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We report the effect of substituting Co for a metalloid element on the glass formation, thermal properties, and
magnetic behaviors of FeggCo,B14—,SiaP3Cu; (x = 0, 2, 4, 6) alloy ribbons. The addition of Co decreased the
thermal stability of the alloy against crystallization and expanded the heat treatment temperature region of this
alloy family. FeggCo4B1¢SioP3Cu; alloy, which was annealed under optimal conditions, exhibited good soft
magnetic performance that was characterized by a high saturation magnetic flux density of 1.84 T, a high ef-

fective magnetic conductivity of 12,601 at 1000 Hz, a low coercivity of 5.3 A/m, and a low core loss of 62 W/kg

at 1000 Hz and 1.5T.

1. Introduction

Requirements for minimizing energy loss have become increasingly
stringent as critical global environment problems continue to intensify.
Soft magnetic materials with high saturation magnetization (M) (or
magnetic flux density [B;]), high effective magnetic conductivity (),
low magnetic core loss (W), and low coercivity (H.) must be designed to
reduce energy losses in magnetic applications [1-15]. Si steel has been
widely used as a soft magnetic material because it satisfies most soft
magnetic property requirements, such as high B;. Nevertheless, it pre-
sents several considerable shortcomings, including high W and large H..
Three alloy family systems with excellent soft magnetic properties have
been developed to meet environmental requirements and reduce pro-
duction costs. These alloy families are FINEMET [16], NANOPERM
[17], and HITPERM [18]. FINEMET alloys have good glass-forming
ability [1,19-20]. Nevertheless, the M of FINEMET alloys is lower than
that of Si steel. This characteristic limits the extensive commercial ap-
plications of FINEMENT alloys. HITPERM and NANOPERM alloys have
high M; but mediocre soft magnetic properties [11,12]. These alloys
have low Fe contents because they contain numerous metal/metalloid
elements that account for their uniform amorphous/nanocrystalline
microstructures [21-25]. The development of Fe-based soft magnetic
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alloys with Fe contents exceeding 80% is important for practical ap-
plications [24-32]. Fe-based alloys with excellent soft magnetic per-
formance can be obtained through the uniform precipitation of na-
noscale bec Fe (a-Fe) grains [25]. The Bs of binary Fe-Co alloys is
higher than that of pure Fe [4,22,33-35] and can be enhanced when
Fe-Co grains, instead of bcc Fe, precipitate in the alloys. Co-based
amorphous alloys with the magnetic permeability of 1,000,000 have
become popular, and the addition of nonmagnetic glass formers, such as
Si and B elements, can reduce the B, of amorphous alloy systems. For
example, the addition of Si reduces the M; of Co-augmented FINEMET
alloys by inducing the preferential formation of the (Fe, Co)3Si phase
[23]. This result indicates that the appropriate replacement of metalloid
elements with Co may improve the magnetic properties of Fe-based
alloys. The addition of Co may increase the cost of alloys but may also
improve soft magnetic performance. Thus, its effect on the local
structure, crystallization, and magnetic properties of amorphous and
nanocrystalline alloys must be explored. The beneficial effect of Co
addition on the magnetic behavior of amorphous and (nano)crystalline
alloys has already been verified in many systems
[22,24,25,28,30-32,35]. In addition, the addition of a small amount of
Co can facilitate the production of wide ribbons, which are specially
required in some commercial applications, such as transformers and
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Fig. 1. XRD patterns of various FegyCo,B14—,Si2P3Cu; (a) as-spun ribbons and
(b) annealed ribbons.
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Fig. 2. DSC curves of the as-spun amorphous FeCoBSiPCu alloy ribbons.
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Fig. 3. (a) Dependence of H. on the annealing temperature (T,) for the
FegoCo,B14—xSizP3Cu; alloy ribbons; (b) Dependence of B on the annealing
temperature (T,) for the FeggCo4B10.SioP5Cu; alloy.

motors. [33].

The FegoSioB14P3Cu; alloy system has low Si content and high B
content. Given these characteristics, the soft magnetic performance of
this system could be improved by replacing B with Co. In this study, we
explored the glass formation ability, thermal stability, and magnetic
behavior of the FeggCo,B14_,Si>P3Cu; (x = 0, 2, 4, 6) alloy system and
elucidated the soft magnetic performances of FegoCo4B1SizP3Cu; alloy.
The addition of small amounts of Co remarkably affected glass forma-
tion, crystallization, and magnetic behavior of the alloy systems. Co
content was limited to 6% in consideration of fabrication costs.

