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Abstract. The main diagnostic parameter in the metal magnetic memory (MMM) 

method is the gradient of magnetic leakage field or this field variation intensity 

factor at the local stress concentration zone (SCZ). It was established that exactly 

this diagnostic parameter, due to the magnetomechanical effect, directly reflects the 

energy state of metal’s surface and deep layers in SCZs. In laboratory investigations 

on specimens under static and cyclic loads the energy relation between the magnetic 

parameters (magnetic leakage field and its gradient) and mechanical parameters 

(ultimate tensile strength, yield strength) was obtained. Using this energy relation, it 

is proposed in practice to carry out equipment lifetime assessment in SCZs based on 

the measured factors and the actual service hours of a specific unit on the date of 

inspection. The paper considers examples of practical application of the energy 

relation in diagnostics and lifetime assessment using the MMM method.  

The concept of the “magnetic memory of metal” was first introduced by the author in 1994, 

and it was not used in the technical literature before that time. The following terms and 

concepts were known: “magnetic memory of the earth” in archaeological research; 

“magnetic memory” in sound recording; “shape memory effect” due to oriented internal 

stresses in metal products. 

Based on the established correlation of dislocation processes and the physics of 

magnetic phenomena in product metals, a concept of the “magnetic memory of metal” was 

introduced and a new method of diagnostics was developed. The uniqueness of the metal 

magnetic memory (MMM) method is that it is based on the use of self-magnetic leakage 

field (SMLF) occurring in stable dislocation slip bands (or pads) caused by the effect of 

workloads. 

During the industrial investigations it was also established that the magnetic 

memory of the metal on new ferromagnetic engineering products reflects their structural 

and process history. 

Melting, forging, forming, heat treatment and welding are performed at metal 

temperatures significantly exceeding the Curie point (for iron-based alloys - approximately 

760-770C), when the residual magnetization disappears. 

During subsequent metal cooling at the time of passing through the Curie point 

(TC), when the magnetic permeability  is maximum, products gain a high level of residual 

magnetization ぜres even in a weak external magnetic field of the earth or a workshop (see 

figure 1). 

More info about this article: http://ndt.net/?id=19388
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Fig. 1. Schematic variation of ferromagnetic’s magnetization (M) depending on the temperature: 

TC – Curie point temperature (768°C for Fe). 

As a result of this process, at which the energy of crystallization and thermal stress 

(external layers of products cool faster than internal) is by order higher than the external 

magnetic field energy, the residual magnetization distribution in products by magnitude and 

direction is determined by the product’s shape, its structural and process inhomogeneity. 

Thus, the structural and process history of the products metal due to the cooling process 

appears in the form of natural magnetization (magnetic memory of metal). 

Based on the existing ideas in the theory of magnetism, the distribution of the 

magnetic leakage field Hp and magnetization Mres in ferromagnetic products is determined 

only by the shape and external field direction during their magnetization. Influence of 

structural inhomogeneity and presence of residual stresses in products on Mres distribution 

is not considered. 

In actual products there are typically various types of structural inhomogeneity and 

defects of metallurgical and process nature, which determine the appropriate distribution of 

residual stresses (RS) and magnetization Mres. 

Figure 2, a shows the characteristic distribution of the self-magnetic leakage field 

Hp normal component, and figure 2, b – the distribution of the residual magnetization Mres 

in the permanent magnet bar excluding the structural inhomogeneity and residual stresses 

(RS). Such distribution of magnetization Mres and magnetic field Hp in ferromagnetic 

materials is usually given in the methodological literature on magnetism. 

Fig. 2, c shows the distribution of the self-magnetic field Hp normal component on 

two similar new turbine blades. It can be seen in fig. 2, c that the Hp field distribution on 

these blades has an abruptly different pattern due to differences in their structure and RS. 

 c)  

Fig. 2. Theoretical distribution of the self-magnetic field Hp normal component and 

residual magnetization ぜres in a permanent magnet bar (a, b) and the actual distribution of the field Hp  

in new blades taking into account the structural inhomogeneity and RS (c). 
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Metallurgical and process manufacturing defects are known to create in local zones 

high level of RS, which appear in the form of anomalies in the distribution of magnetization 

Mres and magnetic field Hp. 

