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Abstract 

Research was carried out with a view to developing a methodology and algorithms for the determination of the 

stress-strain state of a ferromagnetic component based on measurements of magnetic properties. The aim of the 

testing was to define the stress-strain state, both as the effect of active stresses resulting from load and after 

unloading. The studies involved an analysis of changes in the residual magnetic field (RMF) and in the 

Barkhausen effect caused by the magnetic field (MBE). Good quantitative relationships between active stresses 

and the number of counts, which is one of the parameters that describe the MBE quantitatively, were found. It 

was also found that the MBE number of counts could be used as a diagnostic signal to develop correlations for 

the evaluation of the hardness of some ferromagnetic steels. A method for the evaluation of the first order 

residual stress in ferromagnetic steels based on residual magnetic field measurements was presented. The values 

and distributions of the gradients of the RMF components show a good correlation with the values and 

distributions of residual stresses, both qualitatively and quantitatively. It is found that it is possible to develop the 

dependence between the RMF gradients and the first order residual equivalent (von Mises) stresses arising in the 

notch effect area.  
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1. Introduction 

 
Research work conducted in many centres [1-14] is aimed at proving the potential and 

identifying the limitations on using the residual magnetic field RMF and Barkhausen effect in 

diagnostics. This paper includes the results of basic research conducted to develop a non-

destructive evaluation of the state of the material of power machinery components [1-11]. It is 

assumed that the mutual complementarity of magnetic methods will allow a determination of 

the stress and strain distribution and the wear degree that will be precise enough for industrial 

practice. The paper presents the results of research aiming to develop a method of evaluation 

of hardness based on the Barkhausen noise measurements and the results of studies of the 

possibility of the stress state evaluation based on the measurements of the Barkhausen noise 

and the residual magnetic field. 

 

2. Theoretical background 
 

Due to the magnetoelastic effect, mechanical stress has an influence on the energy anisotropy 

of magnetic domains, which most often results in changes in permeability. The direction of 

the anisotropy depends on magnetostriction. For materials with positive magnetostriction, the 

magnetic moments tend to align in parallel to the direction of tensile stress, and perpendicular 

to compressive stress. In materials with negative magnetostriction, opposite phenomena occur 

– the magnetic moments tend to align perpendicular to the direction of tensile stress, and in 

parallel to compressive stress [7, 20].  

The impact of stress on the domain structure can be compared to the effect of a magnetic field 

with the strength Hσ which is equal to the stress. The field can also be determined as effective 

field Hσ resulting from the effect of stress and magnetoelastic coupling. It is described by the 

following dependence: 
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where σ is stress, λ is magnetostriction, ��is permeability of free space, M is magnetization, φ 

is the angle between the stress axis and the direction of Hσ, and ν is Poisson’s ratio [7, 20, 22]. 

The total effective field can be written as: 

 

	 H��� = H + αM + H�		 �2�	
 

where α is a dimensionless mean field parameter representing interdomain coupling, and H is 

the externally applied field. 

A model theory of changes in magnetization which are caused by uniaxial stress was 

presented in [23]. The change in magnetization is described by dependence: 
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The model was modified in [22] by an application of the Rayleigh law to stress. The change in 

magnetization is described by dependence: 

 

 ∆M = 2M.�α|σ| + βσ��	 �4�	
 

where α and β are constants depending on the domain wall type. 

The strength of the magnetic field in vicinity to a ferromagnetic object may be described by 

the following dependence: 

 

 H�r� = H&�r� + H��r�	 �5� 
 
where Ha is the strength of the external magnetic field and Hd - the strength of the magnetic 

field caused by the magnetisation of the ferromagnetic component.  Hd is referred to as 

demagnetisation field and described by the following equation: 
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A given distribution of magnetisation M(s) results in a unique distribution of the strength of 

the magnetic field Hd(r). The subject of further study is to determine how significantly the 

shape of the component affects the diagnostic relations under analysis. 

 

3. Measuring apparatus 

 
The Barkhausen noise was measured with the MEB4-C device, supplied by the company 

Mag-Lab s.c. from Gdańsk, using a contact probe (magnetizing and measuring coil in one 

casing). The Barkhausen noise was measured at selected points located on the measurement 

line. 

