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Abstract: Components of civil buildings are frequently made of low-alloyed steel, which can suffer
from corrosion damage. This damage reduces their bearing capacity and/or redistributes the load to
neighboring regions with the potential risk of their collapse. For this reason, this study deals with the
non-destructive monitoring of bodies made of these steels based on Barkhausen noise emission. The
superimposing contribution of corrosion extent and exerted tensile load is investigated on samples
of variable yield strength in the range from 235 to 1100 MPa. It is found that the presence of a
corroded layer attenuates Barkhausen noise and makes the body harder from a magnetic point of
view. The reduced effective thickness of the samples as a result of corrosion damage increases the true
stress. Barkhausen noise grows along with the tensile stress in the direction of exerted stress at the
expense of decreasing Barkhausen noise in the perpendicular direction. The evolution of Barkhausen
noise versus tensile stress is mostly shifted to the lower values of Barkhausen noise, along with the
increasing degree of corrosion damage. The evolution of Barkhausen noise versus tensile stress is also
affected by the initial microstructure and the corresponding yield strength of the low-alloyed steel.
Corrosion attack results in the growth of FWHM, which is compensated by the decreasing evolution
along with the tensile stresses. The effective values drop down with the higher extent of corrosion
damage. However, the response with respect to the tensile stress is asymmetric in RD and TD due to
the realignment of DWs into RD. Finally, PP tends to increase with the corrosion attack as well as the
tensile stress and this parameter only exhibits the systematic behavior in RD as well as TD. On the
other hand, MBN-extracted parameters as well as their combination provide no exclusive values on
which the pure contribution of corrosion and tensile stress can be distinguished.

Keywords: Barkhausen noise; low-alloyed steels; corrosion; tensile stress

1. Introduction

Low-alloyed steels are frequently employed in the construction of bridges and civil
structures, in the automotive industry, and in other applications. Their mechanical prop-
erties strongly depend on the microstructure and the corresponding thermomechanical
treatment [1-4]. Low-alloyed steels with higher yield and ultimate strength are mostly due
to grain refinement and/or phase transformation, mostly developed after hot rolling. The
yield strength of low-alloyed steels up to 700 MPa can be obtained via grain refinement, and
these steels are mostly composed of ferritic grains of reduced size [1,2]. The further growth
of yield strength can be produced via accelerated cooling rates and the corresponding
bainite or martensite microstructure (or their mixture). Their alloying is quite limited,
and a certain fraction of Ti or/and Nb is added to strengthen the matrix (this contributes
to grain refinement as well as matrix precipitation hardening) [1,2]. The high-strength
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low-alloyed steels are considered cheap materials. Obtaining good mechanical properties
despite increasing strength is at the expense of decreased toughness [2,3].

The functionality of components made of these steels can be negatively affected by
corrosion, which can remarkably damage surface properties and/or reduce the bearing
capacity with respect to decreasing the effective cross-section. Furthermore, increasing the
true stress in components as a result of corrosion can redistribute stress to neighboring
regions [5,6]. Yielding components develop unacceptable deformations of construction,
whereas plastic instability can initiate premature failures and collapse [5-8]. To reveal the
critical state through visual observation can be a risky approach since many defects are
hidden and cannot be found by the naked eye. For these reasons, many non-destructive
techniques have been developed in order to monitor the extent of corrosion and its influence
on construction stability. These techniques are based on a diversity of physical phenomena
such as acoustic emission [9] (cluster analysis applied for post-processing), ultrasonic
tomography [10], gamma rays [11], or electromagnetic signals [12]. These techniques
have found industrial relevance in some particular cases and can be employed for reliable
inspections of bodies subjected to environmental damage (especially corrosion).

In addition, magnetic methods, especially those based on magnetic inductive test-
ing [13], can be applied for the aforementioned purpose. Moreover, Barkhausen noise
emission (MBN—magnetic Barkhausen noise) was reported as a potential technique for
the assessment of corrosion extent in wires [14] or conventional flat bodies [15,16]. The
origin of MBN can be found in electromagnetic pulses produced by magnetic domain
walls (DWs) during their irreversible and discontinuous motion under an altering magnetic
field [17-19]. MBN is strongly affected by three aspects: microstructure, surface topogra-
phy, and stress state. All lattice imperfections (dislocations, grain boundaries, precipitates,
hard and non-ferromagnetic phases, etc.) pin DWs in their position and/or interfere with
DWs in motion [20-23]. This aspect contributes to decreasing MBN. Increasing surface
irregularities make the propagation of MBN pulses toward a sensing coil more difficult,
which also attenuates MBN. With respect to the stress state, it should be distinguished
between external stresses and the residual state. It is well known that tensile stresses
tend to align DWs in the direction of this stress, whereas compressive stresses align DWs
perpendicularly against the compressive stress (valid for Fe alloys). Therefore, tensile stress
usually increases MBN, whereas compressive stress lowers MBN [24-26]. The influence of
residual stress is less pronounced, especially in Fe alloys with a complicated microstruc-
ture [19,27]. On the other hand, the relationship between external stress and MBN is much
closer [24,28]. The sensitivity of MBN against external stress depends on many variables,
and early saturation can be found in some cases [29].

