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Abstract. The magnetic properties depend on several chariatits of the materials, such as chemical compusit
microstructure, hardness, stress states, deformatiénd heat treatments. Electromagnetic waves liray¢hrough
ferromagnetic materials bring information about timécrostructures present. These interfere withghwlitude of the
harmonics of the applied wave. In the present wénk, amplitude of the emitting wave harmonics iglistd to
accompany embrittlement phases in duplex staingtesls SAF 2205. It at a temperature above 6C0is
characterized by having its mechanical propertiesl @&orrosion resistance compromised, due to theédion of a
phase called sigma. An electromagnetic test contpo$ean emitting coil and a Hall effect sensor, hwitamples
positioned between them, was applied. Emitting wafé& Hz, 10 Hz, 15 Hz and amplitudes from 0.26 ¥V were
used and the first harmonic were analyzed. The oreawents obtained by the electromagnetic test wereelated
with the hardening of the material and its abilityabsorb energy by impact. The amplitude valuat®harmonics
show that they are able to detect the presenckeoptecipitates and that their presence reducesathplitudes due to
the blocking of the movement of the domain walls.
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1. INTRODUCTION

When a magnetic field is applied to a ferromagnetiterial, the resulting magnetic induction hasstoded shape
due to magnetic hysteresis and the non-linearitthefmaterial's permeability, that is, an appliggk svave induces a
non-sinusoidal one. This distorted waveform of naigninduction contains components in the harmdneiquencies of
the applied magnetic fieldgPRLI and YILMAZ, 2018, Xia at al., 2016 ).

Harmonic analysis has been applied in investigativgharacteristics of tracking failure in epoxgine(SHRLI and
YILMAZ, 2018), detection of corrosion degradatiosing electrochemical noise (Xia at al., 2016), restdictive
evaluation of aged steel by harmonic analysis diudged voltage (Ryu et al., 2001), measurement tqubs for
material state determination in metals (Matlacklet2015) and Monitoring of embrittled paramagneticrostructure
using harmonic analysis of induced stress in stafmbteels (Silva et al., 2018) .

Magnetic properties depend on several charatitarisf materials, such as chemical compositiorgrositructure,
hardness, stress states, deformations and thersadmients (Lo et al., 2011, Miesowicz et al., 20RGcharne et al.,
2017, Silva et al., al., 2016a, Silva et al., 2Q18iva et al. 2016c, Camerini et al., 2015). THFR205 steel, when
subjected to treatment above 6W) has the formation of a paramagnetic phase cailgmia. The presence of this
changes the magnetic permeability of the mateAal.amount of 4% of this phase is able of comprongsthe
toughness and corrosion resistance of this matéMiah-destructive tests have been developed to tovothie sigma
phase, in order to determine the best time forvetation (Tavares et al 2010, Silva et al., 2016).

In the present work, an electromagnetic test coegbad an emitting coil and a Hall effect sensorthwdamples
positioned between them, was applied, in ordereteat the sigma phase presence. Emitting wavesHz, 30 Hz, 15
Hz and amplitudes from 0.25 V to 9 V were used #madfirst harmonic amplitude were analyzed. The suesments
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obtained by the electromagnetic test were corrélatith the material hardeninge and its ability tsarb energy by
impact. This work gives a contribution to systemdetecting the sigma phase by changing the recaireby a Hall
effect sensor in order to simplify the test.

2. METODOLOGY

The test equipment consists of two modules, onesfoission and one for acquisition. The scheme efriaw
experimental configuration is detailed in FigureThe emission module is composed of a Minipa famctjenerator
model MFG 4205B and the emitter coil. The functimmerator transmits sinusoidal waves to the emittwil. The coil
is positioned in the center of one of the facethefsample , having the function of introducing agmetic flux density
into the material.

