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Optimization of the microstructure and properties of Co-substituted
Fe–Si–B–Nb–Cu nanocrystalline soft magnetic alloys

M. Ohnuma,a) D. H. Ping, T. Abe, H. Onodera, and K. Hono
National Institute for Materials Science, 1-2-1 Sengen, Tsukuba 305-0047, Japan
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The effect of Co replacement for Fe on the microstructure and soft magnetic properties of
Fe78.82xCoxNb2.6Si9B9Cu0.6 (x55 – 60) nanocrystalline alloys has been studied for improving the
soft magnetic properties of Fe–Si–B–Nb–Cutype alloys at a high frequency range. The magnetic
anisotropy constant increases withx, but the coercivity increases whenx exceeds 20, indicating that
magnetic softness is degraded by replacing Fe with Co. Three-dimensional atom-probe observations
have revealed that the number density of Cu-enriched clusters decreases withx, thereby decreasing
the number density of the heterogeneous nucleation sites for bcc-Fe primary crystals. In addition,
differential scanning calorimetry measurements show that the Cu clustering temperature shifts to a
higher temperature with increasingx, suggesting that the kinetics for the Cu clustering decreases as
Co content. These experimental results are discussed from the thermodynamical point of view, and
the optimized Cu composition to achieve a low coercivity with 40 at % Co has been found. ©2003
American Institute of Physics.@DOI: 10.1063/1.1569396#
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I. INTRODUCTION

The development of nanocrystalline Fe–Si–B–Nb–Cu
alloys, commercially known as FINEMET, established a n
approach to develop soft-magnetic materials with high m
netic flux density, that is magnetocrystalline anisotropy c
be reduced by refining the grain size in less than a few t
of nanometers.1 This experimental finding was later ex
plained by Herzer using the ‘‘random anisotropy model2

The nanocrystalline microstructure of FINEMET is produc
by crystallizing an amorphous precursor, the mechanism
which has been extensively studied by transmission elec
microscopy ~TEM!,3 atom-probe field ion microscop
~APFIM!,3–5 extended x-ray absorption fine structu
~EXAFS!,6,7 differential scanning calorimetry~DSC!,8–10

small-angle neutron scattering~SANS!,9–12 and Mössbauer
spectroscopy.8,13 From these results, it is now widely ac
cepted that the following two factors cause the formation
the nanocrystalline microstructure of the FINEMET type
loys; ~1! Cu clustering in the amorphous precursor provide
large number density of heterogeneous nucleation sites
bcc-Fe~Si! primary crystals, and~2! the growth of the pri-
mary crystals is controlled by the volume diffusion of solu
elements. A recent three-dimensional atom-probe~3DAP!
study5 confirmed that Cu clustering occurs before the cr
tallization of bcc-Fe~Si! and that almost all of the primar
crystals are nucleated in direct contact with the Cu clust
A small and broad exothermic reaction corresponding to
Cu clustering was observed by recent DS
measurements.9,10 The clustering temperature becomes low

a!Author to whom correspondence should be addressed; electronic
ohnuma.masato@nims.go.jp
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with increasing Cu content because the supersaturation o
in the amorphous phase increases. The clustering temp
ture also shows a strong heating rate dependence, and it
found that the interplay between the kinetics of Cu cluster
and crystallization influences the final microstructure s
nificantly. A similar effect of Cu addition was found in
other Fe-based soft and hard nanocrystalline magn
materials such as Fe88Zr7B4Cu1 ~Ref. 14! and
Fe75.8Nd4.5B18.5Cu0.2Nb1.15

