Chapter 17

The Corrosion Behavior of High-Alloy ez
CrMnNi Steels—A Research Work

on Electrochemical Degradation in Salt-

and Acid-Containing Environments

Marcel Mandel, Volodymyr Kietov and Lutz Kriiger

Abstract The electrochemical corrosion behavior of high-alloy cast steels as well
as of steel/ceramic composites was analyzed by conventional polarization, electro-
chemical impedance and long term-outdoor exposure tests in sulfuric acid and chlo-
ride containing solutions. Additionally, for the determination of corrosion initiation
processes and its subsequent implications, potentiodynamic polarization and elec-
trochemical noise were combined with the acoustic emission technique. The results
of these studies show that several corrosion mechanisms occur simultaneously when
the surface is potentiodynamically stressed, and that pitting corrosion starts with a
specific time-shift to its initiation at the surface.

17.1 Introduction

A wide range of techniques and analysis tools have been developed for studying
the electrochemical corrosion behavior of high-alloy steels, with such techniques
providing detailed information about the specific characteristics of steels in defined
environments. The subsequent chapter explains how the electrochemical corrosion
of high-alloy TRIP/TWIP steels with zirconium dioxide particle reinforcement was
analyzed by a number of methods, such as conventional cyclic polarization, electro-
chemical impedance, indoor and outdoor exposure tests and special analytical tools,
such as the combination of linear polarization and electrochemical noise measure-
ment, as well as the acoustic emission method. For the presented results, the corrosion
behavior of the analyzed steel and composite materials in salt- and/or acid-containing
media was dictated primarily by the main alloying elements chromium, manganese
and nickel as well as by the zirconia particle reinforcement. Due to the pronounced
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passivity, pitting and uniform corrosion were observed, which are the predominant
corrosion mechanisms and the focus for the subsequent interpretation of data in the
relevant media.

17.2 The Effect of Transformation-Induced Plasticity
(the TRIP Effect) on the Electrochemical Degradation
of a High-Alloy CrMnNi Steel

Due to the large number of their excellent mechanical properties, their high corrosion
resistance and acceptable cost-benefit ratios, high-alloy stainless steels are commonly
used in a wide range of applications. As a certain type of this material class, high-alloy
TRIP steels offer further enhancement of the mechanical characteristics due to the
transformation induced plasticity effect, which arises from a microstructural phase
transformation of the metastable austenite phase into a martensite phase during an
energy-absorbing process [1-3]. This characteristic combined with good corrosion
durability facilitates their integration in the technical configuration for safety-relevant
components by reducing costs for subsequent corrosion-protection measures.

With the focus on the material’s corrosion behavior, a particular advantage of
high-alloy steels is their good corrosion resistance and durability in most aggressive
environments. This corrosion resistance is predominantly due to the formation of a
chromium-enriched passive oxide layer that restrains the metal-dissolution process
during corrosion attack to a technically acceptable level. A further improvement is
achieved by the addition of nickel and manganese. Nickel tends to agglomerate as
an interlayer at the metal/oxide interface in its metallic state and can also affect
the dissolution rate of the entire steel component, whereas manganese increases
the solubility of nitrogen and molybdenum, elements that significantly enhance the
pitting-corrosion durability of steels [4].

The effect of plastic deformation on the pitting corrosion sensitivity of high-alloy
CastX6CrMnNil6-7-3—with the composition given in Table 17.1—was analyzed
in a sodium chloride solution [5].

For the evaluation, two degrees of deformation—with ¢ = 9% and ¢ = 18%—
were defined and the influence of plastic deformation was investigated by cyclic
voltammetry before comparison with the initial state. Figure 17.1 presents the scan-
ning electron microscopy (SEM) micrographs for the initial state and after plastic
deformation of the TRIP steel, with those components identified that acted in an
anodic/cathodic manner during the corrosion attack.

Table 17.1 Chemical composition of high-alloy CastX6CrMnNil6-7-3 TRIP steel in wt%
C N Cr Mn Ni Mo Al Ti Si Fe
0.06 | 0.13 16.3 6.71 3.06 0.037 0.061 0.0023 0.91 Bal.
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In addition to the §-ferrite, which was the dominant anodic component in the initial
state (Fig. 17.1a), a number of deformation bands formed inside the austenitic phase
during the deformation process (Fig. 17.1b) and also served as anodic components,
whereas beside the §-ferrite for ¢ = 18%, elongated o’-martensite needles dictated the
anodic dissolution process of the cast steel (Fig. 17.1c¢). The results of the polarization
tests and the electron micrographs after the corrosion process are shown in Figs. 17.2
and 17.3.

