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Abstract: 

The magnetic Barkhausen noise energy hysteresis cycles, MBNenergy(H), were evaluated as a non-

destructive testing characterization method to identify intern mechanical stress in ferromagnetic 

parts. Oriented grains electrical steel, and iron-cobalt specimens were tested as model materials 

of opposite behaviors. Tensile stress tests were run and revealed MBNenergy(H) coercivity as the 

most correlated indicator. In parallel, a predictive multiscale model was developed to simulate 

the stress-dependent MBNenergy(H) anhysteretic curves. A hysteresis contribution was added, and 

the resulting hysteresis predictions were validated by comparison to the tensile-stress 

experimental tests. 2D simulation predictions reveal the identification of uniaxial tensile stress 

as more efficient when the magnetic field is applied within an angle between 30° and 75° from 

the stress direction. The simulation method allows the foresee of the most favorable sensor 

orientation configurations depending on the material tested and all available a priori knowledge 

of the stress configuration. 

 

Keywords: 
Stress evaluation, Magnetic non-destructive testing, multiscale model, Hysteresis. 
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1 - Introduction 

Mechanical internal stresses are a determinant factor to material performance, structural 

integrity, and lifetime of industrial systems. Many techniques have been developed for their 

evaluation [1][2]. The hole-drilling method [3], the contour method [4], the crack compliance 

method [5], or the stripping method [6] are the most common mechanical techniques [1]. 

Chemical methods [6] can also be found. These mechanical and chemical techniques, however, 

are destructive.  

Non-destructive testing (NDT) methods for evaluating the internal mechanical stresses have 

also been developed [7]-[9]. They include diffraction methods (X-ray, Neutron), ultrasonic 

methods, or acoustic emission [10]. These techniques can be applied successfully independently 

of the nature of the tested specimen. In the specific case of conductive and/or ferromagnetic 

materials, magnetic NDT techniques are available. Their applicability is more limited, but they 

offer many advantages such as fast response, low cost, small size, and easy maintenance. 

Eddy currents testing [11], magneto-acoustic emission [12][13], electromagnetic acoustic 

transducer [2], and Magnetic Barkhausen Noise (MBN) [14]-[16] are some of the most used 

magnetic methods, alone or in combination with other NDT techniques [17]. This paper focuses 

on the use of MBN signals to detect stress in ferromagnetic materials. 

Ferromagnetic materials exhibit a complex magnetic domain microstructure. The 

modification of this magnetic domain microstructure under the influence of an external stimulus 

(magnetic field, mechanical stress, or temperature variation) generates unpredictable and 

discontinuous domain wall motions, including successively pinning phases and large amplitude 

displacements [18][19]. MBN signal is an indirect reflection of this microstructural reorganization. 
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It is linked to the magneto-mechanical state and the material properties [20]. MBN is a stochastic 

process, and MBN raw measurements are not reproducible in practice. Their analysis is usually 

performed through time-independent indicators such as the Root Mean Square (RMS) [20], the 

MBNenvelope [21], or the MBNenergy [22]-[25].   

Many scientific works have described the use of MBN for the evaluation of residual 

mechanical stresses in ferromagnetic materials [14]. Even if the first ones have been published at 

the beginning of the 20th century [26], it is still a timely subject, and the number of recent 

publications [27]-[39] is very high. Whatever the MBN indicator monitored, a preliminary 

calibration step is usually required. Non-destructive (X-ray diffraction [1][2], strain gauges [40]) 

or destructive (Vickers impact [39], hole drilling [2][3]) methods can be used for this calibration.  

MBN measurements can provide information up to several hundreds of μm under low-

frequency excitation (< 1 Hz) [41]. Accurate surface inspections can be obtained with much higher 

frequencies (> 100 Hz) [41]. 

Several indicators have been used for the estimation of residual stress: MBNenvelop [21], RMS 

value [15][16], MBNenergy [24], or statistical markers, including the number of avalanches [29]. The 

relation between mechanical stress and MBN is nonlinear and is affected by plastic deformation 

and fatigue [32]. Most of the time, empirical relations are used [29][32]. However, numerical 

simulations based on magnetoelasticity [32][37] or stochastic approaches [38] have also been 

developed to interpret the mechanisms behind these empirical relations. For example, a linear 

relationship between the reciprocal of the MBNenvelope peak amplitude and the residual stress is 

established in [42]. However, the slope of this linear fit is identified from measurement since its 
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theoretical determination would require delicate calculations and precise knowledge of the 

magnetostrictive behavior [42]. 

