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Abstract: The automotive industry employs structural steels with E-coats to reduce weight
and increase the corrosion resistance of chassis, reducing CO2 emissions. Due to their
mechanical properties, part of the chassis is a composite of advanced high-strength steels
(AHSS). AHSSs are coated by conversion methods such as phosphate to increase epoxy
coating adherence and corrosion resistance. The main point of this research is to characterize
an AHSS complex-phase (CP) 780 in blank, with a phosphate coating and an E-coat organic
coating using electrochemical noise, employing time-domain, frequency-domain, time–
frequency-domain, and chaotic system methods to determine the type and corrosion
kinetics of each system. The electrochemical noise technique was made with a conventional
three-electrode cell, using a saturated calomel as a reference electrode. Data were recorded
at 1024 s, at 1 data per second in a 3.5 wt. % NaCl electrolyte, according to ASTM G199-
09. The results show how AHSS CP 780 presented uniform corrosion, similarly to the
phosphate sample; however, the E-coat presented a trend of a localized process when
analyzed by Wavelets transform. On the other hand, corrosion resistance increased for the
E-coat sample, with values of 2.58 × 106 Ω·cm2. According to the results of the research,
all the samples are susceptible to present localized corrosion.

Keywords: E-coat; electrochemical noise; chaos theory; corrosion; AHSSs

1. Introduction
The automotive industry has been looking for ways to increase the efficiency of vehi-

cles to reduce CO2 emissions and gas consumption; however, those aspects have financial
and environmental impacts, so it is important to consider the selection of materials [1,2].
The vehicle chassis is made of advanced high-strength steels (AHSSs) with a high-property
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specter in the function of the microstructure and grade. Steels such as CP (complex phase),
that present excellent mechanical properties, integrate the AHSSs [1–5]. Nowadays, the
steel CP780 is employed in chassis impact zones due to the high energy absorption inside
of the chassis, in panel interiors, and in the components of security cages [6,7]. CP steels
are a mixed microstructure with a ferrite/bainite matrix containing fractions of retained
austenite, martensite, and pearlite (ferrite + iron carbide). The grain must be refined in
these steels to obtain the desired properties; delayed recrystallization is often employed to
develop very small grains for a very fine microstructure. Microalloying elements such as
niobium or titanium may also be precipitated. Complex-phase steel has a fine microstruc-
ture that gives high YS and elongation at tensile strengths, similar to dual-phase steels.
Additionally, CP steels have good wear characteristics and fatigue strength and can be
hardened by heat treatment [8–10].

According to NACE, in 2013, corrosion generated 2.5 trillion dollars in losses [11–13].
Several corrosion processes occur, namely generating an oxide layer due to environmental
conditions, exposure to the marine environment, de-icing salts, and surface treatments
employed in winter. All these factors decrease safety and, consequently, the useful life of
the material, engendering the necessity of employing different techniques to protect the
materials [12,14,15].

Much research has been conducted on different conversion coatings (chromate, phos-
phate, etc.) used to increase the adherence of an epoxy coating to the substrate and the
corrosion resistance [16–18]. The phosphate coating, particularly zinc phosphate (trica-
tionic), is one of the most employed pretreatments used by the automotive industry due to
its porous structure, because the coating’s corrosion mechanisms, involved in all aspects
from the corrosive species through to the transportation, are substantial in determining the
lifetime of the coating [16,19–22].

In recent years, the automotive industry has been trying to compare the corrosion and
the grade of degradation that occurs on car components by employing electrochemical
techniques. This happens because the results obtained in electrochemical tests directly
correlate with the real environmental corrosion [23–28].

CP780 can present corrosion problems, such as hydrogen-induced corrosion or gal-
vanic corrosion. They showed more susceptibility to corrosion when exposed to NaCl. The
corrosion in that medium is a galvanic, wherein hydrogen has an important role [29]. Some
added coatings (such as Zn) induce galvanic corrosion; for that reason, it is important to
select the correct coating [30]. Zn coatings are the most employed for AHSSs used in the
automotive industry; however, those coatings generate a galvanic corrosion process in the
material and make the material susceptible to localized corrosion [31,32].

