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FeCoNbBCu alloys have been studied by ddbauer spectrometry. A high contribution of the
interfacial region in the nanocrystalline samples to the hyperfine field distribution is detected. The
possible presence of B in the nanocrystalline grains is also discussed. Low values of the hyperfine
field with respect to the disorderedtFeCo phase suggest the presence of the ordefddeCo

phase. Recrystallization phenomena at the second crystallization stage are confirm2@02 ©
American Institute of Physics[DOI: 10.1063/1.1504164

Nanocrystalline Fe-based alloys in which nanosizednay be associated with surface crystallization of the ribbon,
grains of a soft ferromagnetic crystalline phase are embeddetbt detected neither by x-ray diffractig¥RD) nor by trans-
in a soft ferromagnetic amorphous matrix have been found tonission electron microscopy experiments, because of its
be excellent soft magnetic materials. FINEMET alldge-  small content ¢2%) and because of the electropolishing
rived from precursor FeSiNbBGu and NANOPERM treatment of the two faces of the ribbon, respectively.
alloys’ [FeMB(Cu) with M=2Zr, Nb, Hf..] have been The hyperfine field By,,,) distribution for the nanocrys-
widely studied and are among the softer magnetic materialglline samples(Fig. 2 can be roughly divided into three
known up to now. In both series the addition of about 1 at. %contributions: crystalline, interface, and amorphfuRe-
Cu is useful to improve the nucleation process, refining th&ults are summarized in Table I. The lower values of the
grain size and thus improving the soft magnetic propefties.averaged hyperfine field of the residual amorphous matrix in
These outstanding magnetic properties are reduced by inhe nanocrystalline samples compared to the as-cast samples
creasing the temperature above the Curie temperature of theust be due to the enrichment of the matrix in Nb antf B.

amorphous phase. HITPERM alloys (F&TBCu),* due to The angle(6) between the incideny radiation and the
the partial substitution of Fe by Co, exhibit a higher Curiehyperfine field shows similar trends with the Co content of
temperature of the amorphous phase. the alloy to the saturation magnetostrictiong).!? In fact,

>"Fe Massbauer spectrometry is a nondestructive and efpoth A, and ¢ decrease as the Co content increases in the
fective tool to probe the Fe environment in these FeCo-baseglloy for the as-cast samples, but during nanocrystallization
alloys. Recently, a few studies have been published on Zihis dependency is reversed, increasing batland 6 as the
containing HITPERM alloy3® and CoFeNbB alloys. Co content increases in the alloy. However, no direct corre-
In the present work a series of melt-spun ribbér20 um  |ation between\g and 6 can be found because, increases
thick and 5 mm widg of nominal composition after nanocrystallizatioriexcept for the 18 at.% Co alldy
Fers-«CoNbsB1sCuy (x=18, 39, and 6Dhas been studied byt the angle is lower in the nanocrystalline samples than in
at room temperature by transmission $8bauer spectrom- the as-cast samples, indicating the important effect of the
etry (°’Co source diffused into a Rh matyitl) in the as-cast microstructure.
state,(2) at the end of the nanocrystallization proceas- The By, range for the crystalline contribution in the
nealed under argon atmosphere at 10 K/min up to 873 K fopanocrystalline grains is 37.5-33.5 T for the 18 at.% Co
the alloys with 18 and 39 at. % Co, or 823 K for the 60 at. %a||0y, 35.2-32.7 T for the 39 at. % Co, and 34.2—33.0 T for
Co containing alloy, and(3) after the second crystallization tne 60 at. % Co. The broader distribution for the lowest Co
procesgannealed at 10 K/min up to 948 K for the alloy with content is in agreement with the behavior found in bcc FeCo
60 at. % C9, in which thea-FeCo phase and the amorphous binary alloyst®4in which a steeper variation &y, can be
matrix partially recrystallizes into the (FeGgBs phase.  found for the lowest Co content, until 30 at. % Co, where a
The hyperfine parameters were refined usingtberIT pro-  maximum is reached. After this maximum the decrease is
gram. The values of the isomer shift§) are quoted relative  |ess marked, reaching values lower than 33.0 T for the high-
to the a-Fe foil at 300 K. est Co concentration explored-{75 at. %)* Assuming for