Although the stress state in industrial parts is usually multi-axial, the multiaxiality of stress is 

seldom considered in MBN studies [30][43]. Similarly, material anisotropy and its influence on 

MBN and stress evaluation are usually ignored. Material anisotropy, however, can be considered 

by controlling the magnetic excitation direction (rotating magnetic field [27][35] or inductor 

[44][45]) or controlling MBN measurement direction (directional sensor [46]). 

The objective of this work is to establish a modeling framework for the effect of stress on 

MBN and reach a quantitative understanding of stress evaluation. This work follows the footsteps 

of a recent modeling approach for the description of MBN [24][47]. MBN is studied through the 

MBNenergy(H) hysteresis cycles simulated by combining an anhysteretic behavior and a hysteresis 

contribution. Compared to the previous contribution [24], the modeling approach is now capable 

of describing the effect of mechanical stress on the MBN response.  

In the domain of mechanical stress evaluation, a unified theory relating magnetic signals to 

basic magnetic parameters is still lacking. This study undertakes the first steps toward an 

alternative method involving the combination of a predictive simulation tool and experimental 

observations. The classic MBN models’ domain of validity is limited to the experimental 

conditions where the data used to parameter the model has been measured. Our simulation 

allows foreseeing stress distribution and Barkhausen noise-related behaviors impossible to 

observe experimentally. 

The experimental measurement of stress-dependent MBN signal is first performed on two 

materials (section 2), chosen for their high difference in crystalline anisotropy and 
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crystallographic texture. Section 3 describes the modeling approach and its extension to consider 

the effect of stress. In the last section, measurements and simulations are compared, and the 

potentialities of MBNenergy measurements for stress detection are discussed. 

 

2 – Experimental characterization of the MBNenergy(H) and B(H) hysteresis cycles 

2.1 - Materials 

Two materials have been chosen for this work based on their different material properties 

connected with the magnetization process. The magnetization process in ferromagnetic 

materials is the result of two distinct mechanisms. The first mechanism is domain wall motion. 

The magnetic domains with a magnetization oriented favorably to the applied magnetic field 

grow, while the domains unfavorably oriented decline in proportion. The second mechanism is 

magnetization rotation. The magnetization of a magnetic domain, initially oriented along an easy 

axis, coherently rotates towards the direction of the applied magnetic field. The magnetization 

process is schematically illustrated in Fig. 1. 

  

Fig. 1 – Schematic illustration of the magnetization process. (a) Demagnetised state (b) Domain wall motion (c) 
Magnetisation rotation. In practice, the two mechanisms can occur simultaneously. 

 
The first material is a Grain Oriented Iron Silicon steel (GO FeSi), typically used in transformer 

cores [48][49]. It contains 3wt% silicon. It is characterized by a strong crystallographic texture 

and a high crystalline anisotropy, resulting in a substantial macroscopic anisotropy. Due to the 
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Goss texture, most grains in the material have an easy direction (<100>) close to the rolling 

direction (RD). As a result, the magnetization rotation mechanism is almost absent in this material 

when it is magnetized along RD. The domain wall motions mainly drive the magnetization. The 

saturation state is made of domains with magnetization along the easy direction parallel (or very 

close) to RD. 

The second material is a high yield strength (of the order of 1000 MPa) Iron-Cobalt alloy 

(FeCo), typically used for high-performance rotating machines [50][51]. The composition is 49% 

Fe, 49% Co and 2% V. The material exhibits an isotropic behavior in the sheet plane. The 

crystallographic texture is not very pronounced, and the magnetocrystalline anisotropy is weak. 

This results in a more prominent role of the magnetization rotation mechanism in the 

magnetization process.  