Valenzuela et al. [33] mentioned the susceptibility of AHSSs to environmental hydro-
gen embrittlement. This occurs due to hydrogen generation, systems where iron water
exists, or the porous structure causing hydrogen reactions. The hydrogen reactions occur
due to cathodic reactions. Equation (1) shows the reaction that generates the hydrogen [34]:

O2 + 2H2O + 4e− → 4OH− (1)

AHSS presents corrosion problems, which are reduced in phases with retained austen-
ite; when austenite increases, the corrosion rate decreases [35–37]. Also, Franceschi et al. [38]
mentioned that when the amount of bainite increases, the corrosion rate increases because
the amount of the bainite phase trends to corrosion. In some steels, it is common that a
passivation layer helps to reduce the corrosion process; however, in AHSS, it has been
registered that in aggressive environments such as NaCl, the material presented active
behavior, indicating that passivation did not occur [38,39]. Jabłońska et al. [40] mentioned
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that steels present low pitting resistance in NaCl at 3.5 wt. %, so the AHSSs are susceptible
to present localized corrosion processes.

It has been reported that the corrosion rate of micro-alloyed steels depends on mi-
crostructures. Two phases allow micro-galvanic corrosion cells to generate the corrosion
process in preference phases [41,42]. The formation of martensite increases the corrosion
resistance of CP steels. However, when martensite is localized with ferrite, the ferrite acts
as an anode, and a dissolution process occurs [43–45]. On the other hand, when bainite is
in the microstructure with ferrite, the bainite acts as an anode, being dissolved [8].

Electrochemical noise refers to the spontaneous low-level potential and current varia-
tions that occur during an electrochemical process. Although the EN specializes in localized
processes, it may be used to monitor various corrosion processes; the type of analysis is
correlated with the signal type in the system. The effectiveness of EN as a non-perturbative
method in localized processes is one of its benefits [46–50].

Time-domain, frequency-domain, frequency–time, and chaotic systems are the differ-
ent categories into which EN analysis falls. In the early years of the technique, the signal
was analyzed using a statistical analysis. Among others, Mansfeld, Cottis, Turgosse, Eden,
and Bertocci worked to relate the type of corrosion with statistical parameters like the
pitting index (based on the standard deviation of ECN and EPN) and localization index (LI).
Additionally, a kinetic variable was related to the noise resistance (Rn) parameter, which
was obtained and used as a homolog of Rp. Additionally, some writers [51–57] improved
the LI to identify the kind of corrosion by using kurtosis and skewness.

A standard deviation from time-series values (EPN and ECN) must be obtained to
calculate noise resistance (Rn). The statistical values in Equation (2) provide details on
the causes and dynamics of corrosion. Turgoose and Cottis [57] discovered a correlation
between rising corrosion rate and rising variance and standard deviation.

Rn =
σv

σI
*A (2)

In this investigation, kurtosis and skewness were employed to determine the type
of corrosion. Because Mansfeld and Sun [58] determined in 1995 that the localization
index (L.I.) had limitations and should be utilized cautiously, it was not considered. A
2001 patent by Reid and Eden [55] states that the third and fourth statistical moments,
respectively, skewness and kurtosis (Equations (3) and (4)), can be used to determine the
kind of corrosion [59,60]:

skewness =
1
N

N

∑
i=1

(x i − x)3

σ3 (3)

kurtosis =
1
N

N

∑
i=1

(x i − x)4

σ4 (4)

For PSD analysis, it is necessary to transform the time-domain EN to the fre-
quency domain by applying a fast Fourier transform (FFT). Since there is a correlation
with the EN signal (with a polynomial filter applied), the spectral density is calculated
with Equations (5) and (6) [61–63].

Rxx(m) =
1
N∑N−m−1

n=0 x(n)·x(n + m), when values are from 0 < m < N (5)

Ψx(k) =
γ·tm

N
·∑N

n=1 (xn − xn)·e
−2πkn2

N (6)

To advance the study, several writers divided the signal on the crystal, often from
1 to 8, and created an energy map by decomposing the signal using the Wavelets transform.
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The authors connected metastable pitting to the first crystal energy, D1 to D3. Localized
corrosion is linked to crystals D4 through D6, whereas diffusion and regulated processes
(uniform corrosion) are linked to crystals D7 and D8. The EN signal’s DC signal is linked
to the S8 crystal [64–68]. Wavelets use a high–low filter to break down a signal; low
frequencies are called approximations, and high frequencies are called details [67]. The
total energy of an N number of data points is given in Equations (7)–(9).

