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           Effects of Mn and Ni Addition on High Frequency Magnetic

                      Properties of Fe-based Amorphous Alloys

                           Baiyun QUAN*　 and Kenji NARITA**

                                   (Received May 31,1993)

               The influence of Mn and Ni addition on high frequency magnetic prop-

             erties of Fe-based amorphous alloys was investigated . The coercivity Hc

             decreases and the permeabilityμ'increases dramatical1y by adding Mn,

             but the effect on magnetic 10Sses is not obvious. The rnagnetic loss is

             discussed in terms of hysteresis, eddy current, and anoma10us Ioss.It was

             also found that the resistance to oxidation for FeMnSiB alloys is much

             higher than that of Fe-based alloys with0ut Mn. Thus excellent soft

             magnetic properties can be obtained through annealing without protective

             gas, which is of significance to industrial production.

1. Introduction.

  To improve s0ft magnetic properties of Fe-Si-B system amorphous alloys, several investigations on the

effect of the addition of other elements have been reported. Of these, the addition of Mn appeared to be

interest for their anti-ferromagnetic interactions and improvement of some magnetic properties.

Adetailed study on amorphous Fe73.7Mn2.3Si14Blo alloy was firstly reported in 1981(1)and then alloys of

Fe82ーxMn。Si5B13 series were investigated in 1977, the result of which indicates that the Hc and high

frequency magnetic losses may be reduced by adding Mn element{2).

  Amuch more exciting resu1t was given by S.Murakami and H.Okumura in 1989(3)presenting the

effective perrneabi1ity(f=1kHz)up to 1.5x104 and the magnetic 10ss(f=100kHz,B=0.3T)about 1/5 that

of FeSiB series alloys by adding Mn into Fe-based alloys.Meanwhile,another conc1usion was drawn from

our work in 1989 that after proper heat treatment excellent soft magnetic properties such as high remanence

Br and low losses could be obtained in alloys containing Mn and Ni(4).

  In order to further our study on Mn containing alloys systematically,three series of Fe-based a110ys with

varied Mn contents as well aS small amounts of Ni were investigated in regard to high frequency magnetic

properties.

2.Experimentals

  The cornpositions of the amorphous a110ys presented are listed in Table l which were confirmed by

chemical analysis.

Samp1es studied here were liquid-quenched by single roller technique and then annealed at temperatures,

ranging from 40ぴC to 48ぴC at intervals of 20。C for 1 hour.The AC.magnetic properties were measured by

means of B-H Analyser under the condition of sin B, and DC.properties by a B-H Curve Tracer. The

saturation magnetiZation GS, the curie temperature Tc and the crystallization temperature Tx were
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determinedfromtheσ、一temperaturecurvemeasuredwithaVibratingSampleMagnetometer．Theelectric

resistivity was determined by conventiona14termina1s method．The X－ray diffraction measurements of

certain sampIes were performed to confirm the amorphous state．

Table1Composition of FeMnSiB amorphous alloys in present study（at％）

No． Fe Mn S三 B Ni

1＃ 78 0 12 ユO O

2＃ 75．5 2．5 ユ2 10 0

3＃ 75 3 ユ2 10 0

4＃ 74．5 3．5 12 10 O

5＃ 73 5 12 ユO O

6＃ 81 0 8 11 O

8＃ 75 6 8 11 O

9＃ 73．5 7．5 8 11 O

10＃ 73 8 8 11 0

11＃ 75 2 8 11 4

12＃ 75 4 8 11 2

13＃ 75 4．5 8 11 ユ．5
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3．Resu1ts and Discussion

（1）Effects of composition on magnetic properties
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（a）Fe78一、Mn，Si12B1o after annealed at460℃
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（b）Fe8エー。Mn．Si8B1エafter amea1ed at400℃．

Fig・l Variation of magnetic losses（0．1T，50kHz），μand Hc of annealed FeMnSiB system alloys with Mn

