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Abstract

This study compares the Eddy current technique and optical microscopy for measuring
the anodized layer thickness in a 6063 aluminum alloy with the aim of establishing an
efficient and accurate methodology capable of delivering optimal results in a time-efficient
manner. Optical microscopy was used as the reference method, with five measurements
taken in different fields for each specimen. The Eddy current method was applied using
two calibration strategies: one calibration before each measurement and another after every
ten specimens. The Bland—-Altman analysis was employed to compare both measurement
techniques. The results indicated that the calibration before each measurement strategy
using Eddy current showed higher agreement with the reference method, suggesting that
both techniques can be considered equivalent and interchangeable. Furthermore, the Eddy
current method demonstrated significant advantages in detecting thickness variations
along the specimen, revealing non-uniform distribution of the anodized layer. This method
also proved to be faster and eliminated the need for metallographic preparation required
by optical microscopy, thus significantly reducing analysis time and cost. In conclusion, the
Eddy current method with calibration before each measurement strategy is proposed as an
effective alternative for measuring anodized layer thickness in applications where speed
and precision are critical.

Keywords: corrosion; thickness measurement; anodization; Bland—Altman analysis

1. Introduction

Aluminum is widely used in various industries due to its low weight, high corrosion
resistance, good thermal and electrical conductivity and ease of machining and recycling.
However, in its pure form, it has limited mechanical strength, restricting its use in more
demanding applications. To improve these properties, aluminum is alloyed with elements
such as copper, manganese, magnesium, silicon and zinc, which enhance its strength
through deformation processes or heat treatments. Among these, the 6063 aluminum
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alloy is one of the most used due to its good response to heat treatment and quenching.
Its main strengthening mechanism involves the formation of magnesium silicide (Mg Si)
precipitates, which provide excellent strength, ductility and hardness [1,2].

Aluminum and its alloys possess inherent protection provided by a natural oxide
layer that is formed when they are exposed to air. However, this natural oxide layer
(Al,O3) is thin and heterogeneous, making it insufficient to offer adequate protection
against aggressive environments [3]. Therefore, the anodization process is an essential
electrolytic method in the aluminum industry, playing a crucial role in protecting and
enhancing the properties of this metal. Through this process, an oxide layer is formed
on the surface of aluminum, providing increased resistance to corrosion, abrasion and
other adverse atmospheric agents. This layer, which can be either transparent or colored,
offers considerable versatility in its applications [4—6]. The determination of the anodized
layer thickness is highly relevant, as it represents a quantitative parameter that enables
comparison between different anodization processes, which may be influenced by different
variables. Furthermore, the thickness of this layer is directly related to fundamental material
properties, such as corrosion resistance, wear resistance and the ease of surface cleaning
of aluminum [5].

There are various methods available to determine the thickness of the anodized layer,
which differ depending on the purpose of the anodization process or the nature of the
part being treated. One of the most used methods for determining the thickness of the
anodized layer is optical microscopy. This method involves measuring the thickness on the
cross-section of a sample prepared in accordance with ASTM B487-85 [7], which specifies
the standard methodology for this type of measurement. However, optical microscopy has
certain limitations, particularly in the depth of field. As the magnification of the objective
increases, image resolution decreases, making it difficult to distinguish two adjacent points
as separate units at magnifications of 1500 or higher [8,9]. The Eddy current method
allows for non-contact measurement of the anodized layer thickness without sample
preparation. It operates based on electromagnetic induction: an alternating current passed
through a coil generates a magnetic field that induces circulating currents (Eddy currents)
on the surface of a conductive material. These currents produce a secondary magnetic field
that alters the coil’s impedance. As the coating thickness increases, the amplitude of the
induced currents decreases, enabling a correlation between signal variations and coating
thickness for accurate, efficient measurement [10]. A diagram showing how Eddy currents
are generated in a non-magnetic and non-conductive coating is presented in Figure 1.

