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Nanocrystallizationkinetics of a FINEMET !Fe71.1Si18.5B6.3Nb3Cu1.1" and a NANOPERM alloy
!Fe91Zr7B2" werestudiedandthevariationof mechanicalproperties!hardness" with volumefraction
of the crystalline !VFC" phasedetermined.Time-dependentmagnetizationand hysteresisloop
measurementswereusedto determineVFC for FINEMET andNANOPERM,respectively. Kinetic
resultsarepresentedto providethe informationnecessaryto interpretthe hardnessmeasurements.
Hardnesswas measuredby nanoindentationas a function of VFC to investigatethe effect of the
evolutionof the nanocompositestructureon the mechanicalproperties.Strengtheningmechanisms
to understandthe linear increaseof hardnesswith the increaseof VFC are presented.© 2005
American Institute of Physics. #DOI: 10.1063/1.1855173$

I. INTRODUCTION

FINEMET and NANOPERM alloys are excellentsoft
magnetic nanocompositematerials with the grain size of
their primarycrystallizationproductsmuchsmallerthantheir
magnetic exchangelength. In attempting to optimize the
magneticpropertiesby controlling the crystallization pro-
cess,manystudieson thosemagneticnanocrystallinemate-
rials have focusedon crystallizationkinetics. Only limited
attentionhasbeengivento thestudyof hardness!a mechani-
cal property" even though it can play a signiÞcantrole in
inßuencingthemagneticproperties.Thestressinvolvedfrom
winding thebrittle partially crystallizedribbonson thecores
canadverselyaffect themagneticproperties.Also, this hard-
nessstudycanproducea usefuldatafor the interpretationof
the magnetostriction.

The hardnessof large grainedmaterialsis well repre-
sentedby the HallÐPetchrelationship!linear hardnessin-
creasewith grain size decrease". However, as reportedfre-
quently in the literature,the HallÐPetchrelationshipbreaks
down for grain sizesapproaching%10 nm, wherethe grain
size of the alloy systems investigated !FINEMET and
NANOPERM" lies. It is thereforeplausiblethat grain-size
effectsarenot theprimarydeterminantsinßuencingthehard-
nessof extremelyÞne grainedmaterials.We have investi-
gatedhardness,by nanoindentation,asa functionof thevol-
ume fraction of crystalline phase,VFC !as opposedto the
grain size" in nanocompositesoft magnets.This paper re-
ports on the results obtainedfrom the hardnessmeasure-
mentsas a function of VFC with a proposedmodel to ex-
plain the results.

Crystallization kinetic studieswere performedto esti-
mate the VFC using previously publishedmagnetic tech-

niquesto comparewith thosepreviouslyreportedfor similar
alloy compositions.1Ð5TheVFC is the importantvariablefor
monitoringthecrystallizationkineticsin theJohnsonÐMehlÐ
Avrami !JMA" equation.Hereit wasmeasuredfrom isother-
mal kinetic data!magnetization,M vs time, t" Þtsto theJMA
equation.While the kinetic studiesare not new for these
alloys, they are importantto 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 compositionFe91Zr7B2 were producedusing a single-
roller melt spinningtechniqueunderanAr atmosphere.This
alloy has lower B concentrationby 2 at.% than the base
NANOPERM currently being usedto investigatethe mag-
netic decouplingof nanograinsin alloys where the Curie
temperature,TC

am, of the amorphousprecursoris loweredto
room temperature.Amorphousribbon precursorsof Si-rich
FINEMET, 17 ! m thick and35 mm wide, wereprovidedby
Spang,Inc. The FINEMET compositionwas determinedto
be Fe71Si9B6Nb3Cu1 using an inductively coupled plasma
!ICP" chemicalanalysis.

X-ray diffraction !XRD" with CuK" radiationwasused
for theveriÞcationof amorphousstructureof theamorphous
ribbon precursors.Dif ferential scanningcalorimetry !DSC"
measurementswereperformedat Þvedifferentheatingrates:
5, 10, 20, 40, and80 ¡ C/min. The magneticpropertiesasa
function of temperatureand time were measuredwith a
vibrating-samplemagnetometer!VSM" under applied Þeld
of 5 kOe. Amorphousribbon precursorswere encapsulated
in a quartz tube under vacuumand placedin a furnaceto
prepare partially crystallized sampleswith various VFC.a"Electronicmail: cyum@andrew.cmu.edu

JOURNAL OF APPLIED PHYSICS97, 10F504!2005"

0021-8979/2005/97"10!/10F504/3/$22.50 © 2005 American Institute of Physics97, 10F504-1

Downloaded 25 Aug 2005 to 128.2.60.170. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.1855173
http://dx.doi.org/10.1063/1.1855173


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

The shiny side of ribbon specimenswas mechanically
polishedto a mirror Þnishwith Al2O3 powdersprior to hard-
nesstestusingthe NanoIndenterXP !MTS SystemsCorpo-
ration". Continuousstiffness measurement!CSM", with a
diamondBerkovich indenter, was usedfor the indentation
experiments.Thehardnesswascalculatedbasedon thestiff-
nessdeterminedfrom theunloadingcurveat theÞnalinden-
tation depth of 1000nm. About 30Ð40 indents were per-
formed on each specimen to obtain enough statistical
signiÞcanceon the hardness.

