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Abstract 

 

Detection of the progressive fatigue degradation of the material (the phase preceding the 

open crack) and hidden congestion of the structure (effects of atypical working 

conditions) is necessary for reliable forecasting of the technical condition of the 

structure. The article presents selected issues of the use of magneto-mechanical effects 

to monitor the technical condition of ferromagnetic objects (e.g. high voltage power 

pole, crane ropes, DUT – devices under test) and identify the differentiation of the 

material degradation process (compressor blades of jet engines). At the beginning of 

paper will be presented the examples of research objects (classes of diagnostic 

problems) and their operational problems. To monitor their technical condition a passive 

magnetic state observer will be proposed. Next, theoretical foundations of magneto-

magnetics magnetization are discussed, including magneto-mechanical effects occurring 

in the field of elastic and plastic deformations as well as expected diagnostic symptoms 

- magnetic anomalies and material magnetization level, which mimic the resultant 

information about the heterogeneity of the structure, the state of material effort and the 

history of its exploitation. The examples of computer simulation results performed in 

the COMSOL Multiphysics software will be also presented. Finally, examples of cheap 

magnetometers used to monitor the structure and the results of laboratory and 

operational tests will be presented. It has been shown that a passive magnetic state 

observer can be used to monitor ferromagnetic objects and detect concealed structure 

overloads. 

 

 

1.  Introduction 
 

In machines and mechanical devices there are various forms of material degradation, 

among others: corrosion and erosion, Low Cycle Fatigue (LCF), High Cycle Fatigue 

(HCF), Very High Cycle Fatigue (VHCF), Thermomechanical Material Fatigue (TMF). 

Above degradation processes occur in ferromagnetic and para-magnetic materials that 

are used to build machinery and equipment. Ferromagnetic materials, e.g. unalloyed and 

low-alloy steels change their physical properties (electrical and magnetic) under the 

influence of the history of exploitation and progressive degradation of the structure 

(including changes in dislocation density, grain size and structural anisotropy) [1-3]. 

Some paramagnetic materials, e.g. selected austenitic steel grades are metastable - in 

their structure, ferromagnetic phases induced under the influence of stresses or strains 

appear. As a result of the above changes in physical properties of the material (including 

magnetic permeability, electrical conductivity) are changing, among others:  intensity of penetration of the external electromagnetic field into the material; 
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 distribution of eddy currents induced in the material;  distribution of the magnetic field near the tested object (DUT). 

The above observations and the implicit relationship existing between the material 

structure, mechanical parameters and physical parameters are the basis of the magnetic  

and electromagnetic methods of Non-Destructive Testing (NDT) and Structure Health 

Monitoring of technical condition (SHM) [4]. 

In magnetic studies active and passive control methods are used. Active methods use 

artificial magnetization of the tested material (Device Under Testing DUT), which in a 

controlled manner changes the distribution of magnetic domains in the ferromagnetic 

material and eddy currents generated in the conductor by a variable magnetic field. 

Passive methods are described by:  they do not interfere with the existing distribution of magnetic domains in the 

DUT material;  they register and analyse the existing magnetic field distribution near the DUT 

(indirectly remanence of the DUT including shape / demagnetization) to detect 

magnetic anomalies;  they use natural sources of continuous magnetization of DUTs by:   unknown operating processes, including stresses, temperature changes and 

progressive degradation of the material structure;   the Earth's magnetic field [5] and weak electromagnetic fields generated 

by other applications or processes, e.g. radio and television signals, Wi-Fi 

or mobile telephony. 

Many years of experience of magnetic and electromagnetic methods in non-destructive 

testing and dynamic development of magnetometers used in various applications outside 

of NDT and SHM (less than 0.1% of world production of magnetometers is used in 

NDT and SHM) - Figure 1, are an inspiration to use magnetic field and cheap 

magnetometers to monitor the structure.  

 
 

Figure 1. Fields of application of magnetometers and passive observer [6] 
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The article presents selected issues of structure monitoring using magneto-mechanical 

effects and three-axis vector magnetometers (3D). 

 

2.  Theoretical basics 
 

Magnetic forces are one of the basic interactions occurring in nature. Each material 

interacts with the magnetic field, but not everyone has the ability to strongly magnetize. 