Continuing efforts to improve the soft magnetic prope
ties of FINEMET alloy have been made by modifying th
alloy compositions. Mu¨ller et al.16 reported that the substitu
tion of Fe by Co decreases the saturation magnetostrictio
FINEMET type amorphous alloys. Adding Co is also e
pected to be beneficial to induce in-plane magnetic ani
ropy to ribbons by magnetic field annealing, because the s
stitution of Fe with Co is known to be effective fo
increasing the magnetic anisotropy constant,Ku , of Fe–
Si–B amorphous alloys.17 A large Ku can increase the mag
netic resonance frequency, which is advantageous for
good permeability-frequency~m-f! property in a high fre-
quency region. However, the addition of Co to Fe-bas
amorphous alloys influences the crystallization process
nificantly. For example, it was recently reported that Cu cl
tering does not occur in a (Fe0.5Co0.5)88Zr7B4Cu1alloy,18,19

while Cu atoms form clusters in a Fe88Zr7B4Cu1 alloy prior
to the crystallization.20 Thus it is necessary to investigate th
effect of Cu and Co on the microstructural evolution fro
~Fe,Co!–Si–B–Nb–Cuamorphous alloys to optimize th
nanocrystalline microstructure for obtaining good soft ma
netic properties in Co containing FINEMET type alloys.
il:
6 © 2003 American Institute of Physics
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9187J. Appl. Phys., Vol. 93, No. 11, 1 June 2003 Ohnuma et al.
The aim of this study was to achieve low coercivi
in Co-replaced FINEMET type alloys to improve the hig
frequency performance of Fe-based nanocrystal
softmagnetic materials. We have investigated the mic
structural evolution by the crystallization o
Fe78.82xCoxSi9B9Nb2.6Cu0.6 (x50, 5, 20, 40, and 60! melt-
spun amorphous ribbons by TEM and a three-dimensio
atom-probe~3DAP! to optimize the nanocrystal/amorphou
microstructure. In this work, we have clarified the influen
of Co addition on the clustering behavior of Cu atoms a
the final microstructure. Thermodynamical consideration w
given to the interpretation on the microstructural change
Co addition, and we have proposed a new composition
achieve low coercivity with a Co content to enhance the h
frequency property of FINEMET type alloys.

II. EXPERIMENT

Amorphous Fe78.82xCoxSi9B9Nb2.6Cu0.6 (x50, 5, 20,
40, and 60! and Fe39.42yCo40Si9B9Nb2.6Cuy (y50.6, 1.0,
and 1.5! alloy ribbons were prepared by the single roll
melt-spinning technique. The thickness of the melt-spun
bons was about 30mm. The amorphous state of the a
quenched sample was confirmed by x-ray diffraction~XRD!
and TEM. These ribbon specimens were annealed at var
temperatures in vacuum under helium atmosphere isot
mally. The typical annealing condition was 803 K for 1
Differential scanning calorimetry~DSC! measurement wa
performed using a high-sensitive DSC~MAC Science DSC
3200!. For atom-probe characterization, the ribbons w
mechanically ground to thin square rods and then electro
ished by a microelectropolishing technique to make field
microscope~FIM! specimens. A locally built energy compen
sated three-dimensional atom probe~3DAP! equipped with a
CAMECA optical tomographic atom-probe detector21 was
employed for local compositional analysis with a ne
atomic resolution. Transmission electron microscope~TEM!
observations were carried out on a Philips CM200 TEM. T
specimens for TEM observations were prepared by ion m
ing. dcB–H curve and permeability were measured with
automatic hysteresis loop tracer and an impedance
phase analyzer, respectively. Quality factorQ which is de-
fined asm8/m9 (m8: real part,m9 imaginary part of perme-
ability! was used to evaluate the high frequency prope
The induced magnetic anisotropy constantKu was estimated
from anisotropy fieldHK . The free energy-concentratio
curves of the supercooled liquid phase for Fe–Cu a
(Fe12xCox) –Cu systems were calculated using the Therm
Calc system.22 The heats of mixing for Fe–Cu and Fe–C
systems were taken from the SSOL database~Scientific
Group Thermodata Europe Solution database!,22 while that
for Co–Cu was taken from Ref. 23.

