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Abstract: The paper takes up our preceding contribution in which an attention was 

paid to the significance of microplastic strains and to their measurement by means of 

changes in electrical impedance of specimens made from normalized low-C steel CSN 

411375. In the present paper results are presented which enable a deeper insight into 

the problem of microplastic limit (MPL) in relation to the measuring methods used. 

The factor to be taken into account is the skin effect owing to which only dislocation-

stress conditions in a narrow surface layer will affect the Rac changes. This means that 

differences can exist between MPL magnitudes determined by the Rac measurement 

and the inductance measurement because in the latter case the whole cross section of 
specimen affects the results. 
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1. Introduction 

The microplastic limit (MPL) can be considered to be a stress (strain) at which 

plastic strains begin to occur in some micro-volumes of metal. The occurrence of 

these strains can not be determined  by common methods but they can be detected  

by means of monitoring  changes in magnetic permeability of a ferromagnetic 

material during application of  mechanical load to a specimen. Microplastic strains 

occur below the fatigue limit, namely as a result of  dislocation movement in  

favourably oriented microregions in the metal lattice.  As it is known a macroscopic 

yield stress is formed by several components the basic one being the friction stress 

Rf. Friction stress is interpreted as the stress needed to move unlocked dislocations 

along the slip plane. The magnitude of the friction stress is approximately Rf ≈ 40 

MPa for the most low-C and low-alloy steels [1]. If it is considered that MPL 

corresponds to the applied stress upon which internal stresses around pile ups start to 

obstruct magnetic domains to rotate to the direction of tensile strains then the MPL 

magnitudes should be greater than 40 MPa.  With increasing load  the dislocations 

are gradually piling-up at obstacles, firstly at grain boundaries.  When they are in the 

same plane, they repel each other if they have the same sign, and annihilate if they 
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have opposite signs (leaving behind a perfect crystal). Thus dislocations of the same 

sign form short-distance stress fields  which obstruct magnetic domains to rotate to 

the direction of the acting load (strain).                                                                                         

This physical phenomenon can be utilized for the measurement of the onset of 

local plastic strains in micro-volumes of  metal. As it has been implied the basis of 

our measurements is monitoring of changes in magnetic permeability of steel 

specimens during their mechanical loading. Owing to the fact that direct 

measurement of magnetic permeability is rather difficult we have chosen an indirect 

measurement, namely (i) the measurement of  changes in a.c. resistance, the 

frequency of alternating current being 2 kHz, and (ii) the measurement of changes in 

inductance of a cylindrical specimen with wound up a coil on it. A magneto-elastic 

effect ( the Villari phenomenon) was utilized in both types of measurements.  This 

effect is in fact inversion of the well-known magnetostriction and it means that 

changes in magnetic properties of feromagnetic materials are induced by 

deformation of a rod in the longitudinal direction. As a matter of interest it can be 

stated that nowadays the magneto-elastic effect is utilized in several engineering 

applications, e.g. in modern, highly sensitive magneto-elastic strain-gauges [2] or 

load cells [3]. 

The aim of this theoretical and experimental research is to explore the 

possibility of utilization of these methods for determination of the onset of 

microplastic strains in ferromagnetic materials (the microplastic limit MPL) and 

further to investigate and prove experimentally that MPL has a very strong linkage 

to the stress boundary between damaging and non-damaging cycles at fatigue 

loading of steels. As it follows from scientific literature [4] not only cyclic stresses 

above the fatigue limit but also stresses below this limit can affect the total life of a 

structure upon its non-stationary loading. 

2. A brief background 

When comparing both indirect methods for measurement of magnetic permeability 

of specimens tested it is necessary to take into account several aspects in which the 

methods are different. First it is to say that in an a.c. resistance measurement the 

magnetic flux lines are oriented in planes perpendicular to the specimen axis 

whereas in inductance measurement the direction of magnetic flux lines is identical 

with the longitudinal direction of a specimen. Another difference is that in  a.c. 

resistance measurement  the alternating current passes through the specimen in a 

narrow surface layer due to the skin effect so that the results of the measurement 

reflect permeability changes predominantly in this narrow layer. From the viewpoint 

of cyclically loaded specimens this phenomenon is very important and useful 

because the most of fatigue fractures are initiated at the surface. In contrast to this 

method is the measurement of inductance; here the results correspond to changes 

ocurring in the whole bulk of metal. This means that differences can exist between 

MPL magnitudes determined by the Rac measurement and the inductance 

measurement. In the paper results of these measurements are presented and are  

compared not only between themselves but also with the results of measurements 

made by the metal magnetic memory (MMM) method. This method is rather new 



 

 

and is based on detection and analysis of distribution of self-magnetic leakage fields 

in a ferromagnetic metal in relation to the position of the probe upon a constant 

stress and/or on the applied stress level upon a constant position of the probe. The 

magnetic memory of metal, from which a component is made, is in fact a 

consequence of the process of manufacture of a component in a weak magnetic field 

(e.g. geomagnetic field) which is demonstrated in the form of residual magnetization 

or irreversible changes in magnetization in local areas of stress concentration or 

damage. The measurement by the MMM method itself was carried out in 

cooperation with Preditest company which utilizes this method for diagnostic 

purposes of damage in  pressure vessels and pipelines in power supply. 