The anodic polarization behavior clearly exhibited a strong dependency on the
state of deformation. The initial state revealed the expected passivation and the ini-
tiation of metastable pitting corrosion when the anodic potential increased. For ¢ =
9%, the corrosion potential Ecy,; increased significantly, but the range of passivity
was reduced. It was assumed that this effect could be attributed to the homogeneously
formed and distributed micro-anodes inside the large austenite grains (Fig. 17.1b).
For the highest analyzed degree of deformation of ¢ = 18%, the corrosion poten-
tial dropped again to the level of the initial state, and no significant passivation or
pitting behavior was detected. In comparison to the initial state and ¢ = 9%, the
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Fig. 17.1 SEM micrographs of a the initial state, b ¢ = 9% and ¢ ¢ = 18%, and the anodically
active components during a corrosion attack [5]
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Fig. 17.3 SEM micrographs after polarization in 5 wt% sodium chloride solution. a Initial state.
be=9%.ce=18%.d, e and f detailed views [5]

highest degree of deformation also resulted in the highest degree of corrosion sen-
sitivity during anodic polarization. In comparison, the reverse scan did not indicate
any clear difference in polarization behavior, with all deformation states exhibiting
similar curve trends and secondary corrosion potentials Ecer2. This characteristic
clearly shows that after its initiation, the pitting corrosion attack—which was found
for each state after the cyclic polarization (Fig. 17.3)—dictates the ongoing corrosion
behavior of the whole steel sample and is independent of the degree of deformation.

17.3 Influence of Particle Reinforcement on the Corrosion
Behavior of a High-Alloy Steel in Sodium Chloride
Solution

The corrosion behavior of the spark plasma sintered zirconia particle-reinforced high-
alloy X5CrMnNi14-6-6 steel was investigated by potentiodynamic polarization in a
sodium chloride solution [6]. The chemical compositions of the steel and zirconia
powder used are given in Tables 17.2 and 17.3.

Table 17.2 Chemical composition of the high-alloy X5CrMnNi14-6-6 steel in wt%
C Cr Mn Ni Al S Si Fe
0.04 14.02 6.14 6.11 0.11 0.02 0.91 Bal.

Table 17.3 Chemical composition of the Mg-PSZ powder in wt%
ZrOz MgO Hf02 SiOZ A1203 TiOz
Bal. 3.37 1.73 243 0.63 0.14
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Figure 17.4 presents the micrographs of the sintered materials without Mg-PSZ
(i.e., 0 vol%) and with contents of 5 and 10 vol%. In comparison to the reinforced
composites, the material without particle reinforcement exhibited an increased degree
of porosity (Fig. 17.4a). For the composite materials (Fig. 17.4b, c), it was obvious
that when the particle content increased, the matrix/particle interfaces also increased
significantly, which drastically affected the corrosion behavior of the materials.

In Fig. 17.5 the potentiodynamic polarization curves in a 5 wt% sodium chloride
solution are shown, while Fig. 17.6 presents the corresponding electron micrographs
after corrosion of the sintered materials.

The polarization curves of the material without (0 vol%) and with 5 vol% par-
ticle content showed slight passivation, which was more pronounced for the unre-
inforced material than for the composite. In comparison, the composite material
with 10 vol% Mg-PSZ exhibited the lowest corrosion potential and no significant
passivation behavior, which indicated a higher degree of corrosion sensitivity.

The micrographs observed after corrosion attack clearly showed the formation of
corrosion pits for the materials with 0 and 5 vol% Mg-PSZ (Fig. 17.6a, b), which was
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Fig. 17.4 Optical micrographs of the spark plasma sintered and Mg-PSZ particle-reinforced high-
alloy steel. a without (0 vol%), b with 5 vol% and ¢ with 10 vol% particle contents [6]
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Fig. 17.5 Potentiodynamic polarization curves of the spark plasma sintered high-alloy steel with
different Mg-PSZ particle contents in 5 wt% sodium chloride solution [6]
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in full agreement with the anodic polarization behavior identified. It was assumed
that pitting was initiated at the pores for the unreinforced material, because such
pores represented critical weak points in and on the surface that interrupted the
formation of a dense and continuous passive oxide layer. For the composite with
5 vol% Mg-PSZ, the micrograph clearly indicated that pitting had its origin at the
matrix/particle interface. For the composite with 10 vol% Mg-PSZ, the corrosion
attack was more homogeneous and no pitting was observed, with the entire surface
indicating a uniform corrosion attack (Fig. 17.6c). As a primary result, the polar-
ization curves and the micrographs clearly indicated that by increasing the Mg-PSZ
particle content, the corrosion mechanism changed from pitting to general corrosion.
Due to the increase in the particle content up to 10 vol%, the formation of a dense
and compact passive oxide layer was suppressed and the composite became more
susceptible to corrosion. To evaluate the passive oxide destabilization, the contents
of iron and the main alloying elements found in the electrolyte was analyzed by
ICP-MS (Inductively Coupled Plasma Mass Spectrometry) after the polarization.
The results are presented in Fig. 17.7.

The comparison clearly shows that significant increases in the contents of iron,
chromium, nickel and manganese are detectable in the solution when the Mg-PSZ

0vol.-% 5vol-% 10 vol.-%

Fig. 17.6 SEM micrographs of the spark plasma sintered Mg-PSZ particle-reinforced steel after
polarization in 5 wt% sodium chloride solution [6]

Fig. 17.7 Content of iron
and main alloying elements
in the electrolyte after
potentiodynamic
polarization in 5 wt%
sodium chloride solution [6]
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content is increased up to 10 vol%. The electrolyte analysis confirms that the passi-
vation behavior of the steel matrix is drastically reduced when the particle content
increases and the entire composite is more susceptible to an aggressive medium.

