corrosion each time,
the weight loss was recorded by a five-digit semi-micro balance.

After the corrosion generator process, all artificial corrosion
damages were measured in the thickness loss by using a coordinate
measuring machine (CMM) model LH 54 standard with 0.1 pm
resolution. The pneumatic system CMM was used to maintain the
measuring table level coordinate during the measuring process.

Figure 1. Photograph of the artificial corrosion damage with different
etching times.
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Before the measurement begins, all sample plates were cleaned with
alcohol to remove undesirable dust and left for 15 min and maintained
the workpiece temperature Then, the measuring probe was used to
measure the penetration depth at different coordinates between the
damage and the near surface to calculate the thickness loss and recorded
the data. Finally, the measuring results from the four sets of samples
were averaged.

2.2 Corrosion rate identification

The polarization technique was used to measure the corrosion rate
in 0.6 mol-dm™ NaCl solution. The electrochemical cell was a polyvinyl
chloride (PVC) cylinder with a sample hole area of 0.785 ¢cm? at the
bottom cell. This method consists of three electrodes pairing with each
other. The first electrode was the working electrode that contact with
the sample. The platinum rod was used as a counter electrode and the
reference electrode was a silver/silver chloride (Ag/AgCl) electrode.
In the beginning, the sample was subjected to open circuit potential
(OCP) for 30 min and a scan rate of 1 mV.-s™!. The sample was polarized
within the range of =700 mV and +800 mV with respect to OCP. At
least three trials for each condition were carried out. The corrosion
current density (icorr) Was determined by intersecting a cathodic
Tafel line with an anodic Tafel line. The potential at the intersection
was corrosion potential (Ecorr). The corrosion rate (CR) is calculated
by using the following Equation (1) [16]:

CR(mm/y) = 3268.5 (1)

icor EW
P
where icor was the corrosion current density (A-cm™), EW was
the equivalent weight of sample (g-mol™') [16] and p was the density
of sample (g-cm?) [17].

2.3 Eddy current inspection process

In this process, the damages are inspected using Mentor EM,
eddy current inspection device. The display of this device was presented
in an impedance plane, which demonstrated the impedance change
graphic from the measuring coil. The reflection probe with a probe
frequency of 300 Hz to 100 kHz was used to inspect the corrosion
damage. Before inspection, the frequency in each case much be
calculated from Equation (2) [18,19].

T —_— ®
Tuoed

o was conductivity in MS.m™! unit or it can also use the

International Anneal Copper Standard (%IACS). The conductivities
were varied in each material. p was the magnetic permeability which
is the multiple of relative magnetic permeability of material (1 for
non-ferromagnetic material) and magnetic permeability of vacuum
that is equal to 4% x 10”7 H-m™! and § is depth of penetration or skin
depth in distance unit. The depth of penetration was set at 2 mm equal
to sheet metal thickness. The conductivity of Al1100, A12024 and
Al7075 were listed as 59.5, 32.5 and 32% IACS then the first inspection
frequencies are 1.811 kHz, 3.316 kHz and 3.367 kHz, respectively.
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The difference in the first inspection frequency causes by the different
material properties, such as conductivity in each material. At the same
time, the depth of penetration is set equally at a material thickness
(2 mm). For other parameters such as gain, phase and sampling rate
were adjusted appropriately according to frequency usage.

3. Results and discussion

3.1 Artificial damage measurement results

After electrochemical etching, mass loss results of each material
type were averaged and demonstrated graphically in Figure 2.
It was found that mass loss of all samples tended to be similar in
the range of 1 min to 6 min of etching time. The Al12024 results were
resembled the A17075 with slightly lower mass loss at 0.067 g.
The lowest mass loss was the A11100 at 0.06 g. From this result, it is
concluded that the A11100 has a higher corrosion resistance than
Al12024 and Al7075, respectively.

For thickness loss measurement from CMM, the average results
were shown in Figure 3. It was found that, the thickness loss measurement
was found to have the same trend as the mass loss results. However,
the results slightly resemble each other due to the roughness of the
corrosion surface. Notice that at the corroded surface of A17075 and
Al2024, there were the black dust which cannot be removed completely

by the cleaning process. This black dust was the result of the copper
(IT) oxide (CuO) which form the Al-Cu cluster from both materials
that contain the higher copper composition [20].