III. RESULTS

A. Fe78.8ÀxCoxSi9B9Nb2.6Cu0.6 „xÄ0 – 60… alloys

Figure 1 shows the saturation magnetic flux dens
(Bs), coercivity (Hc), and anisotropy constant (Ku) of
Fe78.82xCoxSi9B9Nb2.6Cu0.6 (x50 – 60) alloys annealed a
803 K for 60 min.Bs does not change up to 40 at. % C
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thereafter, it decreases as Co content increases.Hc does not
change much belowx520, but it starts to increase whenx
becomes larger than 20. Abovex550, Hc increases drasti-
cally with Co content.Ku also increases monotonously an
reaches a reasonably large value aroundx540. Above x
540, Ku increases drastically with increasingx. Conse-
quently, the resonance frequency which corresponds to
crossing point between the real part and the imaginary
of permeability,m8 and m9, respectively, shifts to a highe
frequency range by substituting Fe with Co as shown in F
2. Although the resonance frequency of the alloys withx
540 andx560 is about 10 and more than 200 times larg
than the alloy without Co, respectively, the permeability
the alloys decreases very much with increasing Co con
because of the largeHc .

FIG. 1. Magnetic properties of Fe78.82xCoxSi9B9Nb2.6Cu0.6 (x50 – 60) al-
loys annealed at 803 K for 60 min.~a! Saturation magnetic flux density,Bs ,
~b! coercivity,Hc , and~c! anisotropy constantKu vs Co concentration.

FIG. 2. Permeability of Fe78.82xCoxSi9B9Nb2.6Cu0.6 (x50, 40, and 60! an-
nealed at 803 K for 60 min vs Co concentration.m8 andm9 are the real and
imaginary parts of permeability, respectively.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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9188 J. Appl. Phys., Vol. 93, No. 11, 1 June 2003 Ohnuma et al.
The microstructures have been studied by TEM
clarify the reason whyHc becomes large withx. Figure 3
shows TEM bright field micrographs of th
Fe78.82xCoxNb2.6Si9B9Cu0.6 (x50, 5, 20, 40, and 60! alloys
annealed at 803 K for 1 h, a typical annealing condition
optimizing the soft magnetic properties. The constitu
phases present in the above samples have been investi
by x-ray diffraction ~XRD! and selected area electron d
fraction ~SAED!. A bcc-FeCo~Si! phase and a residual amo
phous phase were detected in all the specimens. One o
SAED patterns taken from the alloy withx560 is shown in
Fig. 3~f!. A halo ring is observed at the position ofd110,
suggesting the presence of the remaining amorphous ph
All rings are consistent with the bcc-FeCo~Si!. Little differ-
ence in the average grain size~;15 nm! is observed between
the samples withx50 and x55. In contrast, the sample
with x>20, whose coercivities are much higher than tho
for x,20, has a much larger grain size, about 30 nm fox
520 @Fig. 3~c!# and 50 nm forx540 @Fig. 3~d!#. Interest-
ingly, the grain size reduces to 20 nm@Fig. 3~e!# in the alloy
with x560, whileHc of this alloy is large as shown in Fig. 1
indicating that the largeHc is not only because of the grai
size.

FIG. 3. TEM bright field micrographs of the Fe78.82xCoxSi9B9Nb2.6Cu0.6

nanocrystalline samples with various Co contents@~a! x50, ~b! x55, ~c!
x520, ~d! x540, and~e! x560] annealed at 803 K for 1 h. The selecte
area diffraction pattern of the 60 at. % Co-containing alloy annealed at
K for 1 h is shown in~f!.
Downloaded 20 May 2003 to 144.213.253.15. Redistribution subject to A
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According to our previous study,10 the average grain size
of the final microstructure is strongly influenced by the k
netics of the Cu clustering. For clarifying the change of t
Cu clustering behavior with Co content, DSC curves of t
Fe78.82xCoxSi9B9Nb2.6Cu0.6 (x50, 5, 20, 40, and 60! amor-
phous alloys were measured at a heating rate of 0.33
The substitution of Fe with Co increases the Currie tempe
ture, Tc , as shown in Fig. 4, as expected from the Cur
temperature change of Fe–Co binary alloys.Tc’s for the al-
loys with x>20 are higher than the crystallization temper
ture (Tx) that appears as a sharp exothermic peak around
K. The small broad exothermic peaks betweenTc andTx for
the samples withx50 and 5 are attributed to the heat of C
clustering, the peak position of which is defined as the cl
tering temperature,Tclust.

