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Influence of domain walls
thickness, density and alignment
on Barkhausen noise emission

in low alloyed steels
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y

This study deals with the characterization of low alloyed steels of different yield strengths (varying in
the range of 235-1100 MPa) via Barkhausen noise emission. The study investigates the potential of
this technique to distinguish among the low alloyed steels and all significant aspects contributing to
Barkhausen noise, such as the residual stress state, microstructure expressed in terms of dislocation
density, grain size, prevailing phase, as well as associated aspects of the domain wall substructure
(domain wall thickness, energy, their spacing and density in the matrix). Barkhausen noise in the
rolling as well as transversal direction grows along with the yield strength (up to 500 MPa) and the
corresponding grain refinement of ferrite. As soon as the martensite transformation occurs in a high
strength matrix, this evolution saturates, and remarkable magnetic anisotropy is developed when
Barkhausen noise in the transversal direction grows at the expense of the rolling direction. The
contribution of residual stresses as well as the domain wall thickness is only minor, and the evolution
of Barkhausen noise is driven by the density of the domain walls and their realignment.

Low alloyed steels (LAS) of low, medium, or high strength are frequently used for many applications in the auto-
motive, civil (bridges), aerospace, or petrochemical industries?. Posing good machinability, hot formability, and
weldability, these steels are very often proposed for the production of components due to the satisfactory ratio
between their cost and functional properties. A variety of thermomechanical regimes in which these steels can
be produced enable the customization of their matrix with respect to their fatigue resistance, resistance against
friction and impact wear, fracture toughness, corrosion resistance, etc.!. LAS are deeply studied in order to better
understand the complex mechanism of their deformation and to explore the contribution of some aspects that
affect their functionality. Zhao et al.’ corrected the flow stress during hot forming to eliminate adiabatic heating
and friction. Li et al.* increased the strength of high-strength LAS by circular TiC particles. Yu et al.” investigated
the hardenability of high-strength LAS with respect to its crystallography and the corresponding hardness. Wang
et al.® studied the toughness of high strength LAS with respect to the Cu content. Alipooramirabad et al.” studied
the strain relaxation of welds in high strength LAS in situ by using neutron diffraction.

Monitoring components made of LAS after processing would be beneficial in order to reveal an unacceptable
state of the microstructure or/and residual stress. Many conditions during the manufacturing process are kept
constant, but some of them can fluctuate randomly or as a result of cutting tool wear, heterogeneity of delivered
bodies, etc. For this reason, a fast and reliable technique employed for such a purpose could be helpful. LAS are
ferromagnetic bodies containing a domain structure where neighboring domains are separated by domain walls
(DWs). Due to the presence of pinning sites such as precipitates, grain boundaries, or dislocation tangles, the
motion of DWs under a magnetic field altering in time is not smooth and occurs in the form of discontinuous
and irreversible jumps®®. Although each of the DW's in motion produces an electromagnetic pulse, the collective
motion of the DWs occurs in the form of avalanches as a result of their clustering'®'%. These overlapping pulses
can be detected by a suitable coil on the free surface as magnetic Barkhausen noise (MBN)’.

LAS of variable strength have been already investigated by MBN. A previous article!® described the investiga-
tion in-situ as well as post-situ of the MBN in LAS with a yield strength (oys) of 235 MPa as a function of plastic

University of Zilina, Univerzitna 1, 010 26 Zilina, Slovakia. 2Faculty of Mathematics and Physics, Charles University,
Ke Karlovu 5, 121 16 Praha 2, Czech Republic. *Institute of Physics, Faculty of Science, P. J. Safarik University in
Kosice, Park Angelium 9, 040 01 Kosice, Slovakia. “Faculty of Electrical Engineering and Computer Science,
VSB — Technical University of Ostrava, 17. Listopadu 2172/15, 708 00 Ostrava-Poruba, Czech Republic. email:
miroslav.neslusan@fstroj.uniza.sk

