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Microstructural (crystalline volume fraction and grain size), magnetization (coercive field), and
saturation magnetostriction measurements in Fes3 5_,Ni Si;3 sBoNb;Cu; alloy ribbons (x=5, 10, and
20) treated by current annealing and stress-current annealing are presented. Microstructural analysis
of the treated ribbons using x-ray diffraction showed a high content of the amorphous phase in the
bulk. In addition, substantial changes in the crystalline state such as grain size of the samples
annealed at different conditions were observed. The alloy composition also affects greatly the grain
size: increase in Ni content leads to higher values of the average grain size. The evolutions of the
coercive field with the two kinds of thermal treatment were analyzed, allowing us to conclude that
the addition of Ni tends to reduce the magnetic softness of the original material and that the
coercivities are higher in the samples treated by stress annealing than in those treated without tensile
stress. On the other hand, the saturation magnetostriction decreases with the thermal treatment,
which is in agreement with the microstructural behavior (structural relaxation and
nanocrystallization process), although some discrepancies are found for samples with x=5. © 2008

American Institute of Physics. [DOI: 10.1063/1.2937201 ]

I. INTRODUCTION

Recently, promising iron-based nanocrystalline alloys
with improved magnetic softness comparing to that of the
precursor amorphous material have been developed. Most of
the investigations aimed at achieving optimal soft magnetic
properties deal with a typical Fes; Cu;Nb;Si 5 sBg composi-
tion (trademark Finemet) with a nanocrystalline grain struc-
ture produced by the partial devitrification of the precursor
amorphous as-cast sample.lf9 A small amount of Cu atoms,
acting as nucleation centers for crystallites, and of Nb atoms,
preventing the grain growth, are crucial for the formation of
nanoparticles. After the first stage of crystallization, Fe(Si)
crystallites are finely dispersed in the residual amorphous
matrix. The soft magnetic behavior of these Fe-based nano-
crystalline alloys is due to the following two effects: the first
one is the correlation exchange length, which is larger than
the grain size, and the second one is the opposite sign of the
magnetostriction constant of the crystallites and of the re-
sidual amorphous matrix, allowing a reduction in the average
magnetostriction. Although optimum soft magnetic proper-
ties of the melt-spun amorphous alloys were usually obtained
after stress-relief annealing, it was widely believed that the
magnetic softness of any amorphous alloy deteriorates by
increasing the annealing temperature far beyond the crystal-
lization temperature. Nevertheless, this conclusion was
found to be not generally correct. Yoshizawa et al.' reported

YAuthor to whom correspondence should be addressed. Electronic mail:
wapgoesj @sc.ehu.es.

0021-8979/2008/103(11)/113904/7/$23.00

103, 113904-1

in 1988 that the magnetic softness of melt-spun amorphous
Finemet was improved significantly by a careful annealing
treatment leading to primary crystallization of fine a-Fe(Si)
grains of an average size of around 10 nm and 70% of rela-
tive volume fraction randomly dispersed in the residual
amorphous matrix. The alloy exhibited in the nanocrystalline
states an exceptionally high effective permeability (u,) value
of the order of 10°, with a quite high saturation magnetiza-
tion (M,) of 1.25 T at room temperature, and nearly zero
effective saturation magnetostriction (\,). This improved
magnetic softness is originated by the formation of a unique
microstructure composed of fine grains (with a size of about
10 nm).

On the other hand, the soft magnetic behavior of these
nanocrystalline alloys has been satisfactorily explained by
considering the two-phase character of such materials. Thus,
in accordance with these ideas, the variation of the magnetic
properties, denoted by X, owing to the thermal treatment was
considered in terms of the relative volume percentage of the
crystalline phase (usually a-FeSi) and the residual amor-
phous matrix, e.g.,

X =vpX + (1 - vp)X*™, (1)

where vp is the volume fraction of the nanograins.10 It is
assumed that spherical shapes for such grains and X stands
for the saturation magnetostriction constant (\g) or the satu-
ration magnetization (My).

In a previous work,'" we have reported on the micro-
structural changes in Feqs5_ Ni,Sij3 5sBoNb;Cu; amorphous
alloy ribbons (x=5, 10, and 20) induced by two thermal

© 2008 American Institute of Physics
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treatments (using the Joule heating with and without tensile
stress) in order to elucidate the complex magnetic behavior
which can be expected at the surface of the ribbons. Thus,
the measurement of the surface hysteresis loops reveals
much higher coercive field values than those obtained in the
bulk material. In this work, we present new interesting re-
sults of the effect of the substitution of Fe atoms by Ni in the
classical Finemet composition, which are mainly related to
the bulk coercive field and saturation magnetostriction pa-
rameters.