E = ∑N
n−1 x2

n (7)

Additionally, Equation (11) provides energy fractions of details and approximation:

EDd
j =

1
E∑N

n=1 d2
j,n EDs

j =
1
E∑N

n=1 s2
j,n (8)

Equation (12) states that the total energy evaluated is equal to the energy of each
wavelet transform component:

E = EDs
j ∑

j
j=1 EDd

j (9)

Recurrence plots are a valuable tool for nonlinear system analysis. Various method-
ologies must be used to assess the type and progress of corrosion on the surface because
corrosion is a chaotic and nonlinear system. A practical method for obtaining that analysis
is RP.

Recurrence plots are time-function-realized, two-dimensional graphs. The path of xi
in Rm, where m is the spatial dimension, is given to i and j at a time interval of ε. The times
ti and tj from two dimensions are displayed as a two-dimensional square matrix by the RP.
The matrix is displayed in Equation (4) [68–74]:

Rij(ε) = Θ
(

ε − ∥→x i −
→
x j∥

)
, i, j = 1, . . . , N (10)

where || || is the norm (Euclidean, maximum, or Manhattan), µ is the distance umbral,
Θ(x) is the Heaviside function, and N is the number of data or points xi. Equation (4)
illustrates the recurrence rate, which determines the recurrence density:

RR(ε) =
1

N2 ∑N
i,j=1 Ri,j (11)

In an umbral zone, the recurrence rate (RR) indicates the likelihood of reconstructing
a single track.

The diagonal lines of RP show the system’s determinism and how the trajectory has
changed over time in the phase space. The determinism (DET) is computed using the
following equation:

DET =
∑N

l=lmin
lp(l)

∑N
l=1 lp(l)

(12)

Long diagonal lines on the RP are necessary for periodicity, and DET approaches
unity; stochastic signals result in solitary dots, which restrict DET to values near zero. The
average diagonal line length (L), another RQA metric associated with diagonal lines, is as
follows in Equation (13):

L =
∑N

l=lmax
lp(l)

∑N
l=lmin p(l)

(13)

TT gives the vertical structures’ average length and the system’s average time.

TT =
∑N

v=vmin
vP(v)

∑N
v=vmin P(v)

(14)
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The electrochemical phenomenon that takes place throughout the corrosion process is
described by the electrochemical noise (EN) technique. The Hilbert–Huang analysis is one
methodology used to describe the EN method. This technique facilitates the frequency and
timing of energy exchanges; the energy, known as instantaneous energy, is derived from
the signal’s inherent function and is retrieved by signal decomposition [72,75]. Equation (9)
explains the empirical method of decomposition (EMD):

x(t) = ∑N
i=1 h(i)(t) + d(t) (15)

where d(t) is the average of the trend at a low frequency of the time series x(t) and cannot be
decomposed; h(i)(t) is the i-th term of IMF that is generated; these numbers must satisfy the
conditions that the extreme and cross numbers are equal or differ by a maximum of 1 and
that each point using the local maximum and minimum must be 0. The HHT is represented
by Equation (10):

yj(t) =
1
π

p
∫ ∞

−∞

hj(τ)

t − τ
dτ (16)

where p is connected to the Cauchy principle and is associated with an average of IMF; yj(t)
is the Hilbert transform; and IMF is represented by hj.

This work aimed to evaluate the electrochemical corrosion behavior of AHSS CP780
without treatment, broken down into components called the substrate, the phosphate, and
the CP780 with the E-coat. The electrochemical noise technique was employed to study
samples using time-domain (statistical), frequency-domain (PSD), time–frequency-domain
(Wavelets and Hilbert–Huang) methods, and recurrence plots for chaotic analysis. The
electrolyte used is NaCl at 3.5 wt. %, simulating a marine environment.

2. Materials and Methods
2.1. Materials

Complex-phase (CP) steel is a predominant AHSS steel grade currently in commercial
use, designated as CP780 (Rm = 780 MPa). Its microstructure contains small amounts of
martensite, retained austenite, and pearlite within a ferrite/bainite matrix. An AHSS CP780
laminate of 10 × 30 cm was employed. The chemical composition was determined by
atomic absorption spectroscopy (AAS) (see Table 1).

Table 1. Chemical composition of AHSS CP780.

