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ABSTRACT

We present here experimental verification of a theoretical model previously developed to estimate internal mechanical stress in steel-base
elements by means of non-contact electromagnetic induction measurements. Results confirm the validity of the proposed model an

d
d

demonstrate that stress below 50% of the elastic limit can be detected with standard electronics.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0204626

I. INTRODUCTION

Steel is nowadays the most important structural material due
to its outstanding mechanical properties,' and it represents the
most used structural material in the world. The annual world
production of steel is over 2000 x 10° tons” and its production
accounts for 6%-7% global emissions of greenhouse gases,” and, in
particular, between 7% and 9% of emitted CO,. Consequently, in
order to achieve a sustainable economy model based on optimizing
the use of extensive resources, development of methods to monitor
and prevent failure of steel-based-facilities and, in particular, their
mechanical properties is required.

Most of straight mechanical tests, as building testing, are inva-
sive and destructive, and, in the case of facilities where the steel
element is embedded (as reinforced concrete), these techniques are
directly non-available.

Hence, non-invasive monitoring techniques are required since
they allow preventing failures, without altering the structural proper-
ties of the elements. Although stresses in the elastic regions are
small, it is required to detect them in order to avoid catastrophic
fails. A set of particularly interesting non-invasive methods to
analyze a mechanical state of a steel-based element are

electromagnetic ones.”” The fact that most of steels are ferromag-
netic because of their large Fe content allows one to investigate their
structure and state in a non-invasive way since most magnetic and
electromagnetic (EM) measurements do not require physical contact,
but they can be performed remotely due to the solenoidal character
of a magnetic field. There has been an extensive work focused on the
EM detection of mechanical stress on steel elements by different
methods™ as changes in magnetic permeability,”” Barkhausen
noise,” magnetically induced change of ultrasonic waves,” magneto-
static effects,'” or alteration of eddy currents'’ among others. Hence,
non-invasive, magnetic inspection magnetic methods are available.
However, those methods are developed to be used at the lab or stati-
cally fixed temporarily in a facility to perform measurements.

In a previous work, * we analyzed the detection of inhomogenei-
ties in steel-based elements by means of EM induction between two
coils in a transmission mode (i.e., with the ferromagnetic steel element
placed in between both coils) developing a model to estimate the
response of the sensor depending on the particularly used arrange-
ment. This method is contactless. This proposed model was developed
to analyze configurations where there is a dominant component of
stress, as it is the case of train railways, with stress due to thermal dila-
tation, connections to train sleepers and others. The more general case
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of multiaxial stress requires the use of stress, strain, and magnetic
tensors, as described in Ref. 13. Therefore, the method results suitable
to inspect train railways by displacing the sensor along the track over-
coming limitations of the previously developed methods.

In particular, we showed that inhomogeneities in the structure
of train railways associated with welding points, train sleepers, and
dilatation meetings could be fairly detected with this non-contact
method."”

The aim of this work is to confirm that using the developed
sensor to detect inhomogeneities in steel could be able to detect
internal stress well below the elastic limit to prevent failure and
experimentally check the validity of the proposed model to estimate
such an internal stress and its degree of accuracy. This could lead
to design of a new type of stress sensors, to inspect large facilities
in a contactless, fast, and reliable way. For this purpose, we per-
formed a set of experiments with different parameters and compare
the results with the calculus developed using the proposed model.

Il. EXPERIMENTAL

The experimental setup consisted of a ferromagnetic parallele-
piped piece of SR235]JR steel with dimensions 10 x 50 x 150 mm’
placed in between two coils separated 10 mm as Fig. 1(a) illustrates.

(a)

Primary coil Secondary coil

AC SOURCE

LIA

FIG. 1. (a) Sketch and (b) photo of the experimental setup.
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Up to five coils with 200, 440, and 550 turns and wire diameters of
0.5 and 0.17 mm were used. Different coils were used to confirm
the reliability and precision of the method as well as to look for the
optimum conditions.

The source for the primary coil was adjusted to induce a
5 Vpp signal between the edges of the coil. The signal induced in
the secondary coil was measured using a Lock-In amplifier SRS830
from Stanford Research Systems. A mechanical compression force
was applied to the ferromagnetic steel element along the 150 mm
size axis by using an EM2/200/FR mechanical properties system by
Microtest. Compression forces up to 50 KN (corresponding to
100 MPa) were applied in charge-discharge cycles at controlled
rates. The applied force was synchronized to the induction signal to
obtain induction vs applied stress measurements. Figure 1(b) pre-
sents an overview of the developed setup.

Measurements at 1, 10, and 100 KHz of the primary coil
applied signal were performed.