Il. EXPERIMENTAL

Amorphous alloy ribbons with the nominal compositions
Fes3 5.,Ni,Si;5 sBgNb;Cu; (x=5, x=10, and x=20) of ap-
proximately 3 mm wide and 20 um thick were prepared by a
melt-spinning technique. The noncrystalline character of the
as-quenched ribbons was confirmed by x-ray diffraction
(XRD) and transmission electron microscopy (TEM) analy-
ses.

Thermal treatments of the as-quenched ribbons were car-
ried out by means of Joule-heating technique12 different
times up to 60 min. The current density of about 40
40 A/mm? was found to be optimal for achieving the largest
nanocrystalline volume fraction. In all subsequent measure-
ments, this current density value was fixed. One set of
samples was annealed under simultaneously applied an ex-
ternal tensile stress (95 MPa), which was kept during the
subsequent cooling down to room temperature. The samples
treated with stress annealing are referred to as SA samples.
The other set of samples underwent the same annealing pro-
cess without the application of the external tensile stress;
they are referred to as CA samples and used for comparison
with the corresponding SA samples. The fluxmetric measure-
ments carried out on the treated samples have evidenced the
presence of an induced anisotropy, revealing very different
shapes of the hysteresis loops depending on the applied ther-
mal treatment.

The structural analysis of the ribbons in bulk was carried
out by XRD method. The XRD measurements were made
with a powder diffractometer (with an automatic divergence
slit and a monochromator) using Cu Ka wavelength of
0.15 nm. The patterns obtained were normalized in the high
g range (¢=40 nm™!) where the intensity did not vary for
different samples owing to the very short structural distances
responsible for the scattering in this region. As the treated
samples reveal a semicrystalline behavior with an amorphous
halo and crystalline peaks overlapped in the diffraction pat-
tern, the crystalline phase amount (y) is obtained from the
area of the crystalline peak relative to the total area where
the peak appears. In order to get the two contributions sepa-
rated, the experimental peak was fitted to a sum of a Gauss-
ian function (corresponding to the crystalline peak) and a
Lorentzian function (corresponding to the amorphous
halo)!™!? (see Fig. 1). The average size of the crystallites (D)
was evaluated from Scherrer’s formula using the Gaussian
function deducted from the ﬁtting.lz’13

The coercive field of the samples was evaluated from the
hysteresis loops obtained by a fluxmetric method in the range
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FIG. 1. Example of the separation of the crystalline and amorphous contri-
butions in a given XRD peak.

of 20-300 Hz. The extrapolation to zero frequency allowed
deducing the coercivity representative of the bulk in quasi-
static conditions.'” The saturation magnetization for these
samples has been accurately measured in a number of
works'* and the cited values are 1.39, 1.14, and 0.95 T for
x=5, 10, and 20, respectively.

Saturation magnetostriction measurements have been
carried out by the small angle magnetization rotation
(SAMR) technique.ljf17 As detailed elsewhere," the method
makes use of the variation in the signal V,,, picked up by a
narrow coil when applying simultaneously to the sample a
saturating dc axial field H_, a small transverse field H,, and
one tensile stress o,. When a tensile stress o, is applied, the
induced signal V,, measured by a lock-in amplifier, in-
creases or decreases as a consequence of the increment of the
magnetoelastic anisotropy with a transverse or longitudinal
easy axis, respectively. This change in V,, can be compen-
sated by an adequate modification of H, so that V,,, takes the
same value as that before the stress was applied. In this way,
the saturation magnetostriction coefficient, Ag, is obtained as

Ns=—(noMs/3)[AH/AC,]y, (2)

where uyM g is the saturation magnetization of the sample

’
constant

lll. EXPERIMENTAL RESULTS AND DISCUSSION
A. XRD analysis

From the XRD measurements in the CA and SA samples
as commonly practiced, the fractional volume of the crystal-
line phase and the average grain size of crystals were evalu-
ated. Figure 2 shows the fractional crystalline volume of the
CA and SA samples, respectively, as a function of the anneal-
ing time in the different Ni-Finemet samples. For a short
time (2 min) the crystallites were not observed in the CA
samples while the crystallization seems to start at the very
beginning of annealing for SA samples, indicating that the
presence of tensile stress assists the nanocrystallization pro-
cess in the similar way to that observed in Co-Finemet
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FIG. 2. Evolution of the partial crystallization volume with the annealing
time: (a) CA treated samples; (b) SA treated samples.