In a further study, the corrosion behavior of the unreinforced material (0 vol%) and
the composite with 10 vol% Mg-PSZ particle content was investigated by a one-year
outdoor exposure test and compared to the results obtained after potentiodynamic
polarization in a 5 wt% sodium chloride solution [7]. For the outdoor exposure test,
the specimens were stored in an outdoor exposure test rig in Dresden, Germany and
sprayed weekly with a 3 wt% sodium chloride solution.

Figure 17.8 presents the micrographs after the polarization test in the 5 wt%
sodium chloride solution and after the one-year outdoor exposure test.

After polarization, the material without particle reinforcement was attacked by
pitting corrosion (I in Fig. 17.8a), whereas the particle-reinforced composite exhib-
ited a uniform corrosion attack and an attack at the particle/matrix interface (II
in Fig. 17.8b), which was accompanied by intensified particle detachment (III in
Fig. 17.8b). Similar behavior was observed after one year of outdoor exposure test-
ing. Pits were identified on the surface of the unreinforced material (Fig. 17.8c),
while a large number of small cavities were found on the composite material that
had resulted from the detachment of Mg-PSZ particles (Fig. 17.8d). In addition to
these localized corrosion attacks, the intensified formation of red rust was observed.
This behavior was more pronounced for the composite material and also confirmed
the higher corrosion sensitivity and lower passivation ability that was identified

Zirconia el

particles -

Fig. 17.8 Micrographs of the spark plasma sintered high-alloy steel after potentiodynamic polar-
ization in 5 wt% sodium chloride solution and after one year of outdoor exposure. a and ¢ without
particle reinforcement. b and ¢ with 10 vol% Mg-PSZ. For I, II and III, see text [7]
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during the polarization test. The results of the study show that under similar condi-
tions, the results of the short-time polarization test can be used to approximate the
corrosion behavior associated with long-term outdoor exposure tests.

17.4 Electrochemical Corrosion of the Particle-Reinforced
High-Alloy Steel at Different Temperatures

The electrochemical corrosion behavior of the composite material with 10 vol% Mg-
PSZ was investigated in a 5 wt% sodium chloride solution by cyclic polarization and
electrochemical impedance at temperatures of 25, 35, 45 and 55 °C. In a separate
test, the critical temperature for intensified particle detachment was determined [8].
Figure 17.9 presents the optical micrographs of the composite material in its initial
state.

Figure 17.10 shows the impedance spectra at different temperatures before the
cyclic polarization, which clearly indicate a strong temperature dependency. In the
Nyquist plot (Fig. 17.10a) for each temperature, a simple semi-circle is described
by the data points, which indicate the reduction of the charge-transfer resistance
when the temperature increases. From the Bode illustrations (Fig. 17.10b, c), one
time constant was extracted for each temperature. Figure 17.11 shows the electrode
configuration and the equivalent circuit that was used for modeling and curve fitting.
The results are summarized in Table 17.4. The parameters Q and « did not depend
on the temperature to a significant degree, whereas Ry, declined when the tem-
perature increased, indicating an increase in the charge transfer processes when the
temperature increased. Similar behavior was noted for the electrolyte resistance R.,
signifying an increase in the conductivity of the test solution. Figure 17.12 presents
the cyclic polarization curves for the selected temperatures, which clearly illustrate
the significant enhancement of the corrosion kinetics when the temperature rises. The
corrosion potentials before (1 in Fig. 17.12) and after (2 in Fig. 17.12) the polarization
process did not exhibit any significant dependency on the temperature, whereas the
anodic parts of the curves revealed that there was no passivation and that the slopes
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Fig. 17.9 Micrographs of the spark plasma sintered particle-reinforced high-alloy steel with

10 vol% Mg-PSZ. a Overview of particle distribution in the steel matrix. b Detailed view of particle
agglomeration [8]
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increased in line with the temperature. The more negative values for the corrosion
potential 2 in Fig. 17.12 clearly indicated a more corrosion-sensitive electrode state
at each temperature after the polarization. From the progression of the curve, it was
deduced that the temperature influenced the corrosion potentials minimally, though
it affected the polarization behavior significantly. Figure 17.13 shows the electron
micrographs of the composite material after cyclic polarization. For 25 and 35 °C,
the surfaces showed evidence of a predominantly homogenous corrosion attack with
weak localized corrosion attacks (arrows in Fig. 17.13a, b), which were related to
the increased porosity due to Mg-PSZ particle detachment.
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Fig. 17.11 a Schematic illustration of the electrode configuration before cyclic polarization, and
b equivalent circuit used for curve fitting. R;, C; and R.; stand for the local and Re, O, o, and Ry pp
the global impedance parameters before polarization

Table 17.4 Impedance curve fitting results before polarisation in 5 wt% NaCl solution on 10 vol%
Mg-PSZ particle-reinforced steel

T (°C) Re (€2 cm?) 0 (2! em™2 %) o Repp (k2 cm?)
25 6.2 176 0.82 4.0
35 53 302 0.74 2.1
45 5.0 180 0.80 1.6
55 45 322 0.74 1.5