I1l. RESULTS FOR 1 KHz MEASUREMENTS

For each configuration and frequency amplitude of the signal,
induced voltage in the secondary coil as well as dephasing with the
signal of the primary coil were measured during mechanical
charge-discharge cycles. Figures 2 and 3 present the results for six
different configurations for primary and secondary coils for 1 KHz.
Results for frequencies of 10 and 100 KHz (not shown) exhibited
similar behavior (see the supplementary material).

The figures indicate the coincident tendency, independently of
particular configuration for both modulus and phase of the
induced signal. In particular, the modulus of the induced signal on
the secondary coil increases with applied compression stress while
dephasing between the applied and detected signal decreases for
larger compression. The results indicate that both modulus and
dephasing are about linear with the applied stress despite hysteresis
observed for both parameters.

Table I summarizes the relevant results obtained for the differ-
ent configurations.

It is noteworthy that both the relative modulus and dephasing
of the signal detected at the secondary coil upon 100 MPa applied
compression stress are about independent of the configuration,
being of about ~2.2% in modulus and ~—0.48 deg in phase, which
are signals easily measurable with standard electronics.

The statistical analysis of the relative modulus of the induced
signal in Table I results in (2.135%0.108) x 1072 (average value
+ standard deviation); i.e., the dispersion is less than 10%, without
a clear dependence on the number of turns of both coils. Hence,
we can state that the relative values are scarcely dependent on the
configuration.

Moreover, if we remove this anomalous value of the 200/550
turns (0.5 mm) that could be due to experimental errors, the statis-
tical analysis yields (2.21 £ 0.11) x 1072, a dispersion below 5% that
confirms the reliability of the method.

Similarly, the dephasing induced by the applied stress is
0.435 £ 0.08 deg, while canceling the anomalous value for 200/400
turns (0.5/0.17 mm), it is 0.466 + 0.027 deg, again of the order of 5%.

Nevertheless, we must face that measurements shown in
Figs. 2 and 3 present mechanical hysteresis, which can compromise
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FIG. 2. Modulus and phase of the induced signal in the secondary coil as a function of applied compression stress at 1 KHz for different configurations. Arrows indicate

load-unload branches.
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TABLE I. Relevant parameters obtained from the measurements presented in Figs. 2 and 3.

Config. turns (wire diam.) R (0 MPa) (V) R (100 MPa) (V) AR/R @ (0 MPa) (deg) @ (100 MPa) (deg) A¢ (deg)

400/200 (0.5 mm) 0.081 67 0.083 59 0.0224 48.63 48.15 —0.42
200/550 (0.5 mm) 0.074 22 0.0759 0.0176 82.19 81.70 —0.49
550/200 (0.5 mm) 0.024 28 0.2382 0.0189 81.25 80.74 —0.51
200/200 (0.5/0.17 mm) 0.060 12 0.061 39 0.0208 81.27 80.79 —0.48
550/200 (0.5/0.17 mm) 0.067 76 0.069 34 0.0233 26.79 26.29 —0.50
200/400 (0.5/0.17 mm) 0.1420 0.1450 0.0211 81.60 81.08 —0.52
the capability of the method to estimate internal stress with accu- stress—strain curves.'®"” Usually, such an effect is observed for
racy. Such hysteresis is similar to that detected in torsional stress strains above 10 — 2, that is, two orders of magnitude above those
experiments.”’15 The hysteresis appearing in the magnetization as induced in our experiments. Hence, we can assume linear and
a function of cyclic applied stresses has been found to be associated monotonic behavior of the curves. Nevertheless, for those low-
with the intrinsic hysteresis of the 90° domain wall motion.'” As it carbon steels, a non-monotonic effect of the stress on the magnetic
is well known, uniaxial stress induces always shear stress. This permeability has been observed for stresses as low as 40 MPa,”’
stress exert force on 90° domain walls (but not on 180° domain confirming the magneto-elastic coupling we analyze here.

walls, see Ref. 16) inducing a change in the magnetic state (and, In particular, we found

therefore, in the magnetic permeability) that remains under stress

relief due to domain wall pinning mechanisms (as it happens for AV 1 Au, Au,

magnetic hysteresis).' v 2y v ﬁ’ @

However, such hysteresis is, at maximum, 25% of the differ-
ence between signals detected at 0 and 100 MPa applied stress  yhere V is the voltage at the secondary coil in the absence of per-
(which represents about ~50% of the elastic limit of SR235JR turbation and y = +/iwou,d?, with @, 6, and d, the frequency of

steel, 210 MPa)."" This hysteresis is originated by the 90° wall  he signal, the conductivity, and the thickness of the steel specimen,
motion induced by the applied stress. The response of domain respectively.

wall motion to magnetic fields in typically in the range of Hz, and We know that
therefore, using 1 KHz we reduce the stress associated with this
effect. Moreover, if better resolution and elimination of hysteresis
8 Y o .
is required, it can be achieved, as demonstrated by Hernando v = Viooud® = yr + iy,
et al.”” for torsional experiments by applying decreasing minor 1 i
= —Joouyd* + —+/wou,d?. 2
Ho /2 Ho )

loops, i.e., by demagnetizing the sample previously to carry out V2
the measurement. The hysteresis does not prevent semi-

quantitative detection of internal stress fluctuations in long steel In the absence of perturbation, we can assume the signal
bars, provided that the amplitude and frequency of the applied induced in the secondary coil (V) to be

field remain constant.