10 Tclust shifts to a higher tempera
ture after substituting Fe with 5 at. % Co.Tclust does not ap-
pear in the alloy withx520 and 40 becauseTclust becomes
higher thanTx . These results indicate that Cu clustering o
curs prior to the crystallization only in the alloys withx<5
at a heating rate of 0.33 K/s.

The previous 3DAP investigation revealed that the fi
grain size obtained in the FINEMET alloy is because of t
formation of a high number density of Cu-enriched clust
(;1024 m23) that serve as heterogeneous nucleation sites
a-Fe particles.5 In order to observe how the number dens
of Cu-enriched clusters changes depending on the Co
tent, the distribution of Cu atoms was investigated by 3DA
Figure 5 shows 3DAP Cu maps obtained fro
Fe78.82xCoxSi9B9Nb2.6Cu0.6 (x50, 5, 20, 40, and 60! alloys
annealed at 803 K for 10 min, where each dot in the m
corresponds to one Cu atom. The sampling volume is ab
10310350 nm3. It is obvious that the density of Cu cluste
decreases as the Co content increases. The estimated nu
density decreases from 2.031024 m23 for x50 to 3.0
31023 m23 for x540 as shown in Fig. 5. Although Cu clus
tering precedes the primary crystallization in the sample w
x,20, the bcc-FeCo~Si! phase was confirmed in the allo

3

FIG. 4. DSC curves of Fe78.82xCoxSi9B9Nb2.6Cu0.6 (x50, 5, 20, 40, and 60!
alloys at a heating rate of 0.33 K/s.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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9189J. Appl. Phys., Vol. 93, No. 11, 1 June 2003 Ohnuma et al.
with x>20 in this annealing condition, indicating that th
Cu-enriched clusters form together with or after the nuc
ation of the bcc-FeCo~Si! primary crystals. These results in
dicate that the coarser grains in Co substituted alloys
attributed to the decrease or lack of the heterogeneous n
ation site for the primary crystals. Figure 5 also shows t
the mechanism of the grain size refinement for the sam
with x560 is not due to the presence of Cu clusters.

Figure 6 shows Cu concentration depth profiles of
Cu-enriched clusters observed in Fig. 5. As shown in t
figure, the concentration of the Cu-enriched clusters in
alloys with x>20 are much higher than those in the all
with x50 or 5 in which Cu clustering occurs prior to th
crystallization. The reason will be discussed using
CALPHAD method in the discussion section.

FIG. 5. 3DAP elemental mapping of Cu atoms obtained from
Fe78.82xCoxSi9B9Nb2.6Cu0.6 alloy annealed at 803 K for 10 min@~a! x50,
~b! x55, ~c! x520, ~d! x540, and~e! x560].

FIG. 6. Concentration depth profile of Cu for Cu clusters obtained from
Fe78.82xCoxSi9B9Nb2.6Cu0.6 alloy annealed at 803 K for 10 min@~a! x50,
~b! x55, ~c! x520, ~d! x540, and~e! x560].
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B. Fe39.4ÀyCo40Si9B9Nb2.6Cuy „yÄ0.6, 1.0, and 1.5 …
alloys

Although Ku increases with Co content,x, the magnetic
flux density,Bs , decreases drastically abovex550 as shown
in Fig. 1. The maximum concentration of Co in which C
clustering can trigger the nucleation of primary crystals
x540 as described in the previous section. Thus there
possibility to reduce the grain size further by enhancing
kinetics of the Cu clustering while maintaining reasonab
largeKu andBs in the alloy withx540. Therefore, the Cu
content,y, of Fe39.42yCo40Si9B9Nb2.6Cuy alloys (x540) was
varied for optimizing the nanocrystalline microstructur
When y is increased, the kinetics for the Cu clustering
expected to become faster. Figure 7 shows the DSC curve
the samples withy50.6, 1.0, and 1.5. Only one prominen
exothermic peak due to the primary crystallization of bc
FeCo~Si! is detected in the alloy withy50.6 within the tem-
perature range of the DSC measurement. In contrast, an
ditional broad and small exothermic peak corresponding
Cu clustering appears in the samples withy51.0, and 1.5.
This result clearly indicates that the Cu clusters form prior
the crystallization in the alloys withy>1.0, which can serve
as heterogeneous nucleation sites for bcc-FeCo~Si!. The peak
position shifts to a lower temperature by increasing the
content as shown in Fig. 7 because the kinetics for the c
tering become faster asy.