Current density j (mA cm™)

0.5 0.4

-0.3 -0.2
Potential E (V/Ag/AgCl)

-0.1

Fig. 17.12 Cyclic polarization curves of the spark plasma sintered particle-reinforced high-alloy
steel at different temperatures. 1—FE o, before polarization. 2—FE ¢, after polarization [8]



17 The Corrosion Behavior of High-Alloy CrMnNi Steels ... 567

Fig.17.13 SEM micrographs of the particle-reinforced composite after cyclic polarization in 5 wt%
NaCl solution at different temperatures [8]

The micrographs observed for 45 and 55 °C clearly show an attack by localized
corrosion that had its origin at the particle/matrix interface (arrows in Fig. 17.13d). It
was obvious that when the temperature increased above 35 °C, particle detachment
occurred in a more intensified fashion as a result of the enhanced corrosion kinetics
at the interface. From the results of the electron microscope observations, it was
certain that a critical temperature for intensified particle detachment had to exist
in the range of 35 to 45 °C. Figure 17.14 presents the electrochemical impedance
spectra measured after the polarization test. Similarly to the initial state shown in
Fig. 17.10, the Nyquist illustration revealed a semi-circle for each temperature with
a significant decrease of the charge transfer resistance for T =45 °Cand T = 55 °C
(Fig. 17.14a). From the Bode plots (Fig. 17.14b, c), two time constants were identified
for all temperatures, which were related to charge transfer processes at the interface
between the composite and the layer generated by film formation and redox reactions
inside the film formed. The surface structure and the equivalent circuit used for curve
fitting are presented in Fig. 17.15.

After polarization, the global impedance parameters of the composite/film inter-
face were expressed by Oy, oy and Ry 5, and for the film by O, a5 and Ry. The results
obtained by curve fitting are summarized in Table 17.5.

For 25 and 35 °C, the parameters Qy, a| and Ry ,, were dictated by the pores and
Mg-PSZ particles. At temperatures of 7 = 45 °C and T = 55 °C, the impedance
values included the increased porosity, the attacked interface at the particles and the
pits that were formed. For the determination of the critical pitting temperature, the
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Fig. 17.14 Electrochemical
impedance spectra of the
particle-reinforced
composite determined after
cyclic polarization in 5 wt%
sodium chloride solution for
different temperatures [8]
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current-time relationship for continuously increasing temperature was recorded, and

is shown in Fig. 17.16.

The correlation revealed a slight increase in current density up to a temperature
of 34 °C, including a peak between 32 and 33 °C. This characteristic was related
to particle detachment. When the temperature increased further, the current density
increased significantly and exhibited fluctuations up to a temperature of 38 °C—
which was related to the intensified particle detachment that was evident. For higher
temperatures, the current density increased drastically and indicated pitting corrosion
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Fig. 17.15 a, b Schematic illustration of the composite interface after polarization in 5 wt%
sodium chloride solution at different temperatures. ¢ Equivalent circuit used for curve fitting of
the impedance spectra [8]

Table 17.5 Impedance curve fitting results after polarisation in 5 wt% NaCl solution on 10 vol%
Mg-PSZ particle-reinforced steel. 7' in °C, Re, Ry qp in cm? and Ry in k2 cm?, 01,0, inpQ~!

em™2 %
T Re 01 ag Reap O o Rt
25 6.3 390 0.92 17 215 0.83 5.4
35 5.5 496 0.91 29 64.3 0.79 4.3
45 5.2 229 0.77 13 54.5 0.83 3.2
55 4.8 1260 0.58 11 104 0.78 1.8
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Fig. 17.16 Current density—temperature relationship for determination of the critical temperature
of the composite [8]
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attack. Consequently, the critical temperature for intensified particle detachment and
subsequent pitting corrosion attack on the composite was approximately 34 °C.

17.5 Potentiodynamic Polarization
of CastX5CrMnNil6-7-9 in Sulfuric Acid Solution
Combined with Acoustic Emission Analysis

The acoustic emission (AE) technique for the investigation of corrosion phenomena
is an excellent method for analyzing the different processes taking place in parallel at
the electrode surface [9, 10]. As shown by Boinet et al. [9], acoustic emission analysis
facilitates the separation of surface degradation processes and gas bubble evolution
by determination of the frequency of AE signals. To evaluate the corrosion activity
of the high-alloy cast steel CastX5CrMnNil6-7-9 in sulfuric acid solution, the AE
method was applied during potentiodynamic polarization. The chemical composition
and characteristic microstructure of the initial state are given in Table 17.6 and
Fig. 17.17.

In contrast to the widely used two-cell configuration, which is discussed in detail
elsewhere [11], the modified test set-up shown in Fig. 17.18 was used, which also
facilitated the observation of the gas bubble stream leaving the electrode surface [12].