Ferrit core

Eddy currents
Coil's magnetic field
Eddy current's magnetic field

Coating
non-magnetic and
non-conductive

Induced

Conductive, non-ferrous
’ Eddy current's

metalsubstrate

Figure 1. Eddy currents produce a secondary magnetic field that opposes the coil’s initial mag-
netic field.
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X-ray fluorescence spectroscopy (XRF) is the most widely used technique in industry
for thickness measurement and quality control, as it does not require sample preparation
and provides rapid and accurate analysis of material quality [11]. With this XRF technique,
thickness can be extrapolated from the data using standards [12], employing analytical
equations from the fundamental parameter method (FP) [13] or through Monte Carlo (MC)
simulations [14-16]. Other non-destructive techniques commonly used for research pur-
poses are ellipsometry [17] (rarely used in metal coatings); X-ray reflectivity (XRR) [18,19],
capable of detecting thicknesses ranging from tens of nanometers to a few micrometers;
electron probe microanalysis (EPMA) [20,21], commonly used for quantitative purposes;
and X-ray photoemission spectroscopy (XPS), which can be used to determine thickness
information down to the atomic scale [22-24].

The comparison of measurement methods is a fundamental procedure in the validation
and improvement of analytical techniques, as it allows for the assessment of a new method’s
performance relative to a previously established reference method. The reference method
is considered a reliable and effective technique, serving as a benchmark to determine
the accuracy and precision of the method under evaluation [25,26]. There are several
approaches to comparing measurement methods, and one of the most widely used is the
Bland—-Altman method. Proposed by Martin Bland and Douglas G. Altman in 1983, this
graphical technique is used to compare two measurement methods applied to the same
variable, with the aim of evaluating whether there is a sufficient level of agreement to
consider them interchangeable. In the Bland—Altman plot, the horizontal axis (x) represents
the average of the two measurements, while the vertical axis (y) shows the difference
between them [25,27]. To properly understand a Bland-Altman plot, it is essential to
identify its main components, which consist of three horizontal lines: the bias, representing
the mean of the differences; the upper limit of agreement; and the lower limit of agreement.
The position of the data points relative to these lines allows for the evaluation of whether a
new measurement method demonstrates acceptable agreement compared to an established
method, and therefore, whether it can be considered a potential substitute [25]. Bias is the
mean of the differences, and it is a key indicator in agreement analysis, as it quantifies the
degree of similarity between the two measurement methods being evaluated. This value
reflects, on average, how much the new method deviates from the reference method.

The limits of agreement are used to assess the accuracy and reliability of the new
measurement method in comparison with a reference method. These limits are calculated
under the assumption that the differences between both methods are normally distributed
and define the range within which approximately 95% of the individual differences between
measurements on the same subjects are expected to fall. Although early approaches referred
to the empirical rule (£2 standard deviations), the more precise and statistically grounded
approach uses the coefficient of repeatability, calculated as the mean of the differences
+1.96 times the standard deviation [25,28].

The relevance of this research lies in improving the measurement process of anodized
layer thickness. Although the traditional optical microscopy method is precise, it involves
high costs and long turnaround times for results. In this context, Eddy current has been
identified as a promising alternative due to its ability to perform rapid, non-destructive
measurements. However, the scientific literature lacks a direct and detailed comparison
between Eddy current and optical microscopy in the context of anodized layer thickness
determination, which justifies the need for this study. This research aims to compare
both methods and optimize the calibration of the Eddy current technique to assess its
applicability and advantages over optical microscopy. The objective is to enhance efficiency
and accuracy while reducing the associated costs and processing time.
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2. Materials and Methods
2.1. Materials

The test material selected was a 6063 aeronautical aluminum alloy bar onto which the
anodization process was applied. The chemical composition obtained via X-ray fluorescence
(Olympus DELTA XRF, Olympus, Houston, TX, USA) of aluminum 6063 is presented in
Table 1. As can be seen, the chemical composition corresponds to a nominal aluminum
alloy 6063.

Table 1. Chemical composition obtained via X-ray fluorescence of aluminum 6063.

Elements Al Si Fe Cu Mn Mg Cr Ti Zn
AA 6063  Bal 0.55 0.06 0.004 0.006 0.83 0.002 0.002 0.007
Nominal  Bal 0.20-0.60 0.0-0.35 0.0-0.10 0.0-0.10  0.45-090 0.0-0.10 0.0-0.10 0.0-0.10

2.2. Anodization Process

A total of 31 test specimens were anodized, varying the current density between 1.27
and 3.84 A/dm?, the electrolyte concentration between 180 and 407 g/L of sulfuric acid
and the anodization time between 10 and 30 min. Prior to the anodization process, the
specimens were subjected to cleaning and pickling treatment. Table 2 shows the different
anodization process conditions for the 31 samples [29-31].

Table 2. Different conditions of the anodized samples.

