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Abstract 

The impact of stress on changes in magnetisation is one of the most complex issues of magnetism. 
Magnetic methods make use of the impact of stress on permeability, hysteresis and magnetic 
Barkhausen noise, which are examined with fields with a great strength and a small frequency. 
The paper presents an analysis of the impact of residual stress resulting from inhomogeneous plastic 
deformations in the notch area on the changes in the strength of the residual magnetic field (RMF). 
The RMF on the surface of the component is the superposition of the simultaneous effect of the shape, 
the anisotropic magnetic properties of the material, as well as of the values of the components of 
a weak external magnetic field (most commonly – the magnetic field of the Earth). Distributions of the 
RMF components were measured on the surface of samples with a various degree of plastic strain. The 
finite element method was used to model residual stress in the samples. The impact of residual stress 
on changes in the residual magnetic field was shown. A qualitative correlation was found between 
places with residual stress and areas with increased values of the gradients of the RMF components. 
Further research is now in progress in order to develop the quantitative relationships.  
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1. Introduction 
Residual stress is the stress which occurs in construction components which are not subjected 
to external loads. It is caused by inhomogeneous deformations which result from mechanical 
and thermal stresses and from the stress in the crystal lattice [1 – 3].  

The possibilities of evaluating applied and residual stresses on the basis of the residual 
magnetic field (RMF) were indicated in [4–9]. [4–6] showed the possibility of the stress state 
evaluation on the basis of RMF measurements. In [5] the relationships between the gradient of 
the RMF normal component and stress measured with the X-ray diffraction method were 
studied. In [4] the impact of the degree and distribution of stress on the values of the RMF 
components was found for static tensile loads. For varying loads it was found that there was 
an influence of the stress amplitude and the number of cycles. L.H. Dong et al. [7] and C.L. 
Shi et al. [8] found a relationship between the gradient of the normal component and 
previously applied static tension load. S. Changliang et al. [9] report a considerable impact of 
the notch effect coefficient on the gradient of the normal component of the RMF. 

The paper presents an analysis of qualitative relationships between the RMF distributions on 
the surface of notched samples with plastic deformations and the distributions of calculated 
values of residual stress. 
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2. Experimental details 
The samples were of the form of 2-mm thick flat bars made of S235 steel whose 

chemical composition is given in Table 1. A notch was made in the samples in the shape of 
a slot in the centre of the sample – variant A in Fig. 1, and a slot on the edge of the sample – 
variant B in Fig. 1. The relationship between plastic strain and engineering stress for S235 
steel is shown in Fig. 2. The samples were not primarily demagnetised, but they featured low 
values of the gradients of the RMF components.  
The samples were loaded on a tensile testing machine Galdabini Sun 10P. After the desired 
loads were applied, the samples were unloaded and examined beyond the testing machine. The 
examination was carried out always at the same place and with the same position of the sample.  

2.1. Residual magnetic field measurements 
The magnetic field measurements were conducted in the "measurements area" marked in 
Fig. 1, with a scanning increment of 1 mm along vertical lines which were 4 mm apart from 
each other. The magnetometer TSC-1M-4 with the measuring sensor TSC-2M supplied by 
Energodiagnostika Co. Ltd. Moscow was used for the measurements. The instrument was 
calibrated  in the magnetic field of the Earth, whose value was assumed at 40 A/m.  
The measurements resulted in the values of 3 RMF components on the sample surface 
(Fig. 1): 

o Ht,x – tangential component measured in the direction perpendicular to the applied 
load, 

o Ht,y – tangential component measured in the direction parallel to the applied load, 
o Hn,z – normal component. 
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Fig. 1. Experimental sample Fig. 2. Relationship between plastic strain and 
engineering stress for S235 steel�

Table 1. Chemical composition of the sample material 
Chemical composition of steel (%) 

Steel grade 
C Si Mn P S N 

S235 max 0.17 - max 1.40 max 0.045 max 0.045 max 0.009 
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2.2. Residual stress calculations 
The residual stress values were determined by means of the finite element method (FEM). 
The software package Ansys 12.1 was used.  
The tensile curve for steel S235 was approximated using a multilinear model Fig. 2). The 
material properties were assumed as isotropic. Due to the small thickness of the samples, the 
problem was modelled as a two-dimensional one, assuming that it was a plane stress state. 
The numerical model mesh, which fully corresponded to the geometry of the samples, was 
built on the basis of eight-node quadrangular elements.  
The boundary conditions included the fixing of the model on one hand, and the application of 
tensile loads corresponding to the force set by the strength testing machine on the other.   

The way in which the calculations were carried out made it possible to take account of the 
plastic strain accumulation in each subsequent cycle of the loading of the sample, i.e. the 
stress-strain state determined in each calculation step constituted the initial state used to 
determine the stress-strain state in the next step. For the needs of the performed analyses, the 
results were derived for the area covered by the RMF measurements – Fig. 1. 