The polarization characteristic and corresponding AE activity is presented in
Fig. 17.19. To illustrate the correlation between polarization and acoustic emission
as well as the involvement of the 30-minute OCP measurement (OCP—open circuit

Table 17.6 Chemical composition of the high-alloy cast steel CastX5CrMnNil6-7-9 in wt%
C N Cr Mn Ni Mo Al Cu w Si Fe
0.048 | 0.076 | 15.7 | 6.29 | 9.23 | 0.082 | 0.047 | 0.011 | 0.02 | 0.853 | Bal.

Fig. 17.17 Electron
micrograph of
CastX5CrMnNil6-7-9 [12]
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Fig. 17.18 Schematic illustration of the test set-up used for investigation of the acoustic activity
and gas bubble evolution process for a steel electrode during potentiodynamic polarization in a
0.1 M H3SOq4 solution [12]

1800 3600 5400
P‘E iO’ ?: ! T T T :
5 10 @ i |
210} Jocp Ao
N = H -
SU J o]
= r H 5
10° 1 L I 2

Cumulative Current density
hits 10

s

fIMHz

Peak frequency AE activity

0 1800 3600 5400
Time /s

Fig. 17.19 Correlation between the potentiodynamic polarization and measured acoustic emis-
sions. a Open circuit measurement (OCP) and polarization behavior. b Cumulative AE hit number.
¢ AE activity. d Peak frequency of AE signals. I, IT and III indicate current densities upon oxygen
evolution analysis [12]
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potential), the time ¢ was chosen as the common x-axis. In general, 3 regions of
acoustic activity (R1, R2 and R3) where recognized during the polarization. Region
R1 was indicated by a high level of acoustic activity (Fig. 17.19b, c) and corresponded
fully to the cathodic branch of the polarization curve when intensified H, gas bubble
evolution was initiated. Region 2 (R2) was characterized by low AE activity, whereas
region 3 (R3) indicated a further increase in acoustic emissions, which was attributed
to the evolution of oxygen at the electrode.

Before polarization, the OCP measurement revealed a conspicuous AE event
number in the frequency range of f = 150-460 kHz after approximately ¢ ~ 400 s
(Fig. 17.19d) that corresponded to a significant decline in potential of AE =570 mV
(Fig. 17.19a). The literature indicates that this frequency range is typical for the evo-
lution of a hydrogen bubble at the electrode surface. Consequently, it was concluded
that the decline in potential observed indicated the transition of the electrode into
the steady state, which was accompanied by the release of hydrogen gas bubbles
from the steel surface. The analysis of region 1 (R1) showed the existence of two
characteristic processes which occurred almost simultaneously at the steel electrode.
One of these was the intensified hydrogen bubble evolution observed during cathodic
polarization (see Fig. 17.20a), and generated AE signals in the frequency range of f =
100—430 kHz. The hydrogen gas bubbles had a diameter in the range of 200-640 pm.
The second type of AE was observed in the lower frequency range of f = 20-100 kHz
and was attributed to the hydrogen-assisted exfoliation process (Fig. 17.20b). The
AE data analysis of region R1 revealed two classes of AE signals by determination
of its spectral AE energy and signal duration. The results are presented in Fig. 17.20c
and clearly show two specific clusters (C1 and C2).

0.20(c)

=
Iy

Signal energy/)
=
=

0.05

0.00

0 100 200 300 400 500
Signal duration/ps

Fig. 17.20 Hydrogen evolution a and hydrogen-assisted exfoliation of the passive oxide b are the
characteristic AE sources during cathodic polarization. The AE data analysis ¢ indicated a high
energy and low duration for the hydrogen bubble evolution process (cluster C1), and low energy
with high signal duration for the exfoliation process (cluster C2) [12]
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Cluster C1 was characterized by a high spectral energy and low signal duration and
corresponded to hydrogen bubble evolution. In cluster C2, the signals were typified by
lower spectral energies and higher durations, and correlated to the hydrogen-assisted
exfoliation process.

At the transition into anodic polarization, the AE hit number and activity
(Fig. 17.19 b, ¢) decreased drastically. Just a low number of AE signals were identi-
fied in region R2, with most of them in the frequency range below 100 kHz, which
was attributed to electrochemical degradation processes on the steel surface. The
surface analysis by SEM identified a corrosion attack at the pore edges (Fig. 17.21)
that remained constant when the potential increased within region R2.

Figure 17.22 presents a detailed view of the AE peak frequency characteristics of
region R3 (Fig. 17.22a) and the corresponding cluster analysis (Fig. 17.22b). Similar
to region R1, the subsequent AE data analysis exhibited a high signal energy and
low duration for the AE hits with f > 100 kHz and low energy and high duration for
the AE signals with f < 100 kHz.

After passing the potential of £ = 1.15 V versus Hg/Hg, SOy, a second increase
in AE activity occurred that correlated with the onset of oxygen gas bubble formation.

