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The dependence of the structural anisotropy of Fe-Si-B-Nb-Cu alloy on the applied stress during
annealing has been studied by transmission x-ray diffraction. After crystallizing under stress, the
Fe-Si nanocrystals show anisotropy in the lattice spacing of thes620d planes. Their elongations are
proportional to the applied stress and show a linear correlation with the magnetic anisotropy energy,
Ku. These results indicate thatKu originates from a magnetoelastic effect due to an elastic elongation
of the Fe-Si phase constrained by the surrounding amorphous phase. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1901807g

Fe-Si-B-Nb-Cu nanocrystalline soft magnetic materials,
which are produced by crystallizing melt-spun amorphous
ribbons, show soft magnetic properties with a high relative
permeability s.100 000d and a high saturation magnetiza-
tion s.1.0 Td.1,2 In addition, the permeability can be tailored
to a specific purpose by inducing a magnetic anisotropy
through annealing in a magnetic field2,3 or under a stress.4–7

The anisotropy energy,Ku, induced by the latter method, can
exceed 5000 J/m3, a level which is much larger than that
induced by annealing in a magnetic field.2–7 Because direct
observations of the structural anisotropy are lacking, the ori-
gin of the stress-induced anisotropy is still under discussion.
The following two models have been proposed:s1d a mag-
netoelastic effect due to the residual stress proposed by
Herzer,5 ands2d a directional diatomic ordering proposed by
Hofmann and Kronmüller.6 Varga et al. supported the first
model, based on the relation amongKu the hardnesses, and
the magnetostrictions of a crystalline phase in different Fe-
based nanocrystalline alloys.8 In contrast, Lachowiczet al.
supported the second model because of the temperature de-
pendence of the anisotropy.9

The present authors recently found an indication of
structural anisotropy in Fe73.5Si15.5B7Nb3Cu1 alloy using
transmission x-ray diffractionsXRDd.10 The spacing of the
planes of the Fe-Si phase annealed under 200 MPa was elon-
gated in the direction parallel to the tensile stress. Although
this result suggested that the stress-induced magnetic aniso-
tropy should be attributed to the magnetoelastic effect, fur-
ther studies are necessary to establish it. Therefore, to shed
light on the origin of the magnetic anisotropy, we have in-
vestigated its relationship to the structural anisotropy. This,
in turn, demands an understanding of the dependence of the
structural anisotropy on the applied tensile stress and its per-
sistence after removal of that stress.

Melt-spun amorphous ribbons with a composition of
Fe73.5Si15.5B7Nb3Cu1 were heated to 550 °C at a heating rate
of 17.8°C/min, maintained at that temperature for 20 min

in an infrared furnace, and then naturally cooled to 100 °C.
As a result of heat treatment, the Fe-Si D03 phasesthe or-
dered phase of bcc Fe-Sid is formed in the amorphous phase.
A tensile stress was applied to the ribbons during the entire
annealing process. The details of the stress annealing process
are described elsewhere.7 A total of six tensile stresses were
loaded: their average values, calculated from the initial
sample dimensions, were 10, 100, 200, 300, 400, and
500 MPa. During the stress annealing, the ribbons were de-
formed. Using the final dimensions of the ribbon samples,
the corresponding average tensile stresses were estimated to
be 10, 103, 213, 334, 461, and 621 MPa, respectively. Here-
after, we use the latter values. Some of the samples were
reheated to 550 °C for a certain period of time without ap-
plying tensile stress. This reheating causes a relaxation in the
magnetic anisotropy of 1–15%.

XRD profiles of these samples were measured in the
transmission mode. A monochromated Mo-Ka line was
aligned to the ribbon with an angleu between the incident
beam and the normal direction to the sample surface. A trans-
mitted beam with an angle 2u from the incident beam was
detected.10 Consequently, the diffraction vector was fixed to
a certain direction in the ribbon plane. We measured the
XRD profiles with the diffraction vector parallel to the roll-
ing direction of the ribbonsRD, parallel to the tensile stressd,
then rotated the sample 90° and measured the profiles, whose
diffraction vector was perpendicular to the RD. To achieve
the best compromise between obtaining a stronger intensity
sfavored at lower anglesd as against a larger shift in 2u for a
certain length unitsfavored at higher anglesd, the peak at
about 47°, corresponding to thes620d plane of the ordered
Fe-Si phase, was selected for these measurements. All the
XRD patterns and sample lengths were measured at room
temperature after unloading the tensile stress.

