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Abstract The effects of V element on micro-
structural evolution and soft magnetic properties of
Feq; 5813 sBoCu;Nb,_,V, (x=0, 0.5,1, 1.5 and 2, at.%)
nanocrystalline alloys annealed at one-step and two-step
state were investigated. As a result of an adequate addi-
tion of V, the microstructure and soft magnetic properties
of the nanocrystalline alloys have greatly changed. The
alloys with higher V content are prone to form large grain
size nanocomposite structure with better thermal stability
but slightly worsen soft magnetic properties. However, the
strategy of two-step annealing technique effectively refines
grain and thereby improves the soft magnetic properties of
the alloys. The nanocrystalline alloy with V=1.5 after two-
step annealing exhibits combined excellent soft magnetic
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properties, including a lower coercivity (H,= 0.89 A/m),
enhanced saturation magnetization (B over 1.3 T), high
effective permeability? u,=26,400 at 1 kHz) and low core
loss. The work shows that adopting a preheating procedure
before the primary nanocrystallization stage, viz. to use
two-step annealing technique instead of the routinely used
one-step nanocrystallization stage,is an effective solution to
the disadvantage of the decrease of Nb.

1 Introduction

Since the development of FeSiBNbCu (Finemet) nanocrys-
talline alloys were found in 1988 [1], Fe-based soft mag-
netic nanocrystalline materials with anticipated excellent
magnetic properties have attracted extensive interest. Com-
pared with their crystal counterparts, high u,, moderate B,,
low H_, and low core loss of nanocrystalline make them
competent for the achievement of high efficiency, quietness
and miniaturization in electromagnetic devices, e.g. trans-
formers, sensors and inductors [1-8].

Soft magnetic nanocrystalline alloys are mostly fabri-
cated from the amorphous alloys with partially crystal-
lized precursors, resulting in a structure of ferromagnetic
nanocrystals surrounded by a residual ferromagnetic amor-
phous matrix. The conventional nanocrystalline alloys con-
tain some nonmagnetic metal elements, such as Nb, Zr,
Mo, etc. that are regularly used to exert a suppression of
the overgrowth of a-Fe crystalline phase and the precipita-
tion of compounds such as tetragonal-Fe,B and Fe;B. This
favours the formation of single a-Fe nanocrystalline phase
upon primary crystallization, hence promoting the mag-
netic softness of the alloys [9, 10]. However, these added
elements also result in the lower B, and increase the costs
of these alloys, for instance, the Fe,; 5Si,3 sBoCu;Nb; alloy
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has a rather low B, of 1.23 T, and the cost of Nb element
accounts for 90% of the total raw material cost [11, 12].
Therefore, researchers have intentionally investigated the
effects of the substitution of low-cost Cr, V, Ta, etc. for
nonmagnetic element Nb on the soft magnetic properties
of these alloys. However, as a tradeoff of the lower cost
than that of conventional Fe-based nanocrystalline alloys,
the new alloy system suffers the disadvantage of larger
structural correlation length (grain sizes) arising from the
decrease of Nb, which have an uninviting effect on their
magnetic softness, such as relatively high H, of more than
2 A/m and low effective u, [11-14].

For the alloys, previous studies validate that preheating
the samples at the optimal low temperature of 400 °C can
prompt the Cu atoms to sufficiently gather to high density,
increasing the nucleation sites during the initial stage of
crystallization, which is an important approach to decrease
a-Fe grain size [15, 16]. Hence, as a result of pretreating
previous to the primary nanocrystallization stage, a-Fe
crystals tend to form the structure of higher grain density,
finer grain size and more uniform distribution, which are
favorable for the soft magnetic properties [17, 18]. Accord-
ingly, as our previous work [19], an alternative solution to
the disadvantage of the decrease of Nb is adopting a pre-
treatment procedure before the primary nanocrystallization
stage, viz. to use two-step annealing technique instead of
the routinely used one-step nanocrystallization technique.

In this work, with the aim of lessening the unfavorable
effect caused by decreasing the Nb content in the conven-
tional nanocrystalline alloys, the FeSiBNbCu nanocrystal-
line alloy was selected as precursor alloy to systematically
investigate the effects of V content on the structure, mag-
netic properties, thermal stability and magnetic domains
of Feq;5Si;3sBoCuNb;_,V, (x=0, 0.5, 1, 1.5 and 2)
nanocrystalline alloys. Further, in order to refine grain and
optimize structure to reduce the deterioration of magnetic
softness as partially substituting V for Nb, we implemented
a two-step annealing technique for nanocrystallization of
the selected alloys and researched its effect on the magnetic
properties.