The resistance and inductance of a wire carrying a high-frequency current 

have often been used for determination of permeability. This is based on Eq. (1) for 

the resistance and Eq. (2) for the inductance [5]. 
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where  Rac is the a.c. resistance and R0 is the d.c. resistance of a conductor, Li is the 

inner inductance of a straight wire at a given frequency f and Li0 is the inner 

inductance at the frequency f = 0, the ber and bei functions are the real and 

imaginary parts of Bessel functions and 

 /fdx 2  

where  d is the diameter of a conductor 

            f frequency of a current 

            ρ resistivity of a conductor 

and      μ permeability of a conductor 

The relations (1) and (2) are graphically represented in Fig.1. 

3. Experimental procedure and results 

Tensile testing specimens of a circular cross-section were manufactured from CSN 

411375 steel rods of  20 mm in diameter. For obtaining homogeneous mechanical 

properties of specimens the semiproducts cut from the rods were normalized at 

9150C for 45 min followed by air cooling. Machining of specimens to their final 

form (10 mm in dia and 60 mm in gauge length) was carried out afterwards on an 

NC lathe.  The yield stress and the ultimate tensile strength were determined as an 

average from three specimens to be Re = 255 MPa and Rm = 394 MPa. For the a.c. 

resistance and inductance measurements a tensile testing machine was furnished 

with a special jig to insulate grips for preventing current from flowing in parallel 



 

 

through the machine. The experiments were carried out on electro-mechanical 

testing machine Wolpert-Testatron with a load cell Lucas 100 kN. The a.c. 

resistance and inductance were measured using specially developed apparatuses 

enabling the output to be sampled and stored by means of  the measuring bridge 

Peekel – Autolog 18 bit, software Autosoft NT. Fig.2 shows an aggregate system for 

measuring inductance changes during tensile loading. 

 

Fig. 1. Effective resistance and inductance of wire carrying current. 

 

Fig. 2. Measurement of  inductance variation of a specimen with a tensile load. 

The apparaturs for measuring a small a.c. resistance changes was developed for 

measuring the absolute magnitudes of the electrical impedance of metallic 

specimens at the frequency 2 kHz. It makes also possible to carry out the 

measurement of relative a.c. resistance changes. The magnitude of the field current 

is 2 A and the measuring range of the impedance is 10μΩ – 10 mΩ. The apparatus is 

described in a more detail in [6]. The apparatus for measuring inductance changes 

works on the principle of converting the measured absolute value of the impedance 

to a direct current voltage. The magnitude of the field current of a coil is 2 A and its 

frequency is 2 kHz. A connection of the measured coil to the apparatus, including 

the measured specimen is schematically represented on Fig.3. 



 

 

 

Fig. 3. Connection of the measured coil to the apparatus, including a measured specimen. 

The results of our measurements (R, L in relation to ) and their relations to the 

tensile diagram and the S-N curve are presented on the aggregate diagram of Fig.4. 

 

Fig. 4. An aggregate diagram of experimental results concerned with the a.c. resistance, inductance, 
tensile properties and fatigue characteristics of specimens from CSN 411375 steel as related to the 

applied tensile stress. 



 

 

For a correct description of the measured characteristic variations of the inductance 

and a.c. resistance with stress (strain) it is important to have an idea what is going on 

in the steel on the atomic level during application of a tensile load. Following the 

paragraph 1 the processes occurring in the lattice during loading can be concisely 

described by the following flow diagram (Fig.5). 

 

Fig. 5. The course of changes in the lattice upon the action of tensile stress. 

The measured MPL values are denoted by black points on Fig.4. It is noteworthy 

that there is a difference between MPL values determined by inductance and a.c. 

resistance measurement. The latter method provided a slightly higher value of MPL. 

The main reason for this difference is the skin effect which manifests itself in a.c. 

resistance measurement. This effect consists in the tendency of an alternating 

electric current  to distribute itself within a conductor with the current density being 

largest near the surface of the conductor, decreasing at greater depths. The electric 

current flows mainly at the "skin" of the conductor, between the outer surface and a 

level called the skin depth. The skin effect causes the effective resistance of the 

conductor to increase at higher frequencies where the skin depth is smaller, thus 

reducing the effective cross-section of the conductor. The skin effect is due to 

opposing eddy currents induced by the changing magnetic field resulting from the 

alternating current. As a result of machining, the surface layer of specimens was 

hardened. Conversion from the hardness provides the tensile strength of the surface 

layer Rm = 466 MPa. Removing the hardened layer by a mild lathing (thin chip and 

low speed of  the turning tool) yielded the hardness which, converted to strength, 

provided the tensile strength Rm = 402 MPa. This was practically the same as the 

strength obtained by an ordinary tensile test.  