The dimensions of the GO FeSi and FeCo specimens studied are given in Fig. 2 below: 

 

Fig. 2 –Dimensions of the GO FeSi and FeCo specimens tested. 
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2.2 - Characterization setup 

The objective is to characterize both the MBNenergy(H) and the standard B(H) magnetic 

responses of a specimen subjected to uniaxial tensile stress. It requires performing a magnetic 

measurement while constant stress is applied. A 2D view of the setup is depicted in Fig. 3 below: 

 

Fig. 3 – Overall 2D view of the experimental setup for measuring the stress dependent MBN and magnetic 
responses of ferromagnetic specimens. 

 

2.2.1 Mechanical stress  

A tension-compression machine (Zwick/Roell Z030) and the associated computer are used for 

the stress application [52]. A 10 kN load cell (strain gauge sensor TC-LC010kN) is used for the 

force measurement. The resolution and accuracy of the force and displacement sensors are 0.2 

N ±0.06% and 1 μm ±0.1%, respectively. The first series of measurements was done by increasing 

incrementally (Δσ = 5 MPa) the mechanical force up to 100 MPa for the GO FeSi and 500 MPa for 
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the FeCo (far below the yield strength for each material). At each increment, the stress was 

maintained constant for the duration of the magnetic measurement. For the second series, the 

mechanical stress was decreased with the same force step, down to complete stress cancellation. 

Both the sequences were repeated to check the reproducibility.  

2.2.2 - Magnetic excitation  

The magnetic part is made of two U-shaped FeSi 3% yokes, ensuring the closure of the magnetic 

flux. The tested specimen is placed and kept inside the testing machine thanks to a diamagnetic 

fixture (see Fig. 3). A series circuit of two primary coils (16 AWG wire), one wound around each 

yoke (672 turns each) and supplied in current by a Kepco 72-14MG amplifier, ensure the magnetic 

field generation. This power amplifier can generate 14 A and 72 V, with 0.2% accuracy. It is driven 

by a National Instrument DAQ USB-6346 acquisition device. The sampling frequency is 500 kHz 

for all channels. 

2.2.3 - Magnetic instrumentation 

The tangent magnetic field H is measured locally on the surface of the tested specimens using 

a GM08 Gaussmeter and a transverse Hall probe. The accuracy of this sensor is 1%, and the noise 

level is close to ± 40 A·m-1. All the tested specimens are wound with two 100-turns coils, in 

opposite directions, as described in [53]. The voltage drop over a single coil due to the low-

frequency variations is monitored as well. Both these differential and common-mode 

measurements are done simultaneously to acquire the time-dependent MBN and magnetic flux 

variations. The Differential method for the MBN raw signal acquisition leads to a high reduction 

of the parasitic noises and interferences affecting the two pick-up coils quasi simultaneously.  
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The B(H) loop is obtained by numerical integration of the common mode. A numerical 

correction is done to cancel the undesired drift due to the integration process.  

2.3 - MBN energy 

As the domain wall motions are a stochastic process, the MBN raw signal is unpredictable and 

not reproducible. To overcome this issue and converge towards repeatable results, time average 

indicators are used for the MBN analysis. Here, the MBNenergy is chosen. It is defined as [24][54]:  

    𝑀𝐵𝑁௘௡௘௥௚௬(𝑡) = ∫ 𝑠𝑖𝑔𝑛 ቂ
ௗு

ௗ௧
(𝑠)ቃ 𝑉஻௄

ଶ (𝑠) 𝑑𝑠
௧

଴
              (1) 

where 𝑉஻௄ is the electromotive force measured from the coil sensor. The construction of the 

MBNenergy hysteresis loop from the raw MBN measurement is illustrated in Fig. 4. 

 

Fig. 4 – MBNenergy(H) hysteresis loop, construction process. 

The MBNenergy is not stricto sensu an energy, but as described in [24], it can be considered an 

image of the kinetic energy of domain walls. To compare the MBNenergy(H) and the standard B(H) 
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hysteresis loops, it is necessary to renormalize the MBNenergy measurement. This renormalization 

can be achieved by equalizing the hysteresis area between the two measurements or equalizing 

the measured values at the beginning of the saturation elbow. However, in an NDT situation 

where B(H) hysteresis loops are most of the time unavailable, this renormalization process is 

impossible and is replaced by a normalization to one.    