The HV5 hardness was measured using the Krautkramer TIV hardness tester with the TIV 

105 measuring head. The first to be measured was the RMF; next – the Barkhausen noise and 

finally – hardness. 

The RMF was measured using the TSC-1M-4 magnetometer with the TSC-2M measuring 

head, supplied by Energodiagnostika Co. Ltd Moscow. 

 



4. Measurements of the Barkhausen noise 
 

The analysis comprised basic values describing the Barkhausen noise quantitatively, such as 

the values of the rms voltage, energy and the number of counts. 

Abrupt changes in the domain structure at overmagnetization cause local disturbances in 

magnetic induction. These disturbances are recorded in the measuring coil as the Barkhausen 

noise. The number of counts is the sum of all impulse changes in magnetic induction recorded 

in the measuring coil as impulses with a certain voltage level. 

The Barkhausen noise energy, which is also referred to as the Barkhausen noise intensity, is 

defined as the time integral of squared impulse voltage Vi, and it is a parameter describing the 

impulse distribution and voltage in time T of an overmagnetization cycle by means of a single 

value [19]. 

 

 B@A = 6 V(�� dt (7) 

 

4.1. The impact of stresses and plastic strains 

 
For the magnetization direction perpendicular to the load (direction X – Fig. 1a), the changes 

in the values of the rms voltage, energy and the number of counts in the range of elastic 

strains are slight. It is only when the yield point is exceeded and the plastic strain appears that 

an abrupt change in these values occurs in the state after unloading (σ = 0). A further rise in 

stress and strain values involves a clear growing trend in the values of energy and the number 

of counts. For on-load measurements, in the case of the number of counts and energy, after 

the yield point is exceeded, a clear growing trend appears, which is accompanied by a 

diminished scatter of data – the standard deviations are substantially smaller.  

For the magnetization direction coaxial to the load (direction Y – Fig. 1b), in the range of 

elastic strains, a rise in active stress values (σ > 0) causes a clear increase in the values of the 

rms voltage, energy and the number of counts. After unloading (σ = 0) the quantities return to 

initial values. After the yield point is exceeded, a further rise in stresses does not cause any 

changes in the on-load stress state (σ > 0). However, the plastic strains that arise affect the 

values of the rms voltage, energy and the number of counts. As the yield point is approached, 

these values rise slightly to increase abruptly after the yield point is exceeded. After this 

abrupt change, a further increase in the plastic strain causes a decrease in the values. The 

impulse analysis of the Barkhausen noise indicates that active stresses correlate better with the 

number of counts for higher values of threshold voltage, whereas the relation between the 

degree of plastic strain and the number of impulses is much better and occurs for a wider 

range of deformation for lower values of this voltage. 
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a) measurement in direction X - 

perpendicular to the load direction 

 

b) measurement in direction Y - 

coaxial with the load 

Fig. 1. Relations between stress values and the number of counts of the Barkhausen noise impulses for 

threshold voltage of 3V 

 

 

4.2. Evaluation of the hardness 

 

Specimens made of S235 steel with a different degree of plastic strain were tested to measure 

the Barkhausen noise and hardness HV5. Fig. 2a and 2b show the relations between hardness 

HV5 and the number of counts in direction X for two different values of threshold voltage 

(Fig. 2a – Ud=0.7V, Fig. 2b – Ud=7V). 

The values of correlation coefficients R
2
 of the linear dependences between hardness HV5 

and the number of counts, which are substantially higher for low values of threshold voltage. 

It is proposed that the number of counts module should be introduced in the following form: 

 

 N = ENF
� + NG

� (8) 

 

where NX and NY are the values of the number of counts for two perpendicular directions of 

magnetization. In order to determine these values in a real object, measurements have to be 

made at a given measuring point changing the magnetization direction in the range of at least 

0° to 180°. The direction for which the biggest number of counts is obtained should be 

assumed as direction X and the direction perpendicular to it – as Y. The dependence between 

hardness HV5 and the number of counts for threshold voltage Ud=0.7V for the S235 steel is 

presented in Fig. 3. 

These dependences may be used in inverse problems in non-destructive testing [16] to 

determine mechanical properties based on the measurement of magnetic properties. It is 

impossible to make periodic testing of hardness at the same place using standard methods. 