Thus, based on the rapid control using the MMM method of new products by Mres 

measuring, it is possible to detect process and metallurgical defects, i.e. to perform products 

sorting by quality [1]. 

In conditions of large-sized products and structures installation the residual 

magnetization Mres is changed and redistributed under the effect of assembly and welding 

stresses. During products operation the residual magnetization changes under the effect of 

stresses and strains due to workloads. 

Investigations established that variation of products magnetization in the course of 

operation is caused by the action of magnetoelastic, magnetomechanical and 

magnetoplastic effects. It was also found that variation of Mres and, respectively, of the 

measured self-magnetic leakage field Hp at tension, compression, torsion and cyclic loading 

of, for example, ferromagnetic pipes is uniquely related to maximum effective working 

stresses, which allowed to use this parameter as a memory element during the MMM 

method development. 

Under operating conditions such factors as the external field He, volume, mass, 

material and size remain constant for similar products. Only temperature, stresses and 

strains in products or structural elements change. Variation of temperature during operation 

appears as a gradient (T) in the product volume, and its action also results in variation of 

the product’s stress state () and magnetization Mres. 

Under these conditions growth of magnetization due to the action of the 

magnetoelastic effect can be expressed: 

ぜ(ぞе, ) = ぜ(ぞе)+ぜ(ぞе, ).      (1) 

At weak external field He (typically He is the field of the earth): 

ぜ  ぜ(ぞе).         (2) 

It should be noted here that variation of magnetization M under load and after its 

relief has different values. At the time of load  application: 

ぜ = ぜrev
 + ぜnon-rev

.       (3) 

After load relief the reversible component ぜrev
 disappears, and only non-

reversible component remains: 

ぜ  ぜnon-rev
.        (4) 

At that, based on relation (1), the value of M(He) makes it negligible contribution 

to variation of M. 
Thus, based on the results of SMLF measurements on the products surface 

characterizing variation of magnetization Mnon-rev
, application of the MMM method 

provides the possibility to compare the stress-strain (energy) state of similar equipment 

parts units after the relief of the workload . 

Given that measurement of SMLF characterizing variation of products 

magnetization Mnon-rev
 is carried out after the relief of the load  that also includes the 

temperature gradient T effect, application of the MMM method provides the possibility to 

compare energy states of similar parts by values and direction of SMLF variation on their 

surfaces. 

It should be notes that the phenomenon of a product’s magnetization variation at its 

deformation was first opened by E. Villari in 1865. Now this phenomenon is explained by 

variation of a ferromagnetic material’s domain structure and called a magnetoelastic effect 
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(m.e.e.). However, the process of ferromagnetic bodies “self-magnetization” in conditions, 

when the strain energy is by order higher than that of a weal external magnetic field 

(usually this is the field of the earth), was first specially studied by Soviet scientists in the 

40-ies of the XXth century, when the warships faced the problem of combating magnetic 

mines. Figure 3 shows the mechanism of the magnetoelastic effect action. It was found that 

the impact of waves on the ship hull (especially during the storm) in conditions of a weak 

external field of the earth causes “self-magnetization” of certain ship hull areas, and mines 

were attracted to these areas and exploded. In those years it was suggested to periodically 

demagnetize certain ship hull areas with anomaly high magnetization. Many industries cope 

with the “self-magnetization” phenomenon by means of periodic demagnetizing using 

demagnetizing devices. Upon studying this “self-magnetization” phenomenon on the 

example of boiler tubes it was first suggested to use it for the purposes of technical 

diagnostics [2]. 

Taking into account that m.e.e. regularities in a weak magnetic field of the earth are 

limited by a proportionality limit, which for carbon steel grades is approximately equal to 

0.3 to 0.5 of the yield strength y, in the course of the MMM method physical bases 

development it became necessary to study the magnetoplastic regularities in the field of 

plastic strain. Paper [3] introduced a concept of magnetoplastics with the following 

definition: 

 

Fig. 3. Magnetoelastic effect action mechanism: 

M  and  non-rev
σM  – variation of residual magnetization under load and after its relief, respectively; 

 – variation of cyclic load; He – external magnetic field. 