This paper represents a further study in which MBN is investigated as a function of
stress state and superimposing corrosion damage. The pilot studies in this field were related
to monitoring the corrosion extent only [14,16], whereas the contribution of corrosion to
the relationship between MBN and tensile stress was reported for the low-alloyed fully
ferritic steel MC460 [15]. This study investigates the influence of variable strength and the
corresponding microstructure on the relationship between MBN and tensile stresses. As
contrasted against the previous study [16], three different grades of the low-alloyed steels
are compared, such as fully ferritic steel 5235, MC700 (a mixture of ferrite and bainite), and
finally, fully martensitic steel MC1100. The evolution of MBN and the extracted features
are analyzed with respect to different corrosion damages. This study represents a second
report following up on the previous one [16] in which the corroded samples were loaded
by uniaxial stress. MBN as a monitoring technique is very fast and reliable. Previous
experience demonstrated its good sensitivity against the developed corrosion extent [16].
Furthermore, MBN is sensitive to the stress state [24,28]. For these reasons, this technique
is employed in this study for the aforementioned purpose.
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2. Experimental Conditions

The investigations were conducted on the three different low-alloyed steels of nominal
yield strength: 235, 700, and 1100 MPa. Twenty-four samples of each steel (3 repetitive
samples for 8 different corrosion attacks), 200 mm long, 20 mm wide, and 5 mm thick, were
cut along the rolling direction (RD) of the delivered sheet thickness of 5 mm. The thickness
of samples made of MC1100 was 6 mm. The sheet of yield strength 235 MPa represents a
conventional low-strength low-alloyed steel that is widely used and commercially available.
The sheets with yield strengths of 700 and 1100 MPa were produced by hot rolling and
consecutive accelerated cooling. The microstructure of MC700 is a mixture of ferrite and
bainite. Apart from ferrite grain refinement and the presence of the bainite phase as the
major aspects linked with high strength, the matrix is also strengthened by Nb and Ti
precipitates [1,2]. The microstructure of MC1100 is fully composed of martensite without
additional strengthening by Nb or Ti. The martensite microstructure is due to an accelerated
cooling rate after hot rolling, which is higher than that of MC700. The chemical composition,
as well as the microstructure images of these steels, can be found in the previous study [16].

The true mechanical properties were verified by the standardized uniaxial tensile
test, as illustrated in Figure 1, on dog-bone-shaped samples (gauge length of 40 mm and
width of 12 mm). The true elastic strains were checked by the use of an Instron dynamic
strain gauge extensometer 2620-602 on the length of 25 mm. The tensile tests, as well
as the loading of the samples after corrosion attack, were performed using an Instron
5985 device. The true yield strength of 5235 was 312 4= 6 MPa, the ultimate strength was
406 £+ 7 MPa, and the elongation at break was 39 £ 1.5% (obtained from three repetitive
measurements). The true yield strength of MC700 was 764 + 23 MPa, the ultimate strength
was 829 & 12 MPa, and the elongation at break was 24 + 1.2%. The true yield strength of
MC1100 was 1232 =+ 15 MPa, the ultimate strength was 1333 £ 12 MPa, and the elongation
at break was 12 & 0.6%.
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Figure 1. Engineering stress—strain curves of investigated alloys.

The samples were subjected to corrosion attack, which varied in terms of the number
of days in the corrosion chamber (see Table 1). The specimens were artificially corroded in
a neutral salt spray atmosphere (in accordance with the STN EN ISO 9227 standard) in a
VSC KWT 1000 corrosion chamber (temperature of 35 °C, pH in the range from 6.5t0 7.2,
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pressure in the chamber of 120 kPa). The specimens were cleaned before the experiments
and placed into the chamber with the use of plastic strips. For each steel, one sample
without corrosion attack was measured as well (as received state). Loose corrosion residues
were manually removed from the surface of each sample by a wire brush, and subsequently,
the surface of the specimens was water-cleaned and dried.

Table 1. Number of days in the corrosion chamber.

Sample Number 1 2 3 4 5 6 7 8
Number of days 1 6 11 18 27 41 55 69

In order to analyze the wall thickness as a result of corrosion attack, 20 mm long pieces
were cut along RD after experiments by the Struers Secotom-50. The specimens were taped
with tape in order to avoid delamination of the corroded layer from the surface during cutting.
The cut specimens were hot-molded, ground, polished, and finally etched with 3% Nital.
The wall thickness was observed and measured in five different positions using the light
microscope Zeiss AxioCam MRc5 in Olympus SZx16 and Quick Photo Industrial 3.0 software.