Such features are exhibited by ferromagnetic having magnetic domains, thanks to which 

they are used as a storage medium. Record and magnetic reading enables data collection 

by changing the magnetization degree of a ferromagnetic carrier. Ferromagnetic 

materials are also used in the construction of machines and devices, therefore the ability 

to save and read information can be used in NDT and SHM. There are three basic 

methods for magnetizing ferromagnetic [7]:  by an external magnetic field of intensity � � ;  by changes in material temperature � � ;  by changes in mechanical stresses � �  

what is described by relation (1)  � = � �, �, � , �, �  (1) 

in which M is the magnetization of the material, N is the tensor of the degaussing 

(shape) whose parameters are easily determinable only for simple DUT shapes, t is the 

time. For more complex shapes, numerical modelling is required or based on statistical 

patterns of the magnetization distribution. 

With progressive heterogeneity of material structure (crystallites, inclusions, dislocation 

density, structural anisotropy and stress) occurring during material degradation  
D(x, y, z, t) the physical properties of the material change locally, including relative 

magnetic permeability ��, the strength of coercion ��, remanence ��, linear 

magnetostriction coefficient . In the DUT magnetization distribution local magnetic 

anomalies appear �� , ,  with different wavelength - diagnostic symptoms 

reflecting the difference in the level of material degradation and indicating places with 

an increased risk of rupture [8-11]. The progressive degradation of the material is a 

complex, non-linear form of magnetizing/demagnetizing the material, as described in 

relation (2). � = � �, �, � , �, �, �  (2) 

The NDT magnetic methods allow detection of the first phase of material degradation 

long before the occurrence of an open crack, which exceeds the classic method of 

ultrasonic flaw detection .And the detection and classification algorithms of magnetic 

anomalies must take into account:  geometrical features DUT;  physical properties of the DUT material;  specificity of working conditions and expected fatigue processes;  the type of magnetic method used in the research. 

In NDT, magnetic methods are most often used only for the detection of cracks and 

large non-ferromagnetic inclusions, i.e. monitoring of the material degradation phase III 

[4]. Such a narrow goal of magnetic testing significantly shortens the horizon of the 

forecast at the expense of a small increase in the probability of a correct diagnosis 

(POD). The costs of periodic non-destructive tests detecting only the material 
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degradation phase III are often greater than the costs of SHM systems enabling the 

phase I degradation detection of the structure. 

 

2.1. Magnetisation by an external magnetic field 

 

Magnetization of the material using an external magnetic field is the best known [12] 

and the most commonly used method in magnetic and electromagnetic NDT methods. 

Relation between magnetic induction B, magnetic field strength H, magnetization M 
and relative magnetic permeability �� of ferromagnetic material describes the 

relationship (3) � = ∙ (� + � � ) = �� � − ∙ � (3) 

The current value and changes in magnetization (directly immeasurable) can be 

observed contactless on the basis of measurements of the magnetic flux distribution B 
or magnetic field strength H near the DUT, the amplitude and gradient of the magnetic 

anomaly decreases exponentially with increasing the observation distance and averaging 

the symptoms of the anomaly. For measurements performed in dry air (when � is 

scalar and � = . 7) there is an approximate relationship between magnetic 

induction and the intensity of the magnetic field (4). � ≅ � (4) 

where  is the magnetic permeability of the vacuum ( = � ∙ −7 �⁄ ), which 

makes it possible to present the measurement results in the form B or H, regardless of 

the actual measured physical quantity by a magnetometer or a measuring coil.  

Magnetic field lines (closed curves) break down at the boundary of two material centres 

with different magnetic permeability. Near the surface of the DUT, normal components 

of magnetic induction ��  they are equal and the normal components of magnetic field 

strength ��  they are different, as described in equation (5.a). In the absence of surface 

currents (assumption), the tangent components of the field strength ��� they are the 

same on both sides of the border, while the tangent components of magnetic induction ��� they have different values, as described in equation (5.b). � = �  
�� = ��  (5.a) 

� � = � � � �� � =  (5.b) 

 

2.2. Stress magnetization 

 

Stress magnetization is a less known form of magnetizing magneto magnetics, despite 

the fact that magneto-mechanical effects have been known for 2000 years and have 

been studied scientifically for over 150 years [13-17]. The best known are the in-line 

magneto-mechanical effects that exist in the field of elastic deformations of 

ferromagnetic materials and are widely used in magnetostrictive sensors. The idea of 

their operation is illustrated in Fig. 2a. 
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a) 

  
b) 

Figure 2. Magneto-mechanical effects: a) theory [7]; b) some non-linear relations observed during 

hysteresis loop measurements for level of stress � ≤  � .     