Figure 1 shows the Mesbauer spectra for the studied {he crystalline phase the composition estimated by atom-
samples. For the as-cast samples they exhibit magnetic sexrohe experiment in which the Co concentration is homo-
tets with broadened and overlapped lines, assigned to thesneous throughout the nanocrystalline grains and the amor-
structural d|sor_der of t.he.amprphous state. The fitting Procephous matrix, we can observe tBe,, dependence with the
dure thus requires a distribution of sextets. In the 18 at. % C@q content of the nanocrystalline grains. The values obtained
alloy, a small crystalline contribution clearly occurs, which 4.4 iy agreement with those reported in Ref. 14 for binary
alloys with 18 and 60 at. % Co. For the 39 at. % Co alloy, we

dauthor to whom correspondence should be addressed; electronic maihave obtained a lower value. For this alloy, even the full
conde@us.es
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phase and the Fe content in the combined crystalline phase
1.00 Bty and interface, the interface thickness can be estimated at
around 0.4-0.6 nm, which is roughly twice the lattice pa-

0.994 rameter of the bce-FeCo phase. Other authors consider that
1.0 0 sy, this region ofBy,,,, ranged from~20 to~32 T, corresponds
0.99 to the presence of nonferromagnetic atoms in the nanocrys-
0.98] tals (B, Nb).> However, our results indicate that the region is
1.0 0 Jegssiency more important in these alloys with smaller crystalline
0.99] grains, that is, higher surface/volume ratio. Atom-probe ex-
0.98] periments show rejection of Nb to the matrix, but seems to
0.97] detect~5 at. % B inside the nanocrysta}ljsa value much

higher than the solubility of B expected in theFeCo phase
and in contradiction with theoretical predictiolsThis re-

Vv (mm/s) sult, detected in other nanocrystalline compositions by atom

probe® could be an artifact, due to the diffusion of B into the

FIG. 1. Mossbauer spectra for as-cast samg<i8 at. % Co/(b) 39 at. %  nanocrystalline grains during the atom-probe experiment.
Co and(c) 60 at. % Co containing alloys. For nano<_:r_ysta||me sam@§38 From Mcssbauer experiments it is pOSSIble to obtain data
at. % Co,(e) 39 at. % Co,(f) 60 at. % Co containing alloys previously . . . . .
heated at 10 K/min up to 873, 873, and 823 K, respectively(gntbr fully  Which might help to elucidate this problem. Assuming the
crystallized sample of 60 at. % Co containing alloy, previously heated up thomogeneity of Co distribution in the material, we have as-

948 K at 10 K/min. sumed two possible nanocrystalline grain compositions:

(@ B and Nb are completely rejected from the nanocrys-

range ofBy,, distribution(32.7-35.2 J corresponding to the talline grains to the matrix. Thus, the composition of
crystalline phase has lower values than those corresponding  the nanocrystals would be kg Co,, with x the Co

to the binary alloy. This could be due to the experimental content in the alloy.

errors, but it is important to note that the values of Ref. 14(h) The Nb is completely rejected from the nanocrystalline
correspond to a disorderedFeCo phase. It was previously grains, but a residual 5 at. % B remains into the nanoc-
observed that the ordered -FeCo phase exhibits lower val- rystals. Thus, the compositions would be
ues forByy,. " In fact, if an ordered phase is formed with the Feys ,CoBs.

