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Fractal analysis methods are able to characterize complex time-series and images. In electrochemical
corrosion, fractal parameters (fractal dimension, scaling exponent, correlation factors, etc.) have been
correlated to the corrosion mechanism, the surface roughness and long-term behavior. In this work, a
two-dimensional re-scaled Hurst analysis method has been utilized for determining the scaling Hurst
exponent resulting from the electrochemical corrosion of AISI 304 stainless steel (SS) exposed to
FeCl; and NaOH solutions. It is found that the AISI 304 SS exposed to FeClz a NaCl solutions exhibits
positive correlations and multifractal properties. In order to quantify the complexity of the corroded
surfaces and establish a correlation with the corrosion type a multifractal index is calculated.
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1. INTRODUCTION

AISI 304 stainless steel (SS) is a commercial grade of austenitic SS that is widely used in many
conventional applications due its ability to form protective oxide film on its surface for corrosion
resistance in oxidizing environments. [1]. However, the exposure of SS to different corrosive solutions
leads to localized corrosion such as pitting or intergranular corrosion. Therefore, it is necessary to
know the conditions that the corrosion is produced and at the same time the prevention methodologies.

For the corrosion characterization of AISI 304 SS in different corrosion environments several
different conventional methods have been applied. For instance, electrochemical noise (EN)
measurements, electrochemical impedance spectroscopy (EIS) and DC polarization measurements [2-
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7]. Image analysis of high-resolution micrographs of corroded surfaces by visual and statistical
methods has been also used to this end [8-12].

Non-conventional analysis for corrosion characterization includes fractal analysis from both
time series obtained from the EN technique and images of corroded surfaces. Fractal analysis of time
series and images is characterized for the determination of correlations between macroscopic physical
properties and fractal parameters [13-16]. For instance, EN data of corrosion systems has been studied
by several authors via different fractal methods [17-20]. Planinsic and Petek [17] proposed the
corrosion characterization by means of the estimation of fractal dimension in EN signals. Their results
showed that fractal dimension can be used as an index for the classification of the corrosion-type.
Using the rescaled range Hurts analysis Lopez et al. [18] and Amaya et al. [19] reported multifractality
in time series of the potential electrochemical noise of copper in sea water and of APl X52 pipeline
steel in a media containing sulphate reducting bacteria. Fractal analysis have has also been realized for
the quantification of the performance of corrosion inhibitors. For example, Sarmiento et al. [20] used
the rescaled range Hurts analysis in EN time series, finding that the Hurst exponent index helps to
evaluate the inhibitor protection in corrosion. These results were validated by EIS. Liu et al. [21]
introduce a fractal parameter computed using the wavelet transform which extract the local feature of
electrochemical noise and quantitatively describe the change of its fractal characteristic with time.

Fractal analysis has been also applied to micrograph images to characterize the surface
roughness of corroded materials [22-25]. For instance, Wang et al. [24] used a two-dimensional
wavelet analysis for corrosion identification via the computed fractal dimension. Garcia-Ochoa and
Corvo [25] study the copper patina corrosion by means of fractal geometry using EN and image
analysis. They found a direct relationship between fractal analysis of EN time series and images.

In this work the application of multifractal analysis to of optical micrograph images taken from
AISI 304 SS plates exposed to two corrosive media (i.e., aqueous solutions of FeCl; and NaOH) was
explored. Single fractal analysis leads to a statistical measure of the whole object, i.e. it represents a
measure of its global complexity and, hence, demonstrates the fractal properties of the object as a
whole. On the other hand, multifractal analysis explores fractal properties of different local regions
eei within the object. Multifractal analysis can reveal that objects have global and different local
fractal dimensions and, hence, local differences in complexity. To the best of the author’s knowledge,
despite that multifractality features in the literature have been reported in EN data of different
corrosion systems, multifractal analysis from images of corroded surfaces has not been explored. An
attempt to correlate the corrosion type was also made via a multifractality index. The results showed
multifractal features of the studied corrosion systems and suggest that the proposed multifractality
index can be used to distinguish the corrosion type.

This paper is organized as follows. In Section 2 materials and methods are described. Results
are presented and disused in Section 3. Finally, concluding remarks are provided in Section 4.



Int. J. Electrochem. Sci., Vol. 10, 2015 1056

2. MATERIALS AND METHODS

In this section materials and methods for the image analysis are described. The two
dimensional fractal analysis method for image fractal characterization is also presented.

2.1 Image analysis

Analytical grades (Merck) of NaOH and FeCl3z and deionized water were used for preparing the
test solution, 0.1 and 0.5 M, respectively. The sample was pretreated by mechanical polishing with
abrasive grade paper. Two identical AISI 304 SS plates were constructed and exposed to the aqueous
solution of NaOH and FeCl; during eight hours.

Optical microscopy was carried out with the aid of an OLYMPUS PMG3 microscope that
served to examine the surface morphology of the exposed samples. The samples with an exposure time
of eight hours were metallographically polished and the cross section was analyzed to investigate the
morphology of the corroded surface. Optical micrographs were taken at various magnifications (5, 10,
20 and 50um).

