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Abstract: This study deals with two different aspects of the high-strength low-alloyed 1100 MC
steel. The first is associated with the remarkable heterogeneity (linked with surface decarburization)
in the surface state produced during sheet rolling with respect to the sheet width. The variable
thickness surface layer exhibits a microstructure different from that of the deeper bulk. Variation in
the thickness of the thermally softened near-surface region strongly affects Barkhausen noise as well.
This technique can be considered a reliable tool for monitoring the aforementioned heterogeneity.
It can also be reported that the opposite sides of the sheet are different with respect to the surface
state, the heterogeneity distribution, and the corresponding Barkhausen noise. These aspects indi-
cate different conditions during hot rolling followed by rapid quenching on the upper and lower
rollers. Furthermore, it was found that the degree of decarburizing and the corresponding surface
heterogeneity is also a function of C content, and steels with lower C content exhibit less pronounced
surface heterogeneity. The second aspect is related to the remarkable asymmetry in Barkhausen
noise emission with respect to two consecutive bursts. This asymmetry is due to the presence of
remnant magnetization in the sheet produced during manufacturing. The remnant magnetization
is coupled to the magnetic field produced by the excitation coil of the Barkhausen noise sensor and
strongly contributes to the aforementioned asymmetry. The remnant magnetization attenuates the
domain wall mobility, which results in weaker Barkhausen noise. Moreover, the Barkhausen noise
envelopes and the extracted features such as the position of the envelope maximum and its width
are strongly affected by the remnant magnetization. Insufficient demagnetization makes the body
magnetically softer and makes a wider range of magnetic fields in which Barkhausen noise emission
can be detected. As soon as sufficient removal of this remnant magnetization is carried out in the
vanishing magnetic field (demagnetization), the aforementioned remarkable asymmetry is fully lost.

Keywords: high-strength steel; Barkhausen noise; surface heterogeneity; asymmetry

1. Introduction

High-strength low-alloyed steels (HSLAs) are well-known materials with a very good
ratio between high yield and ultimate strength and low cost. These materials are frequently
used in the automotive, petrochemical, and civil industries for heavily loaded parts [1,2].
Their application also enables a reduction in the weight of construction for improved corro-
sion resistance [3]. The low content of alloying elements with respect to their hardening is
compensated by thermo-mechanical treatment and a small addition of Nb, Ti, and/or V.
The sheets of HSLAs are usually rolled at elevated temperatures (above the austenitization
temperature), followed by rapid cooling. The final strength of HSLAs is a function of hot
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rolling conditions and the superimposed rate of consecutive cooling [2-5]. Furthermore,
Nb, Ti, and V can play a certain role in microstructure refinement, their precipitates, and
dissolution in the matrix [3,5-7]. The microstructure of thermo-mechanically treated low-
alloyed steels of lower strength is mostly composed of refined ferrite as soon as the refined
ferrite matrix becomes a mixture of ferrite + bainite or bainite + martensite. However,
increasing strength comes at the expense of reduced toughness [1,8], and the residual
stresses are also altered [8].

Components and structures made of HSLAs are very often of vital importance with
respect to the reliability of the system and their long-term use. Their functionality is a
function of the initial state, design, load manner, etc. Their non-destructive monitoring in
different applications is essential.

Magnetic Barkhausen noise (MBN) is obtained during the magnetization of ferromag-
netic bodies in an altered magnetic field. Domain walls (DWs) are pinned in their positions
due to the presence of lattice imperfections, and their sudden motion in the form of irre-
versible jumps occurs when the external magnetic field reaches the pinning strength of the
pinning sites [9,10]. Electromagnetic or acoustic pulses produced by these DWs during their
irreversible motion can be detected on the free surface. MBN is sensitive to the microstruc-
ture due to interference between DWs and all lattice imperfections, especially dislocation
tangles [11,12], precipitates [13,14], grain boundaries [15,16], hard-ferromagnetic or/and
non-ferromagnetic phases [17], etc. Furthermore, preferential crystallography and the
corresponding magnetic alignment (anisotropy) affect the angular distribution of MBN [18].
Finally, certain contributions of the stress state to MBN should be considered due to the
positive magnetostriction and biaxial anisotropy of Fe alloys [19,20].