Current Density Current Density

Concentration of

. . . : Concentration of . . . ;
Specimen Number Time (min) of Anodized Specimen Number Time (min) of Anodized
Samples (A/dm?) H;80; (g/L) Samples (A/dm?) H,80; (g/L)

1 10 127 180 17 15 25 180
2 10 1.79 180 18 15 25 350
3 10 127 350 19 15 35 350
4 10 1.79 350 20 15 35 180
5 15 127 180 21 26 15 180
6 15 1.79 180 22 30 15 180
7 15 1.27 350 23 13.5 3.0 265
8 15 1.79 350 24 21.7 3.0 265
9 20 1.27 350 25 17.5 2.15 265
10 20 1.79 350 26 17.5 3.84 265
1 26 0.76 180 27 17.5 3.84 2.65
12 30 0.76 180 28 17.5 3.0 122
13 20 25 180 29 17.5 3.0 407
14 20 2.5 350 30 17.5 3.0 265
15 20 35 350 31 17.5 3.0 2.65
16 20 35 180

2.3. Optical Microscopy

For the optical microscopy measurement, the 6063 aluminum alloy samples were
embedded in epoxy resin to facilitate handling and subsequently polished in accordance
with ASTM E3 standards [32]. The sample preparation process for optical microscopy
involved the use of epoxy resin. The polishing process was carried out using silicon carbide
abrasive papers with grit sizes from 120 to 4000. A final fine polishing step was performed
using diamond paste with a particle size of 1 um.

The Zeiss Axio Observer 7 Materials microscope was used to measure the thickness of
the anodized layer by means of optical microscopy (OM, Olympus, Hamburg, Germany),
with 500x magnification being employed, following the guidelines established in ASTM
B487-85 [7]. Five measurements were taken in two different fields for each specimen,
resulting in a total of ten measurements.
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2.4. Eddy Current

To measure the anodized layer thickness using Eddy current, an Elcometer 456T
(Elcometer, Houston, TX, USA) device was used, equipped with a straight FNF probe.
This device features a probe range from 0 to 1500 um, with an accuracy of £2.5 pm [33].
Ten measurements were taken on each side of the specimen, resulting in a total of twenty
measurements per specimen. Based on these values, the average thickness of each specimen
was calculated.

The thickness measurements using Eddy current were performed using two distinct
methods: (1) calibrating the device after measuring each individual specimen and (2) cal-
ibrating the device after measuring the thickness of ten specimens. This approach was
adopted to provide a wider variety of results, allowing for a more precise development
of the methodology outlined in the general objective. The calibration of the Eddy current
equipment before measurement of each sample and every ten samples was performed
because the purpose of the research was to establish an efficient and accurate methodology
capable of delivering optimal results in a timely manner. Each calibration of the Eddy
current equipment takes around 3—4 min; therefore, this study verifies whether device
calibration every ten samples provides accurate results in the measurements with respect
to the reference measurement, which is optical microscopy.

3. Results and Discussion
3.1. Thickness Measurement Using Optical Microscopy

Some of the anodized layer thickness measurements obtained using the optical mi-
croscopy method are presented in Figure 2. It is important to note that this method only
provides thickness values from a specific field of view, which does not represent the en-
tire specimen. Therefore, the results may vary depending on the section of the specimen
being analyzed.

Figure 2 shows the thickness of the anodized layer with different parameters, where
Figure 2a,b corresponds to the sample with the lowest anodized thickness; Figure 2a has a
magnification of 500, and Figure 2b has a magnification of 1000x. This sample had an
average thickness of 3.81 um, and Figure 2e corresponds to the sample with the highest
thickness, with an average of 22.76 pm.

The data obtained through optical microscopy were fundamental in establishing a
benchmark for comparison with the results obtained using Eddy current. Measurements
with this method were performed on only two cross-sections of each specimen, which
limits the representativeness of the measurements, as they consider only a small portion
of the specimen’s surface. It is important to note that the measurements were taken from
the bottom part of the specimen, where the anodized layer exhibits greater uniformity.
However, although optical microscopy provides precise measurements in the selected areas,
it does not allow for the evaluation of the anodized layer thickness uniformity across the
entire surface of the specimen without destroying other sections.

This limitation implies that a more comprehensive analysis would require taking
multiple samples and performing additional cuts, which is both costly and impractical
when evaluating many specimens.
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Figure 2. Thickness measured via optical microscopy. (a) Specimen 3 at 500, (b) Specimen 3 at
1000, (c) Specimen 17 at 500 x, (d) Specimen 19 at 500 x and (e) Specimen 20 at 500 x.