 

Less known and used are irreversible magneto-elastic and magneto-plastic effects, 

observed in a weak magnetic field (Earth, artificial magnetization of DC and AC)  

– Figure 2.b). Under the influence of stresses and unknown stress history:  dissipation of energy in the material (including in the form of Barkhausen noise, 

internal friction and heat emission);  change in dislocation density in the surface layer and material core,  change of material magnetization, remanence and polarization Jr / Jmax ,  change of the level of non-linearity and THD25-B harmonics . 

In addition to Mi induced magnetization by residual stresses, the residual magnetization 

component Mr appears, as described in formula (6). A magnetic recording of valuable 

diagnostic information takes place in the ferromagnetic material DUT, which is 

neglected in the active magnetic methods of NDT. On the basis of measurements of the 

existing magnetization and monitoring of the state of magnetization of the structure at 

the expected (assumed) number of load cycles (working time), it is possible to estimate 

the maximum structure loads that occurred between consecutive technical inspection 

periods. The magnetic record in the DUT can be used not only to detect the 

discontinuity of the structure.  � = �� + �� (6) 

Irreversible magneto-mechanical effects have been used in the Magnetic Metal Memory 

(MMM) method [9]. This kind of method NDT normalized only in the control of the 

quality of welding [18]. For more than 40 years, the MMM method has also been used 

to detect stress concentration zones in homogeneous material (outside the HAS area of 

welds), which creates resistance among some NDT specialists, especially among those 

preferring active magnetic methods and ultrasonic testing.  
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2.3. MMM method 

 
The classic measuring system of the MMM method used in non-destructive testing, e.g. 

by Energodiagnostika Co. Ltd and EddySun Electronic Co. Ltd [19, 20], contains:  one or two-axis analog or digital transducer probes (magnetometers cooperating 

with a local microprocessor) with / without an encoder;  portable recording and analysing device.  

The measurement is carried out in the TIMER mode (according to the set sampling 

frequency depending on the number of active measuring channels) or ENCODER 

(according to the encoder signal, the sampling frequency depends on the relative probe 

movement speed on the DUT surface). The measurement data is stored on the storage 

medium in the recording device, from where after the registration can be sent by wire to 

a stationary or portable computer, e.g. a server with a measurement database. The signal 

from digital probes can also be registered by other construction monitoring devices, 

which is currently rarely used in laboratory tests for SHM systems [21, 22]. 

Existing MMM measurement systems have weaknesses. In one and two-axes probes, 

information about the amplitude of the vector B or H is lost , which for the Cartesian 

coordinate system of the magnetometer is described by equation (7). � = √� + � + �  � = √� + � + �  (7) 

The probes used do not ensure full observability of the magnetic field vector and the 

magnetic field distribution near the DUT, which:   negatively affects the probability of a correct diagnosis (POD);  limits the possibility of automating the processing of measurement data;  it makes it difficult to verify the quality of measurements and to assess the 

technical condition of the measuring track.  

The previous diagnostic criteria of the MMM method [9, 18] are based on the detection 

of the magnetic anomaly of a single component of the vector H (Hx - the tangent 

component to the surface DUT, Hy - component perpendicular to the surface DUT), the 

amplitude of the projection of the vector H on the plane Hxy and the angle change � = ��� (� �⁄ ) between two components of the vector. Features of the magnetic 

anomaly describes the value of gradients ∆� ∆⁄  and ∆� ∆⁄  determined on the basis ∆ =  . Changes to the above parameters can be called by:   changing the length (amplitude) of the vector or;  change in the spatial position of the vector in the coordinate system of the 

Cartesian probe or;  changing the position of the probe relative to the DUT;  edge effects and cross-sectional changes DUT. 

Not every registered magnetic anomaly results from the technical condition of the DUT, 

which must be recognized during data registration and analysis of measurement data.  