Consecutive bursts of MBN are usually very similar when the surface is magnetized
through the hysteresis loop. Two consecutive bursts represent the ascending and descend-
ing routes of a magnetic field. However, these bursts may be different in some cases. During
hard milling, such an asymmetry can be found due to the magneto-coupling between the
hard white layer and the underlying soft heat-affected zone [21]. This effect was also
observed in an amorphous bilayer ribbon (Fe73.5Nb35i13.5B9Cul /Fe74.5Nb35i13.5B9)
consisting of two layers of different magnetic hardness [22]. Similar behavior was reported
with respect to plastic deformation under the uniaxial tensile test when this asymmetry
was produced as a result of heterogeneity in dislocation density among neighboring grains
and the associated differences in magnetic hardness of mutually coupled grains [23].

The lack of structure homogeneity is nowadays an important aspect of component
functionality, as reported in many studies. Coarse grains can result in deformation het-
erogeneity under some conditions [24]. In some conditions, this heterogeneity can result
in premature failure [25]. However, in some cases, structural heterogeneity can improve
mechanical properties, especially in additively manufactured wire arc stainless steel [26].
Furthermore, the combination of chemical and microstructural heterogeneities can result in
superior strength—ductility of manganese steels [27].

MBN is sensitive to alterations in microstructure and the stress state. The preliminary
inspection of the delivered sheet made of 1100 MC revealed a remarkable fluctuation in
MBN along the sheet width. The non-uniform MBN emission is linked with the missing
demagnetization of the sheets after thermomechanical processing as well as the super-
imposing contribution of microstructure heterogeneity in the near-surface region. The
components made of this steel could potentially be monitored by the MBN technique with
respect to their microstructure (damage developed as a result of the long-term loading) and
as well as their stress state. However, the non-uniform MBN emission in different regions
of the sheet makes the monitoring of these components quite a difficult task since the
aforementioned aspects might alter the evolution of MBN versus the microstructure and/or
stress state. For these reasons, MBN signal interpretation could be quite complicated.
Therefore, this study demonstrates the significance of the demagnetization process for true
and reliable MBN measurement and its influence on the evolution of MBN versus tensile
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stress. Furthermore, the contribution of microstructure heterogeneity and the influence of
the matrix chemistry are analyzed since these aspects are vital of importance as well.

2. Materials and Methods

A diagram of consecutive steps with respect to the solved topic is depicted in Figure 1.
The experiments were carried out on the HSLA 1100 MC (nominal yield strength 1100 MPa)
received in the form of a sheet with a length of 3000 mm, width of 1600 mm, and thickness
of 6 mm. The chemical composition of 1100 MC is indicated in Table 1. The microstructure
of this steel is composed of martensite with a small fraction of bainite. The exact conditions
of hot rolling, as well as the cooling rate, are not known. The bulk microstructure of this
steel is depicted in Figure 2.

Preliminary MBN measurements
through the sheet width and length

.

Cutting of strip of width 30 mm

along the sheet width
% Non-destructive

measurement

MBN measurement without
demagnetisation

.

demagnetisation

,

MBN measurement after
demagnetisation

¢ A4

Extraction of MBN features Extraction of MBN features
after demagnetisation before demagnetisation

Y ¥ Metallography,
Correlation analysis | HV measurements

Figure 1. Brief diagram of the consecutive steps.

Figure 2. Bulk microstructure of HSLA 1100 MC.
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Table 1. Chemical composition of 1100 MC and 1100 QL in wt.%.
Fe C Mn Si P Al Nb + Ti
1100 MC bal. <0.15 <1.8 <0.5 <0.02 >0.015 0
1100 QL bal. 0.08 <2.0 <0.5 <0.01 >0.060 0.02

Preliminary screening of the received sheet revealed remarkably different MBN along
the sheet width, whereas a much less pronounced heterogeneity was found along the
sheet length. Additionally, a difference in the MBN with respect to the different sides of
the sheet was also detected. The opposite sides of the sheet were marked as side A and
side B. The MBN emission was measured along the width of the sheet in step 5 mm (318
measured points) in the center of the sheet with respect to its length. The excitation field
was loaded along the rolling direction (RD), which corresponds to the length of the sheet.
The transversal direction is abbreviated as TD.

