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Abstract. Electromagnetic tests based on the interaction between magnetic flux density and material have been used to 
monitor the formation of microstructures that may compromise the mechanical properties and resistance to corrosion 
of materials. The magnetic permeability in the reversibility region of movement of the magnetic domains walls has 
been applied to detect phases harmful to the toughness of stainless steels. However, these tests have been used to detect 
cracks. In the present work, an electromagnetic test based on measurements of magnetic permeability and simulations 
by the Finite Element Method are used to detect the presence of discontinuities in a SAE 1045 steel. Discontinuities 
with 2 mm, 4 mm and 6 mm in diameter are analyzed and compared with condition without the presence of these.  An 
experimental configuration where the sample was positioned between a Hall effect sensor and a solenoid was used. 
Different intensities of magnetic fields until sensor saturation were applied to the solenoid in order to detect what best 
detected the presence of discontinuities. The presence of discontinuity reduces the permeability of the material and 
shifts the magnetization curve to lower values of magnetic flux density. The electromagnetic test showed to be able to 
detect the discontinuity of 2 mm, which according to the quantity and concentrations are critical in structures of the oil 
and gas sector. 
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1. INTRODUCTION 
 

Non-destructive tests are developed to detect discontinuities that can compromise the integrity of structures in 
service without the need to remove samples. Among them we have ultrasound and eddy currents, magnetic particles and 
electromagnetic tests. In the latter, we have those based on the analysis of magnetic Barkhausen noise and permeability 
change. These are used to monitor the microstructure, formed by impositions of thermal cycles such as welding 
processes, which can compromise the mechanical properties and corrosion resistance (Ducharne et al., 2017; El Rayes  
et al.,  2015; Silva et al., 2016a; Silva et al., 2016b; Xia et al 2016, Gur et al., 2004 ). 

When traveling through a material, an electromagnetic wave brings information about its microstructure, either in 
the form of its distortions by the form of Magnetic Barkhausen Noise (MBN), or by the variation in the amplitude of the 
magnetic flux density resulting from changes in magnetic permeability (Miesowicz et al., 2016, Tavares et al., 2019). 
The application of magnetic field intensities able of overcoming anchoring points such as dislocations, precipitates, 
second-phase particles and grain boundaries generate the MBN and thus characterize the region of irreversibility of the 
movement of the magnetic domains walls. However, when they cannot overcome, we will be in the region of magnetic 
reversibility and when we stop applying the external field, the material returns to its initial state (Silva et al., 2016a;  
Silva et al., 2016b). 

Formation of nanostructures such as α` and coarse precipitates such as sigma, which impair the toughness of duplex 
stainless steels, have been studied in both the reversibility and irreversibility regions of magnetic domain wall motion. 
The first changes the permeability by blocking domain movements and the second changes because the sigma phase is a 
paramagnetic microstructure (Silva et al., 2016a;  Silva et al., 2016b). These type of microstructures were also studied 



E. M. Silva, C. E. B. Lopes. F. E. M. Silva, I. P. B. Neto, A. M. Rodrigues, L. G. Lima, J. P. Leite. 
Non-destructive electromagnetic test for detecting discontinuities in steels 

by ultrasound testing through sonic velocity measurements (Normando et al., 2010; De Albuquerque et al., 2009, Silva 
et al 2016c). 

The presence of discontinuities such as voids, porosities and cracks change the permeability of the material and thus 
can modify the interaction between magnetic flux density and material. Thus, in the present work the presence of 2 mm, 
4 mm and 6 mm discontinuities are studied in a SAE 1045 steel through permeability change in the magnetic 
reversibility region and by the Finite Element Method. 

 

2. METHODOLOGY 
 
In this work, an inspection was made to detect discontinuities in ferromagnetic materials. For this, four samples of a 

SAE 1045 steel were made according to Figure 1, three with holes of 2 mm, 4 mm and 6 mm in diameter, which 
represented discontinuities. These are rectangular specimens with a length of 63 mm  and width and height of 9 mm. 
The fourth sample represents the condition without discontinuity that is without a hole. The samples were wet machined 
in order to avoid heating that could cause microstructural changes.  Measurements were taken in the center of the 
sample where the discontinuity is located and 16 mm from the center of the sample to the left and right, respectively.  

 

 
 

Figure 1. Scheme of experimental samples. 

 

The electromagnetic test employed consisted in the application of different magnetic field intensities, through a coil, 
in the samples to be analyzed, and detection of the magnetic flux density resulting from the interaction through a Hall 
Effect sensor positioned on the opposite surface of the coil. The applied magnetic field strengths were carried out until 
sensor saturation. This configuration is shown in Figure 2.  
 

 
 

Figure 2. Experimental bench for the magnetic permeability test: (1) Direct Current Source; (2) Shielded Cable; (3) 
Micrometer for sample adjustment; (4) Sample; (5) Induction coil; (6) Faraday's Cage; (7) Data acquisition board; (8) 

Computer; (9) Bench base (10) 12v dc battery (11) Hall Effect sensor. 
 