      COntent．

  Fig．1shows the composition dependence of magnetic properties amea1ed at optimum temperature for

first（1－5＃）and second（6－10＃）series ofamorphous a11oys，respectively．Boththepermeabilityμ’at1kHz

with a drivingfie1d of0．8A／m andthe magnetic losses at50kHz and O．1Tmderthemagnetizingcondition

ofsin B weremeasured．Fromthese figures，itisevidentthatbyaddingMn Hcdecreasesandμ’increases

significant1y dueto the decrease ofλs aswasstudiedbyS．Murakami（3）．However，there appearstobeno

obvious effect ofMn addition onmagnetic losses，whichwillbediscussed later．Moreover，itcanbeseen
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from Fig，1that the lower magnetic1osses were obtained in the first group of anoys（1－5＃）with the Si＋B

content of22at％．The lowest value is3．61w／kg for Fe、、．5Mn3．5Si，2Blo which is much lower than that of

ordinary Fe－Si－B alloys and highμ’was obtained for Fe75Mn3Si12B1o as shown in Fig，1，It suggests that

the amount of Si＋B p1ays an important role in reducing the high frequency magnetic losses．
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Fig．2 Freqmce dependence of magnetic losses at O．

     1～O．3T for Fe74．5Mn3．5Si12Blo（リ，and ofMetg－

     Ias2605S｛●〕（from the Cata1ogue of Allied

     Corp．）and Finen／et（5）（▲〕
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Fig－3 Variation of the magnetic losses（O．1T，50

     kHz），パand Hc of Fe75Mn8一、Ni，Si8BlI aL

     1oys with Ni content after anneaIing at440℃

  Fig．2presents the frequency dependence of magnetic losses for Fe74．5Mn3，5Siエ2Blo and the data for

Metglas2605S3．2605SM as we11 as Finemet for comparison．It is known that the loss of FeMnSiB a11oys

is1ower than that of2605SM，2605S3andc1oseto that ofFinemetthoughμ’isnotso highasforthe latter．

Nevertheless，fromtheviewoftheir1owercostandsimpleannea1ingprocedurewithoutprotectivegas，the
FeMnSiB a11oys can be selected as the candidate for high frequency uses on an industrial sca1e，

  Based on our previous work and the fact that Mn often exists with Ni as raw material，the inf1uence of

Ni addition on magnetic propertieswas a1so investigated．Fig．3givesthevariation ofmagnetic properties

as a function of Ni content for the third group of alloys（8，13，12，11＃）．It seems that there is no obvious

effect on high frequency properties by adding Ni．

  The optimum magnetic properties of a11oys studied are summarized in Table2．

Table210pimum magnetic properties of certain Fe－Mn－Si－B system alloys

i t em

No．

composition
@（at％）

μ’

ixl〇一）

 P

iWκ9）

Blo

iT）

 σs

iem醜）

Tc
i℃）

丁冗

i℃）

3＃ FeハMnヨSi12Blo O．73 4．9I ユ、29 工60 363 535

4＃ Fe7。．5Mnヨ．5Si12Blo O．26 3，61 ユ．25 I59 351 550

8＃ FeハMn6Si畠Bll 1．59 8．16 1．07 130 230 495

（3）
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（2）Discussion on magnetic1osses

  TheexperimentalresultsshowthatevenforanoywithoutMn（1＃）themagnetic1ossesarea1sovery1ow，

whichseems to be contraryto previousresu1ts（1×2×3）．It iswe11known thatthe magnetic1ossescanusually

be divided into three parts，i．e hysteresis loss，eddy current loss and anomalous1oss．So，the1osses of

FeMnSiB amorphous anoyspresentedhere arediscussedasbe1owinregardto thesethreepartsof1osses．

a．Hysteresis1oss
  Our previous work presented that Mn addition has the effect of reducing low frequency magnetic1osses

owing to the decrease of Hc（4）whi1e the hysteresis loss is the dominant part in1ow frequency1osses．

Besided，Fig．4gives the comparison between DC．B－H loop and50kHz AC．B－H loop for a11oys1－5＃．