2.2 Fractal analysis

The rescaled range (R/S) Hurst analysis has been applied to the estimation of the fractal
characteristics of time-series and images. In particular, R/S two dimensional analysis has been for the
characterization of image of a wide variety of applications. The description of the R/S two dimensional
method is as follows:

1. Transform the image to gray scale, where is assign a numerical value to each pixel (i.e.,
0 to 256) leading to a N x M matrix, where N and M are the number of pixels from the original image
in the vertical and horizontal directions, respectively.

2. For a matrix X, =(x;) is considered a subsample of N, x M, -dimensional,
Yy, =(¥i;) where N, =sN and M, =sM (the matrix subsample keeps the row-columns relation) and
s determinates the subsample size.
3. Compute the average of the subsample N, as,
S _
N M, =
1)
4. A partial sum sequence is calculated as,
Z = (y. ¥;)
5. The re-escalated range is determined with (R/S);=R;/og, where

R, =max{z;} —min{z} is the range of partial sums and o5 is the subsample’s standard deviation,
which is given by
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ZZ(y. = Ys)’ ®)

klljl




Int. J. Electrochem. Sci., Vol. 10, 2015 1057

The above steps can be summarized as,

(R/S); = 1gLf:\NXZZ(y.n ¥s) - min DA

Oy l<]<|\/li I=1 n=1 L1<M 1=1 n=1 (4)

R/S analysis indicates that the re-scaled range must be calculated in a sufficiently large number
of submatrix Y, ,, of different sizes s. If the stochastic process associated with the sequence X, is

scaled on a certain domain s € (S,,,, S ) » the statistic R/S follows a power law, such as
(R/S), =as®" (5)
where a is a constant and H is the scaling Hurst exponent, which is a measurement of the

fractal sequence correlations. A log-log graph (R/S)s as a function of the scale squared,
se(s ) generates a line with slope H. It has been concluded in [26] that the relationships among

min ? max
the Hurst exponent and correlations of an image sequence are as following: (i) If H=0.5 indicates no
correlations. (ii) If H > 0.5 indicates the persistent of the image surface, i.e. the surface has a strong
tendency to return to the neighboring values, and differences between adjacent points are small. (iii) If
H < 0.5 indicates anti-persistent of the image surface, i.e. the surface has a tendency to diverge of the
neighboring values leading to significant differences between adjacent points are significant [26].
Thus, the interpretation of the parameter H can also related to the roughness of the image surface: the
closer H to 0, the rougher image and the closer H to 1, the smoother the corresponding texture.

2.3 Multifractal analysis

Multifractality is a useful tool for explaining many patterns seen in nature. In particularly,
multifractal analysis allows to investigate a mixture of fractal dimensions characterize the inherent
complexity in some data series. Based on the thoughts of Barabasi and Vicsek [27], and Katsuragi and
Honjo [28], the multifractal analysis can be done through the calculation of the rescaled range by
means of the g-moment of o, that is,

Zka(y., ys)q

k i=1 j=1 (6)
In this case, the range is given by (R/S)sq=Rs/csq, and the average range is expected to follow
the scaling behavior (R/S),, =as™", where Hq is the g-th Hurst exponent. If Hq is constant for all g

then the underlying image is monofractal. A non-trivial dependence of Hy on g indicates that the
process is multifractal. It should be recalled that a multifractal system is a generalization of a fractal
system in which a single exponent (the fractal dimension) is not enough to describe its dynamics. In
general, multifractality also indicates the nonlinear nature of the mechanisms that generated the series.
To describe the degree of multifractality in the images, we propose a multifractality index defined as,
w = max(H (q)) —min(H (q)) (7)
where H(q) is the H value as a function of g.

3. RESULTS AND DISCUSSION
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In this section the results of the optical microscopy and of the fractal and multifractal analysis
are presented and discussed.

3.1 Optical microscopy

Figures 1 and 2 shown the optical micrographs at different magnifications (i.e., 5, 10, 20 and
50um) of AISI 304 SS plates exposed eight hours in aqueous solutions of FeClz and NaOH,
respectively. As expected, it can be observed, by visual inspection, from Figure 1 that the nature of
attack on the surface of the plate exposed to FeCl; leads to pitting corrosion. While the plate exposed
to NaOH presents uniform corrosion, which affect all surface. Thus, a major roughness is displayed for
the plate exposed to NaOH 0.1 M aqueous solution than the plate exposed to the FeCl; 0.5 M solution.

Figure 1. Optical micrograph of the SS exposed to FeCl.
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Figure 2. Optical micrograph of the SS exposed to NaOH.

3.2 Fractal analysis
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Figure 3. Hurst exponent Hy(s) as a function of scale s to different magnifications, a) FeCl and b)
NaOH solutions.