Figure 1sad shows the magnetizationsM-Hd curves of
the samples annealed under different tensile stresses. The
annealing of the ribbons under stress induces a large mag-
netic anisotropy in the direction parallel to the tensile stress.
The XRD profiles of the corresponding samples are shown inadElectronic mail: ohnuma.masato@nims.go.jp
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Fig. 1sbd. Increasing the tensile stress induces a large aniso-
tropy of the spacing of thes620d plane. As we previously
reported,10 selected area electron-diffractionsSAEDd pat-
terns of the sample annealed under tensile stress are isotro-
pic, indicating an absence of texture. Therefore, the shift of
the peak indicates that the elongation occurs in the direction
parallel to the tensile stress. In contrast, a peak shift to a
higher angle indicates compression along the perpendicular
direction.

Figure 2 shows the changes in the spacings with tensile
stress determined from the peak maxima of the curves fitted
by a simple Gaussian function. The corresponding strains of
the Fe-Si phase were calculated ase//=sd//

XX MPa

−d//
10 MPad /d//

10 MPa, e+=sd+
XX MPa stress−d+

10 MPad /d+
10 MPa, and

are indicated on the right vertical axis. The small elongation

values of less than 1% observed here were not detected in
previous SAED studies. The almost linear relationships seen
between the average stress and strains in both perpendicular
and parallel to the RD indicate that the observed strains are
due to elastic deformations. The Poisson ratio is about 0.37,
a level which is a little higher than the typical value for
isotropic porycrystalline metals, 0.3–0.33. However, because
the deviation from isotropic behavior is small, we assume
that the deformations determined from thes620d planes are
representative of all the D03 planes along the two directions
and, for simplicity, treat the material as isotropic in the fol-
lowing analysis.

When an elastic deformation is induced in the magnetic
materials, the anisotropy energyKu can be written asKu
=−3/2lsEe// sls: saturation magnetostriction,E: elastic
modulusd.11 Therefore, the origin of the magnetic anisotropy
can be discussed by plottingKu as a function ofe//. As illus-
trated in Fig. 3, the result is a perfectly linear relation; evi-
dently, the origin ofKu is a magnetoelastic effect. The gra-
dient of the fitted line is 1.153106 J/m3, i.e., lsE=−0.77
3106 J/m3, a value which agrees reasonably well with the
value expected from the Young’s moduluss,200 GPad sRef.
12d and the ls s,−5310−6d sRef. 5d for polycrystalline
Fe-17 at. % Si alloysslsE,−1.03106 J/m3d.

When the samples were reheated to 550 °C, a relaxation
of the magnetic and structural anisotropies occurred. Figure
4 shows the XRD profiles for the ribbons annealed under
461 MPa with, and without reheating. The magnetic aniso-
tropy energy decreases about 17% from that of the stress-
annealed ribbons. After the relaxation annealing, the peak
with a diffraction vector parallel to the RD shifts to a higher
angle, indicating a lessening of the elongation. As indicated
by the triangles in Fig. 3, all the other ribbons, with different
stages of relaxation, stay on the sameKu−e// line as before
the relaxation. When combined with TEM observations,

FIG. 1. sad Magnetization curves andsbd XRD profiles of
Fe73.5Si15.5B7Nb3Cu1 ribbons annealed under different tensile stresses. All
curves insad were measured along the RDsparallel to the tensile stressd. In
sbd, the circles indicate a diffraction vector parallel to the RD, while the
lines mark a vector perpendicular to the RD.

FIG. 2. The spacing of thes620d planes parallelscirclesd, d//, and perpen-
dicular strianglesd, d+, to the RD as functions of the applied tensile stress.
Corresponding strainse// ande+ are indicated on the right axis.