An important observation that emerged during the measurements was the difference
in results between optical microscopy and Eddy current testing. Initially, it was assumed

that the thickness of the anodized layer was uniform throughout the specimen. How-
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ever, the use of Eddy current revealed that this was not the case, showing significant
variations in thickness across different areas of the specimen. This finding not only sup-
ports Eddy current testing as a more effective tool for determining thickness at multiple
points on the part but also raises the possibility of investigating the causes of this variation
in the anodization process [34]. It is possible that undetected factors may be affecting
the uniformity of the process, thereby justifying the need for improved control over the
anodization conditions [35].

In addition, optical microscopy presents certain limitations regarding the accuracy of
measurements for very thin coatings. During the measurements, results corresponding to
thicknesses below 5 pm were difficult to obtain accurately due to the resolution capacity at
500x magnification, which does not provide sufficient detail to clearly observe such small
values [8,36]. In this context, obtaining more precise measurements for lower thicknesses
would require the use of higher magnification, which could improve the accuracy of
the results.

3.2. Thickness Measurement via Eddy Current

The average anodized layer thicknesses measured using optical microscopy and Eddy
current testing are presented in Table 3.

Table 3. Results of the thicknesses obtained with both methods.

Eddy Current Calibrated  Eddy Current Calibrated

Specimen Number Optical(l:ldlif;‘ oscopy for Each Specimen Every 10 Specimens
(um) (um)
1 3.98 3.95 3.81
2 5.39 5.74 5.33
3 3.81 4.15 5.1
4 5.54 5.92 473
5 5.83 6.02 6.33
6 7.93 7.99 8.2
7 6.07 5.98 6.01
8 7.89 8.29 8.21
9 7.83 7.37 7.61
10 11.41 11.01 11.18
11 5.62 5.13 5.43
12 6.82 5.92 7.02
13 15.73 15.76 16.8
14 12.29 12.77 12.68
15 15.17 15.23 17.81
16 19.97 20.3 23.55
17 14.59 14.72 17.82
18 11.44 11.58 13.95
19 16.63 16.11 18.46
20 22.76 22.63 23.48
21 11.9 11.91 11.9
22 13.53 13.6 14.41
23 10.74 11.23 12.56
24 15.99 15.77 17.58
25 10.99 10.86 11.42
26 16.86 16.55 18.75
27 17.82 17.68 18.15
28 14.06 15.18 17.8
29 15.66 16.09 18.03
30 14.99 14.39 16.18
31 14.79 15.31 17.93
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3.2.1. Measurement with Calibration of Each Specimen

The anodized layer thicknesses measured using Eddy current testing with calibration
performed before each specimen are shown in Figure 3. In this Figure, the specimens are
listed in the order in which thickness measurements were taken. Additionally, it can be
observed that most of the values obtained with this method are similar to those from optical
microscopy, indicating a low percentage of measurement error.
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Figure 3. Comparison of anodized layer thicknesses (calibrated before each specimen).

The similarity observed between the results obtained through Eddy current and the
optical microscopy reference values is mainly attributed to the calibration strategy im-
plemented. By calibrating the Eddy current equipment before measuring each specimen,
consistent precision is ensured for each reading. This method minimizes potential devia-
tions that may occur during the measurement process. Furthermore, by avoiding a large
number of measurements without intermediate calibration, the accumulation of error is
reduced, resulting in more reliable and consistent values. Therefore, this methodology
allows for more accurate results, ensuring greater agreement with the data obtained via
optical microscopy.

3.2.2. Measurement with Calibration Every 10 Specimens

Figure 4 presents the measurements of anodized layer thicknesses obtained using the
Eddy current method with calibration performed every 10 specimens. It is evident that
there is a greater discrepancy between the optical microscopy results and those obtained
using this method, indicating a higher error percentage. Additionally, it can be observed
that the differences increase for thicker anodized layers.

In the calibration method applied every 10 specimens, the results for thinner coatings—
approximately between 5 and 10 pm—show a high level of agreement with the reference
values obtained through optical microscopy. This similarity can be attributed to the fact
that in low-thickness ranges, the equipment drift is minimal, and no significant error
accumulates between calibrations. However, as the anodized layer thickness exceeds 10 pm,
the margin of error increases significantly. This is because extending the calibration interval
to every 10 specimens raises the risk of equipment misalignment. For higher thicknesses,
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small variations in equipment calibration translate into more pronounced differences,
which negatively affect measurement accuracy and lead to greater discrepancies with the
results obtained through optical microscopy.
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Figure 4. Comparison of anodized layer thicknesses (calibrated every 10 specimens).