The acquisition module integrates a Hall Effect sensor, a data acquisition board, a 12v battery and a computer and a 
coil. The samples were positioned between the Hall sensor and the coil. The sensor was used in order to detect the 
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magnetic flux density generated by the coil and transmit the signal to a data acquisition board responsible for converting 
the analog signal into digital. The computer received the digital signal from the data acquisition board via USB cable 
and performed automatic data acquisition using the program developed in the laboratory. The sensor used was a 
Honeywell brand, model SS495A. The resulting magnetic flux density in the reversibility region is proportional to the 
magnetic permeability of the material under study. This means that the resulting magnetic flux density obtained is not 
affected by changes in sample geometry. Five hundred signals were acquired from each point of measurement and 
magnetic flux density values were obtained with a 95% confidence interval. A Faraday cage and shielded cables were 
used in order to reduce the interference of signals coming from the environment.  

The bench was simulated by the Finite Element Method in order to analyze the interaction between the magnetic 
flux density and the studied material. 

  
3. RESULTS AND DISCUSSIONS 
 

Figure 3 shows the magnetic flux density as a function of the voltage applied to the coil for samples with a 2 mm 
hole and without discontinuity. Measurements were performed in the center of the samples. A linear behavior in the 
measurements can be seen in Figure 3, following a saturation level. This is due to Hall Effect sensor saturation. 
Linearity is characteristic of the magnetic reversibility region of the movement of the magnetic domains walls, where 
the tangent corresponds to the magnetic permeability of the material. The results of measurements performed on 
samples with holes showed lower values of magnetic flux density. This is because the presence of air in the 
discontinuity reduces the magnetic permeability at the measurement position, indicating the presence of the 
discontinuity (Silva et al 2016a, Silva et al 2016b). 
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Figure 3. Variation of magnetic flux density as a function of voltage applied to the coil, for conditions with and without 
the presence of a 2 mm discontinuity. 

 
In order to determine the optimal measurement condition, the greatest difference between the conditions with and 

without the presence of discontinuities was determined for the conditions with 2 mm, 4 mm and 6 mm. This is shown in 
Figure 4. In this one, the same behavior is observed for the three discontinuities, with the conditions with 4 mm and 6 
mm presenting similar values. The peak observed in Figure 4 is due to the approximation of the sensor's saturation 
point. It can be seen that the point of greatest difference corresponds to the application of a voltage of 7 V on the coil, 
that is, the optimal condition that results in the greatest measurement amplitude. This was chosen for the 2mm 
discontinuity analysis with measurements both in the center of the samples and offset by 16mm to the left and right of 
the sample. 

An important point in Figure 4 that is worth noting is that the sample in which the measurements were taken is 9 
mm wide by 9 mm high and one of the discontinuities is 6 mm in diameter made in the center of the sample, that is, 1 
remains, 5 mm of material thickness to reach the surface, this type of discontinuity is limited to be detected by 
ultrasound due to the limitation of the width of the ultrasonic beam, generating a region in which is difficult to detect 
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faults, known as the dead zone. Therefore, if there is a discontinuity present in the dead zone, it will not be detected, 
compromising the reliability of the inspection (KIRCHHOF et al., 2017). 
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Figure 4. Difference in magnetic flux density between conditions with 2 mm discontinuities. 4 mm and 6 mm, in 
relation to the sample without a hole. 
 

Figure 5 shows the magnetic flux density measurements between the conditions with and without the 2mm 
discontinuity, for the center, left and right positions. There is a difference of around 90 Gauss between the two 
conditions for the three measurement positions, indicating the presence of discontinuity in the material. 
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Figure 5. Sample magnetic flux density with discontinuity of 2 mm and without the presence, for measurements in the 

center, right and left of center, with application of a voltage in the coil of 7 V. 
 

The interaction between the magnetic flux density and material was simulated by the Finite Element Method. 
Figures 6a and 6b show the simulations for conditions with and without the presence of discontinuities. The holeless 
condition in Figure 6a shows the magnetic flux passing through the material thickness. On the opposite surface of the 
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coil, together with the sensor, a magnetic field concentrator was placed so that the flux would overcome the thickness 
and reach the sensor. The simulation showed the need to use a ferromagnetic solid with the sensor to perform the flux 
concentration.   

 
 
 

 
 

 

a) 

 

b) 
 

 
Figure 6. Finite Element Method simulation of the holeless condition. 

 
Figure 6b shows the simulation for the sample with a 2 mm hole. It is observed that there is a leakage of the 

magnetic flux density inside the material, leading to a decrease in the intensity of the magnetic flux density that arrives 
on the opposite side of the sample. Discontinuities change the permeability of the material and change the amount of 
flux in the sensor region. From the experiments and simulations using the Finite Element Method, we can see that the 
technique is able to detect discontinuities and serving as a complementary technique to ultrasound in the dead zone 
region. 
 
4. CONCLUSIONS 
 
The present work presents a non-destructive electromagnetic test for detecting discontinuities in steel. A SAE 1045 steel 
with and without the presence of discontinuities was analyzed through changes in its permeability reaching the 
following conclusions: 
 

i. The experiments show that there is an optimal condition to obtain a greater measurement amplitude in the 
studied electromagnetic test, which for the conditions was 7 V, that is, before the sensor saturation. 

ii.  Simulation by the Finite Element Method (FEM) is able to simulate the test bench and facilitate the 
understanding of the interaction of the magnetic flux density with the material for different permeabilities. 

iii.  The proposed electromagnetic test was able to detect discontinuities of 2 and 6 mm, through measurements of 
magnetic flux density, in addition to detecting the presence of discontinuities at 1.5 mm from the surface. This 
is intended as a complementary test to the ultrasound technique, as it can be used to detect defects in the dead 
zone of this technique. 
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