The MBN signal was acquired using a RollScan 350 in situ of the tensile test. The
tensile stress was increased in steps of 50 MPa up to 300 MPa, followed by increments
of 100 MPa afterward. MBN was measured within the elastic region (on the stress—strain
curves) along the length of the sample (RD) as well as in the transversal direction (TD)
using a serial sensor 51-18-12-01. Measurements of MBN in two perpendicular directions
were carried out by magnetizing pole rotation. MBN signals were recorded and filtered in
MicroScan 600 software under a magnetizing voltage of 16 V and a sine profile frequency of
125 Hz. The sensor during the tensile test was fixed on the sample surface with a spring in
order to maintain constant conditions for the transmission of electromagnetic pulses toward
the sensing coil (for further details and a brief illustration, please check the study in [30]).
The RD direction represents the easy axis of magnetization of the delivered sheets, whereas
TD is the perpendicular hard axis. The MBN signal is composed of electromagnetic pulses
in the frequency range from 10 to 1000 kHz. Three magnetic parameters were extracted
from acquired MBN signals such as the following:

- MBN, which refers to the effective value of the signal;
- PP (Peak Position), which is linked to the position of the maximum of the MBN envelope;
- FWHM (full-width at half-maximum) of the MBN envelope.

A brief diagrammatic sketch of equipment and extracted information for easier navi-
gation through the paper is presented in Figure 2.
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Figure 2. The brief diagrammatic sketch of equipment and extracted information.

3. Results of Experiments and Discussion
3.1. Wall Thickness

Figure 3 illustrates two different aspects of corrosion attack. The first one is associated
with the increasing height of surface irregularities. The surface becomes rougher as a result
of the heterogeneity of corrosion attack. The electrochemical process in the neighboring
regions makes certain regions relatively anodic or cathodic to the neighboring ones. More-
over, this anodic-to-cathodic relationship can be exchanged as a result of the different
elemental compositions. For this reason, the uncorroded regions previously unaffected by
corrosion can be attacked. For these reasons, corrosion attack is strongly heterogeneous,
which in turn contributes to the variable surface height, as depicted in Figure 3. It was
previously reported that progressively developed corrosion attack remarkably increases Sa,
Sq, and Sz [15].

The second aspect of corrosion attack is associated with a reduction in the effective
wall thickness (see Figures 3 and 4). Figure 4 clearly demonstrates that the effective wall
thickness is progressively reduced, and the gradient of this reduction is kept nearly constant
within the investigated duration of the corrosion attack. Moreover, Figure 4 also illustrates
that the reduction in the effective wall thickness is less for MC1100 when contrasted against
MC?700 and S235 steels. This finding proves that the resistance against corrosion in the
case of high-strength low-alloyed steels is better than that of lower-strength steels [1,2].
This information also proves the previous study [16], which clearly demonstrates that
the thickness of a corroded layer on an un-corroded matrix is highest for 5235, lower for
MC?700, and lowest for MC1100.
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(a) (b)

(c) (d)

(e) ®

Figure 3. Cross-sectional views of the steels before and after corrosion attack. (a) S235—bulk,
(b) S235—after 69 days, (c) MC700—Dbulk, (d) MC700—after 69 days, (e) MC1100—bulk, (f) MC1100—
after 69 days.

Comparing the evolution of the wall thickness reduction (see Figure 4) and the evolu-
tion of the thickness of the corroded layer, some differences can be found. The differences
among the steels with respect to the thickness of the corroded layer are more pronounced.
The evolution of the effective wall thickness, along with the number of days in the chamber,
is different. This evolution exhibits continuous growth with a nearly constant gradient,
whereas the thickness of the corroded layer increases remarkably within the initial phases
of the corrosion attack, followed by its saturation [16]. An explanation of this controversy
can be found in the removal of poorly adhered corrosion residues from the surface af-
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ter a corrosion attack. Corrosion damage penetrates deeper and deeper along with the
prolonged time period within the matrix exposed to the aggressive salt bath. On one
hand, the corroded surface layer, which remains on the surface after cleaning, saturates in
thickness, whereas the thickness of the corroded layer being removed during the cleaning
continuously grows.
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Figure 4. Reduction in wall thickness as a function of days in chamber.

Standard deviations of the measured effective wall thickness increase along with the
prolonged corrosion attack as a result of the increasing height of surface irregularities.
Reduced wall thickness should be taken into account with respect to the true stresses
exerted during uniaxial tensile stressing of the corroded samples. For this reason, the
information in Figure 4 is employed for the calculation of true stresses, as analyzed in the
next chapter. Metallographic details in which the corroded layer can be distinguished from
unaffected matrix can be found in the previous study [16]. SEM observations as well as the
chemical analyses of the corroded layer have also been reported earlier [14].