Scientific Reports|  (2023) 13:5687 | https://doi.org/10.1038/s41598-023-32792-1 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-32792-1&domain=pdf

www.nature.com/scientificreports/

straining and reported a significant magnetic anisotropy as well as attenuation of the MBN as a result of increas-
ing dislocation density. Also, Schmidova et al.'* reported a remarkable magnetic anisotropy in interstitial free
(IF) steels beyond the plastic instability. Antonio et al.'®* showed that the grain and the corresponding domain
structure fragmentation affected the MBN after plastic deformation. Piotrowski et al.'® measured the evolution
of MBN after plastic deformation as a function of 90° and 180° DWs density. Kikuchi et al.'” found that MBN
envelopes are shifted towards higher magnetic fields as a result of the cellular dislocation structure.

The remarkable increase in strength (oys as well as ultimate — oy5) of LAS is, therefore, a result of the mechani-
cal as well as the synergistic effect of thermal cycles. The oyg of LAS can exceed 1000 MPa. MBN is a function
of the stress state'®!° as well as the microstructure (grain size, precipitate size and density, dislocation density,
etc.2-22). The alteration of the steel matrix during hot rolling, therefore, affects the MBN emission as well. The
systematic investigation with respect to MBN as a potential tool for LAS characterization is missing. Therefore,
this study provides deep insight into the MBN emission of LAS of variable strength in which all important types
of contributions to MBN are investigated.

Experimental methods

Experiments were performed on LAS with nominal oy values of, 355, 500, 700, 960, and 1100 MPa. LAS of nomi-
nal oy 235 MPa represents the parental matrix whereas the LAS higher oy are a product thermos-mechanical
treatment of the parental steel. The LAS of variable strength were delivered in the form of 2000 mm x 1000 mm
sheets (5 mm in thickness). The chemical composition of the parental steel can be found in Table 1.

Samples of size 70 mm x 30 mm were cut for analysis. The preliminary investigation carried out by MBN as
well as microhardness measurements revealed quite a remarkable shadowing effect of the surface layer of thick-
ness of about 0.1 mm (remarkably thermally softened in contrast to the deeper regions). In order to investigate
magnetic and other properties volumetric in nature (more or less the same within the thickness of the samples),
the surface layer of thickness 0.15 mm was etched off (electrolytic process).

The different nominal oyg values of LAS are mostly a product of hot rolling conditions and the rate of cool-
ing. The detailed conditions under which the delivered sheets were hot-rolled are not known, but these sheets
represent the commercially available grades widely sold on the market. It is considered that the higher strength
of LAS is due to higher energy consumed by the sheet during hot rolling as well as due to superimposing contri-
bution of accelerated cooling rate. The true mechanical properties were investigated by the uniaxial tensile test
on the samples of the dog-bone shape (overall length of 250 mm and width of 22.5 mm, the distance between
shoulders of 50 mm, gauge length of 40 mm, gauge width of 14 mm, radius of 5 mm) using the device Instron
5985. True elastic strains were measured by the use of the Instron dynamic strain gauge extensometer 2620-602
on the length of 25 mm. Samples were investigated along the sheet rolling direction (RD) as well as the transversal
direction (TD). The direction along the thickness of the sheets is referred to as ND. For each nominal oy and
the direction (RD or TD), three repetitive measurements were carried out.

MBN in ferromagnetic bodies is a function of the stress state'®"”, microstructure expressed in many terms
as well as the alignment, thickness, and density of the DWSs?*-2, For this reason, true interpretation of MBN was
carried out with respect to all the aforementioned aspects, see Fig. 1.

Electron backscatter diffraction (EBSD) analysis was used to explore the microstructure of the investigated
samples. A scanning electron microscope ZEISS Auriga Compact equipped with the EDAX EBSD camera was
used. The raw data were partially cleaned by one step of confidence index (CI) standardization and one step of
grain dilatation. Only points with CI>0.1 were used for the analysis. Only the areas separated by the high angle
grain boundaries (misorientation > 15°) were recognized as grains. Note that the martensitic laths formed inside
primary ferritic grains were considered in this study as separate grains because the phase boundary has the same
effect on the motion of the DWs as the high angle grain boundary. The kernel average misorientaion (KAM)
maps were calculated for the first neighbors only with the limit of 5°.