III. RESULTS AND DISCUSSION

As well known from the thermomagneticdata,M!T" of
FINEMET and NANOPERM alloys, the increasein M at
primary crystallization temperature,Tx1 results from the
magneticphase!bcc " -Fe andDO3 FeSi,respectively" crys-
tallizing from the nonmagneticamorphousmatrix sinceTC

am

is lower thanTx1. Themagnetizationat Tx1 is proportionalto
theVFC, allowing for a JMA kinetic analysisof the isother-
mal magnetizationdataat temperaturesnearTx1.

Figure 1 illustrates the time-dependentmagnetization,
M!t" nearTx1 for the FINEMET amorphousprecursors.The
Þtsof theseisothermalkinetic datato JMA equationyielded
an activationenergy, QJMA of 3.6 eV. Analysis of constant
heatingratedataobtainedfrom DSCmeasurementsandÞt to
the Kissinger equation yielded an activation energy
QKissinger=3.5 eV for crystallization.Thesearecomparableto
activation energies between3.4 and 4.5 eV, previously re-
portedfor similar FINEMET compositions.3Ð5A morphology
index,n, indicatingthedimensionalityandmechanismof the
crystallization reaction, obtained from the JMA kinetic
model was in the rangeof n=1.3Ð1.6. This is also compa-
rable to those !n=1.3Ð2.0" in the reports for the similar
FINEMET compositions.4,5 Thevalueof theactivationener-
giesandn suggeststhat crystallizationoccursquickly in the

early stagesdue to the aid of heterogeneousnucleationand
more slowly towardsthe end stagesas the early transition-
metaldiffusion barrier is fully developed.

The VFC for fully crystallizedFINEMET hasbeenpre-
viously reportedby Okumuraet al.6 The VFC of fully crys-
tallizedDO3 FeSigrains!averagegrainsizeof %14Ð15 nm"
was found to be 75%Ð80% using transmissionelectronmi-
croscopy!TEM". Therefore,a VFC of 80 was takento cor-
respondto the50 emu/g of M of thefully crystallizednano-
crystalsandthenscaledproportionallyto theM for partially
crystallizednanocomposites.TheVFC is shownon the right
y axis of the Fig. 1 to be usedasa reference.The NANOP-
ERM VFC wasestimatedby measuringa hysteresisloop at
400 K for the samplespreviously annealedat 500 and
600 ¡ C for various times. 400 K is well above the TC

am

!230 K" and below the Curie temperatureof the Fe nano-
crystalline grains !993 K". The linear paramagneticsignal
from the amorphousmatrix wassubtractedfrom the hyster-
esis loop, leaving the ferromagnetichysteresisloop of the
bcc Fe nanocrystallinegrains.Thus,VFC wasestimatedby
comparingthe saturationmagnetization,Ms obtainedfrom
the hysteresisloop to an estimateof the Ms of pure Fe at
400 K!210 emu/g".

Figure 2 shows the hardnessdata obtained from the
nanoindentation experiments of NANOPERM and
FINEMET alloysasa functionof annealingtime for anneal-
ing temperaturesnearTx1. Error barson the hardnessdata
reßect the standarddeviation calculatedfrom the multiple
indentations!30Ð40" for eachsample.The hardnessis ob-
servedto increasewith increasingVFC andexhibitedsimilar
trendsas for the magnetizationkinetic dataof Fig. 1. JMA
analysis applied to the hardnessdata of NANOPERM
yielded QJMA= %2.93eV, slightly lower than that of base
NANOPERM composition!Fe89Zr7B4" !3Ð3.4 eV" reported
by Hsiaoet al.1 This couldbedueto the lower B concentra-
tion by 2 at.% than the baseNANOPERM, which reduces
thecontributionfrom thediffusionof B atomsto thegrowth
mechanism.

FIG. 1. Magnetizationvs annealingtime as measuredby VSM at tempera-
turesof 505, 515, 525, and 545¡ C for the FINEMET alloy with the com-
position of Fe71Si9B6Nb3Cu1. Magnetizationis directly proportionalto the
volumefraction of the crystallinephase!VFC".