(a) (b)

Fig. 17.21 Characteristic damage evolution on the steel surface during anodic polarization in
region R2. a Overview. b Detailed view showing corrosion attack at the pore edges. ¢ Detailed view
showing corrosion attack at the passive oxide [12]
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Fig. 17.22 a Observed peak frequency-time relations as a function of the applied potential. b The

corresponding AE cluster analysis. E1, E> and E3 denote the specific potentials of the clusters C3
and C4 [12]
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The analysis of the gas stream revealed a bubble diameter in the range of 240-430 um
and the AE data exhibited a corresponding peak frequency of f > 100 kHz, which
was similar to the hydrogen bubble diameter and peak frequency range observed in
region R1. Additionally, when the potential was increased further up to £, = 1.25 V
versus Hg/Hg, SOy, gas bubbles of significantly lower diameters of approximately
50 wm were identified in the gas stream (Fig. 17.23b). Simultaneously, an increase in
the number of AE events within the peak frequency of f = 20-60 kHz was observed
(Fig. 17.22a), which was in a similar frequency range to the signals attributed to the
hydrogen-assisted exfoliation in region R1 (Fig. 17.19 d). The oxygen gas bubbles
with diameters of 240-430 wm were designated as oxygen bubbles of Type 1, while
the bubbles with a diameter of approx. 50 um were designated as oxygen bubbles
of Type 2.

Moreover, when the potential was increased further up to E ~ 1.45 V versus
Hg/Hg,S0y4, the AE signals with a peak frequency of f > 100 kHz ended abruptly,
which corresponded well with the disappearance of Type 1 oxygen bubbles in the gas
stream. Up to the end of the polarization process, only Type 2 oxygen gas bubbles
were identified in the gas stream (Fig. 17.23c¢).

The damage evolution of the steel surface observed by scanning electron
microscopy showed a clearly inhomogeneous corrosion attack (Fig. 17.24a) when
the steel was polarized up to point II (I in Fig. 17.19a). In accordance with the
observations made after cathodic polarization, pores were the preferred locations for
the genesis of Type 1 oxygen gas bubbles (Fig. 17.24b). In addition, the rest of the
surface was marked by regions of localized corrosion attacks (F-I in Fig. 17.24c)
and areas of full depassivation (F-II in Fig. 17.24c¢). The drastic increase in damage
evolution was attributed to an oxygen-assisted exfoliation process, which identified
the steel surface as the location for the formation of Type 2 oxygen gas bubbles.
Up to the end of the polarization process (III in Fig. 17.19a), the scanning electron
micrographs showed a fully depassivated steel surface and corrosion attack at the
grain boundaries due to intergranular corrosion (Fig. 17.24d). As a side effect of
the exfoliation process (Fig. 17.24f), a dissolution of the pores was observed that
eliminated the basis of Type 1 oxygen bubble evolution (Fig. 17.24e).

Consequently, the rate at which oxygen bubbles was released at the pores had
to decrease when the passive oxide dissolution increased. This behavior was in full

Fig. 17.23 Photographs of the oxygen gas bubble stream at anodic applied potential a at I in
Fig. 17.19a, b at Il in Fig. 17.18a, ¢ at the end of the polarization test (IIl in Fig. 17.19a) [12]
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@ (b) ()

Fig. 17.24 SEM micrographs of the steel surface after polarization up to point II (a—c) and up to
the end of the polarization test (d—f). IC—Intergranular corrosion. For F-I and F-1I, see text [12]

accordance with the observed decline in the release of Type 1 oxygen bubbles and
the identified potential limitation of AE events with frequencies of f > 100 kHz
(Fig. 17.19d).

17.6 Analysis of Pit Initiation on CastX3CrMnNil6-7-9
by the Combination of Electrochemical Noise
and Acoustic Emission Measurement

The electrochemical noise (EN) and acoustic emission (AE) methods are highly
suitable monitoring and analysis tools for the investigation of corrosion initiation
processes under steady state conditions [9-17]. The EN technique is based on the
measurement of potential and/or current fluctuations, which facilitates the deter-
mination of the activity of a corrosion system. The AE technique—based on the
measurement of elastic waves—is useful in identifying different corrosion mecha-
nisms occurring at the same time on a surface [12]. One outstanding characteristic
is that both methods are non-destructive and highly sensitive, which facilitates the
identification of corrosion initiation processes.

Due to these advantageous properties, the EN and AE techniques were com-
bined in the identification of pit initiation at the surface of the high-alloy cast steel
CastX5CrMnNil6-7-9—with the chemical composition and microstructure given in
Table 17.6 and Fig. 17.17—in a 5 wt% sodium chloride solution [18]. The investiga-
tion was carried out with the test set-up shown in Fig. 17.25. Details of the experimen-
tal specifications of the electrochemical noise and acoustic emission measurements
are given in [18].
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Fig. 17.25 Test set-up used for characterization of the pit initiation behavior of Cast X5CrMnNil6-
7-9 by means of combined electrochemical noise and acoustic emission measurement [18]

Figure 17.26 presents the results of the 70-hour test, which exhibited two char-
acteristic types of AE events and four specific regions of noise behavior. For a more
sensitive analysis of the EN behavior, the standard deviations of the potential and
current noise—og and o;—were determined and evaluated. The results are shown
in Fig. 17.27.