Figure 8 shows bright field TEM micrographs of th
samples with~a! y50.6, ~b! y51.0, and~c! y51.5 annealed
at 803, 773, and 773 K for 1 h, respectively. Because
crystallization temperature decreases with increasing Cu c
tent, lower annealing temperatures were chosen for
samples with higher Cu content. The grain size of the sam
with y51.0 and 1.5 is significantly smaller than that wi
y50.6, indicating that the nanocrystallization occurred
the heterogeneous nucleation mechanism in the alloy w
y51.0 and 1.5.

Figure 9~a! shows the 3DAP map of B and Cu atoms
a small volume of approximately 5310350 nm3. Cu atoms
form a large number density of clusters, which is almost

e

FIG. 7. DSC curves of Fe39.42yCo40Si9B9Nb2.6Cuy (y50.6, 1.0, and 1.5!
alloys at a heating rate of 0.33 K/s.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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same order as that in the Co-free alloy@Fig. 5~a!#. As re-
ported in the previous atom-probe work,5 B is enriched in the
remaining amorphous phase. The B depleted region is
FeCo. This phase may be ordered to the B2 structure,

FIG. 8. TEM bright field micrographs of the Fe39.42yCo40Si9B9Nb2.6Cuy

(y50.6, 1.0, and 1.5! alloys; ~a! y50.6 annealed at 803 K for 60 min,~b!
y51.0 annealed at 773 K for 60 min, and~c! y51.5 annealed at 773 K for
60 min. Annealing temperatures are chosen from the peak broadenin
x-ray diffraction measurements.
Downloaded 20 May 2003 to 144.213.253.15. Redistribution subject to A
c-
ut

from the selected area electron diffraction pattern, the ord
ing cannot be detected due to the small difference in ato
scattering factors of Fe and Co. Figure 9~b! shows the inte-
grated concentration depth profile measured from the volu
containing a bcc-FeCo and the remaining amorphous ph
The composition of the bcc-FeCo is close
Fe42Co42Si9B4Nb2. The remaining amorphous phase is clo
to Fe39Co39Si8B10Nb4. The Fe/Co ratio in the bcc-FeCo is 1
Although Co and Si are slightly enriched in the bcc-Fe
phase, the partitioning tendency is very weak. Co is alm
uniform in the alloy; Si is partitioned slightly in the bcc
FeCo. On the other hand, B and Nb are enriched in the
maining amorphous phase, but the partitioning tendency
pears to be much weaker than that observed in the Co-
FINEMET alloy.5 Ping et al. reported that Co was preferen
tially partitioned in the remaining amorphous phase in
Fe44Co44Zr7B4Cu1 ~HITPERM! alloy, the Fe/Co ratio in the
bcc-FeCo was determined to be 1.55.18 They attributed this
to the high pair interaction between Co and Zr atoms. Ho
ever, in the present alloy, Co is not partitioned in the rema
ing amorphous phase. This can be explained from the
that the pair interaction between Co and Nb is not as high
that for CoZr. The predicted enthalpies of formation of Co
and CoNb are260 and237 kJ/mol, respectively.24 Because
of the low pair interaction between Co and Nb with resp
to Co and Zr, preferential partitioning of Co to the remaini
amorphous phase does not occur in this alloy. The partiti

of

FIG. 9. ~a! 3DAP elemental mapping of Cu and B atoms~sphere: Cu atom,
dot: B atom! and ~b! integrated concentration depth profile of constitue
elements obtained from the Fe38.4Co40Si9B9Nb2.6Cu1.0 alloy annealed at 773
K for 60 min.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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ing tendency of Si, B, and Nb also becomes weak in the
substituted alloy.