A strip with a width of 50 mm was cut from the as-received sheet along the sheet
width. The cutting was performed in the sheet center with respect to its length. MBN
measurements were performed on this strip in the as-received state in the magnetized state
on sides A and B in the RD as well as the TD. The strip demagnetization was performed as
a handmade operation using a Selos HD-2 (Selos, Tren¢in, Slovakia) demagnetizing device
in the vanishing magnetic field, and two subsequent demagnetization passes were carried
out in order to avoid insufficient demagnetization. The efficiency of the demagnetization
process was analyzed by the visual observation of two consecutive MBN bursts (their
symmetry). MBN measurements in the demagnetized state were performed afterward on
both sides in the RD and the TD.

The microstructure of the near-surface region was observed at two different positions
exhibiting different MBN. Small specimens with a length of 20 mm were cut along the
RD, hot molded, ground, polished, and etched by 3% Nital for 5 s. Optical images were
observed on the Neophot 2 microscope with Niss Elements software 5.21.00. Thermal
softening of the near-surface region was checked by microhardness measurement HV0.1
using the Innova Test 400TM (Innovatest, Maastricht, The Netherlands) device (100 g load,
dwell time 10 s).

MBN was measured in the RD and the TD using the RollScan 350 (Stresstech, Jyvaskyld,
Finland) device coupled with the commercially available sensor 51-18-12-01 (Stresstech,
Jyvéskyld, Finland). The device was controlled by MicroScan500 software MicroScan500
(Stresstech, Jyvaskyls, Finland) (altering the magnetic field +-4.6 kA.m ™! at a frequency of
125 Hz, detecting a range of MBN pulses from 10 to 1000 kHz). MBN represents the rms
(root mean square) value of the obtained MBN signal. MBN envelopes were constructed
based on the filtered MBN signal, and the PP (Peak Position) and FWHM (Full Width at
Half Maximum) of the MBN envelopes were analyzed as well. The PP is the magnetic field
in which the maximum of the MBN envelope can be found. All extracted MBN features
were obtained from 10 consecutive MBN bursts. Analysis of the evolution between MBN
(as well as the extracted features such as PP and FWHM) and tensile stresses (in the region
of elastic stresses only) was carried out under the same magnetizing conditions as listed
above. Tensile stresses up to 1000 MPa were produced using an Instron 5985 (Instron,
Norwood, USA) device on specimens with a length of 250 mm and a width of 22.5 mm.
The MBN as well as the extracted features were measured in the RD and the TD.

Residual stresses were determined along the rolling direction (RD) and the transverse
direction (TD). The XRD records were measured by a Proto iXRD Combo diffractometer
with chromium radiation. The diffraction lines {211} were measured, and the X-ray elastic
constants %s; = 5.75 TPa~! and s; = —1.25 TPa~! were used for the stress calculation using
the software XrdWin32. The effective penetration depth of the X-ray radiation was approx.
5 pum.

In order to investigate the influence of the chemistry as well as the thermomechan-
ical processing of the surface heterogeneity, additional high-strength low-alloyed steel



Appl. Sci. 2024, 14,1511

50f18

was analyzed such as 1100 QL. Its chemical composition can be found in Table 1. The
microstructure of 1100 QL is fully martensitic.