samples.12 As it is expected, the fraction of crystalline vol-
ume increases with the annealing time, this increase being
more significant as the Ni content becomes greater. It must
be noted that the crystalline volume fraction values obtained
with these treatments are clearly lower (70%—80%) than
those in samples treated by conventional annealing (using a
furnace) with annealing parameters of 550 °C, 1 h.! There-
fore, it appears that the current annealing technique does not
allow a similar percentage of the nanocrystalline fraction to
be achieved as in classical Finemet alloys, probably because
of the kinetics associated with the current annealing. This is
certainly a disadvantage, as it is well known that the current
annealing procedure is more convenient due to its high heat-
ing rate and less complexity by avoiding the use of a furnace.
Moreover, the degree of magnetic softness which can be
achieved in nanocrystalline alloys treated by current anneal-
ing is quite similar to that when the same nanocrystalline
alloy is treated by conventional annealing.9

Figure 3 shows the evolution of the average grain size of
the CA and SA samples, respectively. The average grain size
D increases with the annealing time up to the sizes (Dg,) of
around 10, 15, and 20 nm for x=5, 10, and 20, respectively.
These sizes, D, are the same for the CA and SA samples,
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FIG. 3. Evolution of the average grain size (D) with the annealing time: (a)
CA treated samples; (b) SA treated samples.

although the kinetics of segregation of such grains is differ-
ent as it can be observed in Fig. 4 where the variations of the
average grain size with the two treatments in each composi-
tion are shown. It can be seen that for all three compositions,
the saturation value of D with the annealing time is reached
faster in SA samples comparing to CA samples. In addition,
according to our work and previous x-ray and TEM
analysis,”"8 these nanocrystalline Ni-Finemet alloys contain
supersaturated phases of «a-Fe(Si), Fes;Si; Ni rich and
Fe;NiSi; 5 which play a very important role in the magneto-
strictive behavior. Obviously, the segregation of Ni rich and
Fe;NiSi; 5 is more significant as the Ni content increases.

B. Coercivity behavior

Figure 5 shows the hysteresis loops of the as-quenched,
CA, and SA treated samples of the alloy with x=5 annealed
for 5 min. As a general feature, a very low value of the
coercive field in all three samples can be observed. It is noted
that the inclination of the hysteresis loops of the treated
samples (mainly for SA ones) corresponds to a transversely
induced macroscopic anisotropy. The origin of such aniso-
tropy could be the pair magnetic ordering for the CA samples
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FIG. 4. Comparison of the variation of D with the CA and SA treatments in
the compositions (a) x=5, (b) x=10, (c) and x=20.

(since CA is equivalent to a transverse field annealing),]9
while in the case of SA sample, such origin is more
complicated. 12.2021

The variations in the coercive field (H.) as a function of
the annealing time in CA and SA samples of the Ni-Finemet
alloys are presented in Fig. 6. The CA treatment reduces the
H value, but not down to the level about H-=~1 A/m ob-
tained in the classical Finemet. This difference was ascribed
to the effect of the induced anisotropy (e.g., shape, magne-
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FIG. 5. Hysteresis loops of the (a) as-quenched, (b) CA treated, and (c) SA
treated x=5 alloy.

toelastic and stress, or field induced anisotropieslg’zz) on the
coercivity, which could be quite significant in the case of a
random magnetocrystalline anisotropy. Moreover, as it can
be expected, H values of the SA alloys are larger than those
in CA alloys, which could be understood as a consequence of
a larger transverse magnetic anisotropy induced by the SA
treatment.

After the first step of crystallization, FeSi crystallites are
finely dispersed in the residual amorphous matrix. In a wide
range of crystallized volume fraction, the exchange correla-
tion length is larger than the average intergranular distance d
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FIG. 6. Variations of the coercive field with the CA and SA treatments in the
composition (a) x=5 and (b) x=10.

and the exchange correlation length of the grains is larger
than the grain size D. The magnetic softness of the Fe-rich
nanocrystalline phase is partly due to the following reason:
the opposite signs of the magnetostriction constant for the
crystallites and for the residual amorphous matrix, which al-
low a reduction in the average magnetostriction.