2. Experiment

Alloy ingots  with  the nominal compositions  of
FegoCoxB14 - ,SioP3Cu; were dissolved through the induction melting of
a mixture of pure Fe (99.99 mass%), FesP (99.9 mass%), B (99.5 mass
%), Co (99.999 mass%), Si (99.9 mass%), and Cu (99.9 mass%) under
an Ar atmosphere. Ribbons with thicknesses of ~22pum were then
prepared from the alloy ingots via the melt spinning technique. All
samples were fabricated under the same conditions. The micro-
structures of the as-spun and annealed ribbons were checked via X-ray
diffraction under Cu Ka radiation and transmission electron microscopy
(TEM). The thermal stability and crystallization temperature (Ty) of the
as-spun samples were determined through differential scanning ca-
lorimetry (DSC) with the heating rate of 40 °C/min under Ar flow.
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Fig. 4. (a) Hysteresis curves of annealed ribbons of FegyCo,B14.,Si>P3Cu; alloy; (b) Dependence of magnetic conductivity on frequency for the FegyCo,B14—,Si>P3Cuy
alloy ribbons; (¢) Dependence of magnetic core loss (W) on the induction for the FegoCo,B14—,SioP3Cu; alloy ribbons at 50 Hz. (d) Dependence of magnetic core loss
(P) on the induction for the FegyCo4B10-SioP3Cu; alloy ribbon at 50 Hz, 400 Hz, 1000 Hz.

The as-spun alloys were nanocrystallized through annealing under
various temperatures in a vacuum in zero magnetic field for different
durations. Magnetic behaviors, specifically, B; and M;, were quantified
with a vibrating sample magnetometer under a field strength of
15,000 Oe. A DC B-H loop tracer was used to determine H,, and an ac B-
H analyzer was used to determine W. Magnetic conductivity was ob-
tained at different frequencies by an impedance analyzer.

3. Results and discussion

The X-ray diffraction spectra of FegyCo,B14—,SiaP3Cuy (x = 0, 2, 4,
6) alloy ribbons with different Co contents are presented in Fig. 1. The
free surfaces of the samples were examined. The absence of a dis-
cernible diffraction peak from the XRD patterns of the alloy ribbons
with Co contents of 0—4 at.% indicates that all these alloys were fully
amorphous. Nevertheless, a sharp diffraction peak appeared in the
spectra of the alloy ribbons with Co contents of 6 at.%. The presence of
this peak shows that the alloy ribbons had partly crystallized. The
partially crystallized ribbon will not be considered for further magnetic
studies because it exhibited a high H.. The XRD and DSC results pre-
sented in Figs. 1 and 2 revealed that the partial substitution of B with
Co impaired the glass forming ability of the present alloy system be-
cause excessive Co content promoted the formation of the a-(Fe, Co)
phase in the undercooled liquid. This effect was particularly pro-
nounced when Co content reached 6%. By contrast, the alloy system

with the Co content of less than 6% remained in an amorphous state.

Fig. 2 presents the thermal properties of the as-spun
FegoCoxB14_,SisP3Cu; (x = 0, 2, 4, 6) alloy ribbons. All of the samples
underwent two-stage crystallization processes [24]. In the first stage of
crystallization, the amorphous phase partially transformed into the
nanocrystalline a-(Fe, Co) phase; in the second stage, the remaining
amorphous phases crystallized [24-27]. T,; and T,, are the onset
temperatures of the first and second crystallization events, respectively.
T,1 and T,, decreased and increased, respectively, as Co concentration
increased. Therefore, the addition of Co expanded the temperature in-
terval AT, (AT, = Tyo — Ty1). This effect may enhance the room- and
high-temperature magnetic performance of the alloys by improving the
control of nanocrystalline formation in the amorphous matrix during
annealing [28]. An alloy should contain high concentrations of single-
phase nanocrystals that are uniformly embedded in an amorphous
matrix to exhibit good soft magnetic properties [25,26].