3.2. MBN Measurements

It has already been reported that corroded bodies emit lower MBN [14-16]. The
physical background of this behavior has been explained as a result of different effects and
their superimposing contributions. A brief list can be summarized as follows:

- The corroded layer on the surface makes a weaker magnetic field in the un-corroded
matrix;

- The corroded layer attenuates electromagnetic pulses propagating toward the free
surface;

- Increasing the height of surface irregularities also makes the transfer of electromagnetic
pulses toward the sensing coil more difficult [31];

- Finally, the corroded layer usually contains un-corroded fragments whose size drops
down along with prolonged corrosion attack [14,15].

Figures 5-7 prove the aforementioned behavior. MBN in RD and TD drops down
along with the longer time in the chamber. MBN in RD is mostly greater as compared
with TD. It is only in the region of the lower magnitudes of the tensile stresses that MBN
values are more balanced and the magnetic anisotropy expressed in terms of MBN is lost.
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The evolution of MBN with respect to different yield strengths is not systematic. MBN
for 5235 is greater when compared with MC700, and MBN for MC700 is less than that
for MC1100. On the other hand, it can be seen that MBN in TD for MC700 is more than
that for MC1100 at the higher tensile stresses, especially for the heavily corroded samples
(see Figures 6b and 7b). The main reason for this can be viewed in the near-surface region,
which can be more or less affected by the hot rolling process and cooling conditions, as
discussed in the previous study [16]. The valuable heterogeneity in the microstructure
with respect to the different layers beneath the free surface is due to the hot rolling process,
and this heterogeneity is most apparent in the case of MC700 [16]. The grain size in the
near-surface with a thickness of about 0.1 mm is larger when contrasted against the deeper
regions, and the hardness is less as a result of thermal softening. MBN of the low-alloyed
steels is very often driven by grain size and the corresponding density of DWs [32]. For
this reason, MBN can be expressed as follows:

MBN (rms) = Cq d=1/2 D

where Cq is the grain size and (d) is a dependent constant. Having in mind Equation (1), it
can be easily understood that a rougher grain size results in a lower MBN.
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Figure 5. Evolution of MBN versus tensile stress for S235. (a) RD, (b) TD.
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Figure 6. Evolution of MBN versus tensile stress for MC700. (a) RD, (b) TD.
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Figure 7. Evolution of MBN versus tensile stress for MC1100. (a) RD, (b) TD.

Figures 5-7 demonstrate that MBN grows along with increasing tensile stresses at
the expense of decreasing MBN in TD. This is a result of magneto-elastic coupling and
the positive magnetostriction of Fe alloys [17,19]. The increase in MBN in RD (along the
direction of tensile stress) is due to the predominance of the energy of magnetocrystalline
anisotropy, E;, over the magnetoelastic energy, E,. E; depends on the magnetocrystalline
anisotropy, and for the bodies of the bcc lattice, it can be expressed as follows [17-19].

Ea = Kl(lleDézz + 0(220(32 + 06120(32) + Kz(a12a22w32) (2)

where a1, ap, and a3 are the direction cosines of the magnetization vector with respect to
three cube edges, while K; and K; represent magnetocrystalline anisotropy constants.
E; strongly depends on magnetostriction and can be expressed as follows [17-19]:

Ey = (—3Ascos’ @) /2 3)

where A; is the isotropic magnetostriction and ¢ defines the angle between the direction of
magnetization and the direction of the exerted stress o.

The aforementioned and explained evolution of MBN versus the tensile stress for
5235 is valid for all applied elastic stresses. This evolution is nearly the same for the
samples being corroded for shorter times (up to 27 days in the chamber) (see Figure 5a).
The evolutions are shifted to lower MBN. When the corrosion attack is prolonged, the
sensitivity of MBN is lost, and the relationship between MBN and tensile stress becomes
flat (see Figure 5a). In addition, the decreasing evolution of MBN versus stress for 5235 in
TD is apparent for the initial phases of the corrosion attack. However, the lack of sensitivity
appears earlier with respect to the number of days in the chamber (see Figure 5b).

The flat evolution as that depicted for 5235 cannot be found in MC700 as well as
in MC1100 (see Figures 6 and 7). Apart from the last sample (69 days in the chamber),
all samples exhibit increasing MBN in RD compensated by the decreasing MBN in TD.
The increase in MBN in RD and the decrease in TD is more or less constant for MC700
(excluding some evolutions in TD for a longer duration of corrosion attack). On the other
hand, the evolutions of MBN in RD for MC1100 exhibit a decreasing gradient, which is
more pronounced for the samples being corroded for longer times in the chamber. Heavily
damaged samples exhibit a knee in the evolution when the gradient of the increase in MBN
drops down. Moreover, a lack of sensitivity can be reported for the samples corroded for
69 days in the chamber beyond the knee (see Figure 7a). The aforementioned knee can
be found at a stress of about 400 MPa and appears for all evolutions in TD as well (see
Figure 7b) when the decreasing MBN beyond this threshold is replaced by saturation for
higher tensile stresses. The lack of sensitivity in TD for higher stresses and /or the decreasing
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gradient in RD indicates an altering ratio between E; and E, when these energies become
more balanced.