2 Experimental

Multicomponent alloy ingots with nominal percentage
compositions of Fe;;5Si;;sBoCuNbs_ V. (x=0, 0.5, 1,
1.5 and 2) were premelted by induction-melting mixtures
of pure Fe (99.99 mass%), Cu (99.99 mass%), crystalline
Si (99.99 mass%), and pre-alloyed Fe-B, Fe-Nb and Fe-V
ingots under a high-purity argon atmosphere. Amorphous
ribbons that are approximately 25 pm thick and 1 mm wide
were fabricated by melt-spinning method with a wheel
velocity of 40 m/s,which was much higher than the critical
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cooling rate for single-amorphous phase formation. The
structural characterization was examined by X-ray dif-
fraction (XRD) with Cu—Ka radiation. Thermal stability
associated with the initial temperature (7,) and peak tem-
perature (7,) of crystallization for the as-quenched ribbons
were measured by differential scanning calorimetry (DSC
Netzsch 404 C) at a heating rate of 0.67 °C/s under high
purity argon flow. The as-quenched ribbons were isother-
mally pretreated at 400 °C then annealed at high tempera-
ture ranging from 530 to 570°C for 1h, respectively, under
a vacuum followed by air-cooling to room temperature.
The B, was measured using a vibrating sample magnetom-
eter (VSM, Lake Shore 7410) under a maximum applied
field of 800 kA/m. The H, was measured using a DC B-H
loop tracer (RIKEN BHS-40) in a maximum applied field
of 800 A/m. The . at the frequency of 1 kHz was meas-
ured using a vector impedance analyzer (Agilent 4294 A)
in a field of 1 A/m. The core loss of ribbons was measured
with an AC B-H loop tracer at the frequency from 50 to
1000 Hz under induction 0.9 T. The magnetic domains in
the unpolished ribbons have been imaged using an optical
wide-field polarization microscope, applying the longitudi-
nal magneto-optical Kerr effect. All images were obtained
by subtracting the non-magnetic background. The longi-
tudinal Kerr sensitivity was transverse to the ribbon edge
along the microscope plane. As the magnetic properties are
relative to the sample sizes, in the interest of clarifying the
intrinsic soft magnetic properties of this alloy system, rib-
bon samples with similar size mentioned above were used
for measurement. All measurements were performed at
room temperature.

3 Results and discussion

The structure of the as-quenched ribbons used for thermal
and magnetic tests were examined by XRD. Figure 1 shows
the XRD results of as-quenched Feq; sSi;5 sBoCu;Nb;_, V,
(x=0, 0.5, 1, 1.5 and 2) alloy ribbons. All the XRD pat-
terns of the as-quenched ribbons consist only of a broad
peak and no peaks corresponding to crystalline phase,
implying that these alloys are composed of a full amor-
phous phase.

To investigate the crystallization process, DSC meas-
urements were performed. Figure 2 shows the DSC curves
of the as-quenched alloys. All the curves have two distinct
exothermic peaks, which demonstrates that the crystalli-
zation stages include two stages. The crystallization exo-
thermic stages further confirm the amorphous structure of
the alloys. With the addition of V element, the first crys-
tallization T,; decreases and the second onset tempera-
tureT,, shows a same tendency, and the temperature inter-
val AT, (=T,,—T,,) first enlarges and then decreases. In
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Fig.1 XRD patterns of as-quenched Fe;;5Sij55BoCu;Nb;_V,
(x=0, 0.5, 1, 1.5 and 2) ribbons
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Fig.2 DSC curves of the as-quenched Fe,;5Sij;sBoCu;Nb;_V,
(x=0,0.5, 1, 1.5 and 2) alloy ribbons at a heating rate of 0.67 °C/s

consequence, the maximum AT, value reaches 145 °C for
Fe;; 5513 sBoCu;Nb,V, amorphous alloy. This indicates
that adequate addition of V favors the precipitation of a-Fe
and inhibits the precipitation of other compounds. Conse-
quently, the adequate addition of V favors enlarging AT,
and thus enhancing the thermal stability of compounds rel-
ative to a-Fe phase precipitating from amorphous matrix.
In addition, an amorphous precursor with a large AT, can
prompts the formation of a-Fe nanocrystalline and sup-
presses the precipitation of Fe;B or Fe,B non-ferromag-
netic phases, which is favorable to achieve good soft mag-
netic properties.