In practice, during the experimentation, the MBNenergy quantity is returned through an 

analogic procedure, including: 

- an amplification of the raw MBN signal (G = 50 dB) 

- a band-pass filter (MAX274ACN analogic filter). The cut-off frequencies were set to 4 and 12 kHz, 

and the filter response attenuation slope to 70dB/dec. 

- an AD633 analog multiplier. 

- A low noise operational amplifier LT1001 in an integrator setup and an external switch push 

button to reset the integration process at the beginning of each new measurement. 

For a reduction of the parasitic noises, all the data were averaged over five periods of excitation.  

 

2.4 - Experimental results 

The B(H) and the MBNenergy(H) hysteresis loops obtained for the GO FeSi specimen are shown 

in Fig. 5 for three different levels of tensile stress. 
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Fig. 5 – GO FeSi: experimental measurement for the stress-dependent B(H) - left - and MBNenergy(H) hysteresis 
cycles. 

 
The B(H) and the MBNenergy(H) hysteresis loops obtained for the FeCo specimen are shown in 

Fig. 6 for three different tensile stress levels. 

 

Fig. 6 – FeCo: experimental measurement for the stress-dependent B(H) - left - and MBNenergy(H) hysteresis cycles. 
 

A first observation is that the magnetic behavior of the FeCo is much more sensitive to the 

application of tensile stress compared to the GO FeSi. A tensile stress increases the permeability 

at low field for the two materials tested. It is consistent with classical observations on positive 

magnetostriction materials [18][55]. The tensile stress also reduces the coercivity. This effect is 

also consistent with previous observations [51][56], and it is much more significant for the FeCo 

alloy. For both materials, the tensile stress decreases the slope in the saturation/remanence 

branch. 
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Unlike the FeCo, the MBN energy cycles for the GO FeSi exhibit a very similar shape compared 

to the B(H) loop. This observation is consistent with the fact that only the domain wall motions 

contribute to the MBNenergy(H) hysteresis cycles, as described in [24]. The magnetic behavior of 

the GO FeSi being mostly driven by domain wall motion, the B(H) and MBNenergy(H) curves are the 

images of the same processes. On the contrary, magnetization rotation is more prominent for 

the FeCo. The B(H) curve incorporates physical mechanisms absent from the MBNenergy(H) curves. 

It is then expected that they show more significant differences. 

It is also worth noting that increasing tensile stress tends to make the MBNenergy(H) and B(H) 

cycles more similar, which could be interpreted as a lesser contribution of rotation mechanism 

in tension strained specimens. 

A good indicator of the effect of stress on the magnetic behavior is the coercive field Hc. Fig. 7 

shows the coercive fields extracted from the B(H) measurements and the MBNenergy(H) 

measurements, for both materials.  
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Fig. 7 Stress dependence of the measured B(H) and MBNenergy(H) coercivities. 
 

A shift can be observed between these two extractions, even though the magnetic field is 

obtained from the same sensor. This difference is due to the filtering step performed to detect 

the MBN noise, which affects the value of the magnetic field. This effect is more visible for the 

FeSi GO, which exhibits a much lower coercivity. The frequency analysis (Fig. 8) of the analytical 

filter confirms this statement. The magnitude plot shows (as expected) 4 and 12 kHz as cut-off 

frequencies, while the phase plot reveals a phase answer varying from 6 to -12 rd. The phase is 

negative for f > 6 kHz, which is a large majority of the bandwidth. This negative phase shift is 

significant enough to delay the Barkhausen measurement and increase the MBNenergy(H) 

coercivities.  
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Fig. 8 – MAX274ACN analogic filter Bode plots, comparison measurement/simulation. 

From Fig. 7, it is observed that the coercivity of the GO FeSi is almost insensitive to the 

application of tensile stress, while the FeCo shows more sensitivity. The evolution of the coercive 

field 𝐻௖ under uniaxial tensile stress can be approximated by a decreasing exponential function 

in the form of Eq. 2. 

               𝐻௖(𝜎) = 𝑎. 𝑒௕ఙ + 𝑐                         (2) 

The MATLAB® curve fitting toolbox was used to identify the parameters a, b and c from the 

results shown in Fig. 7. These parameters are given in Tab. 1. 