On the other hand, considering that the grain size D is
smaller than the exchange length L., and that the nanocrys-
tals are fully coupled, the random anisotropy model implies a
dependence of the effective magnetic anisotropy, (K), on the
sixth power of the average grain size D. The coercivity is
understood as a coherent rotation of the magnetic moments
of each grain toward the effective axis, leading to the same
dependence of the coercivity with the grain size,? where the
coercive field is given by the expression

He=p[(K)Js]=pAKID*/JsA%}  with (K)
= (K{DIA?), (3)
where K;=8 kJ/m? is the magnetocrystalline anisotropy of
the grains, A=10""" J/m is the exchange ferromagnetic con-

stant, J¢=1.2 T is the saturation magnetic polarization, and
p. is a dimensionless prefactor close to the unity.

J. Appl. Phys. 103, 113904 (2008)
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FIG. 7. Dependencies of the coercivity with the grain size for several nano-
crystalline alloys: (a) samples nanocrystallized by conventional furnace and
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VSiB, ((0) FeZrB, and (4 ) FeZrCo.

The predicted D® dependence of the coercivity has been
widely accepted to be followed in a D range below L.,
(around 35-40 nm) for nanocrystalline Fe-Si-B-M-Cu (M
=IV A and VI A metal) alloys.*** We have plotted in Fig. 7
the coercive field versus the grain size of several composi-
tions (FeCuNbSiB, FeNbSiB, FeCuTaSiB, FeCuSiB, FeCu-
VSiB, FeZrB, FeZrCo) reported in the literature>*>*% to-
gether with those obtained in the CA and SA alloys of this
work. As it can be seen, a clear deviation from the predicted
D° law is observed similarly to that reported in Refs. 6 and 9.
Thus, the experimental results reported here, as well as those
in Ref. 9, show that H- versus D obeys a D? law. Deviations
from the D® law were also reported by Suzuki et al.® and
ascribed to the role of an induced anisotropy. Indeed, it is not
reasonable to assume that the only source of anisotropy is the
one arising from the different crystalline nanoparticles (men-
tioned previously), since other sources of anisotropy seem to
be not realistic (dipolar interactions have some relevance, see
Ref. 29). In fact, CA treatment is equivalent to an annealing
under the action of a transverse magnetic field and, conse-
quently, it can induce an inhomogeneous transverse
anisotropy,19 while SA can induce a more homogeneous
transverse anisotropy. Nevertheless, both kinds of anisotro-
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with the annealing time in the CA Ni-Finemet alloys.

pies contribute similarly to the H-(D) dependencies. There-
fore, types of annealings used in this work could induce in-
homogeneous magnetic anisotropy, which could be
responsible for this significant change in the coercive field
dependence on the grain size. As a consequence, the pres-
ence of longer-range uniaxial anisotropies larger than the av-
eraged magnetocrystalline anisotropies (K;) and, hence, the
reduction in H is not detected as in the case of the Finemet
alloy. Additionally, it should also be noted that the occur-
rence of dipolar and deteriorated exchange intergrain inter-
action can, interestingly, account for the substitution of Fe by
Ni atoms.

C. Saturation magnetostriction behavior

Experimental results for \g in the CA samples are pre-
sented as a function of the annealing time in Fig. 8. As it can
be seen, \g decreases with the Ni content in the as-quenched
and treated samples. This fact should be attributed to the
transformation of the amorphous state into a nanocrystalline
one and the resulting Ag is affected by the magnetostriction
of the forming nanocrystalline grains with different chemical
compositions. Thus, Ag increases slightly for short annealing
times and decreases monotonously with the annealing time
for the x=5 sample while, on the contrary, for the x=10 and
x=20 samples, N\ increases for short annealing time (in con-
nection with a structural relaxation30), and then decreases for
long annealing time when the nanocrystallization occurs, in
the same way that has been observed in the classical Finemet
alloy. Therefore, in the course of structural relaxation, Ag
after initial moderate increase decreases in the initial stages
of crystallization where the transformation of quenched-in
cluster structures into phases with lower Si content [a-Fe
and «a-Fe(Si)]takes place.g’31 As a consequence, the initial
increases in \g observed in the x=5 sample (similarly to that
previously observed for x=0) could indicate an activation of
clusters with a short-range ordering and a composition prob-
ably rich in metalloid atoms. For longer annealing times, it is
reasonable to assume a higher concentration of Si atoms in
the bee-Fe or even the saturated Fe;Si phase in both cases

J. Appl. Phys. 103, 113904 (2008)
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FIG. 9. Evolution of the saturation magnetostriction constant of the residual
amorphous matrix (A§") with the crystalline volume fraction in the CA
Ni-Finemet alloys.

with a negative saturation magnetostriction, which leads to a
decrease in the effective magnetostriction ()\gff).

