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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 disugties that can compromise the integrity ofustures in
service without the need to remove samples. Ambamtwe have ultrasound and eddy currents, magoeticles and
electromagnetic tests. In the latter, we have tl@sed on the analysis of magnetic Barkhausen aoidgermeability
change. These are used to monitor the microstricfiormed by impositions of thermal cycles suchwasding
processes, which can compromise the mechanicakpiep and corrosion resistance (Ducharne et @l72El Rayes
et al., 2015; Silva et al., 2016a; Silva et a01@&b; Xia et al 2016, Gur et al., 2004 ).

When traveling through a material, an electromagngave brings information about its microstructue@her in
the form of its distortions by the form of MagneBarkhausen Noise (MBN), or by the variation in #mplitude of the
magnetic flux density resulting from changes in metix permeability (Miesowicz et al., 2016, Tavaetsl., 2019).
The application of magnetic field intensities ableovercoming anchoring points such as dislocatigmecipitates,
second-phase particles and grain boundaries gerttiaMBN and thus characterize the region of erswility of the
movement of the magnetic domains walls. Howeveemithney cannot overcome, we will be in the regibmagnetic
reversibility and when we stop applying the extéffiegd, the material returns to its initial sta®ilva et al., 2016a,;
Silva et al., 2016b).

Formation of nanostructures suchcasand coarse precipitates such as sigma, whichiirttpatoughness of duplex
stainless steels, have been studied in both trexsibility and irreversibility regions of magnetiomain wall motion.
The first changes the permeability by blocking dommaovements and the second changes because iha gitase is a
paramagnetic microstructure (Silva et al., 2016dya et al., 2016b). These type of microstructuwese also studied
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by ultrasound testing through sonic velocity meaments (Normando et al., 2010; De Albuquerque.e2@D9, Silva
et al 2016c¢).

The presence of discontinuities such as voids,gities and cracks change the permeability of theerzd and thus
can modify the interaction between magnetic flursity and material. Thus, in the present work tresence of 2 mm,
4 mm and 6 mm discontinuities are studied in a SKE5 steel through permeability change in the maégne
reversibility region and by the Finite Element Meadh

2. METHODOLOGY

In this work, an inspection was made to detectafinuities in ferromagnetic materials. For thmif samples of a
SAE 1045 steel were made according to Figure Eethwith holes of 2 mm, 4 mm and 6 mm in diametdrictv
represented discontinuities. These are rectangplecimens with a length of 63 mm and width andtedof 9 mm.
The fourth sample represents the condition witltietontinuity that is without a hole. The samplesewvet machined

in order to avoid heating that could cause micumstral changes. Measurements were taken in theercef the
sample where the discontinuity is located and 16fnom the center of the sample to the left andtrigdspectively.

@ 6 mm
@ 4 mm
@ 2 mm

Without hole

Figure 1. Scheme of experimental samples.

The electromagnetic test employed consisted iragpdication of different magnetic field intensiti¢srough a coil,
in the samples to be analyzed, and detection ofrifignetic flux density resulting from the interaatithrough a Hall
Effect sensor positioned on the opposite surfagh®toil. The applied magnetic field strengthsevearried out until

sensor saturation. This configuration is shownigufe 2.
Figure 2. Experimental bench for the magnetic pabiligy test: (1) Direct Current Source; (2) ShiddCable; (3)

Micrometer for sample adjustment; (4) Sample; (juiction coil; (6) Faraday's Cage; (7) Data actjaisiboard; (8)
Computer; (9) Bench base (10) 12v dc battery (14l) Effect sensor.

The acquisition module integrates a Hall Effectssgna data acquisition board, a 12v battery aodnaputer and a
coil. The samples were positioned between the stalisor and the coil. The sensor was used in ooddetect the
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magnetic flux density generated by the coil anddnait the signal to a data acquisition board resiis for converting
the analog signal into digital. The computer reedithe digital signal from the data acquisition rdogia USB cable
and performed automatic data acquisition using gfegram developed in the laboratofjhe sensor used was a
Honeywell brand, model SS495A. The resulting magrfeix density in the reversibility region is progional to the
magnetic permeability of the material under stutlyis means that the resulting magnetic flux densfitained is not
affected by changes in sample geometry. Five huhdignals were acquired from each point of measen¢érand
magnetic flux density values were obtained wittb&Sconfidence interval. A Faraday cage and shietddades were
used in order to reduce the interference of sigrasing from the environment.

The bench was simulated by the Finite Element Metinoorder to analyze the interaction between tlagmetic
flux density and the studied material.

