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Abstract. In the present work, an electromagnetic test basedhe application of field intensities in the i@y of

magnetic reversibility is applied to detect theeeffof heat treatments on a SAE 4340 steel, whashahhigh depth
hardening capacity and has a wide application ie ihdustry, such as in aerospace where it is usedrcraft landing

gear. Four different heat treatments: an annealdt@ temperature of 850 °C, austenitization at 180Followed by
cooling in the oven, in oil and in water were armg and compared with the condition as receiveth fioe material
under study. A fixed magnetic field intensity waplied, in order to analyze the value of the maigngermeability for
the applied treatments. The influence of treatmemsthe magnetic anisotropy of the steel underystwds also
analyzed. A fixed magnetic field strength was &gpto treated circular samples, and these wereteotavith steps
from 45 to 360 degrees. The analysis of the obthimagnetic permeability results shows that the iestble to
differentiate the treatments, being sensitive te thariation in the amount of the ferrite constityewhich is

ferromagnetic, as well as the presence of the maite structure showing that it can be correlateithvhardness
measures. In addition, it was possible to verify pgresence of a direction of easy magnetizatiogandiess of the
microstructure of the heat treatment employed.
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1. INTRODUCTION

Magnetic properties depend on various charactesisif materials such as chemical composition, retcuature,
hardness, stress states, deformations and heahémts (Miesowicz et al, 2016; Ducharne et al, 2@8ia et al,
2016a; Xia, 2016). The material microstructuresspne variations due to thermal cycles and/or mdchhiforming
processes, which lead to changes in the mateniaigability and its magnetic and mechanical propesrti

Electromagnetic tests have been used to monitasgshthat may interfere with the mechanical progserof
structures in services (Ispirli and Yilmaz, 2018;Reys et al, 2015). The formation of new phasefermomagnetic
materials causes the change in the magnetic peilieabthe one and thus can be determined by th&ests such as
parasitic currents and Barkhausen noise are ugetthifopurpose (Ducharne et al., 2007; Miesowidas&wski, and
Korbiel, 2016). The magnetic Barkhausen noise reggted from the attempt of the domain walls t@adethemselves
from the anchor points. These can be grain boundagond phase, precipitates and dislocationsexXample. The
magnetic fields used are part of the irreversipildgion of the materials magnetization curve. @tlige we have the
application of intensity of magnetic fields that dot lead the magnetic domains walls to surpasstichorage points
and in this case we are working in the reversipiitgion and this region is also used in nondestrmi@lectromagnetic
test (Silva et al. 2016a).

By applying a magnetic field strength to a ferrometic material, it is possible, through a Hall senso detect the
permeability variation resulting from microstruatchanges due to heat treatments or mechaniaairfgrprocesses.
These variations in microstructure have been stublieother methods and in other materials and Ipaoeen to be
effective (Ispirli and Yilmaz, 2018; El Reys et &015; Miesowicz, 2016). Electromagnetic testsha tegion of
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reversibility of the magnetic domains movement hbaeen developed to monitor embrittlement in dupdéadinless
steels, by formation of new microstructures du¢hmimposition of thermal cycles (Silva et al. 281 6ilva 2016b).
The formation of harmful phases such as sigma @nkdave been studied by permeability measuremerits tive
application of a magnetic flux density and detetion of the interaction with the material usingiall effect sensor.
In addition, they are used to detect the directbreasy magnetization in steels such as 1045 ad6 {Silva et al.
20164a; Silva 2016b).

In the present work, an electromagnetic test apgpfi¢he region of reversibility of the magneticngimins movement
was applied to detect the effect of heat treatmeat SAE 4340 steel, as well as the presence ohetaganisotropy
from the manufacturing process. This steel wasembgcause it has a high hardening capacity bytfesgiment and is
widely used in the industry such as transmissi@&itstand aircraft landing gear.

2. METHODOLOGY

This work proposes to detect the effect of heattinents on a SAE 4340 steel, through magnetic paritity
measurements by an electromagnetic test. A SAE 48#) that has high hardenability and a high h@argdecapacity
was chosen. Circular samples with diameters om®4 and 5 mm thick were subjected to different hesdtments:
heating at a temperature of 850 °C for 30 minofedld by air cooling (annealing), heating at 1000f6€30 min
(austenitization) followed by cooling in oil, watand another in the oven. An untreated sample c¢calample as
received” was also used in order to make compasisath the treatments applied to the other samflhe.treatments
resulted in microstructures of ferrite plus peanitith different grain sizes (annealing and ausigng in the oven) and
martensite (quenching in oil and water). The treatis used are shown in Table 1.

