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Nanocrystallizatiorkinetics of a FINEMET !Fe;; ;Siig B6.aNb;Cuy 1" and a NANOPERM alloy
IFey1Zr,B," werestudiedandthevariationof mechanicapropertied hardnesswith volumefraction
of the crystalline 'VFC" phasedetermined.Time-dependenmagnetizationand hysteresisloop
measurementaere usedto determineVFC for FINEMET andNANOPERM, respectivelyKinetic
resultsare presentedo providethe information necessaryo interpretthe hardnessneasurements.
Hardnessvas measuredy nanoindentatioras a function of VFC to investigatethe effect of the
evolutionof the nanocompositstructureon the mechanicaproperties Strengtheningnechanisms
to understandhe linear increaseof hardnesswith the increaseof VFC are presented© 2005

American Institute of Physics. #DOI: 10.1063/1.185517%3

I. INTRODUCTION

FINEMET and NANOPERM alloys are excellentsoft
magnetic nanocompositematerials with the grain size of
their primary crystallizationproductsmuchsmallerthantheir
magnetic exchangelength. In attemptingto optimize the
magnetic propertiesby controlling the crystallization pro-
cess,many studieson thosemagneticnanocrystallinenate-
rials have focusedon crystallizationkinetics. Only limited
attentionhasbeengivento the studyof hardnes$a mechani-
cal property eventhoughit can play a signibcantrole in
inBuencingthe magnetigpropertiesThe stressnvolvedfrom
winding the brittle partially crystallizedribbonson the cores
canadverselyaffect the magneticpropertiesAlso, this hard-
nessstudy canproducea usefuldatafor the interpretationof
the magnetostriction.

The hardnessof large grained materialsis well repre-
sentedby the HallbPetchrelationship!linear hardnessin-
creasewith grain size decreasé However as reportedfre-
quently in the literature,the HallDPetchrelationshipbreaks
down for grain sizesapproaching%10 nm, wherethe grain
size of the alloy systemsinvestigated !FINEMET and
NANOPERM' lies. It is thereforeplausiblethat grain-size
effectsarenot the primary determinantsnf3uencingthe hard-
nessof extremelyPne grained materials.We have investi-
gatedhardnessby nanoindentationasa function of the vol-
ume fraction of crystalline phase,VFC !as opposedto the
grain sizé' in nanocompositesoft magnets.This paperre-
ports on the results obtainedfrom the hardnessmeasure-
mentsas a function of VFC with a proposedmodelto ex-
plain the results.

Crystallization kinetic studieswere performedto esti-
mate the VFC using previously published magnetictech-
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niguesto comparewith thosepreviouslyreportedfor similar
alloy compositiong®>The VFC is the importantvariablefor
monitoringthe crystallizationkineticsin the JohnsonBMehlb
Avrami lJMA" equation.Hereit wasmeasuredrom isother
mal kinetic data!lmagnetization) vstime, " btsto the IMA
equation.While the kinetic studiesare not new for these
alloys, they areimportantto our interpretationof the evolu-
tion of microstructureon hardness.

II. EXPERIMENTAL PROCEDURE

Amorphous ribbon precursors!%30 / m in thickness
and3 mm in width" of a NANOPERM alloy with the nomi-
nal composition Fey,Zr,B, were producedusing a single-
roller melt spinningtechniqueunderanAr atmosphereThis
alloy haslower B concentrationby 2 at.% than the base
NANOPERM currently being usedto investigatethe mag-
netic decouplingof nanograinsin alloys where the Curie
temperature72™, of the amorphousprecursoris loweredto
room temperatureAmorphousribbon precursorsof Si-rich
FINEMET, 17 / m thick and35 mm wide, were providedby
Spang,Inc. The FINEMET compositionwas determinedto
be Fe;;SigBgNb;Cu; using an inductively coupled plasma
IICP" chemicalanalysis.

X-ray diffraction ' XRD" with CuK"” radiationwasused
for the veribcationof amorphousstructureof the amorphous
ribbon precursorsDifferential scanningcalorimetry IDSC'
measurementaere performedat Pvedifferentheatingrates:
5, 10, 20, 40, and 80 j C/min. The magneticpropertiesasa
function of temperatureand time were measuredwith a
vibrating-samplemagnetometetVSM" under applied peld
of 5 kOe. Amorphousribbon precursorswere encapsulated
in a quartztube undervacuumand placedin a furnaceto
prepare partially crystallized sampleswith various VFC.
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FIG. 1. Magnetizationvs annealingtime as measuredy VSM at tempera-
turesof 505,515, 525, and 545 j C for the FINEMET alloy with the com-
position of Fe;;SigBgNb;Cu,. Magnetizationis directly proportionalto the
volume fraction of the crystallinephasel VFC".