3.2 Corrosion rate results from potentiostat/galvanostat
instrument

The results of three different aluminium alloys from the linear
potentiodynamic polarization technique were shown in Figure 4.
The corrosion potential (Ecorr) is a potential value at the lowest
current density in cathodic zone. The corrosion potential of A17075
was lower than that Al 2024 and Al11100 at values of -990 mV, -750 V,
and -740 V, respectively.

The corrosion current density (icorr) is a corrosion rate which is
related to the corrosion resistance of sample. Corrosion current
density is a current value per area at Cathodic Tafel line interest
with Anodic Tafel line. It was found that, the A11100 showed the
lowest corrosion rate at 2.11 x 10 A.cm’ and A17075 showed the
highest at 5.49 x 10 A.cm™. Moreover, these results can calculate
corrosion rate in terms of thickness loss per time (mm/year) as
summarized in Table 1. It was found that aluminum alloy 2024 and
7075 grades would be corroded 0.039 and 0.061 mm each year.
Although the Al17075 showed a higher strength, the corrosion rate
was crucial which shortens the material lifespan.
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Figure 2. Mass loss of Al11100, A12024, and A17075 samples after electro-chemical etching at different etching time.
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Figure 3. Thickness loss of A11100, A12024 and Al7075 samples after electrochemical etching at different etching times obtained from CMM measurement.

Table 1. Corrosion potential and corrosion rate of aluminum alloy 1100, 2024, and 7075 grade obtained from linear polarization curve.

Sample A11100 A12024 AI7075
Ecorr (mV) —741.1 —749.3 -990.5
icor (HA-cm2) 2.11 3.55 5.49
CR (mm/y) 0.023 0.039 0.061
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Figure 4. Linear polarization curves of aluminum alloy 1100, 2024, and
7075 grade.

3.3 Eddy current testing results

The artificial corrosion damage was inspected using Mentor EM
eddy current inspection device and reflection probe. For Al1100
materials, the first guess frequency was used as 1.811 kHz which
was related to the first skin depth (&) of material. The inspection
results showed the 1.8 kHz frequency could detect all corrosion
damage defects because the skin depth was set at 2 mm. which was
thickness of material. This implies that the eddy current could penetrate
to the other side of material but this frequency cannot estimate the
depth of the thickness loss. However, to estimate the thickness loss,
the frequency must be increased to shift the eddy current strength
up to the surface [18].

Frequencies were guessed and shifted up until the peak amplitude
of the result from each damage set is flat or indistinct from each other.
Then, these frequencies were recorded and used for analysing the
thickness loss estimation later. The thickness loss estimated frequencies
for each set (1 min to 3 min, 4 min to 6 min, and 7 min to 9 min
corrosion time) are 6.0, 6.4, and 6.8 kHz, respectively.

Figure 5 shows the results of all A11100 specimen damages
using time variation phase mode. This mode demonstrated the
impedance change over inspection time. The peak amplitude showed
the impedance change, the higher peak implies the deeper thickness
loss due to corrosion.

0.20 0.20

The results of A12024 and A17075 were also demonstrated in
Figure 5. For A12024 and A17075, the material thickness frequencies
were 3.3 kHz and 3.4 kHz. The conductivity of A17075 was slightly
lower than A12024. The A12024 has slightly lower frequencies than
the A17075. The frequencies for each plate of A12024 were 10.6, 10.9,
and 11.6 kHz, respectively. On the other hand, the A17075 frequencies
were 10.7,10.9, and 11.6 kHz. All frequency results from thickness
loss estimation were not related to the first skin depth (&) but nearly
the second skin depth (26) instead.

3.4 Thickness loss estimation of corrosion damage

The skin depth is depth from the surface that the eddy current
strength has decayed to the strength value of 1/e or around 37%
signal penetration due to the Equation (3-5). Equation (5) is the solution
of'the differential Equation (3) which is derived from the Maxwell’s
Equation but considers only the conductor region z < 0. Eddy current
density E (z) decays exponentially from maximum strength at
the surface, Ex (0) = Eo. From the Equation (4), the skin depth is the
inverse of the real part of the angular wave number k which is the
distance determined by amount of wave, with the angular frequency
w, packed in that region [18].