Table 1. Heat treatments applied to samples.

[0}
Samples type szzl\lmglfes Applied heat treatments Treatment time(min)
0 As received ---
I Annealing at 850 °C 30
SAE 4340 Steel Il Austenitization at 1000 °C and quenched in oil 30
(D 24 mm x 5 mm) Il Austenitization at 1000 °C and quenched in wate 30
v Austenitization at 1000 °C and cooled in oven 30

The acquisition module integrates a Hall effectseena data acquisition board, a 12v battery aodnaputer. The
Hall sensor was placed on the same side of thércoilder to detect the magnetic flux density gatest by the coil and
transmit the signal to a data acquisition boargaasible for converting the analog signal into @ibiThe computer
received the digital signal from the data acquisitboard via USB cable and performed automatic datpuisition
using the program developed in the laboratory.

The experimental setup shown in Figure 1 was usetudy the samples under analysis based on thieapm of
a magnetic field strength and evaluation of theultegy magnetic flux density. In this configuratioa solenoid is
responsible for generating the external magneéid fand an effect sensor is used to determine #émsity of the
magnetic flux. The sensor used was a Honeywelldgremodel SS495A. An external magnetic field strangt 282
A/m was applied to generate the resulting magrktcdensity in the reversibility region of the medic domain. The
reversibility region of the magnetic domains movetmerresponds to the magnetization region, whHegelbmains are
randomly oriented, and the application of an exaemagnetic field does not cause their permanentement or
residual field. The resulting magnetic flux densitythe reversibility region is proportional to theagnetic permeability
of the material under study. This means that teltieg magnetic flux density obtained by a fixedegnal magnetic
field is not affected by changes in sample geomdtiye hundred signals were acquired from each &arapd
magnetic flux density values were obtained withb&Sconfidence interval. A Faraday cage and shietddades were
used in order to reduce the interference of sigoafsing from the environment. The layout of the emimental bench
can be seen in Figure 1.
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Figure 1. Experimental bench: Power Supply (1)eteid Cable (2); Micrometer for sample adjustm8t$ample
(4); Induction coil (5); Faraday's Cage (6); Datgusition board (7); Computer (8); Hall sensordetection (9) and
12vdc battery (10).

Permeability measurements were determined by tie batween the magnetic flux density measuredhieyHall
Effect sensor in situations with and without thegamce of samples. All measurements were performigsg center of
the samples. In the case of the magnetic anisotstpyy, the samples were rotated from 0 to 360 edeggwith a
variation of 45 degrees. The specimen holder istedtwith a graduated degrees of 4id the specimen is manually
rotated. During the rotation, a residual magnetrabccurs with each new set of measurements, whibken being in
the reversibility region of the magnetic domaindlsvenovement and it tends to disappear with tladigament of the
domains. However, this behavior is noted with thauction of permeability at the angle of 360 relation to 6. All
measurements were performed with a 95% confidarneeval.

Five Rockwell C hardness measurements were pertbimeach sample in order to correlate with the meéig
permeability.

3. RESULTS AND DISCUSSIONS

Figure 2 shows the measurements of magnetic peilingdétund as a function of the heat treatmentfpaned and
its absence of treatment for the case of the saagpleceived. From Figure 2, an increase in magpetimeability
values for the sample annealed at 850 °C can beisemmparison to the sample as received andfdlliswed by a
decay due to the treatments applied to it, whick austenitization at 1000 °C followed by coolimgaven, oil and
water.
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Figure 2. Variation of magnetic permeability measoents in the sample as received and in the samplagunction
of the type of heat treatment applied, for theagédt of 5 V in the inductor coil.
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The as received sample when annealing at a tenupermaft 850°C, which is at the intercritical temperature, letals
an increase in the amount of ferrite phase, wrscfeiromagnetic and increases the magnetic pertitgabiowever,
when annealing at 100%, there is an increase in the amount of peanitthé steel, due to the time it was kept at
elevated temperature. This constituent is formedviy ferromagnetic phases, ferrite and cementit¢hén form of
lamellar structure. This configuration makes difficthe movement of the magnetic domains walls gies the
pearlite a paramagnetic behavior. Thus, it redtleesnagnetic permeability of the material (Silvd @8).