AHSS CP780

Element
(wt. %)

C Mn Ti P Cr S Si Nb Al Fe
0.091 1.669 0.007 0.010 0.771 0.002 0.511 0.045 0.034 Balance

2.2. Microstructural Characterization

The samples of the AHSSs were prepared by the metallography technique [75], using
different SiC grit papers with grades up to 4000. A 0.1 µm aluminum suspension was
subsequently used. The chemical etching of the samples was carried out using 5 wt. %
Nital solution. Finally, the microstructure of specimens was examined by scanning elec-
tron microscopy (SEM, JEOL-JSM-5610LV, Tokyo, Japan) using a secondary electron (SE)
detector at a magnification of 2000×. AHSS samples were ground to 800-grit SiC paper for
electrochemical corrosion testing.

2.3. Electrochemical Characterization

A standard three-electrode cell was utilized for the electrochemical experiments con-
ducted at room temperature. A saturated calomel electrode served as the reference, and the
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working (CP780) and auxiliary electrodes were identical. Following ASTM G199-09, EN
measurements were performed [75–77]. A scanning speed of 1 data/s was used to measure
2048 data in each trial. The current and potential time series were visually inspected to
characterize the behavior of the frequency and amplitude of fluctuations as a function
of time and to interpret the signal transients. The electrolytes utilized were solutions of
NaCl at 3.5 wt. %. Duplicate tests were conducted. ACM Instruments’ Gill-AC potentio-
stat/galvanostat/ZRA (Zero Resistance Ammeter) was used to record the electrochemical
noise measurements concurrently (Manchester, UK). Tests were realized in triplicate [77,78].

A program created in MATALB 2020a software (Math Works, Natick, MA, USA) was
used to process the data. Statistical information (Rn, kurtosis, and skewness) was extracted
from the signal without DC in the time-domain analysis after the DC trend signal was
eliminated from the original EN signal using the polynomial approach. PSD (power spectral
density) data were subjected to a Hann window before being converted to the frequency
domain using a fast Fourier transform (FFT) for frequency-domain analysis. In order to
extract the DC from the EN signal, the orthogonal wavelet transform was applied to the
original signal (with DC) in frequency–time-domain analysis energy dispersion graphs
(EDP). In order to obtain the intrinsic functions (IMF) of the EN signal using an empirical
decomposition method (EMD), EN analysis with the Hilbert–Huang transform (HHT) was
required. Lastly, a Hilbert spectrum was used to visualize the instantaneous frequencies.

3. Results
3.1. Microstructure

Figure 1a shows the microstructure of CP780 observed by SEM, where the martensite
structure (M), retained austenite (RA), and ferrite (F)/bainite (B) matrix can be observed.
Figure 1b shows the CP780 steel phases at a higher magnification of 5000×, and Figure 1c
shows the composition of the EDS specter with the alloying elements.

Figure 1. SEM Superficial morphology of AHSS CP780: (a) microstructure, 2000×; (b) microstructure,
5000×; and (c) EDS specter.
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3.2. Electrochemical Noise
3.2.1. Time-Domain Analysis

The use of the electrochemical noise technique for the investigation and monitoring of
corrosion has allowed for many advances in recent years that are interesting for corrosion
science. A particular advantage of electrochemical noise measurements is the possibility to
detect and analyze the localized corrosion. Electrochemical noise describes the spontaneous
low-level potential and current fluctuations that occur during an electrochemical process.
These transients manifest in potential and current noise that can be exploited in a corrosion
map [76–78]. Transients are linked to anodic and cathodic reactions as a result of stochastic
processes (the rupture and re-passivation of the passive film) and deterministic processes
(the formation and propagation of pitting).

Figure 2 shows the EN signal processed in the time domain when exposed to NaCl at
3.5 wt. %. Figure 2a shows that the EPN substrate presented a signal with a high amplitude
of values of 3 × 10−3 V. The signals of the phosphate and substrate presented transients of
high frequency. Figure 2b shows the ECN signal; in that figure, the substrate signal presents
high amplitude oscillations (3 × 10−6 A/cm2); usually, that behavior is associated with
high corrosion kinetics. On the other hand, the E-coat presented low amplitude oscillations
with values in the ×10−9 A/cm2 order. Figure 2c shows a windowing of the E-coat current
noise signal, to better observe the fluctuations in time.