The lack of sensitivity for the evolution of MBN versus tensile stress for the samples
being corroded for a longer time in the case of 5235 is due to the remarkably higher
thickness of the corroded layer on the surface, as reported earlier [16]. The corroded
layer on the surface does not bear the tensile stress and acts as a barrier attenuating MBN
pulses originating from the un-corroded body. As soon as the corroded layer exceeds the
critical thickness with respect to the MBN sensing depth [33,34], MBN pulses originating
from the un-corroded fragments in the corroded layer shadow the contribution of the
electromagnetic pulses originating from the uncorroded body. The valuable lower thickness
of the corroded layer for MC700 and MC1100 is linked to the later saturation of the evolution
of MBN versus stress as contrasted against 5235.

Finally, it should be mentioned that the heavily corroded samples at the level of the
highest nominal elastic stress are yielded since the true stress exceeds the yield strength
(valid for 5235 and MC700) due to the reduction in the effective wall thickness. For this
reason, saturation or the decrease in MBN can be found at the end of the tensile stress due
to increasing dislocation density.

PP values usually correlate with the mechanical hardness of a body [27]. For this rea-
son, PP grows along with yield strength and the corresponding hardness of the low-alloyed
steel. Corrosion on the surface increases PP since the sample behaves as magnetically
harder, but this evolution saturates all alloys in RD as well TD. PP for TD is higher as
compared with TD since TD is the hard axis of magnetization. The evolution of PP versus
tensile stress is quite similar for all investigated alloys, and Figure 8 illustrates an example
of the evolution of PP with respect to corrosion attack and superimposing tensile stress.
RD exhibits a better sensitivity against corrosion attack as compared with TD. An initial
gentle decrease in PP for lower stress is followed by a gentle increase for higher stresses,
but the evolutions are quite flat, and their sensitivity, especially against tensile stress, is
limited. On the other hand, Figure 8a depicts that the differences among PP become more
valuable under the tensile stresses as contrasted against unloaded samples. Finally, it can
be reported that the gradual growth of PP in RD and TD for MC1100 depicted in Figure 8
can be found approximately at the same tensile stress (about 400 MPa) as compared with
the knee in the evolution of MBN shown in Figure 7. In addition, the saturation of MBN in
TD seems to coincide with the saturation of PP in TD at higher stresses.
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—u—1 day 18 days
3.54 6 days o 3.5 r
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Figure 8. Evolution of PP versus tensile stress for MC1100. (a) RD, (b) TD.

A quite interesting evolution of the FWHM of the MBN envelope can be reported with
respect to the different microstructures of the investigated steels. The FHWM for all steels
grows along with a more developed corrosion attack (see Figure 9). However, the FWHM
for 5235 drops down (as reported earlier [29]). The FWHM for MC700 drops only gently,
or a flat evolution occurs, and finally, this evolution for MC1100 becomes fully reversed.
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After an initial, very gentle decrease, the FWHM for MC1100 exhibits moderate growth
(see Figure 9). It should be reported that the sensitivity of FWHM against corrosion attack
is quite good. However, a lack of sensitivity against the tensile stress can be obtained for
MC700 and MC 1100 as contrasted against a valuable decrease in FWHM with tensile stress
for 5235.
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Figure 9. Evolution of FWHM versus tensile stress in RD. (a) 5235, (b) MC700, (c) MC1100.

The increase in FWHM along with corrosion attack is attributed to the increasing scale
(size) of ferromagnetic domains and the corresponding DWs contributing to MBN. The low-
amplitude MBN pulses at higher magnetic fields originating from the small un-corroded
fragments in the corroded layer are mixed with the larger MBN pulses occurring at the
lower magnetic fields originating from the larger corroded particles and/or the underlying
uncorroded matrix [14,15]. More developed corrosion increases the diversity of MBN
sources, which in turn increases FWHM.

The different evolution of FWHM for 5235 compared with MC700 and especially
MC1100 is driven by the different microstructures of the investigated steels. The SEM as
well as metallographic images of the different microstructures of the investigated steels
can be found in the previous study [35]. S235 is composed of equiaxed grains in which
demagnetizing fields in different directions are nearly the same. Tensile stress aligns DWs
in the direction of this stress, and this alignment becomes more developed at higher tensile
stresses, which in turn decreases FWHM (conditions for DW’s irreversible motion become
more similar along their similar directions). However, MC700 is a mixture of equiaxed
ferritic grains and plate bainite, and MC1100 is fully composed of plate martensite [16].
The plate characteristics of bainite and martensite preferentially align DWs along the length
of these plates as a result of demagnetizing fields [18,19]. Preferential alignment of the
DWs in the unloaded state consumes the aforementioned realignment of the DWs during
tensile stressing. For this reason, the FWHM for MC1100 exhibits a reverse evolution as
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compared with S235. The evolution of FWHM for MC700 is, therefore, a mixture of those
for 5235 and MC1100 since the microstructure is also a mixture of equiaxed ferritic grains
and plate bainite.