Hysteresis loops of the samples were measured using the vibrating sample magnetometer (VSM) Microsense
EZ 9. For these measurements, we used cylindrical samples with a base diameter of about 4.2 mm and a height

20-22
>

Yield strength (MPa) Trademark Fe C Mn Si P S Al
235 §235 bal 0.22 1.6 0.05 0.05 0.05 0.04

Table 1. Chemical composition of investigated parental steels in wt%.

[ \ l

stresses microstructure magnetic structure
- residual state (XRD) - grain size (EBSD) and its magnetisation
- phase (light metallography)

- DWs thickness (VSM)
- DWs density (VSM + EBSD)
- permeability

- dislocation density (KAM
EBSD, XRD and HV1)

Figure 1. Brieflist of aspects affecting MBN and experimental techniques employed for their analysis.
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of about 2.5 mm. A maximal magnetic field of 1200 kA/m was applied in the base plane either along the RD or
TD. The shapes of the measured curves were additionally modified with respect to the calculated demagnetizing
factors®.

Initial magnetization curves (the dependence of the induction B on magnetic field H from the demagnetizing
state) and reversible relative permeability at each point of the initial curve were measured by a modified DC
fluxmeter-based hysteresis graph?’ on ring-shaped samples (outer diameter of 24 mm, inner diameter of 18 mm,
and height from 5 to 6 mm). The derivative of the initial magnetization curve in each point of the magnetization
curve [Ho, Bo] determines the differential relative permeability 14

1 (dB)
taif = — | - , 1
T o \dH ) g, 5,1 M

where 1 is the permeability of vacuum.

The reversible relative permeability was measured using a lock-in amplifier reading of the induced volt-
age excited by a small AC magnetic field with the frequency of 10 Hz, causing exclusively reversible magnetic
processes in the ferromagnet superimposed on the DC magnetic field H,. The reversible relative permeability
is calculated using the equation

Lo (OB
= — l1m — .
Hrer = A0\ AH [Ho.Bo] )

The irreversible relative permeability ., is consequently calculated as the difference between the differential
and the reversible relative permeability

Hirr = (dif — K- 3)

Residual stresses in the sheets (at the depth of 0.15 mm) were determined in the RD as well as the TD by
the X-ray diffraction (XRD) technique (Proto iXRD Combo diffractometer, Ka; and K, of {211} planes, CrKa,
Winholtz and Cohen method, ¥%s,=5.75 TPa™!, s, = — 1.25 TPa™!). The microhardness HV1 was measured by the
Innova Test 400TM device (1000 g load for 10 s, five repetitive measurements). In order to observe the micro-
structure of the matrix, the specimens of length 15 mm were cut along the RD, hot molded, ground, polished,
and etched with 3% Nital.

Acquisition of the raw MBN signal was carried out by the RollScan 350 (mag. voltage of £ 5 V, mag. frequency
of 125 Hz, sine profile, sensor S1-18-12-01). MBN was measured as the angular dependence with a step of 22.5°
where the zero angle corresponds to the RD. The signals were filtered by the high pass filter (10 kHz) and low pass
filter (1000 kHz) in the software package MicroScan 600. This software also extracts the conventional effective
(rms) value of the Barkhausen noise, referred to as MBN. MBN envelopes were reconstructed on the basis of
the filtered MBN signals, and the PP parameter as the position of the MBN envelope maximum in a magnetic
field was analyzed as well. Finally, Micro Scan 600 also extracted information about the number of detected
MBN pulses as well as the distribution function in which the number of MBN pulses was plotted as a function
of their height. All MBN parameters were obtained by averaging ten consecutive bursts (five hysteresis cycles).

