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Abstract. This paper discusses issues related to the evaluation of the ferromagnetic 
element state based on the residual magnetic field (RMF) measured on the element 
surface.  
 The use of the RMF measurements to test machinery components makes it 
possible to obtain additional information which standard diagnostic testing methods 
have so far failed to provide. Relating the RMF distribution to the distribution of 
active and residual stresses allows an estimation of the working stress distribution. 
The places where magnetic anomalies occur indicate areas that should be thoroughly 
tested using other methods to identify the cause. The anomalies may be caused by 
factors such as the material structure inhomogeneity or local overload of elements 
that could result in plastic deformation as well as in an increased rate of wear 
leading to discontinuity nucleation. 
 A thesis is also formulated for the toothing of toothed wheels that there is a 
connection between the number of the cycles of changes in load, the value of the 
load and its distribution on the width of the tooth, and the values of the residual 
magnetic field components. 
 The RMF measurements works good in the detection of defects of weld seams 
already in service. It is also shown that the RMF, apart from its application in weld 
seams defect detection, could be used to evaluate the level of residual stresses, the 
quality of post-weld heat treatment and to define the amount of delta ferrite in 
welded joints of austenitic steels. A method that allows evaluation of the first order 
residual stresses in some ferromagnetic steels based on the RMF measurements is 
developed and presented.  The algorithm is not universal to the material. It has to 
take account of the impact of the component geometry. The quantitative evaluation 
of residual stresses in components based on the RMF gradients requires the 
development of a transition function for the specific geometry, material and 
orientation of the component in the magnetic field of the Earth. 

1. Introduction 

The development of the MMM testing method was started in Russia at the turn of the 
1980's and 1990's [1] and the MMM notion itself was introduced in 1994 by A. A. Dubov 
[2]. At that time, the first models of measuring instruments and the testing methodology 
were developed. Considerable doubts are raised by the way of interpreting the measurement 
results in procedures of testing performed by means of the MMM method for different 
types of facilities. These doubts are related mainly to the fact that there are no clear 
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assessment criteria – be it quantitative or, in some cases, even qualitative [3]. On the other 
hand, neither the findings presented in available literature on the use of magnetism in the 
technical state diagnostics nor the results of the MMM testing in industry confirmed the 
methods of result interpretation and the evaluation criteria offered within the MMM testing 
methodology [4]. 
 Scientific research on the MMM testing method and on the use of the RMF for 
diagnostic purposes has been conducted in China, Poland and Russia. However, most of 
these research works have a merely basic character. This proves how many issues related to 
the MMM method and the use of the RMF as a diagnostic signal remain to be solved. 
 The diagnostic signal used in the MMM testing method, which is referred to as the 
residual magnetic field (RMF), is the magnetic field in the vicinity of a magnetic object 
being the resultant of simultaneous effects of the external magnetic field and the 
demagnetization field dependent on the object magnetization and its shape. The RMF of a 
ferromagnetic element is a quantity the value of which is affected by the impact of several 
physical effects acting at the same time: magnetomechanical effects, the effect of the 
leakage of external magnetic fields caused by discontinuity or structural inhomogeneity of 
the material and the impact of processes of mutual interaction of magnetic fields with 
dislocations and their accumulation consisting in the pinning of domain walls in dislocation 
clusters. 
 MMM testing method standards were issued in the years 2008-2009. Standard ISO 
24497-1 introduces a system of concepts used in the method; Standard ISO 24497-2 
describes the general requirements for the method to be applied and Standard ISO 24497-3 
– provides guidance on the MMM testing of welded joints. According to these standards, 
the assessment of the level of stress concentration is carried out using the values of the 
RMF component gradients. For the element material state evaluation, the maximum 
gradient value is referred to the average value in the area under examination and compared 
to what is referred to as the index of the deformation capability of the material. 

2. Aim and scope of work 

The aim of research and of analyses is to show both the potential and the limits of the use 
of the RMF as a diagnostic signal providing information on the element state 
(microstructures, stress-and-strain level, wear), as well as verification and possible 
modification of the MMM testing methodology which assumes that, based on the RMF 
analysis, it is possible to identify the tested element stress concentration zones and evaluate 
the concentration level. The extension of the application of the RMF as a diagnostic signal 
aimed at the analysis of the possibility of a quantitative evaluation of residual stresses of 
elements made of ferromagnetic steels.  
 The aim of the research can be divided into several, mutually complementary, 
partial tasks:  verification of the MMM testing methodology,  testing of welded joints,  testing of in-service turbomachinery elements,  evaluation of the stress-and-strain state. 