Figure 2. Electrochemical potential (a) and current (b) noise time-series exposed to 3.5 wt. % NaCl
solution, and (c) windowing ENC signal of the E-coat.
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Table 2 shows the statistical parameters obtained from the ECN signal. The substrate
presented lower corrosion resistance, with values of 9.31 × 102 Ω·cm2; on the other hand,
the E-coat presented a value of 94.85 × 104 Ω·cm2. When determining the corrosion type,
statistical analysis generates uncertainty due to the E-coat’s presented values of LI related
to localized processes and kurtosis; however, in the skew, the value is associated with
uniform corrosion. Something similar occurs with the substrate and phosphate coating,
where the results do not match a specific corrosion type.

Table 2. Statistics parameters obtained from time-domain analysis.

Sample Rn (Ω·cm2) LI Corrosion
Type Kurtosis Corrosion

Type Skew Corrosion
Type

Substrate 9.31 × 102 ± 40 0.04 ± 005 Mixed 9.7 ± 2 Localized 3 ± 0.5 Localized
Phosphate 1.5 × 103 ± 59 0.008 ± 0.001 Uniform 60 ± 7 Localized 4.7 ± 0.6 Localized

E-coat 94.85 × 104 ± 78 0.9 ± 0.08 Localized 2.3 ± 0.9 Localized 0.0054 ± 0.0002 Uniform

3.2.2. Power Spectral Density and Noise Impedance

Figure 3 shows the PSD in the current and the noise impedance (Zn) graphics. Figure 3a
shows the PSD in the current; the value ψ0 from Table 3 can be observed in Figure 3a,
where the substrate presented −113 dBi, indicating a faster corrosion kinetic. Figure 3b of
Zn corroborates that value, with 784 Ω·cm2. The CP780 coating with phosphate presented
values of −123 dBi and 1979 Ω·cm2, indicating that the coating alloy’s corrosion resistance
increased. For the E-coat sample, corrosion resistance increased significantly, obtaining
−170 dBi and 25.82 × 105 Ω·cm2, suggesting that coating increases the anticorrosive
properties of CP780. The PSD behavior at high frequencies shows that the E-coat is more
stable, indicating that the corrosion process does not change.

 

Figure 3. PSD analysis for (a) current signal and (b) noise impedance (Zn).

Table 3. Parameters obtained from PSD.

Sample ψ0 (dBi) Zn0 (Ω·cm2)

Substrate −113 784
Phosphate −123 1979

E-coat −170 25.82 × 105
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3.2.3. Wavelets Analysis

The Wavelets analysis from Figure 4 shows how the E-coat presented high energy
at the middle crystals; that behavior is related to the localized corrosion process. On the
other hand, the substrate and phosphate presented lower energy, and magnification was
necessary (Figure 4b), indicating the energy from crystals 5 to 8 accumulated, allowing for
a uniform corrosion process to occur. For those samples, the energy begins to accumulate
in the middle crystals, indicating that a localized process begins to occur, and after that, it is
converted into a uniform process. This can be associated with a uniform pitting corrosion
process for substrate and phosphate samples. At the same time, the E-coat only presented a
localized process for the energy accumulated in crystals from 3 to 5, with a reduction in
energy from 6 to 8. To corroborate these results, it is necessary to complement HHT and
the recurrence plots.

 

Figure 4. Energy dispersion plots (EDPs) from Wavelets analysis. (a) General analysis and (b) analysis
for substrate and phosphate samples.

3.2.4. Hilbert–Huang Transform and Recurrence Plot Analysis

Figure 5 shows the recurrence plot, HHT, and microscopy analysis, allowing for a
comparison of the results obtained by those analyses and what occurred on the surface.
Figure 5 shows the results obtained for CP780 without coating; an energy accumulation
between the second 300 and 400 indicates that a localized process occurred on the surface.
However, it is important to mention that the localized process occurred at the second
100, before 200, and a few before 400. After that, energy and events are at low frequencies,
indicating that a general corrosion process occurred on the material surface, as shown in the
microscopy analysis, where if well pitting is present, the general surface presents a corrosion
attack. This can be related to the propagation of localized attacks in preferential zones.

Figure 6 shows similar behavior, where a localized process occurred within the first few
seconds, but after some exposition time, the localized attacks began to present uniformly;
however, the velocity is lower due to a more localized process occurring. In RP, in the final
few seconds, between 900 and 1024 localized processes occurred, which indicates that the
diffusion process does not occur as fast as in the uncoated alloy.