3.2.3. Error Percentage of Thickness Measurement for the Different Techniques

The error percentage obtained from the results of both Eddy current methods is
presented in Figure 5. To calculate the error percentage, the standard error percentage

formula was used:
VA — VE
VE

Error % = x 100 (1)

where

V4 = approximate value;

Vg = exact value.

In Figure 4, it is easy to identify that the method of calibrating the Eddy current
equipment before measuring each specimen results in a significantly lower relative error
compared to the method of calibrating the equipment every 10 specimens. More specifically,
the method involving calibration before each specimen shows an average error percentage
of 3.4%, while the other method shows an average error of 9.9%, meaning that the first
method yields an error approximately three times lower than the second.

It is important to consider that the maximum acceptable error percentage is ==5%. This
margin ensures that the measurements performed using Eddy current are sufficiently close
to the values obtained through optical microscopy. In this context, the methodology of
calibrating the Eddy current device before measuring each specimen proves to be the most
appropriate option, as it presents a lower average error percentage.

Regarding the calibration methodology employed, the results obtained using Eddy
current equipment calibrated before each measurement demonstrated greater accuracy.
With an average error percentage of 3.4%, the data acquired through this approach are
highly comparable to those obtained via optical microscopy, with the significant advantage
that measurements are conducted in a considerably shorter time. This indicates that
calibrating the equipment prior to each measurement enhances the accuracy of the results,
thus reinforcing the reliability of the measurements obtained via Eddy current.
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Figure 5. Comparison of the error percentage.

On the other hand, the methodology in which the Eddy current equipment was
calibrated every 10 specimens showed an average error percentage of 9.9%. This value is
significantly higher compared to the first approach, suggesting that this methodology is
less accurate. The discrepancy in the results obtained under this calibration strategy implies
that the measurements are less reliable when using a less frequent calibration protocol. In
particular, the results obtained with this methodology exhibit greater variability, indicating
that infrequent calibration may lead to cumulative errors that affect the precision of the
measurements [37], especially when compared to the results from optical microscopy.

Additionally, Figure 6 presents the anodized layer thickness measurements arranged
from the lowest to the highest values. The measurements obtained using the calibration
methodology performed before each individual reading (with an average error of 3.4%)
show close agreement with the reference values obtained through optical microscopy,
which reinforces the accuracy of this approach. In contrast, when the calibration was
performed every 10 specimens, the results were less consistent, particularly as the thick-
ness of the anodized layer increased. In cases involving thicker anodized coatings, the
discrepancy between the Eddy current results and those from optical microscopy became
more pronounced, indicating that this spaced calibration methodology is not suitable for
obtaining accurate measurements of thicker anodized layers. Figure 6 shows the linear
fitting lines for the different measurements, where it can clearly be seen that the thick-
ness measurements obtained using an optical microscope and Eddy current, calibrated
before each measurement, overlap, indicating that there is a good correlation between
the measurements. However, when calibration occurs every ten specimens, the linear fit
deviates from the optical microscopy measurement, indicating that errors may occur in the
measurement with this calibration interval of every ten specimens.
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Figure 6. Anodized coating thickness comparison in ascending order.

This analysis reveals that Eddy current testing, when the equipment is properly
calibrated before each measurement, can be an effective and rapid method for measuring
the thickness of the anodized layer. However, it is evident that the calibration frequency
plays a fundamental role in the accuracy of the measurements. Frequent calibration ensures
more reliable results, while less frequent calibration can lead to greater margins of error.

3.3. Comparison of Measurement Methods
3.3.1. Bland—-Altman Method for Measurement with Calibration

Figure 7 presents the Bland—Altman plot corresponding to the comparison between
the established method of optical microscopy and the Eddy current method, in which the
equipment was calibrated before each measurement. For the construction of the plot, a
mean bias (H) of 0.033 um was determined, while the limits of agreement were calculated
as 0.844 um for the upper limit and —0.777 um for the lower limit.

