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The paper presents selected results of the assessment of straightening processes of steel sheets and plates
in terms of monitoring changes in mechanical residual stresses. For the stress investigation, a method
based on magnetic Barkhausen noise measurements was applied, and the custom measuring set-up was
used. The study examined two different technological processes of leveling, based on tension for thin
metal sheets and three-point overbending of thicker plates. The results are presented graphically in the
form of directional diagrams of Barkhausen noise, as well as vectors representing orthogonal principal
stresses in the cross-section plane. In general, an unfavorable stress state was observed on the opposite
sides of the investigated sheets in the initial condition. The applied straightening operations resulted

(2026)

in a significant redistribution of residual stresses, in terms of both magnitude and sign.
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1. Introduction

One of the key factors in modern steel sheets and
plates processing is their flatness and reduced resid-
ual stress levels [1]. These quality parameters, re-
lated to the geometry and mechanical properties
of workpiece products, significantly affect the ef-
ficiency of automated technological processes such
as laser cutting, shaping with a press brake, rolls,
or robotized welding [1, 2]. For example, the relax-
ation of internal stresses during the forming of long
C-section members (i.e., members with a C-shaped
cross-section) causes edge waviness or longitudinal
curvature [3].

Residual stresses in steel sheets originate from
several technological factors during production, in-
cluding non-uniform roll bite geometry in the fin-
ishing stands, causing thickness variations across
the strip width, as well as uneven heat-transfer
conditions after cooling or coiling [4, 5]. If these
stresses exceed the buckling strength limits of the
material, they are released partially, and the strip
will usually become wavy at the edges or bulge in
the center after unwinding. Standard technological
operations aimed at improving geometric parame-
ters typically have an unfavorable effect on residual
stresses, causing them to increase again. Therefore,
ongoing research and development efforts focus on

improving the straightening of flat products during
production, considering flatness alongside residual
stresses.

For ferromagnetic steels, the magnetic
Barkhausen noise (MBN) method is a useful
tool for evaluating leveling processes in terms of
residual stress levels [6-8]. This relatively quick,
safe, and simple non-destructive technique enables
assessment of the effectiveness of various straight-
ening methods, such as bending or stretching, by
mapping changes in the near-surface stress state
before and after treatment. It relies on physical
phenomena associated with the magnetization
process under an alternating magnetic field [9]. In
contrast to other commonly used non-destructive
techniques, such as X-ray diffraction or ultrasonic
testing, which are based on measuring stress-
induced changes in material properties (lattice
spacing and sound velocity, respectively) [10, 11],
the MBN method is an emission-based technique
that measures characteristic voltage noise in-
duced in the coil by microscopic magnetic flux
fluctuations during magnetization. This effect is
associated with discontinuous Bloch wall motion
as magnetic domains align with the applied mag-
netic field and was first reported in 1919 by the
German physicist H. Barkhausen [12]. In general,
the microstructure (type, dislocation density) and
chemical composition, as well as the magnetic field
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Fig. 1. Straightening process of (a) a thin sheet by
tension and (b) a plate by the three-point bending.

strength H and the mechanical stress o acting on
the magnetic structure, are critical factors deter-
mining the Barkhausen phenomenon. Its intensity
typically increases under tensile stress and decreases
under compressive stress; this dependence forms the
basis of the measurement method [13]. As a measur-
able parameter of MBN magnitude, the root mean
square (RMS) value is commonly used and serves as
an indicator of stress level. Although quantitative
stress measurement requires determining calibra-
tion characteristics o = f(RMSypN) while main-
taining the complementarity of the microstructure
of the calibration samples and the tested compo-
nent [14], as well as the magnetization conditions
during calibration and on-site testing, for assess-
ing the magnitude or transformation of stresses, it
is often sufficient to interpret changes in the RMS
value of MBN, presented in the form of directional
diagrams [15]. Such a diagram illustrates the angu-
lar distribution of MBN measurements as a function
of the magnetization direction, which can be inter-
preted and analyzed in terms of a stress ellipse —
a geometric representation of the plane stress state.

A similar approach was employed in this work to
assess the stress state in sheet metal samples before
and after straightening, relying both on the calibra-
tion characteristics to determine stress values quan-
titatively and on a general evaluation of changes in
the RMS value of the Barkhausen noise.

The relatively small measurement depth of the
applied method (typically a few hundred microme-
ters) is a positive feature for the investigated sheets,
as it enables the detection and analysis of differences
in stress states between the opposite surfaces.

2. Experiments

The conducted research and development works
on the straightening processes involved simulating
in scale real industrial operational conditions us-
ing testing machines Zwick Z200 and Zwick Z100
equipped with dedicated instrumentation. In the
first case, the presented results concern the straight-
ening of thin sheets by tension (Fig. 1a) close to

Fig. 2.
straightening process. Results of normal stress cal-
culations with support spacing: (a) 150 mm and
(b) 100 mm.