For the as-quenched Fe;; 5Sij; sBgCuNb;_ V, (x=0,
0.5, 1, 1.5 and 2) alloys annealed by different technique,

the V content and temperature dependences of H_ are
shown in Fig. 3. The H, remains basically unchanged
with the addition of V until V content reaches 1.5 at%
when annealed through one-step technique, as shown in
Fig. 3a. Upon the addition of V exceedingl.5 at%, the H,
quickly increases along with the addition of V. Addition-
ally, for the same V content, the higher annealing tem-
perature lead to the higher H,.. Especially when V content
surpasses the threshold value (x=1.5), the discrepancy
in the increase of H_ caused by rise in annealing tem-
perature widens considerably. The results indicate that
lower annealing temperature in favors of lower H, and
the alloys still have the characteristic of low H_ provided
that the amount of Nb substituted by low-cost V which is
no more than the half of its initial content. Furthermore,
a preheating procedure before nanocrystallization stage
was purposely added to remedy the disadvantage resulted
from the decrease of Nb. By means of isothermally pre-
treatment at 400 °C for 1 h then annealing at high tem-
peratures of 530°C for lh, namely a two-step annealing
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Fig. 3 Changes of H_ for the as-quenched Fe,; 5Si5 sBoCu;Nb;_ V,
(x=0,0.5, 1, 1.5 and 2) ribbons as a function of V content at one-step
annealing (a) and two different annealing stages of optimized temper-
ature for 1h (b), respectively
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technique, the H, manifestly decreases at each composi-
tion point of the alloys as compared with that by corre-
sponding only one-step annealing stage at 530 °C for 1 h,
as shown in Fig. 3b. According to the random anisotropy
model [20], the change of H, can be attributed to the vari-
ation of microstructure with applied pretreatment.

The dependence of effective permeability on fre-
quency under an applied field at intensity of 1 A/m for
the Fe;;551;35sBoCuNb;_ V. (x=0, 0.5, 1, 1.5 and 2)
nanocrystalline ribbons obtained by one-step annealing
technique is shown in Fig. 4. The partial substitution of V
for Nb results in a decrease of u, from 27,500 to 23,500
under the applied field at a frequency of 1 kHz. Moreover,
the addition of V is very effective in enhancing the stabil-
ity of u. against increase in frequency. Especially, the u,
of alloys with V contents of x=1.5 and 2 not only have
as high as 26,100 and 26,000 at 1 kHz but also exhibit the
highest stability against the increase of frequency. Specifi-
cally, the u, keep values as high as 25,000 and 24,000 when
frequency increases to 10 kHz for the contained V alloys of
1.5 and 2 at%, respectively. In addition, adding V element
also can improve cut-off frequency from 38 kHz to 52 kHz.
As a result, even until at the cut-off frequency, the values
of u, keep high values of 20,500 and 20,000 for the two
alloys, respectively.

Figure 5 shows the dependence of u, on frequency for
the Fe;; Sij;sBoCu;Nb;_,V, (x=0, 0.5, 1, 1.5 and 2)
nanocrystalline alloys annealed by two-step technique.
Compared with one-step annealing technique, the soft
magnetic properties of the alloys are obviously improved.
Under the applied field at a frequency of 1 kHz, the value
of u, for the V-free alloy remains unchanged at 27,500,
while those of u, for both of the alloys with V content

3.5
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Fig. 4 Effective permeability as a function of applied field frequency
for the as-quenchedFe,; 5Si 3 sBoCu;Nb;_ V, (x=0, 0.5, 1, 1.5 and 2)
alloy ribbons of one-step annealing at 530 °C for 1h
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Fig. 5 Effective permeability as a function of applied field frequency
for the as-quenchedFe; 5Si; 5 sBoCu;Nb;_, V, (x=0, 0.5, 1, 1.5 and 2)
alloys of two-step annealing stage: pretreated at 400°C for 1h then
annealed at 530°C for 1 h