Tab. 1 – Parameters a, b, and c for the description of 𝐻௖(𝜎) as defined in Eq. 2. 
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For some materials, the measurement of 𝐻௖(𝜎) could be an excellent macroscopic indicator 

to evaluate the level of stress in a material [57]. However, to obtain a more comprehensive 

description of the effect of stress on the magnetic signature of ferromagnetic materials, we are 

developing in the next section a modeling approach for the B(H) and MBNenergy(H) loops. 

 

3 – Modelling approach 

The choice of modeling approach presented here is based on the classical separation between 

reversible (anhysteretic) and irreversible (hysteretic) contributions to magnetic behavior. The 

overall behavior will be defined as the superimposition of an anhysteretic term with a hysteresis 

contribution. The approach was presented in [24] for a purely magnetic loading and is extended 

hereafter to the case where a mechanical stress is applied. 

 

3.1 - Anhysteretic behavior: the multiscale model 

The multiscale model [58][59] has initially been developed to describe the anhysteretic 

magnetic behavior of a ferromagnetic specimen based on the statistical evolution of its domain 

microstructure. The multiscale model provides directional information and naturally includes 

anisotropy effects [60]. A polycrystalline ferromagnetic specimen is described as an aggregate of 

single crystals (grains). Each grain is divided into a finite number of magnetic domain families. 

Each family is characterized by a given magnetic orientation α. The volume fraction fα of each 

magnetic domain family is calculated using their potential energy Wα: 



17 
 

𝑊ఈ = 𝑊ఈ
௄ + 𝑊ఈ

ு + 𝑊ఈ
ఙ     (3) 

 
𝑊ఈ

௄ = 𝐾ଵ(𝛾ଵ
ଶ𝛾ଶ

ଶ + 𝛾ଶ
ଶ𝛾ଷ

ଶ + 𝛾ଷ
ଶ𝛾ଵ

ଶ) + 𝐾ଶ 𝛾ଵ
ଶ𝛾ଶ

ଶ𝛾ଷ
ଶ    (4) 

 
         𝑊ఈ

ு = −𝜇଴𝐇ఈ . 𝐌ఈ        (5) 
 

 𝑊ఈ
ఙ = −𝝈ఈ ∶  𝜺ఈ

ఓ       (6) 

𝑓ఈ =
exp (-஺ೄ ௐഀ)

∑ exp (-஺ೄ ௐഀ )ഀ
      (7) 

where Wα
k, Wα

H, Wα
σ, stands for the magneto-crystalline (Eq. 4), magnetostatic (Eq. 5), and 

magneto-elastic (Eq. 6) energy, respectively. 𝐇஑, 𝐌஑, 𝝈ఈ and 𝜺ఈ
ఓ are the magnetic field, the 

magnetization, the stress tensor, and the magnetostriction strain tensor defined at the magnetic 

domain scale. 𝐌஑ is defined by its norm (the material saturation magnetization Ms), and its 

direction is given by 𝛾1, 𝛾2, 𝛾3. 𝜺ఈ
ఓ  is defined by the magnetostriction constants 𝜆100 and 𝜆111 [58]. 

𝐾1 and 𝐾2 are the magneto-crystalline energy constants. 𝐴ௌ is a material parameter that can be 

set using the initial macroscopic susceptibility 𝜒଴ of the unstressed anhysteretic magnetization 

curve [58]. 

Once fα calculated for all magnetic domains families, the magneto-elastic response at the 

grain scale is obtained by a volume average: 

                                                 𝜺௚
ఓ

= 〈𝜺ఈ
ఓ〉 = ∑  𝑓஑ 𝜺ఈ

ఓ
஑         (8) 

                                𝐌୥ = 〈𝐌ఈ〉 = ∑  𝑓஑ 𝐌ఈ஑          (9) 
 