On the other hand, Figure 7 shows localized corrosion behavior with the E-coat.
This behavior is important because it indicates two things: the first is that the corrosion
mechanism changes when the E-coat is applied, and the second is that the coating presents
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heterogeneities on a surface; for that reason, the E-coat is not homogenous and has preferred
zones for corrosion attacks.

Figure 5. Recurrence plots, Hilbert specter, and microscopy analysis for CP780/substrate.

 

Figure 6. Recurrence plots, Hilbert specter, and microscopy analysis for CP780/phosphate.

The values obtained in Table 4 show how the recurrence is low for the substrate and
the E-coat, indicating that a similar process occurs on the surface; however, the deter-
ministic value is lower for E-coat, relating that value with the localized process when the
determinism is higher than the value is associated with a uniform corrosion process. That
behavior is also shown in laminarity, TT, and T2, where the latter is related to the frequency
at which some process occurs.
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Figure 7. Recurrence plots, Hilbert specter, and microscopy analysis for CP780/E-coat.

Table 4. Parameters obtained by recurrence plot analysis.

NaCl Solution

Sample RR Det LAM TT T2

Substrate 0.010 ± 0.002 0.98 ± 0.04 0.99 ± 0.007 10.8± 0.01 97.4± 0.7
Phosphate 0.12 ± 0.03 0.86 ± 0.007 0.911 ± 0.01 0664 ± 0.6 35.6 ± 0.6

E-coat 0.078 ± 0.002 0.62 ± 0.004 0.75 ± 0.003 3.47± 0.004 27.5± 0.57

4. Discussion
In the electrochemical noise time-series, the absence of the passive layer is observed,

and the metallurgical heterogeneities in the metal matrix determine the corrosion process
of this alloy type [79,80]. Localized attacks are facilitated by cathodic and anodic zones
brought on by phase differences, grain variations, contaminants, and a lack of homogeneity.
Galvanic corrosion is caused by the phase difference in these alloys [81]. In this case,
the multiple phases of CP780 facilitate the galvanic couple process, and the presence of
elements such as martensite, retained austenite, and ferrite that can act as a cathode, and
the presence of bainite that is a natural anode, including the superficial defects, make it
prone to localized attacks to the material surface, which, after some exposure time will
convert to a general corrosion process due to the galvanic couple.

Two corrosion processes govern the corrosion process of CP780. In those processes,
active oxidation is produced by reactions; when oxygen diffuses over the surface, the
corrosion products become porous and do not passivate the surface. This makes it easier
for Cl-ions to attack the ferrite phase, resulting in a limited attack and preventing the
passivation of pitting that forms on the ferrite zone’s surface [82]. The subsequent reactions
govern the chemical reactions:

Fe → Fe2+ + 2e− (17)

O2 + 2H2O + 4e− → 4OH− (18)

Fe2+ + Cl− → FeCl2 (19)

FeCl2 + H2O → Fe(OH)2 + Cl− (20)
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Because ferrite and martensite have cathode roles due to oxygen reception, ferrite acts
as an anode because of its low O2 content, which makes it vulnerable to OH− and Cl−

attacks [83,84]. The presence of Cl− ions inhibits the generation of a stable oxide layer on
the metal surface. This occurs because Cl− attacks the surface, breaking the passive layer
and introducing it as an interstitial ion, provoking an unstable surface and making the
material susceptible to localized attacks.

According to the statistical method, the corrosion type does not coincide in nearly
all cases. Because of this, you should utilize LI to identify the type of corrosion at your
judgment. In order to lower the standard deviation and provide a more precise result, the
statistical method’s analysis of the signal must also not show a DC signal [85]. Confusion
arises when studying the system, because the values obtained by LI in this study do not
converge with those obtained by skewness, kurtosis, Wavelets, slope, HHT, and THE RPs
in nearly all outcomes. The LI behavior was somewhat certain in steels, but this approach
has drawbacks.

While kurtosis established a confined process and skewness presented results of
uniform corrosion in different alloys, something similar happened with kurtosis and
skewness compared to LI for this study, where the results do not match. This is caused by
the limitations of statistics and traditional approaches when studying complicated systems
like corrosion. It is also crucial to note that the skewness results in this study showed
greater certainty in identifying a corrosion process than kurtosis [36,41,86–88].