nanocrystalline grain composition §&€0s9 (which is in the
range of stability for the ordered phase at room Usually the crystalline atomic fractiorag) is assumed
temperatur®), the mean Fe environment changes from theto be equal to the crystalline volume fractiorcj and is
ordered to the disordered phase. As the number of Co firstompared directly with XRD results. However, in these al-
neighbors in the ordered phase is larger, this would result itoys, due to the high B content, the averaged atomic radii in
a lower value oBy,, for this phase. In addition, the behavior the amorphous matrix and in the crystalline phase are very
of (IS) for the crystalline contribution in the nanocrystallized different. In other nanocrystalline alloys this difference is
samples with 39 and 60 at. % Co, showing approximatelynuch smaller: due either to a lower B content in the case of
equal values, agrees with the results found for the ordereHITPERM* and NANOPERM compositions with Zr, to the
a’'-FeCo phase, whereas for the disordered phase a continpresence of small atoms in the crystalline phase, such as Si
ous decrease is fourtdThe o’ -FeCo phase has been experi- in FINEMET alloys! The expressionxc=ac[(Rc)/(R)]®
mentally detected in RgC0,,Zr,B,Cu; HITPERM alloy us-  (where{Rc) and(R) are the averaged radii in the crystalline
ing synchrotron radiatiof. and in the whole alloy, respectivelyrelatesx: andac. If

In the nanocrystalline samples an important contributiorwe assume that half of the Fe atoms in the interface corre-
of the interface is observefthetween 14%—20% of the total spond to the crystalline contribution we can obteinfor the
Fe). This might be due to the small size of the nanocrystalitwo assumptions propos€@ and 5 at. % B content in the
line grains in these alloys~<5 nm) 1 Indeed, if we consider nanocrystalline grainsThe comparison with the XRD data,
the ratio between the Fe percentage in the pure crystailine which the scattering powers of the two different phases
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TABLE I. Hyperfine parameters obtained for the different phases detecte@n the residual amorphous matrix-is6% of the total atoms,
(samples identification as in Fig).1 assuming half of the interface contributing to the nanocrys-
talline grains and complete rejection of the B atoms.

(Bhyp) (1) 0 :
Sample Phase (%p (mm/9 (degrees For the fully crystallized sample of the 60 at. % Co alloy
a amorphous 221 0.023 636 it is clear that the number of _Fe atoms belonging to the
b amorphous 249 0.054 62.5 a-FeCo phase decreases. In this process part ofetheCo
c amorphous 25.2 0.085 59.2 nanocrystalline grains, along with the surrounding amor-
amorphous 11.3 phous matrix, recrystallizes forming a (FeGs phasé
d interface 27.1 0.056 37.3 which is ferromagnetic at room temperature. This phase is
a-FeCo 35.9 0.040 the main boride phase present at this stage, so the parameters
amorphous 10.5 obtained from the distribution oB,, might correspond
: 0.047 ‘ ; e yp
e interface 28.0 41.7 mainly to this phase. The similar values @,y and(IS)
a-FeCo 34.6 0.023 ; . P .
: : found in the nanocrystallized and the fully crystallized
f a‘_r‘l‘”?hous 22'2 0.020 4o samples of the 60 at. % Co alloy, agree with the lattice pa-
IZ-?:reaccc? 13.8 0.021 ' rameter behavior for the-FeCo phase, which remains con-
' ' stant after the transformation. The parameters found for the
a-FeCo 33.6 0.020 .
9 (FeColsBe 237 0.061 55 (FeCo)sBs phase are similar to those found for the as-cast

sample. In fact, the composition in Fe, Co, and Nb of the
boride phase, measured by windowless energy-dispersive
X-ray analysis are very similar to that of the as-cast sample
(amorphous and crystallindiave been taken into accodfit and, therefore, the chemical environment between the initial
is presented in Figs.(8 and 3b), assuming 0 and 5 at. % B amorphous and the (FeGgs phase might be similar. The

in the nanocrystalline grains, respectively. It can be observefresence of several different atoms in this phase explains the
that a better agreement is obtained under the assumption YFY broad hyperfine field distribution used, due to the large

complete B rejection from the nanocrystalline grains, butnumber of possible different Fe sites.

lower val_ues for the Mssbauer expgrimgnts have been  This work was supported by the Spanish Government
found. This could be due to an overestimationxgtby XRD  and EU FEDERProject PB97-1119-C02-01 and MAT 2001-
technique, or because the contribution of the interface to thg175 and by the PAI of the Junta de AndalaciJ.S.
crystalline diffraction phase is more than half of the atoms Bjazquez acknowledges a research fellowship of the DGES.
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