Example of FEA simulations of the

the yield point, corresponding to fine tension level-
ing of a several-meter-long sheet metal strip after
preliminary roller leveling and before cutting into
commercial sheets [16]. The second case focuses on
thicker plates deformed by three-point bending, us-
ing a stamp leveler (Fig. 1b) as an equivalent to
hydraulic-press leveling of massive laser-cut com-
ponents made from thick plates, which is required
prior to welding due to their twisting.

The straightening investigations were carried out
on specimens taken from high-strength low-alloy
steel with a thickness of 2 mm and dimensions
of 500 mm x 100 mm, and low-carbon structural
steel with a thickness of 5 mm and dimensions of
300 mm x 100 mm. In both cases, sets of three sam-
ples were cut from the center and the edges of
the metal sheet to account for differences in their
free-shape deflection profile (even up to several mil-
limeters for thin sheets) and residual stress state.
The samples were subjected to 3D surface map-
ping using a Shining 3D FEinScan HX handheld
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Fig. 3. Laboratory MBN testing equipment for
the steel sheet investigations.

scanner to transfer their geometry into computer-
aided design (CAD) software in digital form. The
resulting geometric models, along with the mechan-
ical material properties obtained from tensile tests,
were then used in computer simulations of sheet
metal straightening, based on finite element anal-
ysis (FEA). Numerical calculations based on the
material flow stress function under applied defor-
mation enabled the determination of required initial
technological settings for the experiments, includ-
ing target displacement of a tool or support spac-
ing (Fig. 2) and process parameters such as forces
or stresses.

Residual stress measurements, taken both before
and after straightening, were carried out using spe-
cialized equipment designed for MBN testing, devel-
oped at the Faculty of Production Engineering and
Materials Technology of the Czestochowa Univer-
sity of Technology [17]. The setup shown in Fig. 3
includes an apparatus with a magnetization block,
a Barkhausen noise amplification and conditioning
unit, a measuring head, and a data acquisition and
processing system based on LabVIEW software.

The magnetizing current I, supplying the exci-
tation winding (400 turns) of the measuring head
had a triangular waveform (to obtain a constant
rate dH/dt) with a frequency f,, of 12 Hz. The
current, intensity was adjusted for each steel grade
and thickness to achieve the maximum dynamics
of MBN changes with stress, in accordance with
the procedure presented in [18]. For the investi-
gated low-carbon steel, the magnetization current
during the experiment was ~ 0.56 A. The corre-
sponding magnetic field strength, calculated from
Ampére’s law based on the number of coil turns
and the average length of the magnetic circuit, was
~ 2 kA/m. Minimization of field fluctuations was
achieved through the design of the measuring head,
which ensured uniform and repeatable yoke pres-
sure.

The Barkhausen noise induced in the pick-up lo-
cated between magnetization yoke poles consists
of a series of very low-amplitude voltage pulses

(typically a few ©V) generated by the jerky motion
of domain walls between pinning sites. Therefore,
this signal must be significantly amplified, and the
dominant components of the magnetizing current
must be filtered out. During the investigations,
the total gain of the two-stage amplifier was set
to 105 dB, and the high-pass filter had a —3 dB
cutoff frequency of 1 kHz. Due to high amplifica-
tion, the effective upper frequency of the MBN sig-
nal does not exceed a few tens of kHz. Such a con-
ditioned MBN signal was then processed using an
integrated wide-band true RMS converter.

This quantity, along with the unprocessed
Barkhausen noise and the magnetization current
waveform measured via a shunt resistor, was ac-
quired using a National Instruments USB-6218
DAQ card (250 kS/s sample rate) for visualization
and data storage in a LabVIEW application. Two
of these signals can be simultaneously displayed on
the digital oscilloscope for reference.

In the tested specimens, MBN measurements
were carried out at three points on the top and bot-
tom surfaces, with a spacing of 100 mm. At the
center points, directional measurements were per-
formed with an angular resolution step of 30°, using
a reference baseline aligned with the rolling direc-
tion. In the other points, measurements were taken
only for magnetization directions «,, of 0° and 90°,
corresponding to the principal stress directions.

Calibrations to determine absolute stress val-
ues were performed following procedures similar to
those described in detail in [14, 18], using samples
collected concurrently with the specimens for the
main investigations.