Results of experiments and their discussion

Mechanical properties. The mechanical properties provided in Table 2 were obtained from stress—strain
curves depicted in Fig. 2. The true oy is more as that the minimal guaranteed (the nominal one). The increase in
oys as well as oy (ultimate strength) is at the expense of the decrease in the elongation at break. The mechanism
of oyg growth for LAS of nominal gy values of 355 and 500 MPa is based mainly on grain refinement (discussed
later). Therefore, one might expect that elongation at break could grow with oys because this concept improves
the strength as well as the toughness of the steel’.

However, this behavior was not found in this particular case. oyg and oy in the TD are greater than in the
RD, and this evolution is reversed with respect to the elongation at break (see Table 2). This means that the work
hardening mechanism based on dislocation multiplications and their mutual interaction is consumed earlier in
the TD as a result of crystallographic heterogeneity developed during rolling. The growth of oy is lower than
that of oys. For this reason, the ratio oys/0yg increases gently with oyg but saturates early (see Table 2).

Elongation at
True oys (MPa) True oys (MPa) break (%) Oysloys
Nominal oy (MPa) RD TD RD TD RD TD RD | TD
235 31246 338+3 406+7 408+3 39+1.5 [38+04 |0.77 |0.82
355 4085 422+11 | 4858 492+9 34+0.5 [33+0.4 |0.84 |0.87
500 572+10 592+14 | 643+10 653+7 25+1.2 |25+1.6 |0.87 |0.89
700 764+23 814+10 | 829+12 840+6 24+1.2 |20+£1.2 [0.94 |0.96
960 987+17 1058+5 | 1101+17 |1113+15 |16+0.7 |14+£04 |0.89 |0.95
1100 1232+15 | 1274+6 |1333+15 |1396+12 |12+0.6 |11+£1.2 [0.92 |0.91

Table 2. Mechanical properties obtained from stress—strain curves.
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Figure 2. Engineering stress—strain curves, RD.

Metallographic and EBSD observations. MBN is usually very sensitive to the microstructure; thus,
the explanation of the significant aspects of the microstructure should be discussed in order to obtain a true
interpretation of the MBN emission. More detailed information and deeper insight can be found in previous
studies"?**. Mechanisms in which LAS can be strengthened are driven by grain refinement, phase transforma-
tion and the presence of precipitates’?’. Mechanical properties are given by their superimposing contribution as
a result of the hot rolling temperature, energy consumed by the matrix, cooling rate, etc."?5%.

Strengthening of LAS of oys=355 and 500 MPa is mainly based on grain refinement. The microstructure of
LAS of oyg=235, 355, and 500 MPa is fully ferritic and with localized pearlite islands, see Figs. 3 and 4. A fully
ferritic matrix indicates lower cooling rates (air cooling considered) after hot rolling, and decreasing grain size
with oy indicates a higher austenite work hardening during hot rolling (higher density of suitable sites for fer-
rite nucleation).

The microstructure of LAS of gyg=700 MPa is composed of ferrite + bainite as a result of an accelerated cool-
ing rate’® (as compared with a fully ferritic matrix), see Figs. 3d and 4d. The higher oy is due to the phase trans-
formation and the corresponding retardation of dislocation. LAS of oys=960 MPa represent the complex matrix
as a mixture of bainite + martensite (based on IQ EBSD images as reported in**), whereas LAS of gys=1100 MPa
are fully martensitic. A progressive increase in oy is given by the microstructure and corresponding mobility
of dislocations as a result of increasing cooling rates'. These figures also show that more or less equiaxed ferrite
grains are replaced by rough plate bainite and martensite. The distribution function of grain size d for all LAS
is depicted in Fig. 5.

Dislocations in motion tend to be annihilated during hot rolling. However, the annihilation is incomplete
and a certain fraction of dislocations is retained in the matrix and grows along with oy, see Fig. 6. Moreover,
the phase transformation at an accelerated cooling rate avoids diffusion and promotes short distance shearing
in the lattice. Figure 6, therefore, illustrates the increasing lattice misorientation attributed to the increasing
dislocation density along with oys.