 

3.  Measuring system 
 
The full observability of the B or H vector in the Cartesian magnetometer coordinate 

system is ensured by a three-axis magnetometer whose measuring range has been 

correctly selected for the measurement task (steel type and expected changes in stress 
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magnetization, sampling frequency). The full observability of the B or H vector in the 

Cartesian coordinate system DUT is provided by the measuring head, which includes 

a three-axis magnetometer and an accelerometer. For precise measurements made with 

a mobile measuring probe or probe mounted on a moving DUT it is recommended to 

also record the signal from a tri-axial gyroscope. Signals from the magnetometer, 

accelerometer and gyroscope processed with the help of sensor fusion algorithms allow 

automatic correction of measurement errors [23, 24]. 

In the research, the authors used three-axis magnetometers made in MEMS technology, 

based on the AMR, GMR, TMR, MI, Q-Hall effects. In order to:   fast scanning of the magnetic field distribution near the DUT;  increasing the measurement resolution and aperture;  increase the resistance of the measuring system to exceeding the measuring 

range of the magnetometer;  SNR improvement. 

A line of 16 three-axis magnetometers and a matrix of 2x16 three-axis magnetometers 

with a constant distance between the magnetometers were also used. For the 

measurements made at the variable spatial position of the measuring head and the 

automatic position control of the measuring probe relative to the Earth's magnetic field, 

a measuring platform containing a three-axis magnetometer, an accelerometer and 

a gyroscope was used. The measuring platform with the wireless data transmission 

module was also tested.  

 

4.  Results 
 

4.1. Laboratory tests 

 

The publicly available catalog data of magnetometers do not contain all the parameters 

that are necessary to develop SHM applications and diagnostic criteria, including there 

is no information about the aperture and the spatial characteristics of the sensor and the 

measuring band. To determine the missing parameters and verify the properties of 

particular types of magnetometers and diagnostic symptoms, additional laboratory tests 

are necessary using Helmholtz coils and a generator as well as DUT patterns. 

 

2.1.1. Verification of metrological parameters of magnetometers and diagnostic 

symptoms 

The tests were performed using a computer-controlled 1D scanner, equipped with 

a measuring head containing the tested magnetometers: a three-axis magnetometer, 

a matrix of three-axis magnetometers or a platform with a three-axis magnetometer, an 

accelerometer and a gyroscope. The aim of the laboratory tests was:  verification of the metrological characteristics of various types of 

magnetometers (MI, Hall, AMR, GMR, TMR) taking into account the expected 

conditions of their operation in NDT and SHM systems;  defining the characteristics of diagnostic symptoms (magnetic anomalies) 

considering the influence of the magnetometer distance from the surface of the 

DUT on the distinguishability of individual and group magnetic anomalies 

(structural defects, changes in the cross-sectional area of the DUT);  verification of new algorithms for measuring signal analysis. 
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The sample results are shown in Figure 3. 

  

   

a) b) c) 

Figure 3. Sample results: a) scan to the left, h = 30 mm, v = 25 mm/s – visible magnetic anomaly of 

DUT (magnetic tape), no groove symptom ("defects"); b) scan to the right, h = 7 mm, v = 30.7 mm/s 

– resultant symptom of DUT and defects; c) magnetic signature of a compact rope – resolution 

Δx = 0.05 mm, gap between magnetometers is 5 mm 

 

During laboratory tests it was found that:  

a) the magnetometer matrix enables precise measurement of the speed and 

direction of DUT scanning, which the Authors use in algorithms for automatic 

analysis of measurement quality and increase of SNR; 

b) SHM magnetometers (the smallest power consumption) are very attractive for 

the SHM application and generate pin noise (so-called telegraph noise). Analysis 

of measurement data requires pre-filtering of the signal (denoise). Disturbances 

were observed on magnetometers of two different companies and it was found 

on the basis of literature analysis that this is a characteristic of TMR 

magnetometers; 

c) the symptom of the edge effect may mask the symptoms of the defect. The 

masking effect increases as the distance between the magnetometer and the DUT 

surface increases, especially for narrow DUTs, e.g. ropes, sheet strips. 

d) some MEMS magnetometers also record the 50/60 Hz power grid magnetic 

field. In order to improve SNR and reduce the risk of incorrect diagnosis, 

additional signal filtration is necessary. 
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2.1.2. Monitoring of jet engine components 

The measurements of the magnetic field were made on a SO-3 type jet engine. During 

the stoppage, the magnetic field distribution was recorded on the apex surface of the 

compressor blades [25] and gear wheels (ferromagnetic elements) - Figure 4. Then, 

magnetic field measurements were made on a running engine through the paramagnetic 

compressor and gearbox housing. It has been shown that it is possible to monitor the 

state of magnetization of compressor blades and gear teeth, as well as to measure the 

instantaneous angular velocity despite the eddy currents induced in the hull. Due to the 

high angular velocities of the DUT, the SHM application requires fast digital 

magnetometers or analog magnetometers cooperating with a fast ADC card. 