From the point of view of the EN behavior (Fig. 17.27), region EN-I was charac-
terized by strong fluctuations, indicating the high electrochemical activity of the steel
surface before transitioning into a nearly steady state after approximately 3 h, which
is given by region EN-II. In region EN-II, the signal fluctuations were significantly
lower, indicating that the steel surface had transitioned into a passive state. In addi-
tion to this predominantly inactive electrochemical state, a spontaneous short-time
event was observed after approximately 16 h of exposure. This event was attributed
to localized passive oxide deterioration caused by the chloride ions in the solution,
indicating metastable pitting corrosion. Region EN-II ended abruptly after approxi-
mately 20 h of exposure, which was indicated by a drastic increase in potential and
current fluctuations that characterized region EN-III. The high degree of fluctuations
in region EN-III indicated a highly active surface state. This behavior was related to
the onset of an active pitting corrosion attack. Region EN-III had a duration of 15 h
and ended after approximately 35 h of exposure. The transition into region EN-IV
was characterized by a continuous decline in the fluctuations to the point of low elec-
trochemical activity, indicating the repassivation of active pits. Nevertheless, EN-IV
also exhibited time intervals of increased activity, which were attributed to a spon-
taneous and irregular reactivation of previously formed pits and active pit growth.
When considering the results of the acoustic emission test, no acoustic activity could
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Fig. 17.26 Electrochemical noise behavior and corresponding AE characteristics of
CastX5CrMnNil6-7-9 during a 70 h exposure test in 5 wt% NaCl solution. a Median frequency of
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Fig. 17.27 Standard deviation of the potential a and current b noise extracted from the signals
given in Fig. 17.26b, ¢ [18]

be observed after 10 h of exposure (see Fig. 17.26a). Indications of AE activity were
identified after r = 11.6 h, t = 13.7 h and r = 15.3 h, which were marked by the num-
bers 1, 2 and 3 in Fig. 17.26a and which lay entirely within region EN-II. The events
arose in three clusters with a median peak frequency of f < 100 kHz, indicating three
corrosion attacks at the steel surface. For higher exposure times—especially in the
regions EN-III and EN-IV—a second class of events with a median peak frequency
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of f > 100 kHz were observed. The AE signal analysis and the characteristic shape
of the waveform (Fig. 17.28) clearly described two different types of AE signals.

The signals with a peak frequency of f < 100 kHz were designated as AE Type I
signals and the events with f > 100 kHz were characterized as AE Type II signals
(see Fig. 17.26a). With respect to the findings described in the literature [9, 12], it
can be stated that AE Type I signals are characteristic for spontaneous and localized
passive oxide breakdown, whereas the irregularly distributed events that give rise to
AE Type II signals may be attributed to subsequent hydrogen bubble evolution inside
previously formed pits [19, 20]. SEM observations after test completion confirmed
localized deterioration in the form of three pits that developed on the steel surface
under corrosive attack (Fig. 17.29). Consequently, the electrochemical noise and
corresponding acoustic emission development made it possible to identify and follow
the point of pit initiation (# = 11.6 h) and the subsequent pit evolution process.

, 005 3
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=
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<

0.4
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Fig. 17.28 Wave forms of the a AE Type I and b AE Type II signals [18]

Fig. 17.29 SEM micrograph of the CastX5CrMnNil6-7-9 steel after the 70 h electrochemical
noise and acoustic emission measurement test. a Overview. Arrows indicate the locations of pitting
corrosion. b Detailed view of the pit marked with a rectangle in (a) [18]
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17.7 Analysis of Electrochemical Noise by Continuous
Wavelet Transform

As shown in [18], the electrochemical noise technique is a highly sensitive and,
therefore, highly appropriate analysis method for online corrosion monitoring and
the identification of different stages in pit evolution. Several techniques in noise data
analysis were developed to ensure the precise acquisition of information about the
corrosion process. Widely used techniques such as certain statistical methods, the
Fourier transformation and wavelet analysis are practiced [14, 21, 22], though highly
specified analytical procedures have also been developed to identify and isolate
localized and uniform corrosion attacks [23, 24]. In principle, the above-mentioned
mathematical techniques analyze the changes in the fluctuations of the noise signal
and provide information about the onset, duration and kinetics of a corrosion system
[25-27]. A corrosion system that is highly active electrochemically is identified by
transients of high frequencies and high amplitudes, whereas a noise signal of lower
intensity indicates a more passive corrosion state [ 14, 28]. Aballe et al. use the discrete
wavelet transform (DWT) for subsequent noise data analysis [29, 30], which provides
specific information about short-time and long-term corrosion processes. The DWT
method was applied for the noise transient analysis of CastX5CrMnNil6-7-9 (with
the chemical composition and microstructure presented in Table 17.6 and Fig. 17.17)
in sulfuric acid and sodium chloride solutions. In the acid medium, the hydrogen
bubble evolution was identified as the process that generated characteristic short-
time corrosion events, whereas long-term transients in the salt-containing solution
are characteristic for pit initiation and subsequent evolution processes [17]. As a
further method for noise analysis, the continuous wavelet transform (CWT) is used
for identification of the dynamic behavior of a system [31]. In consideration of the
findings in the literature [21, 29-31], the CWT was applied for the investigation of
the noise behavior of the high-alloy cast steel CastX15CrNiMnN19-3-4 (with the
chemical composition given in Table 17.7) in sulfuric acid and in sodium chloride
solutions, as well as in a combination of both media.