3. Results

Figure 4 presents typical oscillograms of MBN
captured at the output of the experimental set-
up. They were obtained for the investigated low-
carbon steel plate and are characteristic of the un-
stressed state (o ~ 0 MPa; Fig. 4a), tensile stress
(o0 =460 MPa; Fig. 4b), and compressive stress
(o0 = —110 MPa; Fig. 4c). The results illustrate
the general principle of the Barkhausen method,
namely that tensile stresses in a given direction
cause an increase in MBN intensity, whereas com-
pressive stresses lead to a decrease relative to the
reference MBN value at ¢ =0 MPa. An exam-
ple of the angular distribution of MBN intensity,
RMSymse = f(auy,), before the straightening pro-
cess, characteristic of 5-mm-thick samples, is shown
in Fig. 5. The reference MBN level correspond-
ing to the stress-free state is marked with a black
line. Shape analysis of the directional diagrams in-
dicates that compressive stresses prevail along the
rolling direction on the upper surface, while ten-
sile stresses are present on the lower surface. In the
perpendicular direction, however, the situation is
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Fig. 4. Oscillograms of the Barkhausen noise at
different stress levels (blue waveforms) and mag-
netization currents (red waveforms) in low-carbon
structural steel.

essentially reversed — slight tensile stresses are ob-
served on the upper surface, whereas compressive
stresses dominate on the lower surface.

In an analogous manner, the results of measure-
ments performed for thin sheets made of high-
strength low-alloy steel are presented, together with
those obtained after the tensile straightening pro-
cess (see Fig. 6a and b). Prior to stretching, due to
differences in the rolling process, material proper-
ties, and deformation mechanics during uncoiling
and preliminary straightening, these samples ex-
hibited a stress state opposite to that observed in
thicker sheets (~ 5 mm). Tensile stresses prevailed
on the upper surface, whereas compressive stresses
were present on the lower surface.
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Fig. 5. Directional diagram of the MBN intensity
(RMS value) before straightening.
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Fig. 6. Example of directional diagrams of the
MBN intensity (RMS value) in the thin steel sheet
samples taken from the edge (a) and center (b) of
the band, before and after tension leveling.

Although the applied tensile straightening pro-
cess successfully achieved the desired flatness, a
clear relaxation of the tensile residual stresses is also
evident. This is reflected in the Barkhausen noise in-
tensity, which decreases along the rolling direction
on the upper surface of the sheet and increases in
the transverse direction. On the lower surface, the
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Fig. 7. Calibration function model that relates

stress to the measured MBN (RMS value) for
(a) high-strength low-alloy steel, (b) low-carbon
structural steel.

MBN intensity rises, and the angular distributions
on both surfaces become nearly circular, reflecting
a more uniform stress state.

To obtain quantitative information about the
residual stress state in the tested sheets, the mea-
sured RMSypn values [in mV] were converted to
stress values [in megapascals, MPa] using calibra-
tion function models (see Fig. 7).

Calculations were performed in two directions,
i.e., along the rolling direction and transverse to it,
which generally correspond to the principal stress
directions [19]. Selected results obtained before and
after treatment were presented either as pairs of sur-
face stress vectors in a cross-sectional view (Fig. 8)
for high-strength steel, or as two orthogonal projec-
tions parallel and transverse to the rolling direction
(Fig. 9) for low-carbon constructional steel.

The redistribution analysis revealed that the av-
eraged initial residual stresses, locally exceeding
+100 MPa (tensile) in the rolling direction and
reaching approximately —50 MPa (compressive) in
the transverse direction, were reduced to low levels
within the range of measurement uncertainty as a
result of straightening by tension.

When assessing the stress transformations in
sheets straightened by bending, the initial longitu-
dinal and transverse residual stresses were found to
range from 100 to 150 MPa, which can be consid-
ered significant. Moreover, the principal stress di-
rections on the opposite sheet surfaces exhibited an
unfavorable orthogonal orientation.

S58
Before tension

Rolling direction

Rolling direction

Rolling direction Badora lanalon

+25 MPa

S4A
Rolling direction After tension

Fig. 8. Example of cross-sectional views of resid-
ual stress transformation in the sheets straightened
by tension.

Depending on the straightening parameters
(punch offset and support arrangement), two dis-
tinct cases were observed. In the first case (Fig. 9a),
the longitudinal stresses essentially changed only
in sign, while the transverse stresses transformed
from an initial tensile value of +36 MPa to high
compressive stresses of —136 MPa. In the second
case (Fig. 8b), the residual stresses were favorably
reduced.

4. Conclusions

This paper presents selected results regarding
the measurement of residual stresses during the
straightening process of steel sheets. The ap-
plication of a non-destructive method based on
Barkhausen noise measurements enabled rapid,
large-area evaluation of stress state transforma-
tions.

The results provide valuable insight into the type,
magnitude, and distribution of residual stresses in
flat steel products in their initial condition, as well
as into the effect of straightening operations on their

S159



T. Garstka et al.

(a)

Roling direction

-—

T2
+103 MPa -102 MPa
— =

(b)

T3
+4 MPa -136 MPa
——————

+93 MPa +21MPa
B3

Fig. 9. Example of cross-sectional views of resid-
ual stress transformation in plates straightened by
overbending. Dashed arrows represent stresses be-
fore straightening operations.

redistribution. These changes may significantly in-
fluence the functional properties of the products
manufactured from sheets.