 
Figure 4. Stored magnetization of the gear wheel with z1 and compressor stage 7 vanes 

in a SO-3 jet engine [21, 25] 

 

2.2 Monitoring of the winding machine rope 

 

The MMM tests were performed on a compacted line with a diameter of 42 mm, on 

which periodic magnetic tests are performed using the MRT active method [4]. In the 

first stage of the tests, a measurement of the existing magnetization of the rope was 

made at the forward speed of 0.5 m/s and the rope moved down and up (lowering and 

lifting the skip). In the next stage of the research, comparative measurements of the 

MMM and MRT methods were carried out at the speed of 1.0 m/s. The MMM 

measuring head (matrix of MI magnetometers) was located 1.8m above the MRT 

measuring head. During the downward movement of the MMM measurements, the 

magnetization of the rope was recorded, which then was magnetized within the MRT 

head containing permanent magnets, 2 measuring coil circuits and the Hall single-axis 

magnetometer. During the upward movement of the rope, the MMM measurements 

recorded the effect of the re-magnetization of the rope through the MRT head. 

Examples of test results are depicted in Fig.5. On the basis of the conducted research , 

the detection of symptoms of magnetic anomalies by the MRT and MMT methods was 

found to be consistent. Processed MMM data have a higher SNR coefficient, which 

resulted from the use of an artificial magnetometer matrix and the lack of Barkhausen 

noise in MMM measurements. 
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a) b) c) 

Figure 5. Comparative studies of the MRT and MMM methods on a compacted line [11]:  

a) measuring head of the MRT method; b) MRT test results (coil #1, coil #2, Hall sensor) and 

MMM after numerical synchronization; c) matrix of three-axis MI magnetometers 

 

2.3 Monitoring of high voltage power line poles 

 

The possibilities of the MMM method were also verified for objects located in the 

elevated electromagnetic field. The tests were carried out on the poles of high-voltage 

110 kV lines made of non-alloy steel, at a height of up to 2 m from the surface [22]. 

During two-year tests, it was shown that in the MMM test zone, the magnetic field 

strength of the high-voltage line is lower than the saturation intensity of the DUT 

material. As a result, the criteria for recording magnetic information by the resultant 

influence of natural and artificial magnetization and mechanical stresses and long-term 

storage of information in the DUT material are met – Figure 6. With the help of the 

MMM method, it is possible to quickly perform a qualitative analysis - the detection of 

magnetic anomalies. Quantitative analysis of measurement data requires taking into 

account the shape tensor and position of the DUT against the Earth's magnetic field. For 

this purpose, the Authors use the COMSOL Multiphysics program with the AC/DC 

library [26]. An example of the analysis result is shown in Figure 7. The parameters of 

the Earth's magnetic field in a given geographical location of the DUT are determined 

on the basis of the numerical model of WMM 2015 [27, 28]. 

  
Figure 6. The magnetic field distribution on the high-voltage line pole made by the type 

1-8M transducer probe from the company Energodiagnostyka [22] 
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Figure 7. Numerical analysis of the influence of the tensor on the shape and position of the DUT 

(angle bar) for the expected magnetic field distribution near the surface 
 

 

5. Conclusion 
 

Based on experimental data, it was shown that magneto-mechanical effects can be used 

in SHM applications. A reliable diagnosis of the technical condition of the test object 

and it is loading conditions based on:  

a) measuring the magnetic field distribution near the DUT with the behaviour of:  spatial resolution criterion (conditioned on sampling frequency, probe 

distance from DUT, minimum defect size, DUT size);  signal-to-noise criterion (SNR);  

b) analysis of measurement data using algorithms solving the reverse magnetostatics 

problem. 

In the twenty-first century, measurements of the magnetic field are not a metrological 

problem. Low cost of production of analogue and digital magnetometers and better and 

better metrological parameters make the magnetic methods are the future in SHM 

applications dedicated to objects made of ferromagnetic materials and metastable 

paramagnets. 
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