The optimal annealing conditions were identified by heat-treating
the as-spun alloys in a vacuum under different annealing temperatures
(T, between T,; and Ty». Fig. 3(a) and (b) show the annealing tem-
perature-dependent behaviors of H. and By, respectively. The relation-
ship between the T, and H,. of the annealed ribbons with different
compositions is shown in Fig. 3(a). The H, of all ribbons first decreased
with T, up to T,; —40°C and then increased gradually when T, ex-
ceeded Ty; —40 °C. The H, of the ribbons decreased at low T, (below
T,1) owing to the release of internal stress. The precipitation of a-(Fe,
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Fig. 5. TEM images of ribbons (a) FegoB14Si>P3Cuy; (b) FegoCo2B12SioP3Cuy; (¢) FeggCo,4Si>—P3Cu; annealed at optimum annealing conditions, respectively.

Co) grains from the amorphous matrix as T, approached Ty, increased
H. [24]. Further increasing the annealing temperatures to slightly
above T, resulted in the formation of numerous fine a-(Fe, Co) grains
and thus facilitated exchange coupling between grains [24,36]. How-
ever, the formation of other compounds will drastically degrade the soft
magnetic properties of samples annealed at temperatures that were
considerably higher than T,;. Therefore, as inferred from the DSC re-
sults, the optimum annealing temperature region ranged from 420 °C to
480 °C, and the FegyCo,B14—,Si,P5Cu; (x = 0, 2, 4, 6) alloys presented
the lowest H.. of 5.3 A/m after annealing. The x = 6 sample consistently
provided an extremely large H. (above 200 A/m) given that it contained
large crystals. Although nanocrystalline alloys with H. above 100 A/m
can exhibit high B, they are not promising for applications that require
extremely low W. The present alloy system showed good comprehen-
sive soft magnetic performances despite its fair H. of —5.3A/m
[16,34], as discussed below.

The relationship between annealing temperature and Bs is shown in
Fig. 3(b). The FegyCo4B10SioP5Cu; alloy was used as an example. By

increased as annealing temperature increased when T, was lower than
480 °C and began to decrease when T, exceeded 480 °C. Experimental
results showed that the optimal annealing treatment condition for ob-
taining the best soft magnetic performance was 480 °C for 3 min.

The Co-dependence of the B, ., W, and H, of the alloys annealed
under the optimal heat treatment conditions is discussed in the fol-
lowing section. B can be determined from the B-H curves shown in
Flg 4(3) F680CO4B1()Si2P3CU1 and F680B14Si2P3CU1 exhibited the max-
imum and minimum By values of 1.84 and 1.70 T, respectively. These
results can be attributed to the formation of fine nanocrystals in the
amorphous matrix in the presence of small amounts of Co. The com-
plexity of the nanocrystallization mechanism of Fe-Si-B-P—Cu alloys
may be attributed to pre-existing fine a-Fe nuclei in the as-quenched
alloys. Therefore, pre-existing and newly created nuclei must grow to-
gether during annealing to yield a uniform nanocrystalline grain
structure that confers good soft magnetic performance to the final alloy
system. XRD and magnetic results revealed that the addition of low Co
amounts promoted fine nanocrystalline formation. Nevertheless, the
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presence of large crystals hindered the as-quenched x = 6 sample from
developing fine and uniform nanocrystals during annealing. Similar to
that in the case of ball-milled Fe—Co alloys, the increase in the B of the
Fe-Si-B-P—Cu alloys after Co addition may be attributed to a-(Fe, Co)
solid solution formation [4,22]. The change in B; with Co content can
be ascribed to the differences among the grain sizes of a-(Fe, Co) as will
be discussed further below. The nanocrystalline alloy with the Co
concentration of —4at.% presented the lowest H. (—5.3 A/m) and
highest Bs (—1.84T). It is possible to obtain a fine nanocrystalline
structure with a-(Fe, Co) phase in as-quenched alloys with higher
concentration of Co to get higher B,.