The conducted investigations confirm that the
Barkhausen method is a reliable and time-efficient
tool for assessing residual stresses, offering strong
potential for industrial applications.

References

[1] Y. Xia, Z. Li, B.W. Schafer, H. Blum,
Ce/Papers 4, 387 (2021).

2] W. Szymariski, M. Lech-Grega,
A. Kokosza, A. Chochorowski, Com-
put. Methods Mater. Sci. 15, 251 (2015).

[3] C.D. Moen, T. Igusa, B.W. Schafer, Thin-
Walled Struct. 46, 1274 (2008).

[4] S.-Y.Tsai, J.-Y. Chang, Appl. Sci. 11,6645
(2021).

[5] W.M. Quach, J.G. Teng, K.F. Chung, Fng.
Struct. 26, 1249 (2004).

[6] R.W. Leep, R.L. Pasley, “Method and sys-
tem for investigations the stress condi-

tions of magnetic materials”, US Patent
3,427,872.

S160

7]

18]

[9]

[10]

[11]

[12]
[13]

[14]

[15]

[16]

[17]

[18]

[19]

L.T. Manh, J. Benitez, J. Hernandez,
J. Hallen, Barkhausen Noise for Non-
destructive Testing and Materials Charac-
terization in Low Carbon Steels, 1st ed.,
Woodhead Publishing, 2020.

S.R. Correa, M.F. de Campos,
C.J. Marcelo, J.A. de Castro, M.C. Fon-
seca, T.C. Chuvas, M.A. Campos,
L.R. Padovese, Mater. Sci. Forum 869,
556 (2016).

G. Durin, S. Zapperi, Sci. Hysteresis 2, 181
(2006).

A. Sarmast, J. Schubnell, J. Preufner,
M. Hinterstein, E. Carl, J. Mater. Sci. 58,
16905 (2023).

AN. Guz, F.G. Makhort, Int. Appl. Mech.
36, 1119 (2000).

H. Barkhausen, Phys. Z. 20, 401 (1919).

J. Gauthier, T.W. Krause, D.L. Atherton,
NDTEE Int. 31, 23 (1998).

T. Garstka, P. Szota, S. Mroz, G. Stradom-
ski, J. Grobarczyk, R. Gryczkowski, Mate-
rials 17, 4584 (2024).

V.L. Vengrinovich, V.L. Tsukerman, in:
Proc. of the 16th World Conf. on NDT
(WCNDT 2004), Montreal (Canada),
2004.

I. Roberts, D. Mynors, Ch. Wang,
P. Adams, K. Lane, P. Unwin, “Optimal Se-
lection of Machine Parameters in Tension
Leveling of Sheet Metals”, technical report,
University of Wolverhampton / Bronx En-
gineering Ltd., Wolverhampton 2012.

T. Garstka, Pomiary Automatyka Robotyka
12, 58, (2008).

T. Garstka, Acta Phys. Pol. A 121, 954
(2012).

J. Hidveghy, J. Michel, M. Bursak, Met-
alurgija 42, 103 (2003).


http://dx.doi.org/10.1002/cepa.1307
http://dx.doi.org/10.1016/j.tws.2008.02.002
http://dx.doi.org/10.1016/j.tws.2008.02.002
http://dx.doi.org/10.3390/app11146645
http://dx.doi.org/10.3390/app11146645
http://dx.doi.org/10.1016/j.engstruct.2004.04.005
http://dx.doi.org/10.1016/j.engstruct.2004.04.005
http://dx.doi.org/10.1016/C2018-0-00863-4
http://dx.doi.org/10.1016/C2018-0-00863-4
http://dx.doi.org/10.1016/C2018-0-00863-4
http://dx.doi.org/10.4028/www.scientific.net/MSF.869.556
http://dx.doi.org/10.4028/www.scientific.net/MSF.869.556
http://dx.doi.org/10.1007/s10853-023-09069-z
http://dx.doi.org/10.1007/s10853-023-09069-z
http://dx.doi.org/10.1023/A:1009442132064
http://dx.doi.org/10.1023/A:1009442132064
http://www.lucianopietronero.it/wp-content/uploads/2016/04/bark.pdf
http://dx.doi.org/10.1016/S0963-8695(97)00023-6
http://dx.doi.org/10.3390/ma17184584
http://dx.doi.org/10.3390/ma17184584
http://dx.doi.org/10.12693/APhysPolA.121.954
http://dx.doi.org/10.12693/APhysPolA.121.954