It is also noteworthy that the a.c. resistance is decreasing during tensile 

loading while the inductance is increasing up to its maximum. The reason for this 

behaviour is the orientation of loading (straining) direction relatively to that of the 

magnetic flux lines. If the directions are concurrent then the measured quantity (for a 

positively magnetostrictive material) is increasing as the  tensile load increases; if 

they are not concurrent the quantity is decreasing as the tensile stress increases. The 

former case holds for the inductance measurement and the latter one for the a.c. 

resistance measurement. 

Coming back to MPL measurements:  the inductance measurement provided 

the MPL value ≈ 50 MPa, which was about 12% of  the U.T.S. for the core of the 

specimens (Rm = 402 MPa) and the a.c. resistance measurement provided the MPL 

value ≈ 70 MPa, which was about 15% of the U.T.S. for the hardened surface layer 

of the specimens. This gives an evidence that comformity of the methods used is 

good and also that determination of MPL values is appropriate.  

http://en.wikipedia.org/wiki/Alternating_current
http://en.wikipedia.org/wiki/Conductor_(material)
http://en.wikipedia.org/wiki/Electrical_resistance
http://en.wikipedia.org/wiki/Frequencies
http://en.wikipedia.org/wiki/Eddy_current
http://en.wikipedia.org/wiki/Magnetic


 

 

In accordance with [6] when determining the MPL by the a.c. resistance 

measurement the middle point of the linear part of the Rac vs. σ dependence, and/or 

the point of inflexion of  the Rac vs. σ dependence is taken as a decisive one, while 

when determining the MPL by the inductance method the point of deviation from 

linearity is taken as a decisive one.  This corresponds to the situation when stress 

fields, induced by dislocation pile-ups, begin to obstruct magnetic domains to rotate 

to the direction of tensile strain. 

The magnitudes of the microplastic limit are designated in Fig.4 by full 

circles. For a comparison with static and cyclic characteristics of the steel 

investigated there are also drawn (i) the static stress-strain diagram and (ii) S-N 

curves for specimens with/ and without a hardened surface layer. Both S-N curves 

were constructed on the basis of  fatigue tests in a reversed stress cycle; the curve 

corresponding to specimens with a hardened surface lies naturally above that for 

specimens with the hardened layer removed.    

As a matter of interest it can be specified that while the ratio of the fatigue 

limit σf to the respective tensile strength Rm was approximately 0.4 for surface 

hardened as well as for non-hardened specimens the ratios of the microplastic limits 

to respective fatigue limits and tensile strengths were slightly less for specimens 

with the hardened layer removed, namely: 0.30 vs. 0.37 for the fatigue limit and 

0.12 vs. 0.15 for the tensile strength. This can be caused by an inexact knowledge of 

the real hardness of the skin layer.  

A note to the measurement by the MMM method: 

From the description of the method it is clear that its principle is similar to that of 

inductance measurement for that it is  based on detection and analysis of distribution 

of self-magnetic leakage fields in a ferromagnetic metal in relation to the position of 

the probe upon a constant stress and/or on the applied stress level upon a constant 

position of the probe. Therefore it can be expected that the course of variation of the 

intensity of magnetic field with stress will be similar to that of inductance variation 

with stress. The results are presented in Fig.6. They are compared with the results of 

inductance measurement. 
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Fig. 6. The results of measurement by the MMM method as compared to results obtained by the 

inductance measurement. 



 

 

It can be stated that the MMM method appears to be a suitable means for 

determination of the microplastic limit of steel. Like in inductance measurements the 

point of deviation from linearity can be considered also here to characterize the 

onset of plasticity at local micro-regions. 

4. Conclusions 

Methods for indirect measurement of  changes in magnetic permeability (the 

a.c. resistance and inductance) of tensile steel specimens during their tensile loading 

appeared to be a suitable tool for determination of  the microplastic limit. The results 

obtained on specimens from CSN 411375 steel showed that the MPL values were 

greater than the friction stress, needed for unlocked dislocations to move in the 

lattice, but they were less than the fatigue limit in symmetrical reverse loading. The 

Rac measurement method is particularly advantageous for specimens with a 

hardened and/or a softened surface layer for that the results reflect the situation in 

the surface layer due to the skin effect. This is very important for cyclically loaded 

steel components because the fatigue damage mostly begins at the surface. For 

assessment of integral fatigue properties (in the bulk of material) it is again more 

convenient to use the method of measuring changes in inductance.  

Verification of the possibility of the use of the MMM method for 

determination of  the microplastic limit showed that this method provides very 

similar results to those obtained by the measurement of the inductance so that it 

appears to be suitable for MPL determination. Next experimental work will be 

directed to examination of changes in the magnitude of the microplastic limit during 

application of stress cycles in relation to their amplitude and number. 
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