3. RESULTSAND DISCUSSIONS

Figure 3 shows the magnetic flux density as a fanobf the voltage applied to the coil for samplgth a 2 mm
hole and without discontinuity. Measurements wezgfgrmed in the center of the samples. A linearabadr in the
measurements can be seen in Figure 3, followingtaration level. This is due to Hall Effect sensaturation.
Linearity is characteristic of the magnetic revieitily region of the movement of the magnetic donsawalls, where
the tangent corresponds to the magnetic permealafitthe material. The results of measurementsopadgd on
samples with holes showed lower values of magnitic density. This is because the presence of mirthie
discontinuity reduces the magnetic permeability tlé measurement position, indicating the presencehe
discontinuity (Silva et al 20164, Silva et al 201.6b
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Figure 3. Variation of magnetic flux density asiadtion of voltage applied to the coil, for condits with and without
the presence of a 2 mm discontinuity.

In order to determine the optimal measurement dimmgithe greatest difference between the conditiwith and
without the presence of discontinuities was deteedhifor the conditions with 2 mm, 4 mm and 6 mmisTi shown in
Figure 4. In this one, the same behavior is obskfoethe three discontinuities, with the condisonith 4 mm and 6
mm presenting similar values. The peak observeHigare 4 is due to the approximation of the sesssaturation
point. It can be seen that the point of greatefftrdince corresponds to the application of a veltafy7 V on the cail,
that is, the optimal condition that results in theatest measurement amplitude. This was choserthér2mm
discontinuity analysis with measurements both andbnter of the samples and offset by 16mm toefteahd right of
the sample.

An important point in Figure 4 that is worth notirggthat the sample in which the measurements vedwn is 9
mm wide by 9 mm high and one of the discontinuitie6 mm in diameter made in the center of the $anthat is, 1
remains, 5 mm of material thickness to reach théase, this type of discontinuity is limited to lmetected by
ultrasound due to the limitation of the width oé&thltrasonic beam, generating a region in whictiiffscult to detect
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faults, known as the dead zone. Therefore, if tlieef@ discontinuity present in the dead zone, it mat be detected,
compromising the reliability of the inspection (KURIHOF et al., 2017).
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Figure 4. Difference in magnetic flux density besmweconditions with 2 mm discontinuities. 4 mm ananfn, in
relation to the sample without a hole.

Figure 5 shows the magnetic flux density measurésnéetween the conditions with and without the 2mm
discontinuity, for the center, left and right pamils. There is a difference of around 90 Gauss é&twthe two
conditions for the three measurement positionscaiihg the presence of discontinuity in the materi
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Figure 5. Sample magnetic flux density with disaauity of 2 mm and without the presence, for meaments in the
center, right and left of center, with applicatimfima voltage in the coil of 7 V.

The interaction between the magnetic flux densitg anaterial was simulated by the Finite Element Hddt
Figures 6a and 6b show the simulations for condfitizvith and without the presence of discontinuitifise holeless
condition in Figure 6a shows the magnetic flux passhrough the material thickness. On the oppasitdace of the



26" ABCM International Congress of Mechanical Engineering
November 22-26, 2021. Florianépolis, SC, Brazil

coil, together with the sensor, a magnetic fieldaantrator was placed so that the flux would overedhe thickness
and reach the sensor. The simulation showed the toeese a ferromagnetic solid with the sensoreidopm the flux
concentration.

Magnetic Field
Concentrator

Sample

&) = ‘ b)

Figure 6. Finite Element Method simulation of tteédhess condition.

Figure 6b shows the simulation for the sample witB mm hole. It is observed that there is a leakafgthe
magnetic flux density inside the material, leadiog decrease in the intensity of the magnetic dersity that arrives
on the opposite side of the sample. Discontinuitiesnge the permeability of the material and chahgeamount of
flux in the sensor region. From the experiments sintllations using the Finite Element Method, we see that the
technique is able to detect discontinuities andisgras a complementary technique to ultrasounthéndead zone
region.

4. CONCLUSIONS

The present work presents a non-destructive el@etgoetic test for detecting discontinuities in stAeSAE 1045 steel
with and without the presence of discontinuitiessvamnalyzed through changes in its permeability hieac the
following conclusions:

i. The experiments show that there is an optimal ¢mmdito obtain a greater measurement amplitudenén t
studied electromagnetic test, which for the condiiwas 7 V, that is, before the sensor saturation.

ii. Simulation by the Finite Element Method (FEM) islealio simulate the test bench and facilitate the
understanding of the interaction of the magnetig flensity with the material for different permdéieis.

iii. The proposed electromagnetic test was able to teiseontinuities of 2 and 6 mm, through measurdmenh
magnetic flux density, in addition to detecting firesence of discontinuities at 1.5 mm from thdasar. This
is intended as a complementary test to the ultradéechnique, as it can be used to detect defedtseidead
zone of this technique.
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