The variation in the . of the FeggCo,B14—,SioP3Cu; (x = 0, 2, 4, 6)
ribbons with frequency is illustrated in Fig. 4 (b). The . of all ribbons,
but not that of FegyCogBgSioP3Cu;, increased as Co content increased
because the grain size of a-(Fe, Co) decreased with increasing Co
content. Permeability is expected to vary roughly with grain size as
le  1/D®. Magnetic conductivity at 1000 Hz is an important index of
the soft magnetic property of a nanocrystalline alloy. The alloy with
—4at.% Co content obtained the highest . of —12,601 and that
without Co content obtained the low p. of 4949. The p. of
FegoCo4B10SioP3Cu; alloy remained high even under high frequency.

Fig. 4(c) shows the variation in the W of FegyCo,B14_,SioaP3Cuy
(x =0, 2, 4) ribbons at 50 Hz as a function of Co content. Substituting
Co with B accelerated the magnetic core loss of the ribbons. The x = 4
sample showed the lowest W over a wide range of magnetic induction.
This characteristic is related to its small nanograin size and low H.. In
addition to B, W is the most important property considered in the high-
frequency application of soft magnetic alloys as motors and transfor-
mers. The W of FeggCo4B1¢Si>P3Cu; alloy was measured at frequencies
of 50, 400, and 1000Hz and different magnetic inductions (B.,)
(Fig. 4[d]). The FegoCo4B10SioP3Cu; alloy exhibited a low W of 60 W/kg
at the high B, of —1.5T and frequency of —1000Hz. These char-
acteristics are important for minimizing energy loss in many magnetic
applications.

The microstructures of the alloys were analyzed via XRD and TEM
to elucidate the effect of Co concentration on magnetic behaviors. The
results for alloys containing — 0% to 4% Co are shown in this section.
Fig. 5(a)—(c) provide the TEM images of the annealed FegoB;4Si>P3Cuy,
FegoCo,B1,SisP3Cu;, and FeggCoyB1SioP3Cu; samples, respectively.
Nanocrystals precipitated in the amorphous matrix, and the average
grain size of nanocrystals decreased as Co content increased. The SAED
patterns (inset in Fig. 5) of the alloys also indicate that a-(Fe, Co) na-
nocrystals oriented in the annealed samples randomly. Small a-(Fe, Co)
grain sizes favor low H, [28,29]. The TEM images were subjected to
statistical analysis to obtain grain size information. More than 100 spots
were analyzed for the determination of mean grain size. The mean grain
sizes of FeggB14Si,P3Cu;, FegoCo2B15Si,P3Cu,, and FeggCo4Bq0SisP3Cuy
were 27.74, 11.75, and 7.61 nm, respectively. These results illustrate
that grain size tended to decrease as Co content increased. H. was ex-
pected to vary with grain size as H. x D®. Therefore, the TEM results
provide evidence that the development of a uniform nanocrystalline
structure with small bee Fe(-Co) grain sizes and high Co concentration
is conducive for reducing H. However, the precipitation of large
crystals in the x = 6 alloy implies that an upper limit exists for the
simultaneous achievement of high B; and low H, by the Fe-Co-—-
Si-B-P-Cu alloy systems.

4. Conclusions

The effects of substituting B with Co on the structure, thermal be-
havior, and magnetic performances of FeggCo,B14_,SizP3Cu; (x = 0, 2,
4, 6) alloys were investigated. XRD measurements revealed that most of
the as-spun alloys contained an amorphous phase. The
FegoCoeBgSioP3Cu; ribbon exhibited a composite structure that was
characterized by crystalline phases embedded in an amorphous matrix.
Replacing B with Co in the present alloy system reduced the thermal
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stability of the amorphous phase against crystallization but expanded
the temperature range for heat treatment, favored the precipitation of
a-(Fe, Co), and inhibited the precipitation of other compounds. These
effects improved the soft magnetic performance of the alloy systems.
The outstanding soft magnetic properties exhibited by the alloy systems
when annealed under optimal conditions may be attributed to the
formation of a uniform fine o-(Fe,Co) phase. The nanocrystalline
FegoCo4B1SioP3Cu; alloy presented a high B; of 1.84 T, low H. of 5.3 A/
m, high . of 12,601 at 1000 Hz, and low W of 62 W/kg at 1000 Hz and
1.5 T. These results indicated that the introduction of a small amount of
Co enhanced soft magnetic performance by effectively inducing the
uniform nanocrystallization of a-(Fe, Co) and averaging out magnetic
anisotropy.
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