3. Results and Discussion
3.1. Metallographic Observations and Microhardness Measurements

Figure 3 shows the metallographic images of the surface on side A in two different
positions. These positions were chosen as the locations emitting the lowest (540 mV) and
highest (1440 mV) MBN after demagnetization. Figure 3a shows that the near-surface is not
fully composed of martensite, but the microstructure is gently altered in the thin layer below
the free surface. These laths are mixed with fine ferrite equiaxed grains, which appear
white on the metallographic image. This effect becomes more pronounced in Figure 3b.
This figure clearly demonstrates that the fine ferrite fully replaces the martensite in the
near-surface region, and its extent is deeper in the bulk compared with Figure 3a. Figure 3b
also shows that the fine ferrite is also mixed with martensite (or bainite) in the deeper
regions, and the fraction of fine ferrite decreases towards the bulk at the expense of lath
martensite (or bainite).

(b)

Figure 3. Metallographic images of the surface emitting different MBN in RD after demagnetization
(1100 MC): (a) MBN =540 mV and (b) MBN = 1440 mV.

Figure 4 indicates that the near-surface region is softened in contrast to the deeper bulk.
The degree and extent of this thermal softening are deeper for the region emitting higher
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MBN. Thermo-mechanically treated sheets made of 1100 MC are hot rolled at temperatures
exceeding the austenitization temperature. Performing such a process in the ambient
atmosphere results in near-surface decarburizing. The transformation of martensite requires
very high cooling rates, as well as a sufficient C content. The transformation of martensite
is the shear process due to the over-saturation of C in the Fe lattice [28]. Decarburization
remarkably reduces C over-saturation, which attenuates the shear process and results in a
lower dislocation density. That is the reason why the decarburized surfaces suffer from
softening. The decarburized layer usually appears white on metallographic images [29,30].

1 1 1 1 1 1 1 1
500 - . /ﬁ\i 7§_§ L
&
i/ﬁ/ i—__ﬁ/l
450 - // i/‘ -
400 - / -
-
o
> 350+ -
T
300 - -
—u— MBN 1440 mV
250 - + —s—MBN 540 mV |
T T

T T T T T T
0 50 100 150 200 250 300 350 400
depth below free surface, um

Figure 4. HVO0.1 profiles for the positions emitting different MBN in the RD.

Due to the low penetration depth of decarburization and the corresponding microstruc-
ture heterogeneity, mechanical properties examined in the regions emitting different MBN
(such as ultimate and yield strength as well as elongation at break) are nearly unaffected
(above the nominal ones, uniaxial tensile test).

3.2. MBN Measurements

Figure 5 shows two important aspects associated with the surface and the correspond-
ing MBN. The first is related to the valuable heterogeneity in MBN with respect to the sheet
width. In particular, the regions near the sheet edge emit much higher MBN in the RD.
Moreover, the opposite sites (A and B) are also different, and the MBN for side B in the RD
is much higher than that for side A. The MBN in the TD is lower, and the heterogeneity in
the MBN distribution is less pronounced. The remarkable heterogeneity in MBN (especially
for RD) is due to the different degrees and the extent of decarburization in the different
regions [31]. Higher MBN is related to more developed decarburizing, and vice versa.

The second aspect is associated with the differences between MBN before and after
demagnetization; see Figures 5-7. MBN in the RD exhibits magnetized values that are
significantly lower than those after demagnetization. This difference is more pronounced
for the regions emitting lower MBN. Furthermore, this behavior is only minor in the TD.
The physical explanation for this effect is based on the presence of remnant magnetiza-
tion originating from the manufacturing process (probably the heterogeneity in plastic
deformation, as previously reported [27]). The motion of DW motion in ferromagnetic
bodies spreads through the matrix in the form of avalanches [32,33]. The neighboring
regions (or grains) are magnetically coupled [34-36], and the change in magnetization in a
certain region triggers a similar process in the neighboring ones. As soon as a certain region
contains remnant magnetization, DWs in this region can be remarkably attenuated or fully
hindered, being magnetically coupled to the regions containing remnant magnetization. In
other words, the presence of unpinned DWs produced during manufacturing (remnant
magnetization) attenuates DWs in the magnetically coupled neighboring regions.
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Figure 5. MBN along the sheet width; (a) MBN in RD—side A, (b) MBN in RD—side B, (c) MBN in
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Figure 6. Four consecutive MBN bursts before and after demagnetization—side A: (a) before
demagnetization—MBN 302 + 32 mV and (b) after demagnetization—MBN 850 = 5 mV.