The collection of information with respect to the influence of corrosion as well as
the superimposing contribution of the stress state is quite complex. For this reason, the
summing contribution of corrosion and the stress state on the extracted MBN features is
listed in Table 2.

Table 2. Evolution of MBN parameters as a function of corrosion damage and the superimposing
tensile elastic stresses.

MBN—Effective Value PP FWHM
RD TD RD TD RD TD
corrosion J 4 T T T T
Tensile stress T J T 0 $F *

T—ascending evolution; |—descending evolution; *—flat evolution of MC1100.

Table 2 clearly demonstrates the different evolution of the different MBN parameters
extracted from the filtered MBN signals. Corrosion attack results in the growth of FWHM,
which is compensated by the decreasing evolution along with the tensile stresses. The
effective values drop down with the higher extent of corrosion damage. However, the
response with respect to the tensile stress is asymmetric in RD and TD due to realignment
of the DWs into RD. Finally, PP tends to increase with the corrosion attack as well as the
tensile stress and this parameter only exhibits the systematic behavior in RD as well as
TD. On the other hand, MBN-extracted parameters as well as their combination provide
no exclusive values on which the pure contribution of corrosion and tensile stress can
be distinguished.

4. Conclusions

A corroded layer covering an un-corroded body makes the assessment of the stress
state more difficult (when compared with the components being un-corroded). MBN is
sensitive against the rolling direction of low-alloyed steel, the degree of corrosion attack,
and the direction of measurements with respect to the direction of the exerted stress as
well as the amplitude of the stress. Synergistic contributions of these aspects do not enable
distinguishing among them when only the MBN value is employed. MBN values for all
investigated low-alloyed steels are not exclusive for any mixture of the aforementioned as-
pects, and they overlap with respect to the variable stress state, corrosion attack, and/or the
direction in which the MBN measurement occurs. For this reason, monitoring components
with respect to their corrosion damage and superimposing stress should be based on a
mixture of MBN parameters extracted from the raw MBN signals. This can be summarized
as follows:

- Higher MBN values are linked with lower thicknesses of a corroded layer;

- Higher MBN values are linked with higher tensile stresses in RD and a lower MBN in TD;

- PPvalues in RD are higher for heavily corroded samples, but the sensitivity against
stress is limited;

- FWHM values in RD are higher for heavily corroded samples, but the sensitivity
against stress for MC700 and MC1100 is also limited;

- FWHM for 5235 drops down with tensile stress in RD;

- PP and FWHM in TD exhibit a lack of sensitivity against corrosion attack as well as
tensile stress.

Finally, it should be considered that the multi-parametric approach would be beneficial
in the proposal of a suitable concept when all sensitive MBN parameters, such as MBN, PP,
and FWHM, are employed.



Appl. Sci. 2023,13, 6574 13 of 14

Author Contributions: Conceptualization, M.N. and EB.; methodology, FP. and T.K.; software,
R.K. and TK.; validation, EB.; formal analysis, R.K.; investigation, M.N., EP.,, RK. and EB.; re-
sources, F.B. and TK.; data curation, R.K. and FP,, writing—original draft preparation, M.N. and F.P.;
writing—review and editing, M.N.; visualization, R K. and T.K.; supervision, EP. and E.B.; project
administration, F.B.; funding acquisition, EB. All authors have read and agreed to the published
version of the manuscript.

Funding: This publication was realized with support from the Operational Program Integrated Infras-
tructure 2014-2020 of the project: Innovative Solutions for Propulsion, Power and Safety Components
of Transport Vehicles, code ITMS 313011V334, co-financed by the European Regional Development
Fund. Additionally, support of the VEGA project 1/0052/22 is also gratefully acknowledged. This
research was also funded by Operational Program Integrated Infrastructure: Application of innova-
tive technologies focused on the interaction of engineering constructions of transport infrastructure
and the geological environment, ITMS2014+ code 313011BWS1. The project was co-funded by the
European Regional Development Fund.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data required to reproduce these findings cannot be shared
easily, due to technical limitations (some files are too large). However, authors can share the data on
any individual request (please contact the corresponding author by the use of their mailing address).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. De Ardo, A.J.; Hua, M.].; Cho, K.G.; Garcia, G.I. On strength of micro alloyed steels: An interpretive review. Mater. Sci. Technol.
2009, 25, 1074. [CrossRef]

2. Zhang, HK.; Xiao, H.; Fang, X.W.; Zhang, Q.; Logé, R.E.; Huang, K. A critical assessment of experimental investigation of
dynamic recrystallization of metallic materials. Mater. Des. 2020, 193, 108873. [CrossRef]

3. Zhao, M,; Huang, L.; Li, C,; Li, J.; Li, P. Evaluation of the deformation behaviors and hot workability of a high-strength low-alloy
steel. Mater. Sci. Eng. A 2021, 810, 141031. [CrossRef]