Since the grain size refinement is achieved by increas
Cu, theHc of the sample withy51 is smaller than that o
the alloy with y50.6, while Bs decreases slightly with in
creasingy. However, theBs is still larger than that of the
sample withx550, cf. Figs. 10~a! and 1~a!. In addition,Ku

for the samples withy51.0 and 1.5 increases up to abo
630 J/m3 after field annealing, which is almost the same le
as that of the 50 at. % Co alloy, cf. Figs. 10~c! and 1~c!.
Figure 11~a! shows them-f curves for the alloy withy50.6
and 1.0. The resonance frequencies for the sample wiy
50.6 and 1.0 are 2 and 5 MHz, respectively, namely,
resonance frequency increased more than double by opti
ing the nanocrystalline size. In addition,m9 for the sample
with y51.0 becomes lower than that of the sample withy
50.6. Consequently, the quality factorQ (5m8/m9) of the
sample withy51.0 is higher than that fory50.6, indicating
that the performance in the high frequency region is i
proved by increasing the Cu content from 0.6 to 1.0 at.
These results have shown that the modified alloy has s
advantage in the applications of high frequency range c
pared to the original FINEMET alloy.

IV. DISCUSSION

The previous 3DAP study has shown convincingly th
the Cu clustering in FINEMET alloy occurs in the amo
phous state prior to the primary crystallization of the bc
Fe~Si! phase.5 This Cu clustering can be interpreted as t
phase separation in the amorphous phase. In order to un
stand the thermodynamic driving force for the phase sep
tion, the Gibbs free energy composition diagrams of sup
cooled liquid phase were calculated using the~calculation of
the phase diagrams! CALPHAD method for Fe–Cu binary
and~Fe,Co!–Cu pseudobinary alloys. Because of the lack

FIG. 10. Magnetic properties of Fe39.42yCo40Si9B9Nb2.6Cuy alloys annealed
at 773 K for 60 min.~a! saturation magnetic flux densityBs , ~b! coercivity
Hc , and~c! anisotropy constantKu vs Cu concentrations.
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thermodynamic parameters for all possible combination
the constituent elements of the Fe–Si–B–Nb–Cu alloys,
only the thermodynamic parameters among Fe, Co, and
were taken into account in the calculation of the free ene
curves. We discuss the phase separation behavior in
amorphous phase of the present alloys based on the c
lated free energy of the supercooled liquid phase. Thus
discussion given here will only explain the tendency of t
thermodynamic driving force for the phase decompositio

Figure 12 shows the free energy composition curves
the supercooled liquid phase for the (Fe12xCox) –Cu system
that were calculated using Thermo-Calc.22 The interaction
parameters for Fe–Cu and Fe–Co in the SSOL databa22

were used. Because the database does not have the para
for Co–Cu, it was taken from Ref. 23. These free ener
concentration curves were calculated at 700 K where the
clustering was observed in the DSC measurements. The
thalpy term is dominant in the free energy at such a l
temperature. Hence the free energy composition curves s
two minima at the concentrations that are very close to b
sides in Fig. 12 due to a large positive heat of mixing b
tween Fe and Cu. The phase separation can occur in
supercooled liquid within A and B on the common tangent
Fig. 12. In the case of the nucleation and growth mechani
the driving force for the formation of the Cu enriched pha
can be evaluated from the difference in the free energy
tween B and D on the tangent line at concentration C.
shown in Fig. 11, it is clear that the driving force for th
precipitation of the Cu enriched phase decreases from;13
to ;10 kJ/mol with increasing Co content. This is the p
mary reason why the clustering temperature shifts to a hig
temperature with increasing Co contents in t
Fe78.82xCoxSi9B9Nb2.6Cu0.6 alloys.

