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Abstract: This paper presents the results of an investigation conducted on samples of high-quality heat-treated carbon steel using the 

magnetic noise method. The objective of the work was to find the proper informative parameters for identifying the obtained structures with 

different hardness. To this end, samples were prepared using quenching and tempering heat treatment at different temperatures, from 150°C 

to 500°C. After microstructural analysis and hardness measurements, the samples were investigated using the magnetic noise method. The 

signals were visualized and analyzed using a digital oscilloscope and the Multi Instrument 3.8 software program. The RMS informative 

parameters and the registration time of the magnetic noise signals were used to identify the obtained microstructures with different 

characteristics and hardness. 
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1. Introduction 

The magnetic noise method is widely used for the investigation 

of the microstructure of ferromagnetic materials. It is based on the 

phenomenon that occurs when a ferromagnetic material is 

magnetized [1]. The structure of a ferromagnetic material consists 

of magnetic domains separated by domain walls [1, 2, 3]. In the 

absence of a magnetic field, the domains are randomly oriented [2]. 

When a magnetic field is applied, the magnetic domains align in the 

direction of the applied field by moving their domain walls. This 

movement is strongly affected by the microstructural features of the 

ferromagnetic material such as grain boundaries, other phases, 

inclusions, dislocations, residual stresses, etc. [2]. As a result, 

abrupt magnetization and induction of voltage in the magnetic test 

coil occur. The resulting magnetic noise was first recorded and 

explained by Prof. Heinrich Barkhausen in 1919, though it took 

until the early 1980s to attract the attention of researchers and the 

industry. The advantages of this method include good sensitivity, 

straightforward experimental procedure and no requirements for 

surface preparation [1-3]. The magnetic noise signal depends on the 

measurement parameters, the magnetizing current and frequency, 

and the frequency response characteristic in the analysis of the 

registered magnetic noise [1]. This method also has some 

disadvantages  related to the need to calibrate the magnetic test coil 

and the non-standardized approach to the measurement and 

selection of proper magnetic noise parameters for identifying 

relationships with the microstructural features of the studied 

material.  

The analysis of the literature shows that the magnetic noise 

method is sensitive to the carbon content [4], the size of the 

crystallites [5, 6] and the different microstructures such as: ferrite 

[5, 7], pearlite [10, 11] and martensite [12, 13]. 

One or more parameters such as root mean square (RMS) 

voltage, energy, pulse height, position of the maximum signal as 

well as the parameters of the magnetic noise envelope were used for 

qualitative and quantitative assessment of the changes in the 

microhardness and the structure of the materials [2, 3, 11, 12, 13]. 

Thus, the Barkhausen noise analysis technique can be used to assess 

the surface integrity of a manufactured part. In recent years, the 

researchers have focused their efforts on developing scanning 

techniques such as the Barkhausen continuous noise method [14] or 

the use of a rotating coil [15], which makes it possible to expand the 

application of this method in industrial settings. 

The objective of this paper is to search for and find the proper 

informative parameters of the magnetic noise signals for identifying 

the obtained microstructures of high-quality carbon steel after 

quenching and tempering heat treatment. 

2. Experiments  

2.1. Preparation of samples for conducting 

experiments 

 
Cylindrical samples of high-quality carbon steel with a diameter 

of 5.5 mm and a length of 100 mm were prepared. The chemical 

composition of the steel type used was: С 0.42-0.5%, Si- 0.17-

0.37%, Mn - 0.5-0.8%, P < 0.035%, Ni < 0.25%, Cr- < 0.25%, S < 

0.04%, Cu < 0.25%. Five groups of samples were prepared, four of 

which were subjected to heat treatment, which consisted of 

quenching and subsequent tempering at the following temperatures: 

150°C /group 2/, 250°C /group 3/, 350°C /group 4/ and 450°C 

/group 5/. The heat treatment modes are presented in column 2 of 

Table 1. By the means of metallographic analysis, the type of the 

obtained microstructure was determined. The microstructure of the 

non-heat-treated samples was ferrite and pearlite /Fig. 1a/.  

The hardness was measured with a Zwick/Roell ZHV 10 

hardness test machine under a load of 9.807 N. 

 

Table 1: Heat  treatment of investigated samples 

 Heat treatment  Microstructure 
Vickers 

hardness HV  

Group 1  Non-heat-treated 
 Ferrite and 

pearlite 
320 

Group 2  
Quenching Т = 850оС 

Tempering Т = 150оС  

Tempered 

martensite 
750 

Group 3  
Quenching Т = 850оС 

Tempering Т = 250оС - 
Tempered 
martensite 

620 

Group 4 
Quenching Т = 850оС 

Tempering Т = 350оС 

Tempered 

troostite 
400 

Group 5  
Quenching Т = 850оС 

Tempering Т = 500оС 

Tempered 

sorbite 
340 

 

2.2. Experimental installation for conducting 

investigations using the magnetic noise method 

 
MULTITEST-MC 04 device [16], which consists of a 

magnetizing unit, a converter for recording magnetic noise signals 

and measuring magnetic noise voltage, and a signal amplifier with 

several bandpass filters was used for preliminary investigations. 