of x=0.5 and 1.5 increase to about 27,000. It is clearly
observed that except the alloy with V element of x=0.5,
all the other alloys annealed by two-step annealing tech-
nique exhibit high stability of u.. Especially, the V-free
alloy obtained by two-step annealing technique also
exhibit a stable u, within a wider range of applied field
frequency, even at 40 kHz its u, still reaches 21,800.
Simultaneously, the approach of two-step annealing also
promote the increase of cut-off frequency of the alloys.
The core loss is another critical factor for soft magnetic
parts and devices, low core loss is required for energy sav-
ing and environmental protection. Core loss dependence
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Fig. 6 Changes of Core loss for the  as-quenched
Feq5 5Si;3 sBoCuNb;_,V, (x=0, 0.5, 1, 1.5 and 2) ribbons as a func-
tion of V content at one-step and two different annealing stages of
optimized temperature for 1h
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on the frequency for the Fe;;5Si;55BqCuNb;_ V,
(x=0, 0.5, 1, 1.5 and 2) nanocrystalline alloys is shown
in Fig. 6. Even applied high magnetic flux density (B,,)
of 0.9 T, all of the alloy ribbons still exhibit low core
losses. For all the nanocrystalline alloy ribbons, their
core losses slightly increase with the initial increase of V
content. However, the core losses of the samples prepared
with two-step stage are obviously lower than these two-
step annealed samples at each composition point of the
alloys. As a result, the two-step annealing technique can
remediate the unfavorable effect caused by the decrease
in noble-metal Nb in the conventional nanocrystalline
alloys. Therefore, the lower core loss for the two-step
annealing should be attributed to the good soft magnetic
properties. Table 1 summarizes hermal parameters and
magnetic properties of Fe;sSi; sBoCuNb;_,V, (x=0,
0.5, 1, 1.5 and 2) alloys annealed by different technique
,respectively.

To illustrate this experimental situation, we can reason-
ably correlate the magnetic anisotropy to the structural
variations in the presented alloys. The most important con-
tribution to soft magnetic properties is magneto-crystalline
anisotropy. In the case that the structural correlation length
D 1is smaller than basic ferromagnetic correlation length
L, (=20~40 nm for Fe-based alloys), the local randomly
oriented anisotropies are averaged by the smoothing effect
of exchange interactions, resulting in good soft magnetic
properties. From the measured XRD results, as shown in
Fig. 7, all peaks can only be indexed to a-Fe phase with a
body-centered cubic structure. Meanwhile all the grain size
of the a-Fe phase for each annealed sample starting from
the amorphous Fe,;5Sij; sByCu;Nb;_,V, (x=0 and 1.5)
ribbons is determined to be in the range of D=10~20 nm,
which just right falls into the regime where the structural
correlation length D is smaller than L, The grain size of the
a-Fe phase for each annealed sample was estimated accord-
ing to the Scherer formula. After undergoing a one-step
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Fig. 7 XRD stages of the Fe;; sSij; sByCu;Nb;_ V, (x=0 and 1.5)
alloys prepared after one-step and two-step annealing stage

annealing, the grain size of the a-Fe nanocrystalline phase
for the Fe;; sSi;5 sBoCu;Nb;_,V, (x=0 and 1.5) nanocrys-
talline alloys are 13.1 nm and 18.8 nm, respectively. There
appears to be a tendency of increase in the grain size of
the nanocrystalline phase along with the V addition. Com-
pared to their counterparts obtained by only one-step, both
the two-step annealed Fe;; 5Si;3 sBoCu;Nb;_ V, (x=0 and
1.5) alloys possess the crystallization characteristics that
their grain size obviously decrease from 13.1 to 11.9 nm
and from 18.8 to 18.1 nm, respectively, which is attributed
to that preheating at the optimal low temperature of 400 °C
promotes the formation of high dense Cu clusters with uni-
form distribution and thus triggers high nucleation rate. In
the regime D <L, the most significant feature predicted
by the random anisotropy model [20] strongly varies with
the sixth power of the grain size as H,o«D® and u, o 1/D°,
which basically explain the improvement in magnetic soft-
ness in present work.

Table 1 Thermal parameters Alloys
and magnetic properties of X

Thermal parameters

Annealing technique =~ Magnetic properties

Feg3 55113 5BgCuyNb;_ V, (v contenty  ATCO) H (A/m)  p, e, By
(x=0,0.5,1, 1.5 and 2) (1kHz) (10kHz) (T)
alloys annealed by different
technique,respectively 0 130 One step 0.99 27,500 17,600 1.27
Two step 0.82 27,500 23,000 1.28
0.5 137 One step 1.08 23,500 15,200 1.27
Two step 0.78 26,000 14,000 1.30
1 145 One step 0.89 22,500 19,000 1.27
Two step 0.76 23,500 20,500 1.27
1.5 136 One step 1.3 26,100 25,000 1.27
Two step 0.98 27,000 26,000 1.31
2 126 One step 25 26,000 24,000 1.27
Two step 22 23,500 22,000 1.27
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Fig. 8 Changes of B, for the as-quenchedFe;; 5Si;; sBoCu;Nb;_ V,
(x=0,0.5, 1, 1.5 and 2) ribbons as a function of V content at one-step
annealing (a) and two different annealing stages of optimized temper-
ature for 1h (b), respectively