FIG. 3. The anisotropy energyKu as a function of the strain parallel to the
RD, e//. Circles indicateKu before relaxation, and the triangles after
relaxation.

FIG. 4. XRD profiles with a diffraction vector parallel to the RD for the
ribbon annealed under 461 MPasdotsd and for the ribbon after relaxation
annealing at 550 °C for 60 minssolid lined.
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which show the random orientation and isotropic shape of
the Fe-Si phase,4,6,10 it can be concluded that the magnetic
anisotropy under different stresses is attributable to the mag-
netoelastic effects of the Fe-Si crystalline phase.

In contrast, the above results do not make clear the rea-
son why the structural anisotropy remains after unloading the
tensile stress. Figure 5 shows the elongation along the RD of
Fe-Si crystals obtained abovese//d and that of the ribbons
se//

ribbond which are determined from the length change of the
ribbons as a function of the average tensile stress. Judging
from the linear relation of Fig. 2 and isotropic shape of the
Fe-Si grains,4,6,10the evidence indicates that no plastic defor-
mation occurs in the crystalline phase. Therefore, the differ-
ence betweene//

ribbon ande// can be attributed to plastic defor-
mation or viscous flow of the remaining amorphous phase at
550 °C. Since this difference in elongation is already promi-
nent in the ribbon annealed under 103 MPa, the yield stress
of the amorphous phase must be lower than 100 MPa. As-
suming a yield stress of 50 MPa and a Young’s modulus of
80–160 GPa at 550 °Csthe Young’s modulus of the
Fe-Si-B-Nb-Cu amorphous alloy is 161 GPa at room
temperature13d, the elastic elongation of the amorphous phase
is in the range 0.03–0.06 % at 550 °C. Therefore, the recov-
ery of the elongation of the Fe-Si phase by more than 0.06%
is constrained by the surrounding amorphous phase. Conse-
quently, the elongation of the Fe-Si phase is quenched, even
in the stress-free condition.

The elongations of the Fe-Si phase obtained here are
about two times larger than the expected value from the
Young’s modulus of Fe-Si at room temperature and the av-
erage tensile stress. This discrepancy can be explained by the
low Young’s modulus of the Fe-Si phase at 550 °C, com-
pared to its value at room temperature. In addition, the stress
loaded to the Fe-Si phase is higher than the average stress
because the remaining amorphous phase is already located in
the plastic region.

The contribution of the amorphous phase to the magnetic
anisotropy can be roughly evaluated by the equationKu

total

where fFe-Si, is the volume fraction of the Fe-Si crystalline
phase, andsFe-Si, sAM, are the residual stress of the Fe-Si
and amorphous phases, respectively.5 Because the amor-
phous phase has a positive magnetostriction,ls

AMs+10–20
310−6d,5 it can add a certain increment toKu

total when under
a compressive stress. However, the residual stress of the
amorphous phase is complicated, because the stress applied
to the amorphous phase is induced by the embedded Fe-Si
crystalline phase. The amorphous region adjacent to the crys-
talline phase in the direction perpendicular to the RD is un-
der a compressive stress, while the amorphous part, adjacent
to the crystalline phase in the parallel direction to the RD,
may be under a tensile stress field. Therefore, the total con-
tribution of the amorphous phase is probably small.

To summarize our study of the structural origin of the
stress-induced magnetic anisotropy in Fe73.5Si15.5B7Nb3Cu1

alloy by transmission XRD, we have found that the elastic
elongation of the Fe-Si phasese//d is quenched in the ribbon.
Because the magnetic anisotropy energyKu is proportional to
e//, we have determined that the origin ofKu lies in the mag-
netoelastic effects. The reason for the persistence ofe// is the
large difference in the elastic limit of the amorphous phase
between the annealing and room temperatures.
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FIG. 5. Elongation parallel to the RD of the ribbonse//
ribbond and Fe-Si phase

se//d vs the tensile stress for Fe73.5Si15.5B7Nb3Cu1 ribbons.
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