3. Verification of the MMM testing methodology, 

The MMM testing method focusing on the analysis of the diagnostic signal processing 
methodology were presented. Based on experimental testing, it was confirmed that the 



3 

maximum values of the RMF gradients occurred in the stress concentration zones [3]. The 
load and the values of the external magnetic field affect the gradient values, but the area of 
their occurrence remains unchanged. Significant inaccuracies were indicated in the existing 
procedures for the component technical state evaluation. The methods used within the 
MMM testing methodology to determine the stress concentration level as well as the stress 
values quantitatively and to evaluate the material state are incorrect. This concerns both the 
MMM testing method standards and Dubov's publication [5] presenting the testing 
methodology. Neither the quantitative determination of the concentration level or of the 
stress values nor the material state evaluation methodology presented in the publications is 
correct because important factors that have an impact on the appearance of a diagnostic 
signal are not taken into account in their entirety. There is no precise description of the 
manner in which the boundary values used in the material state evaluation are determined. 
It is inappropriate to determine them based on strength properties only, ignoring aspects 
such as the analyzed element geometry or the impact of the magnetic field in which the said 
element is located. The standards, on the other hand, specify the methodology of 
determining boundary values in a manner which is far too general – they only state, rather 
vaguely, that the procedure is special. Analyzing the testing results of notched specimens 
subjected to tensile loads, was found that the magnetic index of the material deformation 
capability included in the standards made sense in the case of only one RMF component, 
which was not specified in the standard.  

4. Testing of welded joints 

Due to their common occurrence and their frequent flaws, welded joints are one of the most 
basic objects of non-destructive testing. Additional motivation for the research was the fact 
that the only object-oriented standard of the MMM testing method is the one concerning 
welded joints. Consequently, the results obtained from testing them can be referred to the 
provisions of the standard.  
 The defects in welded joints are potential stress concentrators although stress 
concentration in a welded joint may also be caused by other factors. Taking a wider 
perspective on the problem of stress concentration, the welded joint, due to the notch effect 
and the post-weld thermal deformations, is a stress concentrator. Therefore, not all 
indications obtained in the MMM testing are defects in the common, standard meaning. 
Some of the indications of the MMM testing of welded joints may result from the 
occurrence of a non-uniform  distribution of  post-weld residual stresses. On the other hand, 
a question arises whether all defects of welded joints that can be detected by means of 
standard methods of non-destructive testing give indications in the MMM method. In order 
to answer this question, research was made consisting in comparing the RT method results 
to those obtained in the method of the MMM testing. Tests of weld seams were performed 
of both ferritic and austenitic steels. The programme of the MMM testing comprised tests 
of weld seams from the side of both the weld face and root, at the production stage and 
after static loads were applied to selected joints. 
 The main aim of the works was to define the effectiveness of the application of the 
MMM testing method as a flaw detection tool. The obtained results show that, at the 
present stage of development, the MMM testing method does not guarantee the same flaw 
detection effectiveness as the RT method used for reference. This applies particularly to the 
testing of weld seams at the production stage. The effectiveness of the MMM testing 
method may be better in the case of flaw detection for weld seams already in service. The 
imperfections which occur in weld seams, by concentrating stresses from working loads, 
create favourable conditions for crack propagation. At the same time, due to 
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magnetomechanical effects, they result in indications of the MMM testing method. By 
finding stress concentration zones, the areas of potential or existing cracks can be found [6].  
 The use of the MMM method to test weld seams when they are already working 
may prove very effective and economical. This conclusion can be drawn mainly from the 
analysis of the so far identified mechanisms that govern the appearance of indications. The 
results of the analysis point to a great potential for detection of crack propagation zones by 
means of the MMM testing method. Additional advantages of the method are the speed at 
which the tests can be performed and only basic requirements concerning the specimen 
surface preparation. 
 It were proved that the MMM testing method, apart from being used for the 
purposes of the weld seam flaw detection, could also be applied to assess the level of 
residual stress as well as the quality of the post-weld heat treatment, and to define the 
amount of delta ferrite in weld seams of austenitic steels [6]. An analysis of changes in the 
RMF can also be used in the evaluation of the weld seam remnant life [6]. These are 
potential directions of the MMM method development in the scope of welded joints testing. 
Each proposed application requires many tests to be verified and validated against 
recognized testing methods. Moreover, analyses have to be conducted of signals (the RMF 
components) to develop appropriate criteria. At the production stage, the RMF values and 
distribution on the weld seam surface are affected by factors such as the material chemical 
composition, welding parameters, post-weld stresses and strains as well as the weld seam 
defects (their kind, size and location). In order to develop criteria for the assessment of the 
quality of weld seams, all these factors and their impact have to be taken into consideration 
[6, 7].  

