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Boron was partially substituted by phosphorus (3 at.%) in two Si-poor Fe-Nb-Cu-B-Si Finemets. Mostly non-
signi�cant changes were observed after vacuum annealing at 500 ◦C, whereas equivalent Ar annealing resulted in
signi�cantly better soft-magnetic properties, which su�er from compressive surfaces stress. Possibly by hampering
surface crystallization, the substitution eased the surfaces stress and reduced undesired o�-axis anisotrophy at the
cost of limiting the useful annealing temperature.
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1. Introduction

Si-poor Finemets show good soft-magnetic properties
with signi�cantly higher saturation than �classic� Si-rich
compositions. The good properties deteriorate during
non-vacuum annealing due to stress exerted by surfaces
(crystallizing �rst) on the ribbon interior. Thus we tried
to in�uence the surfaces by substituting a part of boron
by phosphorus in a composition between Si-poor and
practically Nb, Cu and Si-free one [1].

2. Materials and methods

Metallic glass precursor ribbons of Fe78 or 74-Nb3-
Cu1-B10-P3-Si5 or 9 at.% were prepared by the planar-
�ow casting on air. Strips of 10 mm width and 20�23 µm
thickness were annealed in vacuum or in Ar ambience at
500 ◦C for 1 h. Sample contamination (�ngerprints etc.)
has been carefully avoided, but no speci�c surface clean-
ing was attempted. Hysteresis loops were recorded using
a digitizing hysteresisgraph at 21 Hz sinusoidal H excita-
tion in Helmholtz drive coils, along the ribbon long axis.
Magnetic domains were observed by Kerr-e�ect method
(MOKE). Structure, critical temperatures (Tx, TC) and
magnetostriction were studied previously [2] and are aug-
mented by Mössbauer spectroscopy (MS) in this work.
Electron Dispersive Spectroscopy (EDS) was used to look
over di�erences of element composition between surfaces
and bulk. Investigation of surface chemistry of the strips
was performed by Raman spectroscopy (RS) using He-Ne
laser (632.8 nm).

3. Results and discussion

If compared to non-substituted composition, vacuum-
annealed Si5 shows a signi�cantly reduced coercivity by
60% (attaining 6.7 A/m) but also a slightly lower sat-
uration (1.38 T). The substitution did not improve the
coercivity in Si9 but increased saturation to 1.36 T. This
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is due to increased Curie temperature � the explanation
of this somewhat surprising change will be sought in near
future. Otherwise, the upright loop shape after vacuum
annealing does not re�ect the substitution, whose e�ect
is far more pronounced after Ar annealing, indicating a
change of the surface properties. Whereas Si5 continues
to show reduced transverse anisotropy after Ar-annealing
at even higher temperature, 500 ◦C is the upper limit
for Si9 to show properties improved by the substitution.
Figure 1 shows that annealing at higher temperature, by
even 20 ◦C, causes 4-fold increase of magnetization work
to 41 J/m3 and 25% increase of coercivity (from 16 to
20 A/m).
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Fig. 1. 21 Hz loops of Ar-annealed strips.

Since loops corresponding to Fig. 2a are quite upright,
they imply that the transversal domains are the minor
ones. Since the domains are not magnetized �head-on�,
they are not the closure domains but stripe domains [3]
(of a primary surface structure) and are not considered
to �ll the ribbon interior. Otherwise, Fig. 2a repre-
sents an indication of transversal macroscopic hetero-
geneity (TMH), which is typical for wider Finemet rib-
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bons [4]. Whereas longitudinal surface anisotropy pre-
vails at the edges, the central part of the surface is gov-
erned by transverse anisotropy due to prevailing tension
along ribbon axis and across the ribbon axis respectively.
The heterogeneous anisotropy comes from magnetoelas-
tic interaction in Si9 because this silicon percentage in
Finemets does not support a signi�cant creep-induced-
like anisotropy [5]. The opposite surface (wheel side)
displays complementary anisotropy (not shown for Si9,
but similar to Fig. 2c), which points to mutually com-
pensated stress on the surfaces. Fig. 2b shows the surface
anisotropy and thus TMH starting to decline by deceas-
ing transverse stress during surface crystallization (see
Fig. 3 � MS).
Vacuum-annealed Si5 also shows TMH, however with

principally similar domain structure on both surfaces.
This property could be accounted for by assuming that
surfaces stress does not compete with each other, but
both surfaces compete and establish a balance with the
ribbon interior. The advancing surface crystallization in
Ar again appears to reduce TMH but unlike Si9, it does
not preserve the majority of longitudinal anisotropy. The
slant loop of Si5 (Fig. 1) indicates a transverse anisotropy
component, as if the two opposite surfaces compress the
ribbon interior in a similar manner. Surface removal by
etching lets the loop to show signi�cantly reduced tilt and
magnetization work (i.e. weaker transverse anisotropy).

Fig. 2. Domain structures of strips annealed at 500 ◦C:
(a) Si9 in vacuum, (b) Si9 in Ar, (c) Si5 in vacuum and
(d) Si5 in Ar. Whole ribbon width is seen (demagnetized
state). Wheel side is shown on (c), air side otherwise;
horizontal magneto-optical sensitivity is used for (a),
vertical one otherwise.

EDS proved that there is no appreciable di�erence in
P percentage between surfaces and interior. It con�rmed
still extensive oxidation of Ar-annealed surfaces. Oxides
do not press, but appear to induce � promote surface
crystallization (Fig. 3). The oxides identi�ed by RS are
mostly iron oxides (Fe2O3, Fe3O4). Clear identi�cation
of a P compound was not successful, either. Whereas
vacuum annealing of Si9 did not result in well resolved
MS subspectra (too weak signal from crystalline-phase

Zeeman splitting), Ar annealing lets partly resolved DO3
superstructure (the four minor subspectra occupying 20%
of spectrum area in Fig. 3) to start forming. There is not
enough Si to form perfect DO3. The still Si-poorer Si5
shows larger crystalline share of solid solution of Si in
Fe for Ar-annealing (40% for Ar, 25% for vacuum). The
di�erence between vacuum and Ar annealing points to
surface crystallization.

Fig. 3. Mössbauer spectra of Si9 annealed in Ar at
500 ◦C. The largest-area subspectrum (light gray) be-
longs to the amorphous rest.

4. Conclusions

Although the substitution of 3 at.% of B by P a�ects
the intrinsic material parameters just slightly and only
minor di�erences are observed after vacuum annealing
at 500 ◦C, it markedly in�uences surface properties, par-
ticularly in ribbons annealed in Ar at 500 ◦C. Then, the
surface action on the ribbon interior remains squeezing,
but the compressive stress is signi�cantly reduced by the
substitution. This makes the loops less slant, more linear
and reduces the coercivity although the magnetostriction
is not reduced.
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