4. Vervynckt, S.; Verbeken, K.; Lopez, B.; Jonas, ].J. Modern HSLA steels and role of non-recrystallisation temperature. Int. Mater.
Rev. 2012, 57, 187208. [CrossRef]

5. Xu,J,;Sun, H,; Cai, S. Effect of symmetrical broken wires damage on mechanical characteristics of stay cable. ]. Sound Vib. 2019,
461, 114920. [CrossRef]

6. Anania, L.; Badala, A.,; D’Agata, G. Damage and collapse mode of existing post tensioned precast concrete bridge: The case of
Petrulla viaduct. Eng. Struct. 2018, 162, 226-244. [CrossRef]

7. Li, S; Hu, P; Zhao, X.; Chen, K,; Li, ]. Atmospheric corrosion performance of wire rope sling in sulphur dioxide-polluted
environment. Adv. Mech. Eng. 2017, 9, 1687814017707479. [CrossRef]

8. Antunes, R.A.; Ichikawa, R.U.; Martinez, L.G.; Costa, I. Characterization of corrosion products on carbon steel exposed to natural
weathering and to accelerated corrosion tests. Int. J. Corros. 2014, 2014, 419570. [CrossRef]

9. Li, D.; Yang, W.; Zhang, W. Cluster analysis of stress corrosion mechanism for steel wires used in bridge cables through acoustic
emission particle swarm optimization. Ultrasonics 2017, 77, 22-31. [CrossRef]

10. Martin, J.; Broughton, K.J.; Giannopolous, A. Ultrasonic tomography of grouted duct post-tensioned reinforced concrete bridge
beams. NDT E Int. 2001, 34, 107-113. [CrossRef]

11. Peng, P; Wang, C. Use of gamma rays in the inspection of steel wire ropes in suspension bridges. NDT E Int. 2015, 75, 80-86.
[CrossRef]

12.  Cao, Y.N.; Zhang, D.L.; Xu, D.G. The state-of-Art of quantitative testing of wire rope. Nondestruct. Test. 2005, 27, 91-95.

13. Christen, R.; Bergamini, A.; Motavalli, M. Influence of steel wrapping on magnetic-inductive testing of the main cable of
suspension bridges. NDT E Int. 2009, 42, 22-27. [CrossRef]

14. Neslusan, M.; Bahleda, F,; Minarik, P.; Zgutova, K.; Jambor, M. Non-destructive monitoring of corrosion extent in steel rope wires
via Barkhausen noise emission. |. Magn. Magn. Mater. 2019, 484, 179-187. [CrossRef]

15. Janc¢ula, M.; Neslusan, M.; Pastorek, E; Pitoridk, M.; Pata, V.; Mindrik, P.; Gocal, ]. Monitoring of corrosion extent in steel S460MC
by the use of magnetic Barkhausen noise emission. J. Nondestruct. Eval. 2021, 40, 69. [CrossRef]

16. Pastorek, F; Decky, M.; Neslu$an, M.; Pitoriak, M. Usage of Barkhausen noise for assessment of corrosion damage on different
low alloyed steels. Appl. Sci. 2021, 11, 10646. [CrossRef]

17.  Jiles, D. Introduction to Magnetism and Magnetic Materials, 3rd ed.; Taylor & Francis Group: New York, NY, USA, 2016.

18. Chikazumi, S. Physics of Ferromagnetism, 2nd ed.; Oxford University Press: Oxford, UK, 2005.

19. Cullity, B.D.; Graham, C.D. Introduction to the Magnetic Materials, 2nd ed.; IEEE Press: Piscataway, NJ, USA, 2009.


https://doi.org/10.1179/174328409X455233
https://doi.org/10.1016/j.matdes.2020.108873
https://doi.org/10.1016/j.msea.2021.141031
https://doi.org/10.1179/1743280411Y.0000000013
https://doi.org/10.1016/j.jsv.2019.114920
https://doi.org/10.1016/j.engstruct.2018.02.039
https://doi.org/10.1177/1687814017707479
https://doi.org/10.1155/2014/419570
https://doi.org/10.1016/j.ultras.2017.01.012
https://doi.org/10.1016/S0963-8695(00)00035-9
https://doi.org/10.1016/j.ndteint.2015.06.006
https://doi.org/10.1016/j.ndteint.2008.08.003
https://doi.org/10.1016/j.jmmm.2019.04.017
https://doi.org/10.1007/s10921-021-00803-8
https://doi.org/10.3390/app112210646

Appl. Sci. 2023,13, 6574 14 of 14

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Gatelier-Rothea, C.; Chicois, J.; Fougeres, R.; Fleischmann, P. Characterization of pure iron and (130 p.p.m.) carbon-iron binary
alloy by Barkhausen noise measurements: Study of the influence of stress and microstructure. Acta Metal. 1998, 46, 4873-4882.
[CrossRef]

Neslugan, M.; Cizek, J.; Kolatik, K.; Minarik, P.; Cillikova, M.; Melikhova, O. Monitoring of grinding burn via Barkhausen noise
emission in case-hardened steel in large-bearing production. J. Mater. Process. Technol. 2017, 240, 104-117. [CrossRef]