3. Results and discussion 
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 [10, 11].  

The impact of uniaxial stress on the domain structure can be compared to the effect of 
a magnetic field with strength Hσ which is equal to the stress 
�

� �� (1)�

where σ is stress, λ – magnetostriction,  – magnetic permeability of free space, M – 
magnetisation, φ – the angle between the stress axis and the direction of magnetic field Hσ,
and ν – Poisson's ratio [10 – 14].  
In order to describe the impact of the complex stress state, the notion of equivalent stress is 
introduced, i.e. of a fictitious uniaxial stress whose amplitude will lead to the same change in 
susceptibility as real multiaxial stress [15 – 20]. The problems related to the impact of 
a complex stress state on changes in magnetisation are issues whose description and 
modelling, due to potential application for stress measurements, are the subject of current 
research [15 – 20]. 

Representative results of the RMF measurements in the "measuring area" marked in Fig. 1 of 
samples with plastic deformations are presented in Fig. 3 for notch A, and Fig. 5 for notch B. 
The location and dimensions of notches A and B are presented in Fig. 1. Fig. 4 and Fig. 6 
show calculated distributions of absolute values of gradients of RMF components. In further 
consideration, the concept of gradient will be understood as its absolute value. The FEM 
modelling results are presented in Figures 7a to 7e for notch A, and 8a to 8f for notch B. 
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a)  b)  c)

Fig. 3. Distributions of RMF components – notch A: a) HT,X, b) HT,Y, c) HN,Z

a)  b)  c) 

Fig. 4. Distributions of gradients of RMF components – notch A: a) dHT,X/dx, b) dHT,Y/dx, c) 
dHN,Z/dx, 

a)  b)  c) 

Fig. 5. Distributions of RMF components – notch B: a) HT,X, b) HT,Y, c) HN,Z,
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a)  b)  c) 

Fig. 6. Distributions of gradients of RMF components – notch B: a) dHT,X/dx, b) dHT,Y/dx, c) 
dHN,Z/dx, 

a) 
b) 

c) d) 

e) 

Fig. 7. Distributions of residual stress and 
plastic strain of the sample – notch A: 
a) shear strain εXY, b) tangential stress τ XY,
c) strain εY, d)  stress σY, e)  stress σeqv
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a) b) 

c) d) 

e) 
f) 

Fig. 8. Distributions of residual stress and plastic strain of the sample – notch A: a) shear 
strain εXY, b) tangential stress τXY, c) strain εX, d)  strain εY, e)  stress σY, f)  stress σeqv

The residual magnetic field of a ferromagnetic element, also known as the Self Magnetic Flux 
Leakage, is the sum of the simultaneous effect of the geometry of the object and of the magnetic, 
electrical and mechanical properties of the material of which it was made in the magnetic field of 
the Earth. Due to magnetomechanical coupling, the stress which occurs in the object (both active 
and residual) has an impact on the RMF. Assuming invariability of the object location in the 
magnetic field of the Earth, invariability of the Earth's magnetic field itself (the assumption is not 
fully true) and lack of significant changes in geometry (there are some slight variations caused by 
plastic strain), the changes in the RMF of the deformed object are the result of the action 
of stress.  
In the presented analysis, and assuming positive magnetostriction, both the negative values 
of residual stress σX and the positive values of residual stress σY should cause an increase 
in tangential component HT,Y.
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On the basis of [3] and [21] and of the testing results presented in this paper, analogies were 
found between the distributions of the RMF components and their gradients and the distributions 
of the values of plastic strain and residual stress.  

Similarities were found between the distributions of shear plastic strain εX,Y (Fig. 7a, 8a) and the 
distributions of tangential component HT,X (Fig. 3a, 5a), as well as between plastic strain εY (Fig. 
7c, 8d) and component HT,Y (Fig. 3b, 5b). Also, the distributions of equivalent (von Mises) 
residual stress σeqv (Fig. 7e, 8f) can be compared to gradients of normal component dHN,Z/dx 
(Fig. 4c, 6c), the stress values in direction Y σY (Fig. 7d, 8e) – to gradients dHT,Y/dx (Fig. 4b, 
6b), and the values of tangential stress τX,Y (Fig. 7b, 8b) – to gradients dHT,X/dx (Fig. 4a, 6a). 
Generally, it can be stated that there are qualitative relationships between plastic deformations 
and the RMF magnitude, as well as between the RMF gradients and residual stress.  

4. Conclusions 
A relationship between the stress and strain state of a ferromagnetic and its residual magnetic 
field was found. There are qualitative relationships between plastic deformations and the RMF 
magnitude, as well as between RMF gradients and residual stress. This provides a basis for 
further research aiming at the development of quantitative relationships that will make it possible 
to evaluate the state of the material by means of RMF measurements. The results of studies 
focused on the development of an algorithm for the evaluation of residual stress on the basis 
of RMF gradients are presented in [3] and [21].  
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