Figure 5 also demonstrates the anisotropy in the remnant magnetization, since the
influence of demagnetization prevails in the RD as contrasted with the TD due to the
alignment of DWs in the RD. Preferential alignment of the DWs in certain directions favors
the MBN in this direction and attenuates the MBN when the altered magnetic field is re-
versed [22]; see Figure 6 (the consecutive MBN bursts are different before demagnetization).

Apart from other aspects, MBN is also a function of DWs’ speed motion v, in m.s™

(see Equation (1)).

_ dM — (H—Hc)q

dt

1

)
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1600 L

where M is the magnetization, H is the altered magnetic field, and H. is the magnetic
field necessary for the initiation of DW motion (exponent g is about ~0.5) [10,37]. Due to
the presence of remnant DW alignment, H, in the direction of DW alignment will be less
compared with the reversed field, which in turn results in a different MBN. Furthermore,
very high STDV (standard deviation) and asymmetry can be found in consecutive MBN
bursts; see Figure 6.
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Figure 7. MBN after demagnetization versus MBN before demagnetization: (a) MBN in the RD—side
A and (b) MBN in the TD—side A.

The influence of demagnetization on MBN is more pronounced in the regions emitting
lower MBN after demagnetization; see Figure 7 as well as Supplementary Materials. These
regions are mostly related to the less developed decarburizing and the harder matrix in
terms of its mechanical and corresponding magnetic hardness. The PP and MBN are
very often closely related when a high MBN is related to a low PP, and vice versa [11,38].
The magnetic field necessary to unpin DWs in regions of higher dislocation density is
usually higher due to the stronger opposition of dislocation tangles to irreversible DW
motion [11]. The weaker magnetic field is capable of removing the remnant magnetization
in the magnetically softer regions and suppresses the influence of the demagnetization
process on MBN in contrast with regions that are harder. This is because the lower influ-
ence of demagnetization of MBN and the extracted MBN features can be found near the
sheet edges.

Figure 8 demonstrates that the aforementioned magnetic coupling and the presence of
remnant magnetization in the sheet also affect the asymmetry of the MBN envelopes and the
corresponding heterogeneity in the PP along with the sheet width. The presence of remnant
magnetization makes the region magnetically softer, in contrast with the demagnetized
state; see Figure 8. This effect is more developed in the RD, while the TD is nearly unaffected;
see Figure 9.

The remarkable asymmetry in the consecutive MBN bursts before demagnetization
(see Figure 6) can be directly linked to the strong asymmetry in the MBN envelopes along
the descending magnetic field (negative) and the ascending one (positive); see Figure 10.
Demagnetization of the sample, which completely removes the remnant magnetization,
makes the MBN envelopes nearly the same with no sensitivity to the direction of the
altering field. It should also be noted that the PP suffers from the presence of remnant
magnetization, most of all MBN features. The extremely high STDV of the PP discriminates
this MBN characteristic with respect to its use for the monitoring of the surface state and/or
stress state in real applications when the component is not sufficiently demagnetized (see
also Supplementary Materials).
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The FWHM is the MBN feature linked to the range of magnetic fields in which MBN
emission can be detected. This parameter is also quite sensitive to the exerted stress [39].
When the preferential orientation of the matrix is developed, the conditions for the initiation
of DWs in different regions (layers, grains) are very similar, MBN bursts are very narrow,
and FWHM is low [40]. The 1100 MC MBN bursts and the corresponding FWHM are typical
for soft magnetic bodies when MBN occurs in quite a wide range of altered magnetic fields.
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Moreover, due to the superimposed magnetization of the remnant with the altered external
field, the FWHM is higher (see Figure 11) since the conditions for unpinning DWs are very
heterogeneous and directionally sensitive. The directional sensitivity can be proved by the
higher differences between the FWHM before and after demagnetization along with the
sheet width in the RD and the TD; see Figures 11 and 12.
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Figure 10. MBN envelopes before and after demagnetization; before demagnetization MBN
302 + 32 mV and after demagnetization MBN 850 4 5 mV.
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Figure 11. FWHM along the sheet width: (a) FWHM in the RD—side A, (b) FWHM in RD—side B,
(c) FWHM in TD—side A, (d) FWHM in TD—side B.
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Figure 12. FWHM after demagnetization versus FWHM before demagnetization: (a) FWHM in the
RD—side A and (b) FWHM in the TD—side A.