0S:61:60 ¥20Z Joquisides 60

Hence, those results confirm the reliability and reproducibil- V = A+ 3)
ity of the method to estimate internal stresses of steel elements
well below the elastic limit. It is worthy to remark that, as previ- While in the presence of the perturbation, the signal induced
ously demonstrated,'” these measurements do not depend on the in the secondary coil (V') results in
distance between each coil and the ferromagnetic element, but
just on the total distance between coils. Hence, they can be done V' = Belwt+a+ha) (4)

even if small vibrations or uncontrolled displacement of the ana-

lyzed element are present. Hence,

IV. ANALYSIS AND DISCUSSION A
A ZetAm, (5)

In a previous work,'” we developed a model to calculate the
change in the induced signal at the secondary coil (AV) with the
proposed configuration as a function of the magnetic permeability
of the material without any perturbation (4,) and the change
induced by a perturbation (Au,) that could be, for instance, that is
associated with internal stress. The applied model assumes mono-

i.e., the phase of V'/V is that induced by the perturbation.
For 1 KHz, we can assume u, (and, consequently, Au,) to be
real. Consequently,

!
tonic behavior in the stress-strain curves, while it has been v = V+AV =14+ AV —1— 1Au, Vi Auy iy, Au, . (6)
observed that low-carbon steels exhibit non-monotonic behavior in v 14 \4 2 4, v/ v/
J. Appl. Phys. 135, 245101 (2024); doi: 10.1063/5.0204626 135, 245101-5
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FIG. 4. Dependence of the intensity and phase of the induced signal as a function of the variation of magnetic permeability according to the proposed model. Dashed
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The modulus and phase of V'/V are given by

V| LA, M\’ A, \?
7‘\/(1‘5u,‘“’R¢E) (wi). o
Ao = arctg Vi (A ) 8

1 — (112)(Au, /) — W (D7)

The values of u, reported in the literature for the steel S235
family show some dispersion depending on the processing method,
but they range between 100 and 1000 depending on the processing
method and mechanical treatments.”>** Figure 4 presents the
results of the calculation of modulus and dephasing according to
Egs. (7) and (8) for y, values between 100 and 1000.

From those calculations and with the experimental values of
modulus and dephasing, we can estimate the change of magnetic
permeability induced by the applied stress (see Fig. 4). In all the
cases, the values of Ay, are in the same order of magnitude and,
particularly, similar for 4, =100, which is the expected value for
the magnetic field created by the primary coil. This coincidence
confirms the reliability of the model to estimate (but not the
obtained precise results) of the internal stress from EM
measurements.

Beyond the magnetoelastic effect associated with variations in
exchange interactions and magnetocrystalline anisotropy, a change
in the magnetic permeability could be due to variations of the
dimensions because of altering demagnetizing factors. However,
Young’s modulus and Poisson’s ratio for the SR235JR steel are
210 GPa and 0.30, respectively.'” The applied stress used in the
experiments (up to 100 MPa) would lead to relative compression in
the applied force direction of ~4.76 x 10™* and an expansion in the
direction of the magnetic field (perpendicular to the force) of
~143x107%

Hence, the demagnetizing factor along the applied magnetic
field direction would change from 0.762 61917 to 0.762 604 638
(Ref. 23) upon 100 MPa compression, and this would represent a
relative variation in the permeability of 2 x 107>, three orders of
magnitude below the experimental effects observed here.

Consequently, pure dimensional effects not associated with
magnetoelasticity can be disregarded.

V. CONCLUSIONS

In summary, we confirmed the reliability of the EM induction
method to estimate mechanical stress and prevent failure in steel
elements. Moreover, comparison of experimental results with calcu-
lations confirms the validity of the previously proposed model to
estimate internal stress in those elements.

SUPPLEMENTARY MATERIAL

See the supplementary material that presents measurements of
electromagnetic induction as a function of applied force in load-
unload cycles for fields of 10 and 100 KHz, equivalent to those
shown in Figs. 2 and 3 of this paper for 1 KHz frequency.
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