The acquisition module consists of a Hall effechssg, an acquisition board and a computer. Theoseiss
positioned in the center of the other face of gmmle, in order to detect the field resulting frtva interaction between
the emitting wave and the material. The acquisitboard connects to the sensor and computer via tibies. The
computer performs automatic data acquisition ugegPermeability program developed by the groug ddil used is
19.5 mm long and has 6000 turns of No. 38 enanmpgder wire wrapped around an AISI 4140 steel core.

The chosen sensor is Hall effect, linear, model9%534 from Allegro Microsystems, with a sensitiviof 3.125
mVolts/Gauss and a supply voltage between 0 and, 30pplied with a continuous voltage of 5 V.

Figure 1. Experimental setup: (1) signal generator(2) shielded cables, (3) transmitter coil, (4) sapte, (5) Hall
effect sensor, (6) Faraday cage test bench, ( 7)gacsition board and (8) computer.

To determine the characteristics of the optimaltemg wave for testing, two samples with a thicksie§8 mm and
a diameter of 24 mm were used. One in the as-redetondition, which does not present precipitaes, the other
treated at a temperature of 850 °C, aged at 15Thiis.treatment is already sufficient to form 4%nsa phase (Tavares
et al. 2010, Silva 2016a). The objective was t@ihaine the best wave to produce a measurementtadglbetween
the two conditions, in order to have the sensititdt follow the formation of the phase.

Sine wave signals were applied, with frequencies, df0 and 15 Hz and amplitudes of 0.25, 0.5, (174,25, 1.5,
1.75, 2, 3, 5, 7 and 9 V, on the emitter coil. Boguisition of 1000 points every 1 s was perfortiedugh the Hall
effect sensor positioned on the opposite side ef shmple in relation to the emitting coil. Fiftygsals of each
frequency and amplitude array were captured foh saenple, with the objective of analyzing the radiobat produces
the greatest difference between the condition wuitth without treatment.

The parameter used for wave analysis was the RMiS.parameter was chosen due to its simplicity saurmtessive
use in the literature to interpret the magnetickBausen noise. The RMS value is calculated accprdifequation (1).

1)

Xrms =

Where:
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N: element number in the measurement sequence;
x;. : RMS amplitudes.
The RMS of the signals were obtained with a comfideinterval of 95%, after applying the FFT (Fastiffer
Transform) of the same.
Electromagnetic tests were correlated with Rockwelhardness measurements and energy absorbed lbbgyCha
impact test. Five hardness measurements were takeach sample and five normal Charpy samples wade in
each condition. Measurement results were obtaingda®5% confidence interval.

3. RESULTS AND DISCUSSIONS

Electromagnetic tests have been developed to nrahiéoformation of embrittlement microstructuresguced by
thermal cycles as in welding processes. The interacbetween a wave transmitted to the material #gsd
microstructure causes distortions in the wave hotthe form of noise, which is called Bakhausen neig, and
distortions in the harmonics of the main wave. Tatéer is approached from the application of emitwaves at
frequencies of 5Hz, 10 Hz and 15 Hz in Figure 2eSehfrequencies were chosen because they aredappliests to
monitor microstructures harmful to the toughnesmpprties of materials through analysis of magrekBausen noise
(Kaleli et al., 2020, Tavares et al., 2019, Yamaealkl., 2019, Ghanei et al., 2014, Normando .e24l10).

Figure 2 shows the variation in magnetic flux dgnsis a function of the amplitude of the emittingwes, for
frequencies of 5 Hz, 10 Hz and 15 Hz applied inabeeceived and treated condition at 86(or 15 min. It can be
seen from Figure 2 that a reduction for the magr&ix density measurements for the treated sanfiptehe studied
frequencies. This reduction is associated withpgammagnetism of the formed sigma phase and thekibfp of the
movement of the walls of the magnetic domains withformation of precipitates (Silva et al., 201@20)plex stainless
steel is formed by two phases, one ferrite (ferrgmegic) and the other austenite (paramagnetic)fettite decomposes
forming the sigma paramagnetic phase and a secgprdmstenite, thus reducing the ferromagnetism efrfaterial
(Tavares et al. 2010, Silva 2016a).