Sinusoidal magnetization with a frequency of 76 Hz was applied. A 

cyclic sinusoidal field was induced in the sample using a magnetic-

noise converter. The Barkhausen signals were visualized and 

recorded by the means of a digital oscilloscope VT DSO 2810 at a 

sampling rate of 100 MSPS and the data acquisition software Multi-

Instruments Pro 3.8. 
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3. Results and Discussion  

3.1. Results from the performed heat treatment  
 

The results from the performed heat treatment and 

metallographic analysis are presented in Table 1. Columns 3 and 4 

show the type of the obtained microstructure and the mean values of 

the measured hardness (HV), respectively. 

After quenching and tempering at Т = 150°C, the obtained 

microstructure was tempered martensite with a hardness HV = 750 

/Fig. 1b/; after quenching and tempering at a temperature of 250°C, 

the result was tempered martensite with a hardness HV = 600 /Fig. 

1c/; after quenching and tempering at temperatures of 350°C и 

500°C, the result was tempered troostite /Fig. 1d/ and tempered 

sorbite /Fig. 1e/, respectively.  

The changes in the structure after a low-temperature tempering 

are related to the decomposition of martensite, the reduction of the 

carbon content in the main volume of the martensite and the 

beginning of the formation of iron carbides [17]. The processes that 

take place during tempering at temperatures of 200-250°C can be 

explained by the decomposition of residual austenite, which results 

in the reduction of the internal stresses in the structure and lower 

hardness. When tempering is performed at temperatures higher than 

250°C, the existing martensite decomposes to ferrite and cementite. 

The troostite  formed by tempering at intermediate temperatures /T 

= 350°C/ is a finely dispersed mixture of ferrite and cementite. With 

tempering at temperatures of 500°C and above, the formed carbides 

coagulate and the result is a dispersed mixture of ferrite and 

cementite called tempered sorbite. The hardness decreases, but the 

impact strength and ductility increase. 

 

 
a 

 
b 

 
c 

 
d 
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Fig. 1 The microstructure of the tested samples; initial ferritic and pearlitic 

structure before heat treatment (a), martensitic structure after quenching 
and low-temperature tempering at T = 150°C (b), martensitic structure after 

quenching and tempering at T = 250°C (c), tempered troostite - structure 

after quenching and tempering at T = 350°C (d), tempered sorbite - 

structure after quenching and tempering at T = 500°C (e). 

 

3.2. Results of a study using the magnetic noise method 

 

Tests were conducted using the magnetic noise method. The 

samples described in paragraph 2.1 were analyzed. The frequency 

of the magnetizing field did not change during the tests. In order to 

select the optimal magnetization level, the samples were 

magnetized using magnetizing currents ranging from 100 to 250 

mA. A series of magnetic noises was recorded during each 

magnetization. The magnetization parameters had an effect on the 

count of the pulses as well as on their size and shape. 

To analyze the magnetic noise (MN) parameters, 6 signal bursts 

were used for each sample, each of them corresponding to half a 

cycle of magnetization. A bandpass filter of up to 100 kHz was 

used. The following parameters were used for the preliminary 

assessment of the magnetic noise signals: 

 the RMS value - calculated by the following formula: 

𝑅𝑀𝑆 =  
1

𝑛
 𝑥𝑖

2

𝑛−1

𝑖=0

 

as xi is the amplitude of the magnetic noise signal that passes 

through the bandpass filter. 

 Magnetic noise counts 

 Mean width of the magnetic noise signal bursts. 

 

Figure 2 shows part of the recording performed during the 

magnetization of the tested samples and the magnetic noises that 

occur at a magnetization current of 200 mA. 
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Fig. 2  Recordings of magnetic noises over time obtained from the tested 

groups of samples at a magnetizing current of 200 mA: specimens group 1 
(a), group 2 (b),group 3(c), group 4 (d), group 5 (e). 

 

The results of the analysis of the magnetic noise parameters for 

the first group of samples for three magnetization cycles are 

presented in Table 2. As the magnetizing current increases, the 

RMS value and the bandwidth of the magnetic noise also increase, 

but the magnetic noise count decreases /Table 2, Fig. 3/. 
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In the case of half a cycle of magnetization, the sample is 

demagnetized and then magnetized in the opposite direction. This 

activates the movement of the domain walls, which overcome the 

obstacles posed by the different microstructural phases. Under the 

alternating magnetic field, the generation and the proliferation of 

magnetic domains are affected by the magnetic polarity reversal. 

This process depends on the microstructural features, the different 

phases, the boundaries between the crystallites, the dislocations, the 

presence, shape and size of the carbide inclusions, the carbide 

grains, etc. The maximum amplitude and the RMS values of the 

magnetic noises depend on the magnitude of the magnetic domain 

jumps with the corresponding magnetizing current. 

Table 2: The results of the analysis of the magnetic noise parameters for the 

first group of samples 

In,mA RMS MN Count  

Pulse 

width,mks 

100 79.84 1425 21 

150 129.5 1031 25 

200 166.3 930 33 

250 191.8 900 29 

 

 
 

Fig.3 Change in the RMS /a/ and the magnetic noise counts /b/ with the 

increase of the magnetizing current for one magnetization cycle in samples 

before heat treatment. 