Figure 8 indicates the changes of B, for
theFe,; 5513 sBoCuNb;_,V, (x=0, 0.5, 1, 1.5 and 2)
nanocrystalline alloys as a function of V content. As
shown in Fig. 8a, the values of B, for the nanocrystal-
line alloys obtained by one-step annealing show a slight
increasing trend with increase V content. The B of the
Fe; 55113 sBgCu;Nb; alloy at different annealing tem-
perature shows an average value of 1.24 T while the
Fe;; 551;3 sBoCu;Nb;_, V., (x=0.5, 1, 1.5 and 2) alloys
show the average value of 1.25 T, 1.26 T, 1.26 T and 1.27 T,
respectively. Furtherly, as shown in Fig. 8b, the two-step
annealing technique promotes an obvious increase in B at
appropriate V content. Commonly, B can be expressed by
the equation B,=RB,.+ (1 —R)B,,, where R is the volume
fraction of the crystalline phase, B, and B,, are the satu-
ration magnetization of the crystalline and the amorphous
phases, respectively [14]. It is known that B, (=2.2 T) of
the a-Fe phase is almost constant, whereas B, is relatively
small [13]. Therefore, the variation of grain size and vol-
ume fraction of the nano-sized «-Fe crystals precipitating
from the amorphous matrix is account for the change of B..
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In order to further determine the effect of V content
and pretreatment on the precipitation of «-Fe, crys-
tallization kinetics of the as-quenched and pretreated
Fe;; 551;3 sBgCu;Nb;_,V, (x=0 and 1.5) amorphous
alloys were studied by DSC. Generally, the activation
energy of crystallization can be estimated by the Kiss-
inger Eq. [21]del for nanocrystalline soft

In (7*/g) =In (E,/R) —lnv+E,/(R/T) (1)
where , E,, R, v and T are the heating rate, activation
energy, gas constant, frequency factor, and specific tem-
perature, respectively. The Kissinger equation is based on
the DSC curves at the heating rates of 0.083, 0.167, 0.333,
0.667 and 0.833°C/s for as-quenched and pretreated at
400°C specimens as shown in Fig. 9. By plotting In (T%)
versus 1/T obtained from linear heating DSC scan, the
apparent activation energy of crystallization can thus be
calculated from the slopes of the regressive plots as shown
in Fig. 10a, the results of which are plotted in Fig. 10b for
the activation energy of nucleation (E,) and the one for
growth (E)) as function of V content, respectively [22-24].
Clearly, E, decreases upon increase of V content, imply-
ing that the nucleation of a-Fe crystallites is much easier
with the addition of V in the amorphous matrix as sug-
gested by the decrease of T,; shown in Fig. 2. It can also be
seen that E, decrease with increasing V content. In the pre-
sent alloy system, the affinities between Nb-Fe and Nb-Cu
atoms with the mixing enthalpies —16 and +3 kJ/mol are
stronger than those between V-Fe and V-Cu atoms with
the mixing enthalpies of —7 and +5 kJ/mol, respectively,
which is accord with the result of the decrease in E, and
Ep. Therefore,the addition of V favors the diffusion of Cu
atoms to form the aggregation of Cu atom clusters in the
initial annealing stage, but slightly weakens the inhibiting
effect of Nb on the growth of a-Fe crystals, which is con-
sistent with the results of XRD as shown in Fig. 7.

For obtaining the fine nanocomposite microstructure,
two requirements should be satisfied simultaneously [25].
Firstly, there must be a high number density of nucleation
sites in the as-quenched alloy. Secondly, the fast growth
of nanocrystals during annealing must be suppressed. As
shown in Fig. 10 b, E, decreases and E|, increases when
the alloys are pretreated at 400 °C before the crystalliza-
tion. The decrease in E, promotes the formation of a-Fe
nucleation, which is due to the fact that the pretreating
process before crystallization can further enhance the
formation of Cu clusters, providing the more nucleation
sites for a-Fe nanocrystals. And the increase in E, sup-
presses the growth of a-Fe grains. As a result, the strat-
egy of two-step annealing heat treatment further improve
magnetic properties and thus effectively retard magnetic
properties deteriorated with the addition of V.
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Fig. 9 DSC curves of the as-quenched and pretreated Fe,; 5Si;; sBoCu;Nb;_, V, (x=0 and 1.5) amorphous alloys at different heating rate
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Fig. 10 a Kissinger plots of In (7%/p) versus 1/T for the as-quenched and pretreated at 400 °C of Fes, sSi;; sBgCu;Nb,_ V. (x=0 and1.5) alloys
b V content dependence of E, and E,, of Fe;3 sSi;3 sBgCu;Nb;_, V, (x=0 and 1.5) alloys