It is also observed from Figure 2, that the appilicaof the three frequencies, indicates an inaréaghe values of
magnetic flux density and the difference betweendbnditions with and without treatment. As the Aimge of the
emitting wave increases, there is an increaseamihgnetic flux and detection of a greater amofiqtasamagnetic
phase and an increase in the difference betweenvtheonditions studied. This indicates that thepdobserved for the
amplitudes of 2 V and 3 V of the emitting wave asgibly due to the growth in the detection of paxgnetism, which
now surpasses that of blocking the movement ofvilés of the magnetic domains. The as received itionds formed
by a ferromagnetic phase ferrite and a paramagoagcaustenite, while the treated one differs fibby the presence
of the paramagnetic sigma phase. Amplitudes abdvdead to the influence of the austenite phastithpresented in
both conditions and dislocates both. However furtierk are needed to make it clear in the future.
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Figure 2. Variation of magnetic flux density asuadtion of emitting wave amplitude, for sampleshvand without
precipitate and frequencies of 5 Hz, 10 Hz and ¢5 H

In order to determine the best working region amtg studied waves, the percentage variations legtwiee
conditions as received and treated were determifigdire 3 shows the variation in percentage asnatifon of the
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amplitude of the emitting wave for the studied frenqcies. Note that the highest percentages wetkeimegion of
amplitudes between 1 V and 2 V, where the diffeesnwere above 27.5%. This region presents largasuement
amplitudes for sigma phase detection. Figure 3 shiwat the application of waves with amplitudesfr@V to 9V
presented values below 24% and little variatiogrimwth between them.
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Figure 3. Variation in the percentage of amplitofleneasurements between the condition with andouitthe
sigma phase, for application of emitting wavesefidiencies of 5 Hz, 10 Hz and 15 Hz.

The conditions with and without the presence ofdiigena phase present hardness and energy absoriragact as
shown in Figure 4. It can be seen from Figure 4 i amount of 4% of sigma phase formed causewl mcrease in
hardness of 20.14 + /- 1.26 to 21.6 +/- 1.44. Hawgethe absorbed energy measures drop from 7646773 J to
16.5 J +/- 6.69 J. This difference is due to tlygnsi phase has hardness around 1000 HV and compothis tenacity
of the material. Magnetic flux density measuremeratised about 32 % for sine waves with an amplitaflé V and
proved to be effective in detecting even small am®wof sigma phase.
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Figure 4. Rockwell C hardness measurements andyeabésorbed by Charpy impact for conditions witd arthout
the presence of sigma phase.
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4. CONCLUSIONS

The present work performed an analysis of electgymatic wave harmonics for the analysis of embnitdat
microstructures in a duplex stainless steel, usiages with frequencies of 5 Hz, 10 Hz and 15 Hz amglitudes from
0,25 V to 9 V, reaching the following conclusions:

e The study of harmonics was able to detect the poesef sigma phase of the studied duplex stainless
steel. The magnetic flux density measurements extiwgth the presence of the sigma phase formed due
to paramagnetism and blocking of the magnetic dosamovements due to the presence of formed
precipitates.

* Waves with frequencies of 5 Hz, 10 Hz and 15 Hz=@néed similar behavior for conditions with and
without the presence of the sigma phase.

* Waves with amplitudes in the range of 1 V to 2 \6who have the best measurement amplitudes for
monitoring the formation of the sigma phase abor#%2while in the range of 3 V to 9 V they presented
values below 24%.

e Charpy energy measurements show that an amourtbcfigma phase is already sufficient to reduce the
energy absorbed by impact by 78%, despite a 7% aser in hardness. However, magnetic flux density
measurements have a measurement amplitude arotd@2waves with amplitudes of 1V in the studied
frequency range.
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