Hardness and residual stresses. Information about the increasing dislocation density also proves the
HV1 measurement as well as the FWHM of the XRD ferrite patterns (FWHM of the XRD in these steels is
mostly linked with the dislocation density®), see Fig. 7a. In particular, HV1 increases nearly linearly with oys.
The ferrite grain refinement increases the amplitude of the tensile residual stresses, see Fig. 7b. As soon as the
cooling rates are accelerated, the amplitude of the tensile stresses decreases because the phase transformation
consumes a lot of energy stored in the matrix during hot rolling!*. The evolution of the macroscopic residual
stresses of I type (as depicted in Fig. 7b) in the RD and TD is very similar.

DWs configuration and magnetization process. Information about the thickness, energy, as well as
spacing of the DWs can be obtained when the constant of magneto-crystalline anisotropy K; is measured from

the hysteresis loops (by the use of the VSM technique) employing the Stoner-Wohlfarth model***
Hy = 2Ky _ 2K1’ (4)
oM Is
where H, is the anisotropy field and M; is the saturation magnetization (obtained from the hysteresis loop as
well). The 180° DWs thickness & is driven by the minimum of the exchange and anisotropy energies®**.
§ = - sqrt(|Al/Ky), (5)

where A is the exchange stiffness (1.26 x 107" ] m™! for Fe alloys®®). The energy of the DWs y is inversely pro-
portional to the §%°31,
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a) nominal oys = 235 MPa b) nominal ays = 355 MPa

¢) nominal oys = 500 MPa

€) nominal oys = 960 MPa f) nominal gy = 1100 MPa

Figure 3. Metallographic images.

y = 2m.sqrt(|A| - Ky). (6)

Table 3 provides information about the measured M, obtained K, and the calculated § and y. It can be
reported that the differences among the samples with respect to M,, K, , and y are only minor, whereas the
measured coercivity H, gradually increases along with oy as a result of the increasing density of lattice imperfec-
tion (especially the dislocation density, see Figs. 6 and 7a).

Having information about M, y, and the grain size d distribution from the EBSD observations (see Fig. 5),
the spacing D of the DWs can also be calculated®:

18y ol
D= | _SYHos ?)
M;

The spacing D of the DW's can be calculated within the grains of the different sizes d as well as the average
spacing of the DWs and the corresponding number of DW's per investigated area, see Fig. 8. Figure 8a clearly
demonstrates that D is mainly a function of the grain size and the evolution of D versus d is nearly the same for
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Figure 4. IPF EBSD figures.

all LAS as a result of their similar M (see Table 3). However, the decreasing d along with oy increases the density
of the DWs and a corresponding number of DWs, see Fig. 8b.

The tendency of the maximum value of the real part of the complex permeability (at a low magnetic field) to
decrease with an increase in the yield strength oy is clearly visible in Fig. 9a. It can be assumed that the higher
value of oy is then the higher value of the density of dislocations, acting as obstacles in the displacement of
domain walls, occurring in the materials and the real part of the complex permeability decreases. When the
maximum value of the real part of the complex permeability is higher, then the tendency to decrease with the
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Figure 5. Distribution of grain size as a function of nominal oys.

magnetic field occurs at a lower magnetic field (except for the sample with oys=700 MPa) because most reversal
magnetization processes were realized at lower magnetic fields. The irreversible component (Fig. 9b) tends to
decrease with oy, the maximum is shifted towards the higher magnetic fields, but this evolution is not straight-
forward. The evolution of the permeabilities is mainly driven by the increasing density of pinning sites (especially
the dislocation cells) with increasing oys. These sites increase the magnetic field necessary to unpin DWs and
the corresponding domains and make the free path of the irreversible DW's in motion shorter. Moreover, it also
makes the free distance between the neighboring pinning sites shorter for reversible processes such as the bend-
ing or/and reversible rotation of DWs (promote the irreversible motion at the expense of the reversible one).