Cooling with oil and water from the temperature1®00 °C leads to the formation of martensite in 4340 Istee
These steels have high hardenability due to theepiee of alloying elements and, therefore, it isiexato obtain
martensite. Thus, steel with high hardenabilityhsas SAE 4340 is able to form martensite in thideations with low
cooling rates. Martensite causes distortion ofcitystal lattice and formation of thin strips thathor the movement of
magnetic domain walls and reduce permeability. fifrer microstructure of martensite leads to a greagduction in
magnetic permeability values. The results show preatmeability measurements were able to differéntiarrite plus
pearlite and martensite microstructureSimilar results were obtained by studying the \tata of sonic velocity
measurements and by Barkhausen magnetic noisesen@ly Raye®t al.,2014, Gir and Cam 2007).

The results obtained from the hardness test irdi@ushows that, as the microstructure become ¢hjrihe greater
is the difficulty in moving the magnetic domainsllsand smaller are the permeability values. Thel@ss test is an
already consolidated one and serves to help irvdfidation of the experimental bench in the magnpgrmeability
test. The increase in hardness causes a decreasggiretic permeability and this correlation carseen in Figure 3.
By analyzing Figure 3, it is possible to verify thihe sample that was subjected to quenching biingpm water had
the highest hardness value (63 HRC) and the lomaghnetic permeability value (4.226). Going to thiseo end of the
same Figure, it is observed that the sample subanitt the annealing treatment at 850 °C had thedbwardness
values (20 HRC) and the highest magnetic permégabililues (4.261). However, the permeability measwnts
obtained for the hardness of martensite were rettatdifferentiate between quenching in oil andviter.
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Figure 3. Variation of magnetic permeability measoents as a function of Rockwell C hardness meamnts, for
samples as received and submitted to the appliattieatment.

Figure 4 shows the variation in magnetic permeigbdis a function of rotation angle for samples eseived,
annealed at 85%C and cooled in oil. Note that the three maintaitredsame behavior. This indicates the existenee of
magnetic anisotropy in the material as received thithe manufacturing process and that the imipositf the
treatments performed did not modify this behavior.

The magnetic properties of electrical steels sushtle core loss and magnetic induction depend en th
microstructure and texture, which are producedufihothermo-mechanical processing, involving slaieating, hot
rolling, cold rolling and final recrystallizationnaealing (Chen et al., 2014; Quin et al., 2015;fdiret al., 2015).
These processes can also generate noticeable ncagmisbtropy in the material because the magieti@mvior of the
steel strongly depends on its stress— strain fidteastek et al., 2013; De Albuquerque et al. 20lhes et al., 2013)
When testing polycrystalline ferromagnetic material is often found that properties depend ondhection along
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winch they were measured and that there are cengicroscopic orientations in which the materiale&sier to
magnetize (magnetic easy axis) (Chen et al., 2QUdet al., 2015; Silva et al., 2016bJhe three conditions in Figure
4 indicate a maximum magnetic permeability valuetfe 180 degree angle, that is, there is an eagynetization
direction towards the 180 degree angle. Silva.g28116b) observed similar results when studyiniga@ropy in SAE
steels 1040, due to the manufacturing process.
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Figure 4. Permeability variation of each samplénitis respective heat treatment, after they amtedtfrom 45° to 45°
until complete rotation — 360°.

4. CONCLUSIONS

The present work studied the detection of heatriveat in samples of a SAE 4340 steel through measents of
magnetic permeability determined in the regionedersibility movement of the magnetic domains waksching the
following conclusions:

i. The electromagnetic test was able to differentia¢eheat treatments used in a SAE 4340 steelglseinsitive
both to the variation of the ferromagnetic ferptease and the presence of the pearlite lamellactate, which
has paramagnetic characteristics due to its sti¢chat anchor the movement of the magnetic domaaiks.
Furthermore, it was able to detect the presencthefmartensite structure in samples quenched imral
water.

ii. The permeability measures had a good correlatitin the hardness ones, showing to be able to belated
with this. However, it was not able to differenéighe condition quenched in oil and water, whicbveéd
differences in hardness measurements.

iii.  The electromagnetic test was able to observe tisteexe of a magnetic anisotropy in the as receivatérial,
due to the manufacturing process and the impasitidhe treatments performed did not modify trebdvior.
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