The noise behavior was measured for 2 h and the corresponding CWT analysis
was carried out for a time interval of 20 min for each system. Figure 17.30 presents
the results in a 0.1 M H,SOy4 solution.

The normalized and detrended noise signal exhibited many short-time current
transients of high amplitude, indicating a high proportion of corrosion events of short
duration. The subsequent CWT analysis exhibited maxima of the CWT coefficients in
the upper and middle frequency region between f = 0.063—16 Hz, but with the highest
value for the transient after approximately 40 min (Fig. 17.30a) with f = 4-10 Hz
(marked by the ellipse in Fig. 17.30b). In contrast, the current noise signal for the

Table 17.7 Chemical composition of the CastX15CrMnNiN19-3-4 in wt%
C N Cr Ni Mn Si Fe
0.148 0.165 19.1 4.12 2.85 0.5 Bal.
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cast steel in sodium chloride solution exhibited significantly less transients of lower
amplitude, indicating a system that was less active electrochemically (Fig. 17.31a).
The signal analysis exhibited a clear maximum in the lower frequency region with f =
0.063-0.25 Hz (Fig. 17.31b), which corresponded to the highest transient identified
after approximately 6 min of exposure. Figure 17.32a) presents the results of the noise
measurement in the mixed electrolyte, which contained identical volume fractions
of sulfuric acid and sodium chloride solutions.

The comparison to the results using the unmixed solutions (Figs. 17.31 and 17.32)
clearly indicates a drastic increase in the number of transients. The subsequent signal
analysis identified maxima in the lower frequency region (with f = 0.016-1 Hz) of
significantly higher duration, indicating long-lasting corrosion processes in the range
of 1 s to 1 min. The scanning electron micrographs observed after the noise mea-
surements revealed an enhanced intergranular corrosion attack in the unmixed acid
solution (Fig. 17.33a) and in the combined electrolyte (Fig. 17.33c). In the sodium
chloride solution, the corrosion attack was significantly less. Localized corrosion and
the formation of corrosion products arranged in a circle around the pit were observed
(Fig. 17.33b), which was a quite different mode of behavior in comparison to that
observed in the acid solution.

From the micrographs, it was obvious that the corrosion attack in the unmixed acid
and the combined electrolyte was nearly identical. This behavior clearly indicated
that the acid dominated the corrosion attack in the combined solution, and that the
sodium chloride seemed to have little or no effect on the corrosion attack. When con-
sidering the CWT noise analysis, however, the influence of the salt became clear. The
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Fig.17.30 a Current noise-time relation of CastX15CrMnNiN19-3-4in 0.1 M sulfuric acid solution
and b corresponding CWT analysis of the noise signal for the time interval marked by the rectangle
in (a). The ellipse marks the magnitude maximum. Dashed line—the cone of influence
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Fig. 17.31 a Current noise-time signal of CastX15CrMnNiN19-3-4 in 5 wt% sodium chloride
solution. b CWT analysis for the time interval marked by the rectangle in (a). Dashed line—the
cone of influence
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Fig.17.32 a Noise-time signal of CastX15CrMnNiN19-4-3 in a combined 0.1 M H,SO4 + 5 wt%
sodium chloride solution. b Continuous wavelet transform for the time interval marked by the
rectangle in (a). Dashed line—the cone of influence
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Fig. 17.33 SEM micrographs of the CastX15CrMnNiN19-3-4 after noise measurement in a 0.1 M
HSOy4, b in 5 wt% NaCl, and ¢ in 0.1 M H,SO4 + 5 wt% NaCl at a ratio of 1:1 vol%

maxima in the low-frequency range (Fig. 17.32b)—indicating long-term corrosion
processes—indicated a longer-lasting intergranular corrosion attack. Consequently,
it was assumed that in the unmixed acid solution, the corrosion attack was char-
acterized by spontaneous active dissolution of the grain boundaries, accompanied
by spontaneous repassivation. In the combined electrolyte, the attack also occurred
spontaneously, but the repassivation process was drastically hindered, which was
predominantly attributed to the C1~ ions.

The study shows the advantage of utilizing electrochemical noise analysis, which
facilitated the identification and isolation of short-time and long-term corrosion
events simultaneously. In comparison, the effect was not identifiable by SEM
observation after a two-hour exposure test.

17.8 Conclusion

In this chapter, several studies of the electrochemical corrosion behavior of high-
alloy cast steels and steel/ceramic composite materials in sulfuric acid and chloride
containing aqueous solutions are presented and discussed. For the analysis numerous
polarization techniques, outdoor exposure tests and combined methods were carried
out. The analyzed characteristics in dependence of applied potential, frequency and
temperature give specific information about the influence of the TRIP effect to the
corrosion characteristics, were used to design and describe the composite/electrolyte
interphase and let extract specific parameters for the evaluation of the pitting
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corrosion sensitivity. Finally, the combination of polarization, electrochemical noise
and acoustic emission was used to estimate and separate simultaneous occurring cor-
rosion mechanisms, and more precisely, to identify the time-dependence of specific
initiation phenomena and corresponding corrosions damage evolution processes.
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