Obvious1y，the Mn addition can reduce thehysteresis losswhich isproportional to the area ofthe B－H1oop

but not the tota1high frequency magnetic losses．
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Fig．4Comparison between DC．B－H1oop and  Fig．5Dependence of resistivity on Mn content for Fe78一。
      AC．B－H loop for Fe．8一。Mn．Si12Blo after      Mn．Si，2B1o（○〕and Fe8、一、Mn．Si呂B11（●〕．

      annea1ed at46ぴC

b．Eddy current1oss

  It is well known that the eddy current1oss is near1y in inverse proportion to the resistivity of the a11oys．

Fig．5showsthedependenceofresistivityonMncontentforFe78一。Mn．Siユ2Bユ。 andFe8I一、Mn，Si12B1o，which

suggests that resistivity increases with the Mn content．Therefore this part of loss shou1d be reduced by

adding Mn．

c．Anomalous1oss
  From experimenta1measurements ithas been shown（6）that the anomalous1oss is responsible for gO－99

per cent of the tota1magnetic1oss of amorphous materia1s at higher frequencies．In genera1，there are

main1ytwo approaches inimprovingthehigh frequency magnetic1osses ofFe－basedamorphousa11oys、（1）

Afewofalloye1omentsareaddedintothea11oystodecreasethemagnetostrictionλs，（2）Theheattreatment
at certain temperature was used to control the degree of partial crysta11ization（7）．
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  In order to make clear which factor is dominant in anoma1ous1oss at high frequencies，the structrue of

thesamp1eswas detectedby Xてay diffration，Fig．6showsthe X－raydiffractionpattemsfor Fe78一。Mn．

Si12B1o after annea1ed at460℃a11oys．Obvious1y，the initiation of crysta11ization appears in on1y Fe78Si12

B1o a11oyafter annea1ing．
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Fig．6X－ray diffraction patterns for Fe78一。Mn．Si1．  Fig．7

      Blo after annea1ed at460℃．
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Xてay diffraction pattern for Fe7。．5Mn3．。Si12

 BIo anoys after annea1ed at480℃．

  Upon amea1ing，quenched－in non－uniform distributed stress can be Iarge1y e1iminated．For a11oy

containingMnwithsma11λs，themagnetostrictive－straininteractionanisotropy，andphaseshiftbetween

the magnetic excitation and the resu1tant magnetization in the materia1wi11 be decreased as theλs

decreases（8），and thusthe anoma1ous1oss shou1dbe1ower as the Mn is added．

  But on the other hand，as the amea1ing temperature increases further，the precipitation of crysta11ine

partic1eswi11great1y affectsthehighfrequencymagnatic1osses through domainrefinement．In our study，

afteramealedat46ぴC，Fe78Si、。B，o auoyshowsthecrystanizedpeakinX－raydiffractionpattemandmuch

1ower1ossva1ue compared with the onebefore crysta11ization whi1e others are sti11in amorphous state．In

addition，consideringthat1ower1osses are obtained inthefirstgroup ofa11oyswiththe Si＋B amount of22

at％，we can suppose that Si and B contents p1ay an important role in contro1ing the degree of partial

crysta11ization．

  Themagnetic loss for Fe73．5Mn3．5Si12B16becomesvery1ow after480℃amea1ing，butthecrysta11ization

occurs as it was confirmed by X－ray diffration（Fig．7）．So，μ’may decrease due to the influence of

magnetocrysta11ine anisotropy asmicrocrysta11ine appearsinthe a11oy．Consequent1y，byse1ecting appro－

priatecompositionandamea1ingtemperature，wecaneithermakeacompromiseforbothre1ative1ow1oss
and highμ’or get some preferentia1magnetic properties for specia1uses．

（3）Resu1ts of VSM measurement

  Fig．8shows Tc and Tx as wen asσ、of the a11oys as a function of Mn content．It can be seen that the

addition ofMn canincrease T圭andreduce Tcso thatμ’canbe increased．The saturationmagnetization

σ、decreases as the Mn content increases，which is inagreement withprevious reporせ3）．