FIG. 2. Hardnessvs annealingtime for theFINEMET at annealingtempera-
ture, Ta=505¡ C and for the NANOPERM at Ta=500 and 600¡ C. Error
barson thehardnessdataindicatethestandarddeviationcalculatedfrom the
multiple indentations!30Ð40" for eachsample.
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Figure 3 showsthe hardnessvariation as a function of
VFC for FINEMET andNANOPERM.In both alloys,hard-
nessincreasedalmostlinearly with increasingVFC and the
fully saturatednanocrystallinealloysexhibitedabout1.5 and
2 times higher hardness,respectively, than amorphouspre-
cursors.The hardnessfor VFC# 74% for NANOPERM and
VFC# 80% for FINEMET wasnot measuredbecauseof the
considerableslowing of the growth kinetics as the amor-
phousregion surroundingnanocrystalsis enrichedin early
transitionmetalsat the endof the crystallizationprocess.

In an attemptto comparethe hardnessof NANOPERM
extrapolatedto a VFC=100%, with that of nanocrystalline
bcc " -Fe !the crystallinephasein NANOPERM", the hard-
nessof coarse-grainedbcc " -Fe wasmeasuredon the same
hardnessscale!Berkovich". This hardnessvalue was com-
paredto a Vickers hardnessat the samegrain size for ball-
milled " -Fe polycrystallinematerialsmeasuredby Malow
and Koch,7 In their work, the HallÐPetchgrain-sizedepen-
denceof the hardness!increasinghardnesslinearly with de-
creasinggrain size" was observedfor the grain size greater
than%13 nm with a plateauregionfor thegrainsizesmaller,
indicating the breakdownof the HallÐPetchrelationship.
Their Vickers hardnessin the plateauregion was converted
back to the Berkovich hardnessscaleand shown for com-
parisonin Fig. 3. It is in goodagreementwith thatpredicted
by the linear extrapolation of the hardness of the
NANOPERM to a VFC=100%.

In the work of Malow, no grain-sizeeffect on hardness
wasobservedin the !$ 13 nm" nanoscale-grainregion !pla-
teau region". This is becausethe HallÐPetchstrengthening
mechanismis only viable in the grain-sizeregionwherethe
grain-boundarystructure is the same as those of coarse-
grainedmaterials.One of the main problemswith extrapo-

lating the HallÐPetchbehavior to the extremelyÞne grain
sizesis the lack of spacefor creatingthe dislocationpileups
at a very smallgrainsize.A dispersionor precipitationhard-
eningmodel,wherethe particlesize is oneof the important
factorsdetermininghardness,is alsonot a viable alternative
since it 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-
ening in light of solutionhardeningmodelswherethe VFC
ratherthangrain size is the naturalvariable.

As illustratedin Fig. 3, the clear linear relationshipbe-
tweenhardnessandVFC indicatesthat theVFC is thedeter-
mining factor for the hardness.We proposea model to ex-
plain this relationshipbasedon a solid solution hardening
mechanism,which is independentof grainsize.We postulate
that it is thestrainintroducedinto thedenserandompacking
of hard-sphere!DRPHS" atomsin amorphousmatrix by vir-
tueof theincreasingZr andB concentrationsthataccompany
their expulsionfrom theprimarynanocrystals.This wascor-
roboratedby the independentstudyof the mechanicalprop-
ertiesof amorphousprecursorswith higherZr and/orB con-
centrations.

To investigatethe solid solution hardeningmodel fur-
ther, we producedtheamorphousribbonswith a composition
of Fe89Zr7B4 !higher concentrationof B by 2 at.%" and
Fe85Zr9B6 !higher concentrationof Zr by 2 at.% and B by
4 at.%". The hardnessincreasedfrom 7.4 GPa !as-cast
samples of Fe91Zr7B2" to 8.5 GPa !Fe89Zr7B4" and to
9.3 GPa!Fe85Zr9B6" in thesetwo alloys.As nanocrystalliza-
tion proceeds,larger Nb !FINEMET" or Zr !NANOPERM"
atomsareexpelledto theamorphousregionscausingwhat is
equivalentto Òsubstitutionalsolid solution hardening.ÓIt is
also plausible that there is a contribution of ÒinterstitialÓ
hardeningfrom the smallerB atomsdiffusing into the inter-
sticesin theDRPHSamorphousnetwork.Our measurements
for the inßuenceof increasingthe concentrationof glass
formersin similar amorphousalloys bearthis out.
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FIG. 3. Hardnessvs volumefraction of the crystallinephase!VFC" for the
FINEMET and NANOPERM alloys. Error barson the hardnessdataindi-
catethe standarddeviation.The plot alsoshowsthe linear Þt to thosehard-
nessdatapointsandthehardnessof pureFewith thegrainsizegreaterthan
%13 nm.
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