(@)

Requirements considering sufficient demagnetization are associated with the magnetic
field produced by the used sensor. These fields are too weak for unpinning DWs in all
regions that contribute to MBN. The situation is briefly depicted in Figure 13. Figure 13a
depicts the initial state without altering the external magnetic field and with the remnant
magnetization coupled to the blue region of the opposite magnetization of that in the red
region. When the altered magnetizing field is strong enough, all regions can be magnetized
in the direction of this field (magnetizing field highlighted by the yellow arrows); see
Figure 13b,c. As soon as the magnetizing field falls below the critical threshold, the full DW
alignment can be found only in the direction of the remnant magnetization; see Figure 13d.
On the other hand, the effect of magnetic coupling prevails when the magnetic field is in
the opposite direction to the remnant magnetization. The blue region does not contribute
to the magnetization process in such case and MBN is lower in the magnetized state; see
Figure 13e.

Remnant ) .
(a) magnetization Magnetic coupling

with blue region

High magnetizing voltage Low magnetizing voltage

Figure 13. Magnetization process as a function of magnetizing field strength as well as rem-
nant magnetization orientation: (a) the direction of remnant magnetization in demagnetized state,
(b) magnetization in the direction of remnant magnetization at high voltage, (c) magnetization in the
direction of remnant magnetization at low voltage, (d) magnetization in the opposite direction with
respect of remnant magnetization at high voltage, (e) magnetization in the opposite direction with
respect of remnant magnetization at low voltage.
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Therefore, preliminary demagnetization in much stronger magnetic fields (vanishing
in strength) should be carried out before MBN measurements. On the one hand, the used
sensor is capable of producing a stronger magnetic field altering in time [41], which might
suppress the asymmetry in consecutive MBN bursts. However, the application of such
magnetizing conditions can also result in a weaker sensitivity of MBN measurements to
microstructure alterations and/or stress state, as reported in, e.g., [42—-44].

Finally, a brief explanation of the heterogeneity in MBN along the sheet width should be
noted. MBN fluctuates in the range from 540 to 1440 mV. Such significant non-homogeneity in
MBN can be addressed in different ways. The first one is based on the residual stress state,
the second one is based on the microstructure alterations expressed in a variety of related
aspects, and finally, the superimposing consideration of both might be considered as well.
It was observed that the bulk residual stress is close to zero. The compressive stresses of
magnitude of about —150 MPa can be found for the positions of MBN 540 mV for the RD.
This stress is released at an early 10 um below the free surface and reaches the bulk value.
The magnitude of these compressive stresses drops down along with the increasing MBN
and also releases early. The evolution of residual stresses in the TD is very similar; only
the compressive stresses are about 100 MPa higher. Despite the low magnetostriction of
steel, a certain contribution of decreasing stresses with respect to the increasing MBN can
be considered.

However, it is considered that the main role in increasing the level of MBN should
be related to the altered microstructure. Two basic aspects are detected. The first one is
linked to the decreasing dislocation opposition in the near-surface region along with the
increasing MBN as a result of surface decarburization. The HV0.1 15 um below the surface
was measured to be 304 & 8 for MBN 540 mV in contrast to the bulk HV0.1 496 & 6. The
surface softening progressively vanishes towards the depth, and the affected depth is about
200 um. However, this softening is more developed (expressed in terms of HV0.1 and its
depth extent), along with the increasing MBN, and HV0.1 for MBN 1440 mV is 249 £ 12 (the
affected depth is approximately 100 pm deeper in contrast to the position in which MBN is
540 mV). Finally, it should also be mentioned that MBN is also driven by the presence of
very fine carbides produced during rapid cooling [3-5]. These carbides are missing in the
near-surface region in comparison to the unaffected bulk. Again, the depth of the region in
which missing carbides can be observed is greater for the positions of higher MBN.