5. Testing of turbomachinery elements 

The research on the compressor rotating components (rotor and piston) has its origin in the 
machinery failures related to breakage of teeth and appearance of cracks in rotors. Periodic 
tests performed by means of non-destructive testing methods did not ensure appropriate 
reliability in the time between overhauls [8].  
 The use of the MMM method to test turbomachinery elements makes it possible to 
obtain additional information which standard diagnostic testing methods have so far failed 
to provide. Analyses of relationships between distributions of the RMF components and 
stresses as well as the potential development of diagnostic relations will allow an 
assessment of the distribution of working loads. The places where magnetic anomalies 
occur indicate areas that should be thoroughly tested using other methods to identify the 
cause. The anomalies may be caused by factors such as the material structure 
inhomogeneity or a local overload of elements that could result in plastic deformation as 
well as in an increased rate of wear leading to discontinuities.  
 In the case of the rotor testing, the blade areas with the highest levels of stress and 
strain were indicated. The areas coincided with the areas with cracks in neighbouring 
blades. The relationship between the orientation of the normal component isoline and the 
direction of crack propagation was shown [8].  
 A thesis were formulated for the toothing of toothed gears that there was a 
connection between the number of cycles of changes in load, the value of the load and its 
distribution on the width of the tooth, and the values of the residual magnetic field [9, 10]. 
Additional it was formulated a diagnostic criterion describing a characteristic distribution 
of the RMF components on the tooth tip that makes it possible to find that there is a high 
likelihood of fatigue damage to the toothing, which, combined with the metal magnetic 
memory method, allows more complete diagnostic testing for the needs of the toothing 
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repair management [9, 10]. It was put forward a thesis that states that the toothing residual 
magnetic field parameters correlate with the load distribution on the width of the teeth. 
Assuming that these hypotheses are correct, the toothing residual magnetic field testing 
may produce a qualitative and, in future, even a quantitative image of the distribution of 
loads in individual teeth, thus creating a new perspective on the toothing remnant life 
determination. The results of the analyses prove that the proposed theses are right but they 
still need to be fully confirmed by a programme of laboratory testing of toothed gears. 

6. Evaluation of the stress-and-strain state 

Analyzing the results of experimental testing, it were found that both reversible and 
irreversible stress-related changes in magnetization could be used as diagnostic signals 
making it possible to determine the load (stress-and-strain) state of elements made of 
ferromagnetic steels [11].  
 In industrial conditions, with no information on the direction of acting loads, all 
components of the RMF vector must be measured on the surface of the assessed element. In  
order to develop diagnostic relations, it is sensible to use gradients of the RMF 
components, which confirms the MMM methodology. In the case of point measurements 
(e.g. in continuous monitoring of the state of a steel structure), where the gradient cannot be 
determined, it is also possible to evaluate the load state or its changes. For this purpose, the 
changes in the RMF resulting from variations in the structure loads are used [12].  
 The fact that the RMF value increases significantly after yield stress is exceeded 
makes it possible to develop a simple and fast method of identifying areas with plastic 
strain. Both the values of the RMF components and their gradients can be used as the 
evaluation criteria[11 - 13].  
 It were found that there was a correlation between the level and number of load 
cycles and the state of magnetization. An abrupt change in the RMF value occurs in the 
final stage of fatigue wear, which allows a forecast of the element destruction [11, 13, 14]. 
 Based on the premises mentioned above, further testing and analyses were 
performed aiming to use the RMF strength in the stress-and-strain state evaluation of 
machinery components and structures [11, 15, 16]. It were focused on the use of the RMF 
measurements to assess residual stresses in a macro-scale – the first order residual stress 
resulting from non-uniform plastic strains in the notch area. The choice of this scope of 
testing is mainly the consequence of the fact that stress evaluation methods based on 
changes in magnetic properties require scaling (developing calibration curves). As the 
actual state of residual stresses, which are caused by the resultant of macroscopic stresses 
and which have the orientation affected by the impact of plastic strain-related microscopic 
stresses, cannot be measured (due to the unavailability of an appropriate measuring 
apparatus), it was decided to focus on macroscopic stresses, the state of which can be 
assessed by means of the finite element method calculations. 
 The performed tests led to the development of a method that allows evaluation of 
the first order residual stress in some ferromagnetic steels based on the RMF measurements 
[17, 14, 18]. The results indicate that for the T/P24 and 16Mo3 steels 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 the first order residual 
stress. It is possible to work out the relation between the RMF gradients and the first order 
residual equivalent (von Mises) stress. A good agreement is obtained between stresses 
resulting from the FEM modelling and those determined by means of the developed 
algorithm. The algorithm is not universal to the material [18, 20]. It has to take account of 
the impact of the element geometry. The quantitative evaluation of residual stresses in 
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elements based on the RMF gradients requires the development of a transition function for 
the specific geometry, material and orientation of the element in the magnetic field of the 
Earth. It is also necessary to know the type and direction of working loads of a given 
element because these are the factors that decide about the element stress state and about 
changes in its magnetization and magnetic permeability caused by stresses [21]. The 
development of a full algorithm taking account of all the research objectives mentioned 
above will lead to the creation of a fast and simple, and therefore economically profitable, 
method of the first order residual stress evaluation. 

7. Conclusions 

 The carried out testing and the analysis of obtained results and the conclusions 
drawn, being a contribution to the discussion of the MMM method, do not exhaust the 
entirety of the presented issues. The development of a complete and physically justified 
description of the cause-and-effect relationship between the measured distribution of the 
RMF and the stress state and microstructure of tested elements, taking account of the 
element shape and history of loads and applied magnetic fields (before and during the 
tests), requires further testing, analyses and verifications. 
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