The positive bias of 0.033 um indicates that, on average, the Eddy current measurement
method, when calibrated before each measurement, tends to slightly overestimate the
thickness compared to the optical microscopy method. In other words, the measurements
obtained using Eddy current are, on average, 0.033 um higher than those obtained with
optical microscopy. Additionally, the mean difference line, or bias line, is located very close
to the line of perfect agreement at a value of zero [21,38,39]. This result suggests that there
is no significant systematic difference between the two methods. Consequently;, it can be
stated that the measurements obtained using both methods are comparable and reliable
within the context of this study.

On the other hand, the limits of agreement, set at 0.844 um (upper limit) and
—0.777 um (lower limit), indicate that approximately 95% of the differences between mea-
surements from both methods fall within this range [40,41]. These values suggest that, in
most cases, the differences between the two methods do not exceed -1 um, which supports
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a good level of agreement. The fact that these limits are relatively narrow further reinforces
the evidence that the new method demonstrates acceptable accuracy in comparison with
the reference method.
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Figure 7. Bland—Altman plot of optical microscopy vs. Eddy current (calibration for each specimen).

In the Bland—Altman plot, two points are observed outside the limits of agreement,
which is consistent with the fact that 95% of the differences are expected to lie within those
limits. This implies that the presence of approximately 5% of the points falling outside the
limits is statistically expected and does not necessarily indicate a failure of the method [42].
These points represent isolated discrepancies between the measurements of both methods,
but since the recorded differences are in the order of 1 pm, they are considered to have no
significant impact within the context of this research.

From a practical perspective, these outlier values do not substantially affect the overall
agreement between the methods, and therefore, there is no justification to conclude that the
new method is not interchangeable with the reference method.

Additionally, a trend line was incorporated into the graph, which displays a slightly
positive slope. This suggests that as the average thickness of the anodized layer increases,
the difference between the two methods also tends to increase slightly [43,44]. However,
this trend is minimal and does not significantly impact the overall agreement between the
evaluated methods.

Finally, based on the results obtained from the Bland—Altman plot, it can be stated
that the Eddy current measurement method, when calibrated prior to the measurement
of each sample, shows a high level of agreement with the established optical microscopy
method. This is evidenced by the calculated bias (H = 0.033 um) , which is a value very
close to zero, indicating that, on average, the measurements obtained with the new method
are equivalent to those of the traditional method [45,46].

3.3.2. Bland-Altman Method for Measurement with Calibration Every 10 Specimens

Figure 8 presents the Bland—Altman plot corresponding to the comparison between
the reference method of optical microscopy and the Eddy current method, with equipment
calibration performed every 10 measurements. For the construction of the plot, a bias (H) of
1.10 pm was determined, while the limits of agreement were calculated at 3.59 um for the
upper limit and —1.39 um for the lower limit.
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Figure 8. Bland-Altman plot of optical microscopy vs. Eddy current (calibration every 10 specimens).

The bias value for this method comparison indicates that the new method overesti-
mates the measurements; that is, on average, the results obtained using Eddy current are
1.1 pm higher than those obtained with optical microscopy. In the case of Eddy currents, the
overestimations of values when performing calibration every ten samples may be due to
different factors, such as skin effect and edge effect. In the case of skin effect, Eddy currents
are concentrated near the surface of the material, which limits the depth at which defects
or changes in properties can be detected. The presence of edges (edge effect) can cause a
higher concentration of currents in those areas, which generates false signals or distortions
in the measurement [47-49]. This method presents a considerably greater bias, indicating
the presence of a systematic difference between the two methods. This is easily identifiable
in the plot, as most of the differences are distributed above the line of perfect agreement
(value of zero). This demonstrates a tendency of the new thickness measurement method
using Eddy current with calibration every 10 measurements to overestimate the original
value by an average of 1.1 pm.

This trend can be clearly observed in Figure 8, where it is evident that as the thickness
of the anodized layer increases, so does the difference between the measurements obtained
with the reference method and those obtained using the new method with calibration every
10 specimens. This behavior indicates that the agreement between both methods decreases
as the measured thickness increases, suggesting that the calibration frequency negatively
affects the accuracy of the new method in higher thickness ranges [50-52].

On the other hand, the values obtained for the limits of agreement—3.59 um for the
upper limit and —1.39 um for the lower limit—indicate that 95% of the differences between
both measurement methods fall within this range. This interval represents a considerably
wider range compared to the one obtained when the equipment is calibrated before each
specimen, which demonstrates greater dispersion in the results of the new method. The
width of these limits suggests the presence of significant variability in the measurements
taken with the Eddy current method calibrated every 10 specimens, resulting in lower
precision compared to the reference method.