However, magnetic methods, such as the Barkhausen noise measurement and application of 

the diagnostic relations developed previously, make it possible to do so. 

 

 



  

a) discrimination threshold Ud = 0.7 V b) discrimination threshold Ud = 7 V 

Fig.2. Dependence between hardness HV5 and the Barkhausen noise number of counts NBN in direction X for 

different values of threshold voltage – steel S235 

 

Fig. 3. Dependence between hardness HV5 and the module of the number of counts of the Barkhausen noise 

NBN  – steel S235 

 

5. Evaluation of residual stress of first order based on residual magnetic 

field 

 
This point investigates the impact of the degree of plastic deformation and residual stress 

which results from inhomogeneous plastic strain in the notch effect area on the values and 

distribution of the RMF. The results of the RMF measurements were compared to the residual 

stress distributions calculated by means of the finite element method (FEM). The consistency 

of the residual stress calculations by the FEM.  

Samples with a local narrowing were examined (Fig. 4). Loads were applied to the samples on 

a tensile testing machine Galdabini Sun 10P. After the desired loads were applied, the 

samples were unloaded and examined away from the testing machine. Plastic strain εp 

assumed in the testing was the plastic strain of the section between the 60
th

 and 140
th

 

measurement points (Fig. 4). 
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Fig. 4. Experimental sample 

 

An analysis was made of the values of the gradients of tangential component dHT,Y/dx, 

normal component dHN,Z/dx, and of the RMF gradient dH/dx determined by dependence (8).  

The sample results are shown in Fig. 5. The gradient courses are better correlated with the 

stress distributions than the direct measurement results, i.e. the courses of the RMF 

components. Higher gradient values correspond to places with residual stress. Local extrema 

of the value of tangential component gradient dHT,Y/dx (Fig. 5a) appear in places where local 

extrema of residual stress occur. The fall in the absolute value of stress is accompanied by a 

fall in gradient dHT,Y/dx. At the change in the stress sign, the gradient value approximates 

zero. A quantitative relationship can be noticed between gradient dHT,Y/dx, and stress. The 

gradient of normal component dHN,Z/dx (Fig. 5b) has its maximum values in places between 

the local extrema of stress. The value of this gradient is related to the value of the stress 

gradient. 

Neither the area of increased values of the gradient of the tangential and normal components, 

nor the shape of their distributions entirely include the area of the occurrence or distribution 

of residual stress. Analyzing the distributions of the gradients of the tangential and normal 

components, and comparing them to the distributions of the residual stress components, it was 

found that their sum, determined by dependence (9), could be correlated with residual 

equivalent (von Mises) stress. The courses of the resultant RMF gradient dH/dx and of 

residual equivalent (von Mises) stress are presented in Fig. 6. 
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a) residual stresses σX and σY and tangential 

component gradient dHT,Y/dx 

b) residual stresses σX and σY and normal component 

gradient dHN,Z/dx 

Fig. 5. Comparison of the distributions of stresses and RMF component for plastic strain εp = 2.0%, steel T/P24 



0

5

10

15

20

25

0 40 80 120 160 200
-60

-40

-20

0

20

40

60

dHT,Y/dx

σX

σY

    dH/dx
[(A/m)/mm]

   x 

σ

[MPa]

x 

Fig. 6. Residual equivalent (von Mises) stress σeqv and field gradient dH/dx for plastic strain εp = 2.0%,  

steel T/P24 
 

The direct dependence of residual equivalent (von Mises) stress on field gradient, 

σeqv=f(dH/dx) was developed on Fig. 7. 
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Fig. 7. Relationship between gradient dH/dx and residual equivalent (von Mises) stress on the gradient 

for steel T/P24 

 

Summary 

 
The values and the distributions of the gradients of the RMF components show a good 

correlation both qualitatively and quantitatively with the values and distributions of residual 

stress. It is possible to develop the dependence between the RMF gradients and equivalent 

residual (von Mises) stress. A good consistency between stress values resulting from the FEM 

modelling and those determined by means of the developed algorithm is obtained. The 

algorithm is not universal to the material. It is necessary to take the impact of the component 

geometry into account. The quantitative evaluation of residual stress in components which is 

based on the RMF gradients requires at every instance the development of a transition 

function for the specific geometry, material and orientation of the component in the magnetic 

field of the Earth. 
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