Finally, an orientation distribution function (distribution of the crystallographic orientations) 

obtained from X-ray diffraction or Electron Back Scattering Diffraction (EBSD) is used to simulate 

the behavior at the polycrystalline scale.  
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In the simplified calculation process used here, both the magnetic H and mechanical σ 

external stimuli are supposed to be uniform within the material. The potential energy and the 

volume fraction of each magnetic domain family are calculated first. Then, the magnetization is 

calculated for each grain (Eq. 9), and finally, an average over the volume is performed to obtain 

the whole specimen magnetization: 

     𝐌 = 〈𝐌୥〉                          (10) 

This process allows the construction of the stress-dependent anhysteretic magnetization 

curves based on a limited number of intrinsic material parameters. They have to be 

complemented with the crystallographic texture data to predict the macroscopic material 

behavior. The magnetic induction is finally easily deduced from the magnetization using Eq.11. 

                                             B = µ଴(𝐻 + 𝑀)                                      (11) 
 

In all the following, the simulation parameters and the crystallographic texture data from [49] 

and [61] will be used for the GO FeSi and the FeCo, respectively. The orientation distribution 

function consists of 60 orientations for GO FeSi (strong texture) and 650 for FeCo (almost 

isotropic). The material parameters are given in Tab. 2 below: 

Tab. 2 – Multiscale model simulation parameters for the GO FeSi and the FeCo. 

 

 

3.2 - B(H) hysteresis loops 

From the knowledge of the stress-dependent anhysteretic magnetization curve, the full 

hysteresis must now be constructed. A popular approach is the Jiles-Atherton model [62]-[66]. 
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Given the shape observed for the hysteresis loops, and given the fact that we are only dealing 

with major loops, we have opted for a simple hysteresis shift from the anhysteretic curve to the 

hysteresis loop. This approach is analogous to a mechanical dry-friction [67]-[69]. The B(H) loop 

is then defined as: 

                      𝐵 = 𝑓௔௡௛௬௦௧(𝐻 + 𝛿𝐻௖(𝜎))             (12) 
                                               

where 𝐻௖(𝜎) is the stress-dependent function for the coercivity (Eq. 2 is only valid under 

tensile stress (𝜎 > 0)) and 𝛿 =  ±1 a directional parameter.  

𝛿 = 1 𝑖𝑓 
𝑑𝐻

𝑑𝑡
> 0 

𝛿 = −1 𝑖𝑓 
ௗு

ௗ௧
< 0                                                              (13) 

 
Fig. 9 below depicts some comparisons between simulations and experimental results for 

both materials tested with and without tensile stress. The excellent agreement is considered a 

validation of the simulation method. 

 

Fig. 9 Comparisons simulations/measurements for the B(H) hysteresis cycles. 
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3.3 - MBNenergy(H) hysteresis loops 

The adoption of a similar approach for the MBNenergy loops requires some adjustment. Indeed, 

it is reminded that domain wall motion is the only magnetization contribution observed through 

the MBNenergy measurements. The simulation of the anhysteretic MBNenergy(H) behavior is 

possible with the multiscale model, but it requires restricting the magnetization process to the 

domain wall contribution. This is done by setting K1 and K2 (the magneto-crystalline anisotropy 

coefficients) with exaggerated values [24]. A "no-rotation" anhysteretic magnetization curve is 

obtained and used as the skeleton for the MBNenergy curve. As explained in [24], the hysteresis 

shift is considered the same for the MBNenergy(H) and the B(H) hysteresis cycles. Therefore, the 

parameters defined for the B(H) curve are equally set for the MBNenergy(H) curve : 

                                   𝑀𝐵𝑁௘௡௘௥௚௬ = 𝑓௔௡௛௬௦௧
௡௢ ௥௢௧௔௧௜௢௡(𝐻 + 𝛿𝐻௖(𝜎))           (14) 

                                               
The MBNenergy curve can finally be normalized to one as described in the first section for 

comparison with the experimental measurements.  

These comparisons are presented in Fig. 10. Except in the saturation elbow, good agreement 

is observed here once again.  