(é-kz) E,(z) = 0,2<0 3)
k= 22 (14)) )
B = B! 978, 5= |2 ©)

From Equation (5), if the true depth (z) is equal to ad where the
multiplier of the skin depth (a), such as a=1 for the first skin depth
(37% signal penetration) and a=2 for the second skin depth (13%
signal penetration). However, from calculation, the experimental results
are related to non-integer multiplier of the skin depth. Actually, they
are 1.786 (16.9% signal penetration), 1.758 (17.4% signal penetration)
and 1.748 (17.6% signal penetration) for Al 1100, A12024 and A17075
respectively. The signal penetration for each material is not equal
according to Equation (2). It varies from the material conductivity,
Al 1100 has highest conductivity followed by Al2024 and A17075.
The higher conductivity required lower signal penetration to estimate
the thickness loss because the signal strength is higher.
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Figure 5. Corrosion damage thickness loss estimation and skin depth frequencies of materials A11100, A12024, and A17075.
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Figure 6. The material lifetime estimation from corrosion rate of materials Al1100, A12024, and A17075.
After the inspection process, the frequency results are calculated Eddy current frequency estimation
and analysed to estimate the corrosion damage thickness loss compare for thickness loss inspection
to the thickness loss measurement results from CMM. The results »
. R . Deep defect zone 5
are also summarized in Figure 5. They show that when converting g P EX
the frequency back to the thickness loss, all of the thickness loss gl ] Maximum ftequency line | &
. . ) g | at given material life time | 2
estimations for every material are comparable to the measurement 4 o3 I g
. . . . . = : B
thickness loss. It can also imply that the thickness loss estimation = e & | Shallow defect zone _%
. . . 3 . .
has insignificantly error. These results can be concluded that the e At given time \I =
remaining thickness of sheet metal can be estimated by the skin depth Material Tife time

even if the skin depth frequencies are varied with material conductivity

However, the skin depth still has to be guessed to match the real
corrosion thickness loss but Equation (6) can aid the inspection.
Equation (6) is the Equation (2) substituted by § = z/ a which can
estimate true thick or thickness loss (material thickness minus z).
Equation (6) also explains the relation between eddy current probe
frequency (f) and true thickness loss. At the given set of material
properties, the true thickness loss is proportional to the probe frequency.
This probe frequency is represented by limited frequency criteria
where the depth of the true thickness loss is shallow than that given
probe frequency is undetectable but can still detect the deeper thickness
loss. The inspector can choose these probe frequency criteria to identify
the thickness loss. If the defect is undetectable at the given probe
frequency, this implies that the corrosion has not occurred yet in
that region or it is already corroded within the limit. However, this
research also provides some suggestion that the corrosion rate from
the potentiostat/galvanostat measurement could be used as the first
estimation before affirm by the eddy current testing, which could
reduce the inspection time.

[— ©)

2
o)

In Equation 7, the inspection interval or the material lifetime
(MLT) can be determined by the thickness loss (TL) divided by
corrosion rate (CR). Figure 6 is concluded the material lifetime (MLT)
which is related to the thickness loss measurement in each corrosion
damage and the suggested eddy current frequencies according to the
thickness loss skin depth.

MLT = TL/ CR )

In industrial applications, the chart in Figure 7 can be used for by
inspector to estimate the thickness loss and eddy current inspection
frequency from corrosion rate line. At a given material lifetime, the
chart shows the maximum eddy current frequency line for inspection.

Figure 7. Eddy current frequency estimation for thickness loss inspection
for industrial application.

Ifthe defect is undetectable at this frequency, it implied that the defect
is in the shallow defect zone, decreasing eddy current frequency
is required to estimate the thickness loss. Contrastingly, if the defect
is still detectable with higher frequency than this line, the defect is in
the deep defect zone which implied that the thickness loss is higher
than expected.

For inspection example, the inspector can determine the material
life time using serial number traceability or maintenance schedule from
the planning division. Then, the chart in Figure 6 can determine the
thickness loss and the probe frequency criteria at the given material
lifetime which can be used for the inspection process. From the
inspection results, if the defect is undetectable, it implies that corrosion
occurs within the limit which maintenance procedure does not
require yet. But if the defect is detectable, it interprets that the corrosion
is out of limit then the specimens have to be included under the
maintenance process or rejected which also includes the thickness
loss estimation information for maintenance method decision.

4. Conclusions

In this research, the artificial corrosion damage is created to
estimate the thickness loss of materials A11100, A12024, and A17075
using eddy current testing. The results are compared with the CMM
measurement. They are shown that the corrosion thickness loss
can be estimated using the eddy current skin depth frequencies. The
guessing frequencies can be estimated using Equation (6) but the skin
depth multiplier (o) can be determined by the experiment only with
each material type. However, in the practical application, this research
is suggested that the skin depth should be guessed from the corrosion
rate thickness loss. Besides, the corrosion rate from the potentiostat-
galvanostat measurement can also be estimated as the material lifetime
for inspection interval.
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