The significance of these precipitates is demonstrated in Figure 14. The difference
between MBN in the demagnetized and magnetized states is only minor when the surface
is free of these fine carbides (as indicated by the evolution of the black and red evolutions
in Figure 14). DWs can move easily, the pinning strength of the matrix is low, and the
effect of the magnetic coupling due to the presence of the remnant magnetization is only
minor. As soon as the decarburized layer becomes thinner and the region with fine
carbides prevails within the MBN sensing depth, the effect of the remnant magnetization is
mixed with the hindering effect of carbides, and the valuable difference in MBN evolution
between the magnetized and demagnetized states can be found for the lower magnetizing
voltages. Expressed in other words, the weaker magnetizing field is not able to overcome
the remnant magnetization, and the superimposing contribution of the pinning sites is
expressed in terms of fine carbides. Moreover, it can also be noted that the evolutions for
the regions emitting higher MBN saturate earlier (at the lower magnetizing field linked
to the magnetizing voltages), and the saturated values are remarkably higher than those
for the regions emitting lower MBN due to the different contribution of carbides within
the MBN sensing depth (the estimated sensing depth is about 0.1 mm in this particular
case [45]).

The aforementioned topic is closely related to the components used in the automo-
tive, petrochemical, and/or civil industries. Compositional heterogeneity, especially in
multiphase steels [46] or complex phase steels [47], might be detected. In addition, the
heterogeneity in the dual-phase steel structure [48] used, especially in the automotive
industry or maraging steels [49], can potentially be optimized using magnetic testing.
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Figure 14. MBN versus magnetization voltage in the RD for the regions of high as well as low MBN
before and after demagnetization.

3.3. MIBN versus Tensile Stresses

The determination of the stress state on the real components is a significant task of
the MBN technique. Figure 15 depicts that the remnant magnetization value affects the
obtained amplitude of the stress and also affects the sensitivity of this technique expressed
in terms of standard deviations, which are remarkably higher for the magnetized state.
Figure 15 clearly demonstrates that the influence of the remnant magnetization on the
evolution of MBN versus tensile stress is nearly none for the regions emitting high MBN. On
the other hand, the regions of lower MBN exhibit remarkably lower MBN in the magnetized
state, and the whole evolution is shifted to the lower MBN values. Furthermore, it should
be noted that the evolutions in Figure 15 are very different, especially at the lower tensile
stresses. The regions of high MBN exhibit an initial decreasing tendency, which indicates
that the matrix and the corresponding DWs within the MBN sensing depth are preferentially
orientated in the RD. For this reason, the energy of magneto-crystalline anisotropy is low,
and the magneto-elastic energy dominates. This evolution as well as the balance between
the aforementioned energies are reversed in the regions emitting low MBN, and MBN
grows along with the tensile stress. The saturation phase indicates that the prevailing
energies at the lower stresses are fully consumed, and the sensitivity of MBN to the tensile
stress is fully lost. The evolutions of MBN in the TD exhibit much lower standard deviations
in the magnetized state, and the evolutions for the demagnetized and magnetized states
are closer in comparison with those in the RD (see also Supplementary Materials).
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Figure 15. MBN versus tensile stress in the RD for the regions of high as well as low MBN before and
after demagnetization.
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3.4. Influence of Thermomechanical Treatment and Matrix Chemistry

Surface heterogeneity in low-alloyed high-strength steels with respect to MBN and
the corresponding decarburization is a function of two different aspects. The first one is
linked with the duration of the high-temperature cycle during hot rolling. The second
one is associated with the chemical composition, especially the C content in the matrix.
Figure 16 clearly depicts that the degree of surface heterogeneity for 1100 QL (expressed in
MBN and PP values) is much less pronounced than that for 1100 MC (see Figure 5).
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Figure 16. MBN and PP along the sheet width for 1100 QL: (a) MBN QL and (b) PP.

