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Theeffect of � -ray irradiationon magneticpropertiesof electromagneticsteelsheetshas
beeninvestigated.Themeasurementswerecarriedout by usingtransformerFe-Si(97%-
3%) sheets.The energy lossesanddependenceof the relative permeabilityaswell asof
thedifferentialpermeabilityon strengthof themagnetizingfield beforeandafter irradia-
tion weremeasured.Themeasurementsshow that,after irradiation,the energy lossesin
the electromagneticsheetsfor a maximumfield of 1.0 Teslaat the frequency of 50 Hz
decreasedto lessthan10%of energy lossesbeforeirradiation.Thevalueof thesaturation
magneticfield after irradiationalsodecreasedby about10%. The relative permeabitity
valuesin theregionof rotationof magnetizationdomainsafterirradiationdecreasedonthe
averageby 5%, whereasthevalueof their differentialpermeabilityaroundeachworking
point remainedunchanged.

PACSnumbers:75.50.Bb,75.90.+w, 81.40.-z UDC 537.621.3,537.622,537.639

Keywords: electromagneticsteel,magneticproperties,permeability, effectsof � -irradiation,high-
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1. Introduction

The changeof physicalpropertiesof magneticmaterialscausedby irradiationwith
energetic particleshave beenthe subjectof several investigations[1–3]. Many authors
have reporteddecreaseof remanence,the magnetizationabove the kneeandmaximum
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permeabilityof 2%silicon iron samplesafterprotonor electronirradiation[4,5]. Also the
changesof the shapeof hysteresisloop in several soft magneticmaterialsafter neutron
irradiationhave beenreported[6,7]. However, a limited amountof work hasbeendoneto
elucidatetheeffectof � -rayirradiationonthemagneticpropertiesandnominalenergy loss
of electromagneticsheets[8].

The electromagneticFe-Si (97%-3%)sheetshave beenusedin fabricationof mag-
netic andelectromagneticinstrumentssuchasmotors,transformers,smoothingchokes,
etc. Sometimestheseinstrumentsare usedin severe environmentalconditionssuchas
in irradiation facilities, wherethey areexposedto � -radiation.Presentwork was made
with the aim to determinethe effectsof � -radiationon the nominalenergy lossof elec-
tromagneticsheetsandtheir relative anddifferentialmagneticpermeabilities.We present
theexperimentalresultswhich demonstratethechangeof energy lossesandof magnetic
propertiesof thesheetscausedby irradiationof 4 and8 Mradusing � � Co � -rays.

2. Experimentaltechnique

Transformersheetswerecutto thestandardEandI formsandfoursmallidentical-yoke
magneticcircuitsweremade.Eachmagneticcircuit hascross-sectionsof thecentralleg of
25cm� andthelaterallegsof 12.5cm� . Thecentralleg carriestheprimaryandsecondary
windingsof 400turnseach.Thedimensionsandthemeanlengthof themagneticlinesof
forcein thecircuit areshown in Fig. 1.

Fig. 1. Shell-typemagneticcircuit usedin themeasurements.Cross-sectionsof thelateral
legsare12.5cm� andof thecentralleg 25 cm� . Thedimensionsare �	��
� � � � cm and� � 
�� � cm. Thenumberof windingsin thetwo coilswas ���	
�� � 
�� � � turns.

All experimetswerecarriedout usingthe four smallmagneticcircuits. Their energy
lossesasa function of maximummagneticfield valuesat the frequency of 50 Hz were
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measured.Their first magnetizationcurvesandhysteresisloopswereobtainedusingthe
direct currentin oneof the magneticcircuit windings[9,10]. The relative permeability
curvesasafunctionof magneticfield werederivedfrom thedataonthefirst magnetization
curves.