As it has been mentioned, the primary crystallization in
these Fe-rich samples gives rise to a single phase a-Fe(Si),
Fe;Si Ni-rich, and a-Fe;NiSi; 5 crystallites embedded in the
amorphous residual matrix depleted in the Fe content. Ac-
cording to Ref. 10, the experimental data of the effective
saturation magnetostriction (Ag) of the nanocrystalline alloy,
[a-Fe(Si)] (\§) (Ref. 32) are negative depending on the Si
atoms. Negative character of the saturation magnetostriction
is reported elsewhere'* for Fe;Si and Ni-rich grains with
values of —-9X107% and -30X 107, respectively, while
Fe;NiSi; 5 is nonmagnetostrictive. It must be noted that the
magnetostriction of a residual amorphous alloy (A§") can be
assumed to be positive. Therefore, the crystalline grains and
the residual amorphous matrix have the saturation magneto-
striction with different signs, negative for the nanocrystals
and positive for the amorphous matrix. In this way, we have
estimated the term corresponding to the residual amorphous
matrix in Eq. (1) as a function of the partial crystalline frac-
tion (Fig. 9). The decrease in A" in the x=5 sample with
partial crystalline volume seems to be in contradiction with
the expected increase probably due to the residual amor-
phous matrix poor in Si atoms. In the case of the x=10 and
x=20 samples, the initial increase in A" could be associated
with possible invar effect®® because the segregation of Ni-
rich grains with a large value of negative magnetostriction
(=30X 107%) (Ref. 33) implies a large positive magnetostric-
tion of the residual amorphous matrix in accordance with the
effective magnetostriction values measured in these nano-
crystalline alloys.

New efforts have been made, recently, to explain these
discrepancies. In this context, an additional contribution aris-
ing from the boundary grains has been taken into account for
the analysis of the effective magnetostriction, as was pro-
posed in an additional contribution similarly to that reported
in Refs. 35 and 36. In this way, a surface contribution for the
effective saturation magnetostriction may be derived accord-
ing to,
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A = AT + (1= p)(NE™ + kp) + TAY(S/V), (4)

where k is a parameter which expresses the changes in the
magnetostriction in the residual amorphous phase with the
evolution of the crystallization process. The last term de-
scribes the effects of the interfaces and depends on the sur-
face to volume (§/V) ratio for individual grains, as well as
on the surface magnetostriction constant \g, which character-
izes the crystal-amorphous interface.

Therefore, Eq. (4) could be considered as the basic rela-
tionship that can be used to understand the experimental data
on the effective magnetostriction in Fe-based nanocrystalline
alloys at different stages of crystallization. Assuming a
spherical form of grains, (two kinds of grains, as previously
mentioned) with radius R, the last term of Eq. (4) can be
expressed as 3\§/R and the magnetostriction constant which
describes the interface A§ can be estimated. For these Ni-
Finemet alloys, the average value of R is about 10 nm and,
thus, \§ has been found to vary in the range of 107 nm,”’
which is one order of magnitude smaller than the values for
the surface magnetostriction reported in multilayer systems.
Consequently, the value \§ estimated in these nanocrystalline
alloys is within the range of the surface magnetostriction for
thin iron layers.

IV. CONCLUSIONS

Current annealing (with or without tensile stress) treat-
ments performed in Ni-Finemet ribbons produce macro-
scopic changes (structural relaxation followed by the nanoc-
rystallization process) which modify the magnetic (coercive
field) and magnetoelastic (saturation magnetostriction con-
stant) behavior of the ribbons. In the present work, we have
reported such changes analyzing the effect of the substitution
of Fe by Ni in the classical Finemet composition. In addition,
two kinds of thermal treatments lead to some differences in
the coercivity of the samples. The use of a tensile stress is
found to activate the nucleation rate, while grains with a
reduced grain size compared to that of standard ribbons are
found. The saturation magnetostriction measurements reveal
the influence of the Ni content because the structural relax-
ation effect appears to be absent in the x=35 alloy. The addi-
tive character of the effective magnetostriction arising from
the partial volume of the two phases (crystals and residual
amorphous matrix) in the nanocrystalline samples is indica-
tive of a third contribution of surface character (contribution
arising from the boundary grains) which should be taken into
account. Nevertheless, the aspects related to the structure and
properties of the surface grain boundaries as well as the local
strains which can affect the magnetoelastic interactions in the
crystal-remaining amorphous matrix still need to be better
investigated to understand the soft magnetic behavior exhib-
ited by these nanocrystalline Fe-based alloys.
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