Stupakov, A.; Perevertov, O.; Tomas, I.; Skrbek, B. Evaluation of surface decarburization depth by magnetic Barkhausen noise
technique. J. Magn. Magn. Mater. 2011, 323, 1692-1697. [CrossRef]

Ktena, A.; Hristoforou, E.; Gerhardt, G.J.L.; Missell, F.P.; Landgraf, EJ.G.; Rodrigues, D.L.; Albertis-Campos, M. Barkhausen noise
as a microstructure characterization tool. Phys. B Condensed Matter 2014, 435, 109-112. [CrossRef]

Liu, J; Tian, G.Y,; Gao, B.; Zeng, K.; Zheng, Y.; Chen, J. Micro-macro characteristics between domain wall motion and magnetic
Barkhausen noise under tensile stress. J. Magn. Magn. Mater. 2020, 493, 165719. [CrossRef]

Kypris, O.; Nlebedim, I.C.; Jiles, D.C. Measuring stress variation with depth using Barkhausen signals. J. Magn. Magn. Mater.
2016, 407, 377-395. [CrossRef]

Sorsa, A.; Santa-Aho, S.; Wartiainen, J.; Souminen, L.; Vippola, M.; Leviskd, K. Effect of shot peening parameters to residual stress
profiles and Barkhausen noise. . Non-Destruct. Eval. 2018, 37, 10. [CrossRef]

Neslugan, M.; Minarik, P; Cillikova, M.; Kolafik, K.; RubeSova, K. Barkhausen noise emission in tool steel X210Cr12 after
semi-solid processing. Mater. Charact. 2019, 157, 109891. [CrossRef]

Piotrowski, L.; Augustyniak, B.; Chmielewski, M.; Hristoforou, E.V.; Kosmas, K. Evaluation of Barkhausen noise and magnetoa-
coustic emission signals properties for plastically deformed Armco iron. IEEE Trans. Mag. 2010, 46, 239-242. [CrossRef]
Sramek, J.; Neslusan, M.; Bahleda, F; Zgutova, K.; Schenk, P. Influence of sample size and magnetizing voltage on Barkhausen
noise during bending and uniaxial tensile test. Acta Phys. Polonica A 2020, 137, 640-643. [CrossRef]

Zgutova, K,; Pitoniak, M. Attenuation of Barkhausen Noise Emission due to Variable Coating Thickness. Coatings 2021, 11, 263.
[CrossRef]

Deng, Y.; Li, Z.; Chen, J.; Qi, X. The effect of the structure characteristics on Magnetic Barkhausen noise in commercial steels.
J. Magn. Magn. Mater. 2018, 451, 276-282. [CrossRef]

Sakamoto, H.; Okada, M.; Homma, M. Theoretical analysis of Barkhausen noise in carbon steels. IEEE Trans. Magn. 1987, 23,
2236-2238. [CrossRef]

Stupakov, A.; Perevertov, A.; Neslusan, M. Reading depth of the magnetic Barkhausen noise. I. One-phase semi-hard ribbons.
J. Magn. Magn. Mater. 2020, 513, 167086. [CrossRef]

Stupakov, A.; Perevertov, A.; Neslusan, M. Reading depth of the magnetic Barkhausen noise. II. Two-phase surface-treated steels.
J. Magn. Magn. Mater. 2020, 513, 167239. [CrossRef]

Neslusan, M.; Pitoniak, M.; Minarik, P.; Tka¢, M.; Kollar, P; Zivotsk}?, O. Influence of domain walls thickness, density and
alignment on Barkhausen noise emission in low alloyed steels. Sci. Rep. 2023, 13, 5687. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S1359-6454(98)00205-5
https://doi.org/10.1016/j.jmatprotec.2016.09.015
https://doi.org/10.1016/j.jmmm.2011.01.039
https://doi.org/10.1016/j.physb.2013.09.027
https://doi.org/10.1016/j.jmmm.2019.165719
https://doi.org/10.1016/j.jmmm.2016.01.072
https://doi.org/10.1007/s10921-018-0463-7
https://doi.org/10.1016/j.matchar.2019.109891
https://doi.org/10.1109/TMAG.2009.2034020
https://doi.org/10.12693/APhysPolA.137.640
https://doi.org/10.3390/coatings11030263
https://doi.org/10.1016/j.jmmm.2017.11.041
https://doi.org/10.1109/TMAG.1987.1065664
https://doi.org/10.1016/j.jmmm.2020.167086
https://doi.org/10.1016/j.jmmm.2020.167239
https://doi.org/10.1038/s41598-023-32792-1
https://www.ncbi.nlm.nih.gov/pubmed/37029152

	Introduction 
	Experimental Conditions 
	Results of Experiments and Discussion 
	Wall Thickness 
	MBN Measurements 

	Conclusions 
	References