Scanningelectronmicroscopy! SEM' wasusedfor the deter
mination of the grain size of coarse-grainediron with
99.97%purity.

The shiny side of ribbon specimensvas mechanically
polishedto a mirror Pnishwith Al,O5 powdersprior to hard-
nesstestusingthe NanolIndenterXP !MTS SystemsCorpo-
ration. Continuousstiffness measurementCSM", with a
diamond Berkovich indenter was usedfor the indentation
experimentsThe hardnessvas calculatedbasedon the stiff-
nessdeterminedrom the unloadingcurveat the Pnalinden-
tation depth of 1000nm. About 30B10 indents were per
formed on each specimento obtain enough statistical
signiPcanceon the hardness.

IIl. RESULTS AND DISCUSSION

As well known from the thermomagneticata, M!T" of
FINEMET and NANOPERM alloys, the increasein M at
primary crystallization temperature,7,; results from the
magneticphaselbee “-Fe andDO; FeSi,respectively crys-
tallizing from the nonmagnetiamorphousmatrix since 7¢"
is lower thanT,,. The magnetizatiorat 7, is proportionalto
the VFC, allowing for a JMA kinetic analysisof the isother
mal magnetizatiordataat temperaturesiearT ;.

Figure 1 illustrates the time-dependenmagnetization,
M!'t" nearT,, for the FINEMET amorphougprecursorsThe
btsof theseisothermalkinetic datato JMA equationyielded
an activationenengy, Qjua of 3.6 eV. Analysis of constant
heatingratedataobtainedfrom DSC measurementandpt to
the Kissinger equation yielded an activation enepgy
Okissinger=3-5 €V for crystallization.Thesearecomparabléo
activation enegies between3.4 and 4.5 eV, previously re-
portedfor similar FINEMET compositions®>A morphology
index, n, indicatingthe dimensionalityandmechanisnof the
crystallization reaction, obtained from the JMA Kkinetic
modelwasin the rangeof n=1.3D1.6. This is also compa-
rable to those !'n=1.3D2.0" in the reportsfor the similar
FINEMET compositions:® The valueof the activationener
giesandn suggestshat crystallizationoccursquickly in the
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FIG. 2. Hardnesws annealingime for the FINEMET atannealingempera-
ture, 7,=505 C and for the NANOPERM at 7,=500 and 600 C. Error
barson the hardnesslataindicatethe standardieviationcalculatedrom the
multiple indentationd 30EX0" for eachsample.

early stagesdueto the aid of heterogeneousucleationand
more slowly towardsthe end stagesas the early transition-
metaldiffusion barrieris fully developed.

The VFC for fully crystallizedFINEMET hasbeenpre-
viously reportedby Okumuraet al.’ The VFC of fully crys-
tallized DO; FeSigrains!averagegrainsizeof %14D15 nm"
was found to be 75%E80% using transmissiorelectronmi-
croscopy! TEM". Therefore,a VFC of 80 wastakento cor
respondo the 50 emu/g of M of thefully crystallizednano-
crystalsandthenscaledproportionallyto the M for partially
crystallizednanocompositesihe VFC is shownon the right
y axis of the Fig. 1 to be usedasa referenceThe NANOP-
ERM VFC was estimatedoy measuringa hysteresidoop at
400K for the samplespreviously annealedat 500 and
600 C for various times. 400K is well above the 73"
1230K" and below the Curie temperatureof the Fe nano-
crystalline grains 1993 K". The linear paramagneticsignal
from the amorphousmatrix was subtractedrom the hyster
esisloop, leaving the ferromagnetichysteresisloop of the
bcc Fe nanocrystallinggrains. Thus, VFC was estimatedby
comparingthe saturationmagnetization M, obtainedfrom
the hysteresidoop to an estimateof the M, of pure Fe at
400K!210emug".

Figure 2 shows the hardnessdata obtained from the
nanoindentation experiments of NANOPERM and
FINEMET alloys asa function of annealingiime for anneal-
ing temperaturesiear T,,. Error barson the hardnessdata
reRectthe standarddeviation calculatedfrom the multiple
indentations!30B410" for eachsample.The hardnesss ob-
servedto increasewith increasing/ FC andexhibitedsimilar
trendsas for the magnetizatiorkinetic dataof Fig. 1. JIMA
analysis applied to the hardnessdata of NANOPERM
yielded Qjya=%2.93eV, slightly lower than that of base
NANOPERM composition! FeyeZr;B," 13D3.4 eV" reported
by Hsiaoet al.* This could be dueto the lower B concentra-
tion by 2 at.% thanthe baseNANOPERM, which reduces
the contributionfrom the diffusion of B atomsto the growth
mechanism.
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FIG. 3. Hardnessss volumefraction of the crystallinephase! VFC" for the
FINEMET and NANOPERM alloys. Error barson the hardnesglataindi-
catethe standarddeviation.The plot alsoshowsthe linear bt to thosehard-
nessdatapointsandthe hardnes®f pure Fe with the grainsizegreaterthan
%13 nm.