The results of Rn, ψ0, and Zn0 reflect congruence; CP780 presented values of
9.31 × 102, 7.84 × 102 Ω·cm2, and −113 dBi, respectively, indicating a higher corro-
sion kinetic, with the pretreatment of phosphating the results presenting 1.5 × 103,
1.979 × 103 Ω·cm2, and 123, indicating a reduction in corrosion resistance. However, sam-
ples with the E-coat presented values of 94.85 × 104, 25.82 × 105 Ω·cm2, and −170 dBi,
indicating that the coating increases the corrosion resistance of the material. Diverse au-
thors suggest that Rn and Zn are homologous in resistance to polarization, so high values
of Rn and Zn are associated with higher corrosion resistance.

The Wavelets analyses are employed to analyze dynamics systems; for this research,
the Wavelets analysis showed that only the E-coat presented localized corrosion, due
to the energy accumulation at middle crystals that occurs because the coating presents
heterogeneities in the surface. The results of RPs and HHT showed high activity at low
frequencies, which was favorable for starting some localized attacks, since bainite’s dissolu-
tion process was formed in a uniform shape. Additionally, some authors believe that the
corrosion process in this class of alloys is not limited to the galvanic pair; complex-phase
steels can also undergo auto-corrosion [89–92]. In earlier research, Calabrese et al. [89]
found that HHT data analysis is a better way to assess EN than Wavelets; this finding was
validated in this study, and HHT is superior to statistical analysis in identifying the kind
and process of corrosion.

EN’s results show how corrosion begins as a localized process and ends as a uniform
corrosion process. That result can be observed more with the HHT and RP methods, due to
the type of signal. When conventional statistical methods are used to realize an analysis,
they present some divergence, which can also occur due to the two corrosion processes in
the system. For those cases, it is recommended that a statistical section analysis be carried
out. On the other hand, the results obtained from Rn and Zn are convergent, showing a
coherent relationship between the corrosion rates of the two methods.

The authors related the corrosion process of CP and DP steels with the residual stress in
martensite formation and the extensive micro-galvanic cell formation between martensite
and other phases [6,92–94]. Also, ferrite’s high resistance to corrosion compared with
bainite influences galvanic cell generation. It occurs due to the bainite having less Cr in
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that phase, and the corrosion process occurs more easily. Figure 6 explains the corrosion
mechanism; at stage I, a fast diffusion of OH− begins to attack the surface, and after pitting
by OH− occurs, Cl− ions attack the surface (stage II), making the corrosion pitting more
severe and degrading the material (stage III). As corrosion occurred on the bainite phase,
and the bainite phase is dissolute, the rest of surface is eroded from the surface (stage IV);
for that reason, a localized attack within the first few seconds of expositions is converted to
a localized attack, as is shown in Figure 8 [10,95–97].

Figure 8. Corrosion mechanism occurring on CP780.

Some research reported how Fe3C regions act as cathodes, provoking ferrite to act as an
anode [98]. For the case of bainite complex-phase steels, parameters such as microstructure
and the chemical composition of each phase play an essential role in generating micro-
galvanic corrosion cells [99]. The dissolution of AHSSs with the presence of ferrite/bainite
phases presents the beginning of the corrosion process in the grain boundaries of the
ferrite phase when exposed to NaCl [98,99]. For that reason, self-corrosion occurs in the
bainite phase.

5. Conclusions
According to the results of the research, it can be concluded that:

• The E-coat increases corrosion resistance of CP780 by more than 1000 times (9.31 × 102,
7.84 × 102 Ω·cm2 vs. 94.85 × 104, 25.82 × 105 Ω·cm2).

• Phosphate pretreatment increases corrosion resistance from 784 to 1979 Ω·cm2; how-
ever, it does not reduce the galvanic cell that produces CP780 corrosion.

• The corrosion mechanism of CP780 is the galvanic couple, due to the different phases
that have, principally, the bainite, which acts as an anode, so that the corrosion process
begins as a localized attack (pitting), and converts after some time to a uniform
corrosion process across the surface.



Metals 2025, 15, 59 14 of 18

• The E-coat significantly increases the corrosion resistance of CP780; however, the
coating is irregular, so the results obtained by Wavelets, HHT, and RP showed a
predominance of localized attacks on the surface.