Barkhausen noise measurements. Figures 10 and 11a demonstrate that MBN grows with ferrite grain
refinement (for LAS of oys=235, 355, and 500 MPa) as a result of increasing density of DW's and the correspond-
ing irreversible jumps of DWs contributing to MBN, as was discussed earlier by Sakamoto et al.* or Anglada-
Rivera et al.?%. Sakamoto et al.>* also reported that the effective value of the MBN signal is inversely proportional
to the square root of the grain size:

MBN (rms) = Cgd ™"/ (8)

when C, is a grain size dependent constant. Magnetic anisotropy expressed in terms of MBN in the RD and TD
is quite low for the ferritic LAS when MBN is only slightly more in the RD compared to the TD, see Figs. 10 and
11. As soon as the phase transformation takes place, this ratio is reversed and the aforementioned anisotropy
becomes valuable for LAS of oys=960 and 1100 MPa, see also Figs. 10 and 11. The TD becomes an easy axis of
magnetization, whereas the RD is a difficult one. The degree of this magnetic anisotropy progressively increases
with oy, see Fig. 11b. The growth of MBN in the RD at the expense of the TD is linked with the realignment of
the DWs into the TD (discussed later).

MBN can also be expressed in terms of a number of detected MBN pulses 7 and their height X; as follows:

1 n
-> X ©)
i=1

The distribution function of MBN pulses depicted in Fig. 12a shows an increasing number of weak pulses for
LAS of higher oys. Figure 12b also demonstrates remarkable differences among the samples with respect to the
number of strong MBN pulses exceeding 2.5 mV. Comparing Figs. 11a and 12b, a strong correlation between
MBN and the number of especially strong MBN pulses is observed.

The number of all detected MBN pulses for the RD and TD is quite similar, especially for LAS of lower oys,
see Fig. 12b. For this reason, MBN is driven by two major factors; (i) the number of detected pulses; (ii) the
alignment of DWs. The first one dominates in a fully ferritic matrix; the second one prevails when the phase
transformation takes place, see Fig. 13b. Figure 13a depicts a strong correlation between the number of detected
MBN pulses and the number of calculated DWs. However, the number of calculated DWs is much higher than
that detected by the sensing coil despite the fact that the sensing coil area is much larger (about 4 mm?) than
the EBDS observed area (only 0.0625 mm?). This remarkable controversy is driven by the clustering of DWs!*-12
when the motion of the DWs is a collective process in the form of avalanches. Being so, electromagnetic pulses
originating from the sole DWs overlap in time. Moreover, the limited sampling frequency of 6.7 MHz for the
data acquisition also plays a certain role.

Increasing HV1, H, as a result of increasing dislocation density also affects the MBN envelope positions
and the corresponding PP, see Fig. 14. MBN is shifted towards the higher magnetic field along with oy due to

MBN (rms) =
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Figure 6. KAM maps, EBSD.

increasing opposition of pinning sites (higher density of pinning sites). The PP for LAS of lower oys is similar,
but the realignment of DWs into the TD for LAS of oys=960 and 1100 MPa makes the PP in the TD slightly
lower compared with the RD, see Fig. 14b. This is a result of the initial phase of the rotation of DWs during
magnetization in the RD, whereas this phase is strongly attenuated when magnetization is in the TD?****, Fig-
ure 15b clearly proves that the PP is a function of the matrix hardness and the corresponding density of lattice
imperfection, as reported earlier’.
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Figure 7. Evolution of HV1 and FWHM of the XRD and residual stresses as a function of the nominal oys.
Nominal yield strength, MPa | M,kAm™ |H,kAm™” |K,Jm> |§nm |y 10°Jm>
235 1563 0.45 1.010° |35 7.0
355 1539 0.52 9.610° |36 6.9
500 1580 0.65 9.810" |36 7.0
700 1563 0.67 84100 |38 6.5
960 1520 0.82 9.410* |36 6.8
1100 1526 144 9.810° |35 7.0
Table 3. Magnetic parameters obtained from the VSM measurements.
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Figure 8. Evolution of spacing of the DWs, average grain size, and number of DWs (per 0.0625 mm?).