 

Figure 4 shows the change in the RMS of the magnetic noise 

depending on the magnetizing current in the tempered samples. A 

high degree of distinctness is observed at a magnetizing current of 

150 mA. The samples subjected to quenching and low-temperature 

tempering which have tempered martensite structure feature the 

lowest RMS values. In the other groups of samples /3, 4, 5/, an 

increase in the RMS value is observed, which can be explained by 

the type of the obtained microstructures of the tempered martensite, 

troostite and sorbite. 

 

 

Fig.4 Change in the RMS of the magnetic noises depending on the 

magnetizing current in samples subjected to heat treatment 

 

The recorded magnetic noise signals feature a different time of 

noise occurrence depending on the magnetization current sine wave. 

Therefore, signal processing should be performed. The signals were 

smoothed and normalized. After the signal processing, the noise 

envelopes and the peak values were determined.  

The time of magnetic noise occurrence, determined from the 

maximum value of the signal envelope relative to the zero value of 

the magnetization field, is defined as the parameter (∆ 𝑡), which is 

used to identify the microstructure type. Figure 5 shows the 

envelopes of the magnetic noises of the samples from the tested 

groups. There is a shift of the peak values at the field value of zero 

as well as differences in the shape of the envelope. In the tempered 

martensite structures, the peak value is small and the magnetic noise 

envelope is wide. In the transition from tempered martensite with 

high hardness to troostite and sorbite with hardness close to the 

initial hardness, there is an increase in the peak values and 

sharpening of magnetic noise envelope at magnetic field values 

around zero.  

The differences in the shift over time as well as in the shape of 

the magnetic noise can be explained by the irreversible movement 

of the domain walls when overcoming obstacles due to the different 

microstructures, i.e. the microstructure of the material directly 

affects the dynamic behavior of the domains during magnetization. 

 

                 

Fig.5 Magnetic noise envelopes determined during magnetic polarity 

reversal with In = 150 mA in the tested groups of samples with a different 

structure 
 

Figure 6a shows the changes in the time of magnetic noise 

occurrence parameter (∆ 𝑡) for group 1 which has ferrite and 

pearlite structure in an equilibrium state, and Figure 6b shows the 

results for the shift over time in the other groups. 

 

Fig. 6 The changes in the time of magnetic noise occurrence parameter  

(∆ 𝑡) for investigated group samples 

The greatest shifts over time occur at low magnetizing currents 

with the martensite structure obtained by low-temperature 

tempering. According to [12, 13, 14, 18], the magnetization of 

martensite results in many small domains due to the characteristics 

of martensite and the presence of multiple martensite needles. 

 Martensite features a high density of dislocations and high 

internal stresses. That is why a greater value of the magnetizing 

field is needed in order to move the domains and create new ones. 
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The obtained peak value of the magnetic noise is small and it occurs 

at relatively higher values of the magnetizing current. This also 

explains the different shapes of the magnetic noise in the 

martensitic structure shown in Figure 5.  

Magnetic polarity reversal requires a higher value of the 

magnetic field and the displacements of the domain walls are small 

due to the characteristics of martensite. The morphological change 

from martensitic needles to ferritic and pearlitic structures in the 

form of troostite and sorbite makes the magnetic structure larger 

and the average size of the domain walls increases [18]. Magnetic 

polarity reversal becomes easier. At a magnetizing current of 200 

mA, the amplitude of the magnetic noise signal increases 

significantly and the values of the parameter (∆ 𝑡) get close to zero. 

 

 

Fig. 7. Change in the RMS parameters /a/ and the shift over time of the 

occurrence of the magnetic noises (∆ 𝑡) /b/ depending on the hardness of the 

obtained structures at a magnetizing current of 150 mA. 

 

Figure 7 shows how the RMS informative parameters and the 

time of occurrence of magnetic noises, determined relative to the 

zero value of the magnetic field, change depending on the hardness 

of the tempered samples. These dependencies can be represented by 

a linear relationship. The proposed informative parameters 

characterize the changes in the structure and can be used to assess 

the hardness as well as for qualitative assessment of the type of the 

microstructure of structural medium-carbon steels after tempering. 

4. Conclusions 

By studying tempered samples using the magnetic noise 

method, data for a series of voltage pulses as a function of time and 

the related values of the magnetizing field were obtained. Various 

parameters such as the RMS of the noise, magnetic noise counts per 

magnetization cycle, etc., were used to characterize the noise 

signals. It was found that the time of noise registration, as 

determined from the zero point of the magnetization sine wave to 

the maximum value of the magnetic noise envelope, is a suitable 

informative parameter for the analysis of microstructures. After 

signal processing, the values of this parameter were determined and 

a relationship in their behaviour was found to exist due to the 

magnetic polarity reversal processes in the microstructures obtained 

after tempering. The study found linear relationships between the 

RMS, the time of magnetic noise occurrence and the hardness of the 

structures obtained after tempering. 
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