• Analyzing EN signal methods such as Wavelets, HHT, and RP is recommended to
determine the corrosion type and mechanism. Also, Zn0 is a good indicator of the
corrosion resistance of materials.
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Application of Electrochemical Impedance Spectroscopy to Commercial Li-Ion Cells: A Review. J. Power Sources 2020, 480, 228742.
[CrossRef]

33. Venezuela, J.; Liu, Q.; Zhang, M.; Zhou, Q.; Atrens, A. A Review of Hydrogen Embrittlement of Martensitic Advanced High-
Strength Steels. Corros. Rev. 2016, 34, 153–186. [CrossRef]

34. Midea, S.J.; Pfaffmann, G.D. Heat Treating: Including Steel Heat Treating in the New Millennium: An International Symposium
in Honor of Professor George Krauss, 1–4 November 1999: Proceedings of the 19th Conference. Available online: https:
//searchworks.stanford.edu/view/12930083 (accessed on 2 January 2025).

35. Reyes, A.E.S.; Rodriguez, G.L.; Parra, J.R.G.; Lemus, V.H.M. Microstructural Characterization and Corrosion Behavior of Similar
and Dissimilar Welded Advanced High-Strength Steels (AHSS) by Rotary Friction Welding. Materials 2024, 17, 918. [CrossRef]
[PubMed]

36. Hill, H.; Raab, U.; Weber, S.; Theisen, W.; Wollmann, M.; Wagner, L. Influence of Heat Treatment on the Performance Characteristics
of a Plastic Mold Steel. Steel Res. Int. 2011, 82, 1290–1296. [CrossRef]

37. Dubent, S.; Mazard, A. Characterization and Corrosion Behaviour of Grade 2 Titanium Used in Electrolyzers for Hydrogen
Production. Int. J. Hydrogen Energy 2019, 44, 15622–15633. [CrossRef]

38. Franceschi, M.; Pezzato, L.; Settimi, A.G.; Gennari, C.; Pigato, M.; Polyakova, M.; Konstantinov, D.; Brunelli, K.; Dabalà, M. Effect
of Different Austempering Heat Treatments on Corrosion Properties of High Silicon Steel. Materials 2021, 14, 288. [CrossRef]
[PubMed]

https://doi.org/10.1016/S0924-0136(96)02652-0
https://doi.org/10.1515/CORRREV.2009.27.1-2.23
https://doi.org/10.3390/met12050863
https://doi.org/10.1016/j.surfcoat.2014.02.057
https://doi.org/10.1016/0010-938X(91)90112-3
https://doi.org/10.1016/j.corsci.2015.02.028
https://doi.org/10.1016/j.jallcom.2020.154906
https://doi.org/10.1016/j.matpr.2017.12.349
https://doi.org/10.1016/j.electacta.2017.02.013
https://doi.org/10.1016/S0010-938X(99)00126-2
https://doi.org/10.1016/S0300-9440(00)00093-X
https://doi.org/10.1016/S0300-9440(02)00219-9
https://doi.org/10.1016/j.electacta.2005.02.145
https://doi.org/10.1016/j.jallcom.2018.09.366
https://doi.org/10.1002/cphc.201402666
https://doi.org/10.33313/298/010
https://doi.org/10.1002/maco.201508655
https://doi.org/10.1016/j.corsci.2018.03.025
https://doi.org/10.1016/j.jpowsour.2020.228742
https://doi.org/10.1515/corrrev-2016-0006
https://searchworks.stanford.edu/view/12930083
https://searchworks.stanford.edu/view/12930083
https://doi.org/10.3390/ma17040918
https://www.ncbi.nlm.nih.gov/pubmed/38399169
https://doi.org/10.1002/srin.201100098
https://doi.org/10.1016/j.ijhydene.2019.04.093
https://doi.org/10.3390/ma14020288
https://www.ncbi.nlm.nih.gov/pubmed/33429946


Metals 2025, 15, 59 16 of 18

39. Prando, D.; Brenna, A.; Diamanti, M.V.; Beretta, S.; Bolzoni, F.; Ormellese, M.; Pedeferri, M.P. Corrosion of Titanium: Part 2:
Effects of Surface Treatments. J. Appl. Biomater. Funct. Mater. 2018, 16, 3–13. [CrossRef] [PubMed]
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