The sensitivity of the PP parameter for LAS characterization is very good as a result of the straightforward
correlation of PP with HV1 or/and H,'>?**. Expressed in other words, PP can be easily and directly linked with
oys because oy strongly correlates with HV1. On the other hand, increasing the pinning strength of the matrix
plays only a minor role in the effective value of the Barkhausen noise signal because MBN grows with oys.
Applied magnetic fields are strong enough to unpin DWs for all LAS. The intensity of the field used to produce
the maximum avalanche can be directly linked with the position of the MBN envelope maximum in a magnetic
field which is expressed in PP, see Fig. 14. On the one hand, increasing the density of the pinning site reduces
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the free path of the motion of DWs. On the other hand, increasing the frequency of events when DWs in motion
encounter a pinning site contributes to the higher number of pulses produced by the electromagnetic pulses.

Certain contributions of residual stresses to MBN can be considered for ferritic LAS only when MBN
increases along with the growing amplitude of tensile stresses, see Figs. 7b and 11a. As soon as the phase trans-
formation takes place, the influence of micro stresses prevails and macroscopic residual stresses play no role®?*2!.
The correlation between irreversible permeability and MBN is weak (compare Figs. 9a and 11a). Irreversible
permeability decreases with gy as contrasted against MBN (especially in the TD). It should be noted that their
physical origin is quite different. Permeability is linked more with the rate of sample magnetization as a result
of domain realignment, whereas MBN is mainly associated with the irreversible motion of DWs’. Although the
motion of domains and their surrounding DWs is mutually interconnected, the magnetization rate of a body
composed of larger domains could be higher, but MBN can be weaker due to the lower density of DWs (as is
demonstrated in this particular case).

The realignment of DWs in the TD that was observed in this study has been already proved and reported
earlier in Trip and S235 steels after the tensile test'>*. In particular, the behavior observed in the study employ-
ing $235'* can be closely linked with the similar behavior in this study because $235 can be considered as the
parental body (despite a little bit of altered chemistry) for all LAS. The evolution of MBN in the RD and TD is
very similar despite the different regimes of exerted load (cold uniaxial tension in'* and multiaxial with super-
imposing thermal cycle employed in this study).

The realignment of DWs into the TD and the different mechanisms of the motion of DW's when the sample
is magnetized in the TD and RD can also be proved by employing the simplified model of Martinez-Ortiz et al.*®
for the calculation of MBN energies based on MBN envelopes. The authors proposed a model in which the MBN
energy associated with pure 180° DWs irreversible motion E® can be calculated from the MBN envelope in
the region near the main peak, whereas the rotation or/and 90° motion of DW's can be detected especially in
the initial phases of an envelope beyond the first detected pulse (E*). Figure 15b depicts similar E'®’ and E* as
well as lower E'8/E® for ferritic LAS in the RD as well as the TD. On the other hand, E'® in the TD grows at the
expense of lower E’, which results in a high E'8/E®, whereas E'® decreases in the RD together with E'®/E*.
This behavior indicates the initial rotation of DWs in the RD, as explained earlier®.

Finally, it should be noted that MBN in LAS martensite is significantly higher than that originating from,
for example, bearing steels?!. Although very fine needle martensite with a high density of DWs can be expected
in bearing steels, the high C content as well as the additional alloying elements produces a matrix with a much
higher dislocation density and especially a high density of precipitates (especially Fe;C) that strongly hinder
DWs in motion (and/or makes the free path of DWs in the irreversible motion very short), which makes the
MBN approximately one order lower?*?!.

Conclusions
The main findings can be summarized as follows:

e MBN in LAS of the ferritic structure is mostly driven by grain refinement and the density of DWs,

the phase transformation as a result of accelerated cooling rates produces the matrix with a remarkable
magnetic anisotropy when MBN in the TD is more than that in the RD,

accelerated cooling rates tend to align the DWs into the TD at the expense of the RD,

the number of detected MBN pulses strongly affects MBN and correlates with d and the density of DWs,
PP can be easily employed for LAS characterization of variable o5y and the corresponding HV1,

the contribution of residual stresses and fine precipitates to MBN is minor.
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