In Figure 8, one point is observed outside the limits of agreement, which represents an
outlier. However, this result corresponds to less than 5% of the data, which is consistent
with what is statistically expected in a Bland—Altman analysis, where approximately 95%
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of the differences are predicted to fall within the agreement interval. Moreover, this point
follows the trend observed in the remainder of the data. Therefore, this outlier does
not represent a significant discrepancy nor suggest errors in the measurement process
but can be attributed to the inherent variability of the method and the systematic trend
already identified [53-56]. The Bland-Altman procedure assumes that both methods being
compared have measurement errors, i.e., neither is the reference method; therefore, the
mean of the two measurements is the best estimate available for plotting the graph [4,57-59].
However, even if there is a reference method, there may always be doubt as to whether
the measurements are performed without any error; therefore, the 95% concordance limits
are also a valid measure of the possible difference between the new method and the
reference method [60].

Furthermore, in Figure §, it is possible to identify a trend line with a steep positive
slope, indicating that as the anodized layer thickness increases, the difference between
the measurement methods also increases. This trend suggests that the method involving
the calibration of the equipment every 10 specimens does not maintain good agreement
with the reference method, particularly in measurements of greater thickness. In other
words, the accuracy of the new method decreases as the anodized layer thickness increases,
highlighting a limitation related to the calibration frequency.

Finally, based on the results obtained from comparing the established optical mi-
croscopy method with the Eddy current method, where the equipment was calibrated
every 10 measurements, it can be concluded that the new method is applicable when the
measured thicknesses are small. As mentioned in Section 3.2.2, when the average thickness
is approximately between 5 and 10 um, most of the differences are close to the perfect
agreement line (zero value). However, starting from a thickness of 10 um, the differences in
the results steadily increase. For this reason, along with the observed bias, we can confirm
that this method is not equivalent for all measurements, and therefore, not equivalent to
the reference method.

4. Conclusions

e A comparative analysis of the traditional optical microscopy measurement method
and the Eddy current method, utilizing various calibration frequencies to ascertain
the anodized layer thickness in a 6063 aluminum alloy, facilitated a thorough as-
sessment of the concordance, precision and applicability of the novel method under
controlled conditions.

e  Since optical microscopy can only measure a certain portion of the specimen that has
undergone metallographic preparation, it cannot offer a comprehensive assessment of
the thickness of the anodized layer.

e  The results obtained using the Eddy current method demonstrate that calibrating the
device before each measurement is the most accurate option, since it presents an error
percentage of 3.4%.

e  Calibrating the device every 10 samples yields an error rate of 9.9%, indicating that
the first methodology is approximately three times more accurate.

e  The use of the Eddy current device enables the determination of anodized layer
thickness at multiple locations along the specimen, which facilitates a more effective
detection of layer uniformity than the optical microscopy method.

e  The results show that calibrating the device prior to each measurement is the most
accurate option, since the Eddy current method yields an error percentage of 3.4%.

e  The method of calibrating Eddy currents every ten samples presented a greater error
with respect to the reference method and overestimated the thickness by 1.10 pm with
respect to the reference value obtained via optical microscopy.
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e  The Bland—-Altman analysis for the Eddy current method calibrated every 10 specimens
revealed an increasing trend in the discrepancy between methods as the thickness of
the anodized layer increased.

e  Calibration is a determining factor in the accuracy of the alternative method; the
results are acceptable for lower thicknesses, since with thicknesses greater than 15 pum,
the deviations in the measurements become more noticeable.

Research Limitations

e  For this research, only anodized 6063 aluminum alloy materials were used, where the
current density, time and concentration of the solution were varied, and the effect of
each parameter on the coating thickness was not evaluated.

e  This work only presents data from optical microscopy and Eddy current thickness
measurements in a 6063 aluminum alloy. The results may not be applicable to other
aluminum alloys due to the composition of the alloys, the heat treatments applied,
the anodization parameters, such as time, solution concentration and applied current
density, and the parameters involved in the measurements.

e  The thickness measurement range of between 3 and 25 um is derived from the an-
odization conditions used on the samples. These anodization conditions are presented
in Table 2 of this document.

e  The number of samples used in this study is limited, as they are samples used in the
design of experiments focused on evaluating the effects of process variables on the
characteristics of anodization, which is not the objective of this research study.
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