 

Fig. 10 Comparisons simulations/measurements for the MBNenergy(H) hysteresis cycles. 
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4 – Feasibility of a stress evaluation technique based on MBN measurement 

The evaluation of mechanical stress in structural ferromagnetic steel is fundamental. It allows 

anticipating undesired degradation and failure. As illustrated in Fig. 10, MBN is highly stress-

dependent. It is well adapted to modern NDT as it can be implemented with limited costs and 

space restrictions. It is shown in this section that the proposed approach for the modeling of 

MBNenergy can be an efficient tool to optimize stress evaluation strategies using MBN 

measurements. It is worth noting that such evaluation would require specific inversion 

procedures, which are not discussed in this paper focused on the effect of stress on the MBN 

signals. 

4.1 - Evaluation of tensile stress configurations 

The first case considered is a configuration of tension stress as considered in the experiments 

performed in this paper. The effect of stress on the coercive field, obtained either from the 

experimental MBNenergy(H) or from the B(H) hysteresis cycles, was shown in Fig. 7. Other 

indicators can be used, such as the MBNenergy(H)  hysteresis area, or the magnetic field H95 

measured at MBNenergy = 0.95 x max (MBNenergy) or H99 measured at MBNenergy = 0.99 x max 

(MBNenergy). These indicators are reported in Fig. 11 as a function of the applied stress. They have 

been normalized with their value at 𝜎 = 0.  
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Fig. 11 – Tensile stress dependence of the MBNenergy(H) hysteresis area, coercive field, H95, and H99 normalized by 
the corresponding stress-free reference. 

 
 

The dependence to tensile stress is clear for the FeCo but less significant for the GO FeSi. All 

indicators exhibit similar trends with increasing stress level. The effect of uniaxial stress on the 

coercive field is correctly described by Eq.2 (as shown in Fig. 7), but it requires previous 

calibration on experimental results. Moreover, no generalization to more complex mechanical 

loading can be expected since it is the result of a purely mathematical fitting. H95 and H99 on the 

other hand can be predicted independently from the measurement using the proposed 

multiscale approach. The results are shown in Fig. 12 for these two indicators, both for GO FeSi 

and FeCo. 
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Fig. 12 – Multiscale model prediction H95 and H99 normalized by the corresponding stress-free reference, as a 
function of the applied tensile stress. 

 
 

Fig. 12 shows a clear decrease of H95 and H99 with the application of stress and a saturation 

of this effect at very low stress. Although the trend is consistent with experimental results, the 

quantitative differences are significant. This disagreement can notably be explained by the 

difference between the anhysteretic function (used in the exploitation of the modelling results) 

and the increasing and decreasing part of the hysteresis cycle envelope (used in the exploitation 

of the experimental results). Together with relatively low variations, it makes the direct use of 

the model uneasy in this configuration. However, the modelling approach can be used to explore 

the effect of different sensor orientations. Fig. 13 shows, in polar coordinates and for the FeCo 

alloy, the predicted normalized H95 and H99 indicators for a uniaxial stress applied along the rolling 

direction (RD), as a function of the orientation of the MBN sensor at various angles from the 
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rolling direction (RD, 0°) to the transverse direction (TD, 90°). The results are not perfectly smooth 

because a discrete orientation distribution function (650 crystallographic orientations) has been 

used to describe the crystallographic texture, so that the angular response of the material is not 

exactly regular. The general trend is given by a spline approximation shown as a plain line.  

 

Fig. 13 – FeCo alloy : Evolution of the predicted normalized (a) H95 and (b) H99 indicators under 50, 100, 150 and 
200 MPa tensile stress applied along RD as a function of the orientation of the MBN sensor from RD to TD. The 

dots show the result of the calculation while the lines are just guide for the eyes. 
 
 

While it is evident that slight variation is observed when the MBN sensor is aligned with the 

applied stress (RD), much more significant variations are found when the sensor is positioned 

perpendicularly to TD. It is also found that the optimal orientation for maximum MBN sensitivity 

is obtained when the magnetic field is applied with an angle between 30° and 75° from RD. Our 

experimental setup and samples allow only a measure with the magnetic field aligned with RD, 

hence experimental validation of these results has not been done. The required setup would be 

similar to the one described in [15] and the use of a biaxial stress device (as in [70]). 

In a practical application, if the orientation of the uniaxial stress is known before its detection, 

the modeling can be used to choose the most sensitive orientation for the sensor. On the 
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contrary, if the orientation of the uniaxial stress is unknown, several successive measurements 

can allow the identification of both intensity and orientation. 