（5）
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  It can be seen from Fig．9Tc increases with increasing the amealing temperature，This suggests that

during amea1ing the exchange effectgetsstrongerdueto atomrearrangement andfina11yTc appoachesto

the va1ue for corresponding crysta11ine counterpart．This phenomena imp1ies that the u1timate result of

re1axation is to reach the state of crysta11ization．

（4）High resistance to oxidation of FeMnSiB system a11oys．

  AnotherfeatureforFeMnSiBsystema11oysistheirhighresistancetooxidation．Afterannealedat430℃

for lhrintheabsenceofanyprotectivegas，theFeMnSiBa11oy，metg1as2605S2and2605SCwerecompared
with each other in three aspects．

  First1y，in regard to co1or of the ribbon，the oxidation is most serious for2605SC，the co1or of which is

b1ue andb1ack andthenisthe2605S2，goldenye11ow，whi1e FeMnSiB a11oypresentsthebrightlustre aswe11

aS in CaSt State．

  Second1y，in order to determine the extent of oxidation quantitatively，the surface oxygen content

ana1ysiswasmade onthree kinds ofa11oysby aAuger ScanningMicroprobe．Thecurve ofoxygencontent

vs．sputtering time for Metg1as2605SC，and Metg1as2605S2is shown in Fig．10（a），and that for Fe75Mn6

Si8Bユ1auoy（5＃）after amea11ingwithoutprotectivegasandwithinprotectivegasforcomparisonisshown

in Fig．10（b），respective1y．It is obvious from the figure，that the more extent of oxidation ismostserious

for Metg1as2605SC；thenisfor2605S2andslightfor5＃a11oycontainingMn．Theresu1ts ofcomparingtw0

kinds of amea11ing conditions show that for5＃alloy the extent of oxidation is s1ight at43ぴC no matter

whether the protective gas was app1ied or not，The Auger data presented here are also in fair accordance

with the resu1ts of suface co1or comparison．

  Fina11y，themagneticproperties ofalloysamealedwithorwithoutprotectivegasat400℃for2605S2and

43びC for5＃a11oy are summarized inTab1e3．For2605S2，after amealing withoutprotectivegas at40びC，

the coercivity Hc and the magnetic1oss increase by near1y100％compared with the one amea1ed with
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protective gas．While for FeMnSiB a11oy5＃，the resu1ts are a1most the same no matter whether the

protective gas was apPlied or not during annea1ing．
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Fig．10 Variation of oxygen content for amorphous Fe－based ribbons

Tab1e31Property Comparison for Fe73Mn5Si12B1o（5＃）and2605S2heat－treated under different annealing condi－

       tiOnS

N o． Amealing
モ盾獅р奄狽奄盾

Bl o

iT）

Br

iT）

Hc
i0e）

μm
i・104）

P1．o“o

iW／Kg）

Pl，oμo o

iW／Kg）

Po、川K

iW／Kg）

430℃withH。 1．27 工，01 O．03ユ 18 O，087 1．5 40

5＃

430℃withoutH。 1，28 1．O O．028 23 O．07 ユ、2 32

400℃withH。 O．036 O．1

2605S2
400℃withoutH。 O．08 O．19

4．Conclusion

  The fo11owing conc1usion can be drawn through above discussion．

1）The Hc canbe reduced andμ’can increase a great deal with adding Mn e1ement．

2）A1though the addition of Mnhas the effect onreducinghigh frequency magnetic losses，the1oss is a1so

affected to a1arge extent by partia1crysta11ization．The proper degree of crysta11ization depends main1y

on Si and B contents，and appropriate amea1ing temperature and time．

3）There is no obvious effect of Ni addition onhigh frequency magnetic properties for alloys with the Si＋

B amount being7＋12．

4）Theresistanceto oxidationofFeMnSyB a11oysismuchhigherthanthatofFe－baseda11oyswithoutMn．
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Exce11ent soft magnetic properties can be obtained through amealing without protective gas．

5）Three kinds of a11oys with exce11ent high frequency magnetic properties were obtained through our

research，the data of which are summarized in Tab1e2．
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