The MC concept represents direct quenching of the sheet from the hot rolling temper-
atures when the final sheet thickness is obtained. The QL concept represents hot rolling
followed by moderate self-cooling. The final martensite microstructure is obtained during
the next heat treatment step when heating on the austenitizing temperature without rolling
process assistance is followed by rapid cooling. The exact conditions with respect to hot
rolling (especially the hot rolling temperature and duration of the high-temperature cycle)
as well as quenching are not known (kept secret on the side of a producer). It is considered
that the prolongation of high-temperature regimes results in a higher degree of surface
decarburization. For this reason, the QL concept should suffer more from decarburiza-
tion. However, the MBN and PP fluctuation range is much lower for the QL concept
as contrasted against the MC concept. Also, the metallographic images depict that the
near-surface microstructure alterations are less pronounced; see Figure 17. Furthermore,
the HV(0.1 depth profiles demonstrate that the valuable differences in microhardness can be
found in the very near surface only (about 20 um), and HV0.1 in the subsurface layers are
quite similar; see Figure 18. Being so, it is considered that the differences in the C content
play a major role. Due to the much lower C content in 1100 QL (0.08%), the diffusion rate
of C is much slower than that for 1100 MC with a C content of 0.15%. Expressed in other
words, the C gradient becomes steeper at elevated temperatures for the steels with higher
C content, which in turn accelerates the decarburizing process.

Monitoring HSLA steels undergoing thermo-mechanical treatment using MBN is a
challenging task. On the one hand, the contribution of remnant magnetization can be fully
removed by sufficiently demagnetizing. This process can be quite easily checked by visual
observations of consecutive MBN bursts. However, variable decarburization mixed with
the components’ real loading makes the application of the MBN technique for monitoring
the components in use a debatable issue since the synergistic contribution of an altering
microstructure and the superimposing influence of stress might be difficult to unwrap. This
aspect needs further research together with deeper insight into decarburization quantifi-
cation and its influence on microstructure features (the presence of fine carbides). A clear
understanding of the complex behavior is vital of importance with respect to the reliable
application of the MBN technique especially in the automotive and civil industries.
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(b

Figure 17. Metallographic images of the surface emitting different MBN in the RD after demagnetiza-
tion (1100 QL): (a) MBN = 300 mV and (b) MBN = 700 mV.

HVO.1

500 -

550 1 1 1 1 1 1 1 1 1 1 1

/iaa—i
/é
450 ] &%/ -
/-

400 o

350 | * o

300 - L

2504 —=—MBN 700 mV |

—u=—MBN 300 mV

200

T T T T T T T T T T T
0 25 50 75 100 125 150 175 200 225 250 275 300
depth below free surface, um

Figure 18. HV0.1 depth profiles for 1100 QL.

4. Conclusions

The findings of this study can be summarized as follows:

The remarkable MBN heterogeneity along with the sheet width is due to the variable
decarburizing developed during hot rolling when MBN fluctuates in the range from
540 mV up to 1440 mV in the RD.

Remnant magnetization makes the MBN heterogeneity more pronounced, and MBN
(especially in the regions of lower decarburization) drops down to 150 mV.

Also, the PP values fluctuate in the range from 0.3 up to 1.2 kA.m~!, and this fluctua-
tion becomes stronger in the magnetized state, whereas the fluctuation in FWHM is
less remarkable.

The heterogeneity in the surface state and remnant magnetization affect the evolution
of MBN under the tensile stress in a synergistic manner when MBN grows in the
regions of low decarburization, whereas MBN drops down in the regions with a
stronger decarburizing effect (however, these evolutions saturate above 400 MPa).
The surface heterogeneity as well as the decarburizing process become decelerated
when the C content in the matrix is lower.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app14041511/s1. Figure S1. STDV of MBN before and after
demagnetization; Figure S2. STDV of PP before and after demagnetization; Figure S3. PP versus
tensile stress in RD for the regions of high as well as low MBN before and after demagnetization;
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Figure S4. FWHM versus tensile stress in RD for the regions of high as well as low MBN before and
after demagnetization.
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