 

4.2 - Evaluation of multi-axial stress configurations 

Most practical industrial parts are subjected to a multi-axial stress state and not only uniaxial 

tension. For an effective evaluation of stress, it is necessary to generalize the MBN 1D analysis to 

the real-life 3D multi-axial stress configurations. There are few experiments in the scientific 

literature that establish the link between magnetic response and multi-axial stress [70]-[75]. 

Unfortunately, none of them report MBN observations. The multiscale modeling approach 

proposed in this study is another way to explore the influence of multi-axial stress on the 

MBNenergy(H) hysteresis cycles. Even though it has been parameterized and validated for a 1D 

tensile stress configuration, the model is intrinsically 3D. 

As an example, Fig. 14 shows the modeling results obtained for H95 (very similar results are 

obtained for H99) in the case of the FeCo sample subjected to a biaxial stress. RD and TD are the 

principal axes for the stress, and the MBN sensor is aligned along RD. The stress tensor 𝝈 is given 
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by Eq. 15 in the (RD, TD) coordinate system and the principal stresses 𝜎௫௫ and 𝜎௬௬ vary from -250 

to 250 MPa. 

                                           𝝈 = ൭
𝜎௫௫ 0 0
0 𝜎௬௬ 0

0 0 0

൱

ோ஽,்஽,௭

                                  (15) 

 

Fig. 14 – FeCo alloy: Evolution of the predicted normalized H95 under biaxial stress states. The MBN sensor is 
positioned along 𝜎௫௫  (RD). 

 

The results confirm again that a configuration with an MBN sensor positioned parallel to the 

direction of a uniaxial tension is the less sensitive configuration: the indicator H95 shows almost 

no variation on the horizontal line at 𝜎௬௬ = 0 for 𝜎௫௫ > 0. On the contrary, biaxial configurations 

with a compressive component parallel to the MBN sensor create the most significant variation 

of H95. It is again concluded that if the stress configuration is known a priori, the multiscale 
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approach can be used to define the most appropriate orientation of the MBN sensor for 

maximum sensitivity in stress evaluation. 

 

6 – Conclusion 

The stress dependence of B(H) and MBNenergy(H) hysteresis loops exhibit apparent similarities. 

MBNenergy(H) hysteresis cycles can be modeled by combining an anhysteretic behavior and a 

hysteresis contribution. On the one hand, the anhysteretic contribution can be calculated using 

a multiscale approach. On the other hand, the hysteresis contribution can be kept identical to 

the one identified from the standard B(H) loops for a given specimen. In this paper, this 

simulation approach has been investigated to analyze the potentialities of MBN techniques to 

detect mechanical stress in ferromagnetic materials. It is successfully applied on two exemplary 

ferromagnetic materials with significantly different behavior (an Iron-Silicon steel and an Iron-

Cobalt alloy) subjected to uniaxial tensile stress. Several indicators have been tested for their 

sensitivity to stress. Based on MBNenergy(H) analysis, coercivity appears as a good indicator for 

both materials. Two other indicators, easily predicted by the proposed modeling approach, H95, 

and H99, have also shown interesting stress dependence, especially when the magnetic rotation 

mechanism is significant (FeCo). 

The simulation method has further been used to investigate the MBN variations of the Iron-

Cobalt alloy under various sensor configurations and multi-axial stress states. It is concluded that 

the proposed approach can be a great help in the definition of optimal MBN sensor positioning 

depending on the stress configuration. It is also shown that uniaxial tension is one of the most 
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unfavorable configurations for stress detection, although appropriate sensor positioning can 

increase measurement sensitivity.  

This work is a leap forward to the understanding and modeling of magnetization mechanisms 

for MBN interpretation. It belongs to a larger project with the final objective of using and 

interpreting MBN as a quantitative NDT tool for stress detection. The following steps include the 

development of more complex mechanical testing configurations such as compression or biaxial 

loadings for validation purpose, the introduction of temperature effects in the simulation of the 

MBNenergy(H) hysteresis cycles, or the simulation of stress-dependent MBN raw signals by 

extending the method described in [47] to the stress influence. 
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