Figure 3 showsthe hardnessvariation as a function of
VFC for FINEMET and NANOPERM. In both alloys, hard-
nessincreasedalmostlinearly with increasing/FC andthe
fully saturatechanocrystallinalloys exhibitedaboutl.5and
2 times higher hardnessrespectively than amorphouspre-
cursors.The hardnesgor VFC# 74% for NANOPERM and
VFC# 80% for FINEMET wasnot measuredecausef the
considerableslowing of the growth kinetics as the amor
phousregion surroundingnanocrystalss enrichedin early
transitionmetalsat the end of the crystallizationprocess.

In an attemptto comparethe hardnesof NANOPERM
extrapolatedo a VFC=100% with that of nanocrystalline
bcc ”-Fe Ithe crystalline phasein NANOPERM', the hard-
nessof coarse-grainetbcc ”-Fe was measuredn the same
hardnessscale!BerkovicH'. This hardnessvalue was com-
paredto a Vickers hardnessat the samegrain size for ball-
milled "-Fe polycrystalline materialsmeasuredby Malow
and Koch,” In their work, the HallDPetchgrain-sizedepen-
denceof the hardnesgincreasinghardnessinearly with de-
creasinggrain sizé' was observedfor the grain size greater
than%13 nmwith a plateauregionfor the grainsizesmaller
indicating the breakdownof the HallBbPetchrelationship.
Their Vickers hardnessn the plateauregion was converted
back to the Berkovich hardnessscaleand shownfor com-
parisonin Fig. 3. It is in goodagreemenwith that predicted
by the linear extrapolation of the hardness of the
NANOPERMto a VFC=100%

In the work of Malow, no grain-sizeeffect on hardness
was observedn the !$ 13 nm" nanoscale-graimegion !pla-
teauregior. This is becausethe HallbPetchstrengthening
mechanismis only viable in the grain-sizeregionwherethe
grain-boundarystructureis the same as those of coarse-
grainedmaterials.One of the main problemswith extrapo-
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lating the HallBbPetchbehaviorto the extremely Pne grain
sizesis the lack of spacefor creatingthe dislocationpileups
atavery smallgrainsize.A dispersionor precipitationhard-
eningmodel,wherethe particle sizeis one of the important
factorsdetermininghardnessis alsonot a viable alternative
sinceit is basedon the interactionof dislocationwith the
particles; however no dislocationsexist in the amorphous
matrix for NANOPERM and FINEMET alloys. We have
pursueda differentapproachto evaluatethe observedhard-
eningin light of solution hardeningmodelswherethe VFC
ratherthangrain sizeis the naturalvariable.

As illustratedin Fig. 3, the clearlinear relationshipbe-
tweenhardnes&ndVFC indicatesthatthe VFC is the deter
mining factor for the hardnessWe proposea modelto ex-
plain this relationshipbasedon a solid solution hardening
mechanismwhich is independenbf grain size.We postulate
thatit is the strainintroducedinto the denserandompacking
of hard-spheréDRPHS' atomsin amorphousnatrix by vir-
tueof theincreasingZr andB concentrationghataccompany
their expulsionfrom the primary nanocrystalsThis was cor
roboratedby the independenstudy of the mechanicabprop-
ertiesof amorphougprecursorswith higherZr and/orB con-
centrations.

To investigatethe solid solution hardeningmodel fur-
ther, we producedhe amorphousibbonswith a composition
of FeeZr,B, 'higher concentrationof B by 2 at.%" and
FeysZrgBg 'higher concentratiorof Zr by 2 at.% and B by
4 at.%". The hardnessincreasedfrom 7.4 GPa !as-cast
samples of Fey,Zr;B," to 8.5GPa !FeoZr;B," and to
9.3 GPalFeZrgBg" in thesetwo alloys.As nanocrystalliza-
tion proceedslarger Nb 'FINEMET" or Zr INANOPERM'
atomsareexpelledto the amorphousegionscausingwhatis
equivalentto Osubstitutionasolid solution hardening.Qx is
also plausible that there is a contribution of OinterstitialO
hardeningfrom the smallerB atomsdiffusing into the inter
sticesin the DRPHSamorphousetwork.Our measurements
for the inBuenceof increasingthe concentrationof glass
formersin similar amorphouslloys bearthis out.
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