Magnetoplastics is physical effect that manifests in irreversible increase of magnetic 

leakage fields induction flux in the direction determined by the force field direction and 

pattern in presence of a weak external field; it occurs at the beginning of a ferromagnetic 

plastic strain by the force field, develops with the increase of plastic strain right up to 

failure and remains at weakening or complete elimination of the force field effects. 

The weak external magnetic field cannot alter the atoms magnetic moments density, 

and its effect on a ferromagnetic shows itself only in stepwise turning of magnetic moment 

vectors towards the most possible favorable direction. 

On the contrary, force fields cannot turn the magnetic moment vectors, but they 

directly alter their density, and in different ways, depending on the mutual orientation of 

magnetization vectors and the force field (this is the exact reason that the “magnetic 

memory” is maximally manifested after cutting out, for example, of a pipe specimen in the 

position relative to the magnetic field of the earth, in which the pipe was under load). 

Magnetoplastics appears during the entire duration of the “strain-failure” process of 

a specimen or a product. 
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The magnetomechanical effect in conditions of simultaneous product exposure to 

deformation and weak external field of the earth is schematically manifested as follows. It 

is known that the magnetic and mechanical effects exist at the level of a single atom of the 

crystalline lattice. The mechanical moment position is determined by the crystalline lattice 

deformation due to the mechanical impact on the product. The position of the atom’s 

magnetic moment related to the mechanical moment through the misalignment angle  
1
 

displays at interaction with the magnetic field of the earth. “Precession” of atoms’ magnetic 

moments in the field of the earth occurs. This is the unique role of the magnetic field of the 

earth in the MMM method! Formation of the atoms’ magnetic moments inside the isotropic 

iron crystalline lattice at its deformation is considered in paper [4]. This paper demonstrates 

that the misalignment angle  between the magnetic and the mechanical moments, formed 

at the level of a single atom, at the level of a crystalline lattice or at the level of a structural 

element, etc. at the product’s macro level coincides with the slip angle (). Thus, presence 

of magnetic planes, being simultaneously the dislocations glide planes, conditions 

ferromagnetic materials susceptibility to change their magnetic state in conditions of shear 

strain. It is for this reason that local magnetic fields (magnetic anomalies) occur in a loaded 

ferromagnetic, and their orientation is not directly related to the direction of the external 

magnetic field. 

If we consider the influence of the main factors He, T,  on variation of 

magnetization ぜ of a ferromagnetic with a certain shape and mass from the initial state 

Mres, we shall obtain the following functional equation (5): 

ぜ(ぞ,Т,)=(1+kぞе)(1+kт)(1+k)ぜres=(1+kぞе+kт+k+kn kт+kn k+kт h+kHe kт k)ぜres,  (5) 

where ki – are non-linear functions reflecting the influence of each of the above factors on 

variation of ぜ and mutual influence of these factors on each other. 

And if we follow the traditional approach to the study of these non-linear functions 

influence on variation of a ferromagnetic magnetization, these studies will require long 

time and a large amount of experimental work. Actually, many experts who study the 

processes of ferromagnetic materials magnetization follow exactly this path. 

Based on the analysis results of a large amount of experimental work carried out in 

course of the MMM method development, an energy approach to the study of the influence 

of the factors referred to in equation (5) on variation of a ferromagnetic magnetization ぜ 

was proposed. 

The energy approach is based on the idea that each ferromagnetic of a certain shape 

and material has a certain energy-output ratio characterizing its marginal resistance to 

external loads and failure. In experimental studies it was found that the limiting state 

occurring at a ferromagnetic failure has the same energy characteristic, i.e. the 

ferromagnetic failure energy, regardless of different combinations of factors and physical 

effects that caused this state, is one and the same and is energy constant. At the same time, 

the time of reaching the limiting state, even for similar products, depending on various 

combinations of factors, may be different. 