For purpose of understanding the effect of V con-  the samples prepared with different conditions. Figure 11
tent and two-step annealing on soft magnetic proper-  shows zero-field magnetic domain patterns observed on
ties, we investigated the magnetic domain structure of  the Fe;;55ij3sByCuNb;_,V, (x=0 and 1.5) ribbons
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V=0 100um
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400-530°C

Ribbons direction: = ; Longitudinal direction:

Fig. 11 Zero-field magnetic domain patterns observed on the
Fe;3 55113 sBoCu;Nb;_, V. (x=0 and 1.5) ribbons surface annealed by
one-step for (a) x=0 and (b) x=1.5, and annealed by two-step for (c)
x=0and (d) x=1.5, respectively

surface. As shown in Fig. 11a, wide straight domains with
180° walls are visible in the Fe,; sSi,5 sBgCu;Nb; one-step
annealing samples. After annealing, the residual stress is
released and thus the stress induced magnetic anisotropy
is greatly decreased, which gives good explanation for the
broad domain structure and the good soft magnetic prop-
erties. The domains in Fig. 11b are similar with that in
Fig. 11a except a small decrease in the width of domains,
slightly reducing the suppression of o-Fe growth. Fig-
ure 11c, d are zero-field magnetic domain patterns annealed
by one-step at 530°C for the Fe;;5Sij;sBoCuNb;_\V,
alloys with x=0 and 1.5, respectively. However, experi-
enced preheating at 400 °C before the primary nanocrystal-
lization annealing, the domain widths for both the alloys
with V content of x=0.5 and 1.5 become larger than their
counterparts annealed only by one step, respectively. As
shown in Fig. 1lc, the easy magnetization directions of
both the two-step annealed alloys (x=0 and 1.5) change
to an orientation along the longitudinal ribbon [26-29],
which implies that the stress-induced magnetic anisotropy
is further decreased and thus the improved soft magnetic
properties (in Fig. 5). In addition, as shown in Fig. 11d,
the widths of the domain for the two-step annealed
Fe; 55113 sBoCu Nb, 5V, 5 alloy is clearly smaller than that
of the two-step annealed Fe,; 5Si,5 sBoCu;Nbs alloy, which
causes the very high stability of against the increase of fre-
quency and higher cut-off frequency [30]. This are consist-
ent with the best soft magnetic properties (in Fig. 4). As
nanoscale o-Fe grains with high-permeability are mag-
netically coupled by a ferromagnetic amorphous matrix,

@ Springer

and the exchange coupling between the two soft magnetic
phases leads to a low magnetic anisotropy [31, 32].

4 Summary

The crystallization behavior, soft magnetic properties and
microstructure for Fe,; 5Si;; 5BgCu;Nb;_,V, nanocrystal-
line alloys with the V content ranging from x=0 to x=2
have been systemically studied via two different annealed
stages and results are summarized as follows.

1. Adequate addition of V enlarges the temperature inter-
val AT, (=T,,—T,,), which favors the precipitation of
a-Fe and inhibits the precipitation of other compounds.

2. The optimum soft magnetic properties have been
obtained at V=1.5 at%. The Fe;; 5Si;53 sBoCu;Nb, 5V, 5
nanocrystalline alloy shows the lower H, (0.89 A/m),
lower core loss, moderate B (1.26 T) and the highest
stability of u, against the increase of frequency. When
the frequency of applied field increases to 10 kHz and
even to 25 kHz, the values of u, keep high levels of
26,400 and 24,500.

3. Two-step annealing technique can further optimize
soft magnetic properties by grain refinement as com-
pared with one-step annealing. Through two-step
annealing technique, the values of u, and B, for the
Fe;3 55153 5BoCuiNb, sV 5 (x=1.5) nanocrystalline
alloy greatly increase to about 27,000 and 1.3 T, while
H_ and core loss obviously decrease, respectively.
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