Figure 3 shows the results obtained with the single fractal R/S analysis, i.e. for the g-norm
equal to 2. The Hurst exponent values and the fractal dimension (computed via the relationship D = 3
— H(2)), for different magnifications of the optical micrographs, are H(2) = 0.85 + 0.04 and D =2.15 +
0.04 and H(2) = 0.79 = 0.045 and D = 2.21 £ 0.045, for FeCl; and NaOH solutions, respectively. Hurst
exponent result suggests the presence of fractal properties of the corroded surfaces and persistent
behaviors of the corresponding corrosion mechanisms.

The fractal geometry on the corroded surfaces is apparent via the self-similarity of the optical
micrographs. For the case of the plate exposed to NaOH 0.1 M solution, optical micrographs at
different magnifications revels an apparent uniform distribution of small pits along the corroded
surface. On the other hand, the optical micrograph of corroded surface exposed to FeCl; 0.5 M solution
shows large and small pits at the different levels of magnification.

The persistent behavior is presumably related to the corrosion mechanism generating the
corroded surfaces. In the case of pitting corrosion, the persistent behavior can be associated to the birth
and continuous growth of corrosion sites in localized areas on the surface. On the other hand,
persistence in uniform corrosion can be attributed to the continuous loss of material occurring on the
entire exposed surface.

Based on the fractal parameters, i.e. Hurst exponent and fractal dimension, it can be concluded
that the corroded surface exposed to NaOH 0.1 M solution displays more roughness than the surface
exposed to FeCl; 0.5 M solution. Indeed, large values of H(2) are associated with more ordered
surfaces and large departures from the fractal dimension 2 indicates more fractality. The more
roughness of the corroded surface exposed to NaOH 0.1 M solution is attributed to the uniform
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irregularity on the whole surface compared with a combination of localized irregularities and smooth
regions of the surface exposed to FeCl3 0.5 M solution.

In general, our results are consistent with similar fractal studies reported in the literature using
EN data and images of corroded surfaces in different media [18-20]. Indeed, persistence behavior of
corrosion mechanism has been reported in several studies. On the other hand, it is noted that despite
there is not a unique fractal dimension measure, our results are in accordance with other studies
reporting the fractal dimension using other methods, i.e. more roughness for passive and uniform
corrosion that localized or pitting corrosion [24].

3.3 Multifractal analysis
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Figure 4. Variations of Hurst exponent with q parameter, showing the existence of multifractality in
SS corrosion images, a) FeCl and b) NaOH solutions.
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Figure 4 shows the variation of normalized H values as a function of g-norm. It can be
observed from this figure nonlinear variation of Hurst exponent as a function of the g-norm, indicating
the presence of multifractal properties on AISI 304 SS corroded surfaces for both corrosion media.
From Figure 4, it also can be observed that Hurst exponents increases with the increase of
magnification. Thus, for the same corrosion system and different magnifications, the fractal dimension
decreases for higher magnifications.

Multifractality of electrochemical noise corrosion data has been reported by some authors
[18,19]. They have pointed out that mutifractality in corrosion systems is a consequence of several
local differences of complexity. Indeed, corrosion is a very complex phenomena, that includes birth
and growth of corrosion sites, passivation, breaking of passive layer, repassivation, etc.

Several authors have been stated that differences in fractal properties for different corrosion
mechanisms can be used to distinguish the corrosion type of materials [10, 11, 20, 24]. To this end, Ml
described in above section is computed. Figure 5 shows the MI computed at different magnifications
of the optical micrographs. It is interesting to note that for AISI 304 SS plate exposed to FeCl; the Ml
value is affected by the scale micrograph. As the scale magnification decrease the MI increases, which
can be related to a major complexity in the structure of the surface.
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Figure 5. Multifractal index to different magnifications, a) FeCl and b) NaOH solutions.

It also can be observed from Figure 5 that the variation of M1 is described by a power law with
a negative slope of 0.388. Similar correlations are identified in AISI 304 SS plate exposed to NaOH
where the slope is 0.308, indicating major complexity at different scales of damage surfaces by pitting
corrosion.

It is also noted that the M1 values calculated for NaOH solution are greater than these obtained
for FeCl3, suggesting that the structure surface in a passive corrosion is more complex than one
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generated in pitting corrosion. Then, MI might be used as a parameter to determine the type of
corrosion of AISI 304 SS in different corrosive environments.

4. CONCLUSIONS

This paper presents the use of multifractal Hurst analysis for the characterization of optical
micrographs from AISI 304 SS plates exposed to corrosive solutions of FeCl; and NaOH. Our results
indicate that the Hurst exponent provide information about corrosion-type independent from the image
magnification. Furthermore, it was observed that the Hurst exponent exhibits a nonlinear variation with
g-norm of the standard deviation, which indicates the presence of multifractality features of the
electrochemical corrosion of AISI 304 SS exposed to agueous solutions of FeCl; and NaOH. A
multifractal index is proposed to characterize the complexity degree of the underlying corrosion
mechanisms—Both the Hurst exponent and the multifractality index can be correlated with the corroded
surface, indicating that uniform corrosion exhibits a higher degree of complexity than pitting
corrosion. The results suggest that the multifractality index can be used for corrosion-type
identification.
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