In orderto determinethedifferentialpermeabilityvaluesasa functionof themagnetic
field [11,12],weproceededasfollows:

The primary windingsof two magneticcircuits wereconnectedin seriesandan AC
voltageof pulsation� andrms value � wasappliedto the windings,andthe rms value
of thecurrent� circulatingin thetwo primarywindingswasmeasured.Theimpedanceof
eachwinding is thengivenby ��� �� � �
To take therealpartof this impedanceinto consideration,thevalueof inductanceof each
windingwascalculatedfrom therelation

!"�$#
� % �� � & ' ( ) *

where) is thephaseangle.
To determinethephaseangle) , anoscilloscopewasusedin the +-,/. mode.A voltage

proportionalto thecurrent 0 anda voltageproportionalto 1�2 3 4 (obtainedusingan inte-
gratingRCcircuit) wereappliedto the + and. inputs,respectively. Analysisof theellipse
on theoscilloscopescreenpermitedthedeterminationof thephaseangle) between0 and1�2 3 4 . Theinductancewasobtainedfrom therelation:

!"�65
�
�798: ;!=<> *

where 7 : is thenumberof turnsin theprimarywinding,
!

themeanlengthof magnetic
field linesin themagneticcircuit, < themagneticfield,

>
themagnetizingfield and ; the

cross-sectionof thecenterleg.
Thedifferentialpermeabilityis obtainedfrom therelation:

?9@ � !
7 8 : ;

�� � � & ' ( ) �
To changetheaverageworking point, we usedtwo secondarywindingswhich werecon-
nectedwith oppositephase,asshown in Fig. 2, to make initially thesumof thealternative
voltagesinducedon thesecondarywindingsequalto zero.Thenwe applieda continuous
current(DC) � A to thesecondwindingandchangedtheaverageworkingpointof magnetic
circuits > A � 7 8 � A! �
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Fig.2.Theelectriccircuit usedto determineC9D asa functionof magneticfield.

The variationof differentialpermeabilityasa function of magnetizingfield wasob-
tainedby a superimposing5 volts AC signalof 50 andof 100 Hz onto the continuous
current.TheAC voltagewasmaintainedconstantduringall experimentswhile thevalue
of thecontinuouscurrentappliedin thesecondarysidewaschangedfrom 0 to 500mA and
from 500mA backto 0.

To studytheeffectsof E -ray irradiationon themagneticpropertiesof thesheets,the
four magneticcircuitsweredemagnetized[13] anddismantled.Theirsheetswereexposed
to F G Co E -raysat thedoserateof 2020radperminute[14,15]at roomtemperature.Two
wereexposedto a 4 Mrad dosewhereasthe other two wereexposedto a 8 Mrad dose
(twice theexpositiontime).After irradiation,thesheetsof thefour magneticcircuitswere
assembledexactlyasbeforeirradiationandtheirenergy lossesandall mentionedmagnetic
propertiesweremeasuredunderidenticalconditionsasbeforeirradiation.

3. Resultsanddiscussion

Figure3 shows the resultsobtainedfor the energy lossesasa function of maximum
magneticfield of the magneticcircuits beforeandafter irradiation. Main causesof the
lossesaredueto eddycurrentsandthehysteresis[16].

For maximummagneticfields up to 0.4 T, the changeof the energy lossesdue to
irradiationareverysmall,but for highermaximumfields,a gradualdecreaseof thelosses
in irradiatedsheetshasbeenobserved.Theenergy lossesof electromagneticsheetsfor a
maximummagneticfield of 1.0T, at thefrequency of 50Hz, arereducedby irradiationby
about10%.Thedecreaseof energy lossescausedby irradiationis probablydueto the E -
ray annealingeffect of thesolid statedefects,which arepresentin thesheets.Theenergy
lossesof the sheetsafter irradiationby 4 and8 Mrad doses,for any valueof magnetic
field, arethesame.Themostappropriateexplanationfor this is thatsaturationof effectsof
irradiationis achievedat somedosebelow 4 Mrad.
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Fig. 3. Energy lossesasa functionof maximummagneticfield.

Fig. 4. Thefirst magnetizationcurves.