FIG. 11. ~a! Permeability and ~b! quality factor Q of
Fe39.42yCo40Si9B9Nb2.6Cuy (y50.6 and 1.0! alloys annealed at 773 K for 60
min vs frequency.Q is defined asm8/m9 wherem8 andm9 are the real and
imaginary parts of permeability, respectively. The resonance frequency
y50.6 and 1.0 alloy is indicated as lines A and B, respectively.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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The concentrations of Cu-enriched clusters measured
the 3DAP analysis in Fig. 6 are much lower than B, which
the equilibrium value for the Cu enriched amorphous ph
~or Cu cluster!. A possible interpretation for this observatio
is either the phase separation by the spinodal mechanis
the phase separation by clustering via an intermediate liq
phase. The spinodal mechanism, however, is unlikely
cause the Cu contents of the alloys in this study are out of
spinodal range as shown in Fig. 13, which was calcula
from the inflection points of the free energy curv
(d2GL /dx250) calculated at several temperatures~not
shown here!. In contrast, as shown in Fig. 14, the interme
ate liquid phase with the Cu concentration higher than
intersecting point,E, can form spontaneously because it d
creases the free energy. The kinetics of clustering is c
trolled by both the thermodynamic driving force and the d
fusion of solute atoms. The formation of the intermedia
liquid phase with a lower Cu concentration requires less
fusion of Cu atoms than that of the equilibrium one~B in
Fig. 12!. Also, the interfacial energy of the clusters with
lower solute concentration must be smaller than those w
the equilibrium concentration because the interfacial ene
is proportional to the square of the concentration differen
Therefore the formation of Cu-enriched clusters with a low

FIG. 12. Free energy-concentration curves of the supercooled liquid p
at 700 K for different Co/Fe ratios. The Co concentration shown in the in
corresponds to the concentrations in Fe78.82xCoxSi9B9Nb2.6Cu0.6 alloys. The
driving force of Cu clustering corresponds to the difference between B
D ~the length of the arrow in the right side! for the alloy with 0, 20, and 40
at. % Co is;13,;10, and;10 kJ/mol, respectively. A and B : the common
tangent point, C : corresponds to the Cu composition which has the sa
ratio with that of Fe78.82xCoxSi9B9Nb2.6Cu0.6, D : the value of the tangen
line at the concentration which produces a common tangent at B, an
crossing point between the tangent lines at C and the free energy curv
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concentration than equilibrium B is probably favorable at t
early stage of clustering. In fact, the bcc Cu precipitates w
a substantially lower composition than the equilibrium val
reported previously.25 The present 3DAP results have als
shown that the Cu concentrations in the observed clus
become higher with increasing Co content as shown in F
6. This tendency can also be explained from the fact that
intersecting pointE shifts to a higher Cu concentration wit
increasing Co content as shown in Fig. 12.

The Cu clustering does not occur prior to the crysta
zation when Co concentration is higher than 20 at. %
shown in Fig. 4. The Co concentration with Fe/Co close
one is desirable to apply high field-induced anisotropy to
alloys, since the induced anisotropy is expected to vary
c2(12c)2, wherec is the atomic fraction of A in a binary
AB alloy, assuming that the anisotropy is due to an inter
tion between major constituents, namely Fe and Co.26 Thus it
is desirable to find a way to refine the crystallized micr
structure of the alloy withx;40 where the Fe/Co ratio is

se
t

d

e

E:
.

FIG. 13. Miscibility gaps and spinodal lines for the supercooled liqu
phase for different Co/Fe ratios. The Co concentration shown in the i
corresponds to the concentrations in Fe78.82xCoxSi9B9Cu0.6Nb2.6Cu0.6 alloys.