The main diagnostic parameter in the MMM method is the magnetic leakage field 

Hp gradient (dHр/dx) or this field variation intensity factor (Kin) recorded during scanning 

with a specialized magnetometer sensor along the equipment and structures surfaces. It was 

established that exactly this diagnostic parameter due to the magnetomechanical effect 

directly reflects the energy state of metal’s surface and deep layers in stress concentration 

zones (SCZs) of equipment units and structural elements. And the maximum field gradient 

value determined on the metal surface with precision up to millimeter corresponds to the 

source of crack occurrence. In the area of the most intensive deformation process and, 

ultimately, of failure the domain structure undergoes significant changes. Dimensions of 

“magnetomechanical” domains with directions coinciding with the direction of slip reach 
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critical values. As a result, the domain with the maximum size “splits” and a microcrack 

forms. Exactly this state of the metal in a SCZ, at which the physical tensile strength is 

reached, is proposed to be considered limiting during equipment inspection by the MMM 

method. 

In laboratory investigations on specimens under static and cyclic loads the energy 

relation between the magnetic and mechanical parameters was obtained: 

2
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where y
inK  and t

inK  are values of the magnetic field gradient recorded in SCZs on the 

specimen or directly on the equipment at reaching of conditional yield strength y  and 

conditional ultimate tensile strength t , respectively. 

Equation (6) was many times confirmed directly on the equipment during the 

inspection by the MMM method. In accordance with the results of numerical and 

experimental studies presented in papers [3, 5] the magnetic parameter Kin characterizes the 

magnetic energy density Wm conditioned by the mechanical deformation energy due to 

force action Wf: 
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where E is elasticity modulus (or plasticity modulus for plastic strain). 

It follows from equation (7) that the more force energy Wf is spent for deformation 

(with decreasing!), the more magnetic energy Wm is released, which provides an increase of 

the measured magnetic parameter Kin. 

Comparing the specimen’s state during the experimental investigations by the 

magnetic parameter Kin when it reaches the ultimate tensile strength t  relative to the state 

of the same specimen when it reaches the yield strength y , taking into account equation 

(7), we obtain: 
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Using the obtained energy relation (6) between the magnetic and mechanical 

parameters of strain hardening, it is proposed in practice to carry out equipment lifetime 

assessment in SCZs based on the measured Kin values and the actual service hours of a 

specific unit as of the date of inspection Tact. 

If we know the t
inK value corresponding to the ultimate tensile strength of the metal 

in SCZs for similar equipment units (determined by the results of practical measurements in 

SCZs with micro damages), the actual maximum act
inK value measured in this unit’s SCZ 

and the actual service hours of this unit Tact as of the date of inspection, it is possible to 

calculate the period of this unit operation Tlim as follows: 

actact
in

t
in

lim Т
K

K
Т  .        (9) 

Thus, the residual lifetime of the inspected unit with a SCZ will be: 

Tlife=Tlim–Tact.          (10) 
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The proposed method of the metal’s limiting state determination in SCZs and 

equipment lifetime assessment is based on the accepted assumption of linear time 

dependence of the process of plastic strain and metal fatigue accumulation. At the time of 

inspection the magnetic parameter act
inK  characterizes the actual energy state of the metal in 

SCZs. And it does not matter how (under what dependence on load parameters) this energy 

state was reached. The metal in SCZs over time somewhat discretely transits from one 

energy state to another. If we manage to record the act
inK  values in different time periods 

(T), we shall obtain the linear dependence Kin=f(T) by fixed moments (points) of various 

energy states of the metal in SCZs. Given that the magnetic parameter Kin reflects variation 

of the residual strain in SCZs, accordingly, the linear low of plastic strain (hardening) 

summing (accumulation) is true in this zone. 

The technique of equipment lifetime determination using the “MMM-Lifetime” 

program software is considered in more detail in paper [5]. 

1 Natural frequencies of material vibrations are the reason of angular misalignment occurrence. Angular 

misalignment of the mechanical and the magnetic moments occurs in conditions of elastic and plastic 

vibrations at product exposure to the mechanical load. 
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