Figure4 shows the resultsfor thefirst magnetizationcurvesof themagneticcircuits,
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for a 500 mA DC current,beforeandafter irradiation.Explanationof thesecurvesis as
follows:

Thefirst magnetizationcurvesbeforeandafter J -irradiationaresimilar in the region
of reversibleandirreversibleboundarydomains.However, whenthevalueof theapplied
magnetizingfield increasesto reachtherotationof magnetizationdomains[17], thevalues
of the magneticfield andof the saturationmagneticfield of the circuits after irradiation
decreaseup to 10%, i.e., up to the valuethat wasfound for the maximummagnetizing
field.

Fig. 5. Thehysteresisloops.

Figure5 shows theresultsfor thehysteresisloopsof themagneticcircuits, for a 500
mA DC current,beforeandafter irradiation.An analogousresultwasobtainedasin the
caseof the first magnetizationcurves. This may be dueto the changesin the magnetic
orderingandto thecreationof magnetizationof antiferromagneticdomainsby J -ray irra-
diation[18,19].The J -ray irradiationmayalsochangethedomainstructuresby affecting
thevelocity of thedomainwall motion.Thatmakesthewalls move after irradiation.The
changeof theareaof thehysteresisloopsgivesanexplanationto thesmallerenergy losses
of themagneticcircuitsafterirradiation.

Thevalueof theremanenceof thehysteresisloopsof themagneticcircuitsafter irra-
diationis slightly lower thanbeforeirradiation.

Figure6 showstherelativepermeabilitycurvesasafunctionof magnetizingfield of the
magneticcircuitsbeforeandafterirradiation.Onecannoticeanaveragedecreaseof 5%of
therelative permeabilityvaluesafterirradiationin theregionof rotationof magnetization
domains.
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Fig. 6. Relativepermeabilitycurves.

Fig. 7. Thedifferentialpermeability.

Figures7 and8 show the measuredresultson differentialpermeabilityasa function
of magneticfield beforeandafter irradiation,for the frequenciesof 50 and100 Hz, re-
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spectively. The curvesshow that the valuesof the differentialpermeabilityM9N for each
working point imposedby themagnetizingfield O-P , afterirradiation,arestill unchanged.
That reflectsthe observedunchangedform andmeanvalueof theslopeof thesmallAC
hysteresisloopsaroundeachworkingpoint.

Fig. 8. Thedifferentialpermeabilitycurvesat50Hz andat100Hz.

4. Conclusion

Thereportedresultsrevealthedecreaseof theenergy lossesof thesaturationmagnetic
field andof theremanenceof themagneticcircuitsafterhigh-doseQ -ray irradiationof the
electromagneticsteel(97% Fe - 3% Si). The valuesof the relative permeability, corre-
spondingto the rotationof magnetizationdomains,alsodecreaseafter Q -ray irradiation,
whereasthedifferentialpermeabilityvaluesatall workingpointsthatweremeasuredhave
beenfound to remainunchangedby irradiation. The resultsfor 4 Mrad andfor 8 Mrad
irradiationarealmostthe same.Furtherwork is expectedto give moredetailsaboutthe
changesof themagneticpropertiesandtheir relationto Q -rayenergy anddose.
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UČINAK OZRAČIVANJA T -ZRAČENJEMNA MAGNETSKASVOJSTVA
TRANSFORMATORSKOGFe-Si(97%–3%)ŽELJEZA

Istrǎzivao se učinak ozrǎcivanja T -zrǎcenjemna magnetskasvojstva transformatorskog
Fe-Si (97%–3%) željeza. Mjerili su se gubici energije, te ovisnost relativne perme-
abilnosti i diferencijalnapermeabilnosto jakosti magnetizirajúceg polja prije i nakon
ozrǎcivanja.Mjerenjapokazujudasezamaksimalnopoljeod1.0Teslai frekvenciju5oHz
ozrǎcivanjemsmanjujuenergijski gubici zaoko 10%.Smanjujesetakod–erza10%vrijed-
nostpolja zasícenja.Vrijednosti relativnepermeabilnostiu podrǔcju rotacijemagnetskih
domenasmanjujuseozrǎcivanjemu prosjekuzaoko 5%,doksevrijednostidiferencijalne
permeabilnostioko svakeradnetočkenemijenjaju.
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