FIG. 14. Free energy curves for the supercooled liquid phase without
and with 40 at. % Co at 700 K. E: crossing points between the tangent l
at 0.6 at. % Cu, and F: crossing points between the tangent lines at 1.0
Cu and the free energy curves for 40 at. % Co.
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almost one. Figure 13 shows the free-energy concentra
diagram of the supercooled liquid at 700 K for Fe–Cu a
Fe0.5Co0.5–Cu alloys which gives the same Fe/Co ratio w
the 40 at. % Co alloy. The driving force for the Cu clusteri
in the alloys containing 0.6 at. % Cu is much lower in the
containing alloy than that of the Co free alloy. However, t
tangent line at 1.0 at. % Cu for the alloy with 40 at. % C
gives almost the same driving force for Cu clustering as t
of the Co-free alloy containing 0.6 at. % Cu The intersect
point, F, also shifts to lower Cu content which is almost t
same as that of the Co-free alloy containing 0.6 at. %
This suggests that higher Cu concentration is required
enhance the Cu clustering in the Co containing alloy. Ba
on this consideration, we measured the clustering and c
tallization kinetics of Fe39.42yCo40Si9B9Nb2.6Cuy alloys with
y50.6, 1.0, and 1.5, and found that Cu clustering occur
prior to the crystallization wheny>1.0. The Cu concentra
tion in the clusters becomes lower and the number densit
Cu enriched clusters is increased by adding 1.0 at. % C
the alloy with 40 at. % Co as shown in Fig. 9. Consequen
the grain size is refined to approximately 10 nm, similar
the grain size of Co free alloys.

A similar effect of Co addition on the Cu clustering b
havior was reported in other Fe-based nanocrystalline
and hard magnetic materials such as Fe–Zr–B–Cu and Fe–
Nd–B–Nb–Cu. No Cu cluster was detected in th
(Fe0.5Co0.5)88Zr7B4Cu1alloy19 and Co-containing
Fe76.5Nd8Co8B6Nb1Cu0.2 nanocomposite hard magnet
alloys.27 As long as the above discussion on the thermo
namic driving force for the formation of Cu clusters is val
for the multicomponent alloys, the same interpretation can
applied to these similar alloys.

In addition to the grain size refinement by the hetero
neous nucleation mechanism at the Cu-enriched clus
there must be some other mechanism for the grain size
finement observed in the alloy withx>60. To the authors’
knowledge, in most of the amorphous alloys that sh
nanocrystallization without the heterogeneous nuclea
mechanism, the heat of the mixing between the major c
stituents is large in negative value, i.e., Fe–Zr in the F
Zr–B system and Zr–Pd~Ref. 28! or many other Zr-based
bulk metallic glasses. In the Co enriched alloy, the hea
mixing between Co and Nb falls in this category. When t
ratio between Co/Fe exceeds one, this effect seems to
come dominant. A detailed analysis for the local structure
atomic scale is required for clarifying the mechanism
nanocrystallization in these systems,.

V. CONCLUSIONS

We have investigated the microstructures and the m
netic properties of Fe78.82xCoxSi9B9Nb2.6Cu0.6 (x50, 5, 20,
40, and 60! and Fe39.42yCo40Si9B9Nb2.6Cuy (y50.6, 1.0,
and 1.5! alloys in order to improve the high frequency so
magnetic properties of Fe–Si–B–Nb–Cubased nanocrystal
line alloys, and the following conclusions were obtained.

~1! The permeability decreases and coercivity increa
with Co content,x, because of the increase of the grain si
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~2! The grain size increase withx is attributed to the
decrease of the number density of the Cu clusters that s
as heterogeneous nucleation sites for bcc-FeCo~Si! primary
crystals, because the driving force for the Cu clustering
creases with increasingx.

~3! The decrease of the driving force for the Cu clust
ing in the Co-containing alloy was shown based on the f
energy-concentration curves for the supercooled liquid ph
in Fe–Cu and Fe12xCox–Cu model systems calculated b
the CALPHAD method.

~4! The increase of Cu content,y, is effective in refining
the crystallized microstructure of the alloy containing
at. % Co. It was confirmed that the Cu clustering occur
prior to the crystallization in the alloy withx540 wheny
>1.0. Consequently, the grain size decreased to abou
nm, resulting in the low coercivity in an optimized allo
composition of Fe38.4Co40Si9B9Nb2.6Cu1.0

~5! By this grain size refinement, the soft magnetic pro
erties in the alloy with a higher Co concentration are sign
cantly improved, to which a higher magnetic anisotropy c
be induced by magnetic annealing. The coercivity, perm
ability and resonance frequency of the new alloy compo
tion is suitable for applications in a higher frequency ran
~5 MHz!.
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