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Abstract: Good high-frequency magnetic softness and thermal stability are very important for the
wide application of Fe-based nanocrystalline alloys. The present work reports the influence of Mn-
doping and rapid annealing on the magnetic softness, nano-structure, and magnetic-microstructure
of Fere-Si1sBsNb2CuiMnx (x =0, 1, 2, 3, and 4) alloys. It was found that the Fe7SiisBsNb2CuiMnz alloy
exhibits a superior magnetic softness with the high-saturation magnetic induction of 1.32 T and a
large permeability at 100 kHz of over 15,000 at a large annealing-temperature region of 120 °C. The
microstructure and magnetic domains characterization indicate that the good magnetic softness and
thermal stabilization can be ascribed to the superb nano-structural stability caused by the Mn dop-
ing and rapid annealing at elongated temperatures, which can maintain a fine and high number
density a-Fe(Si) nano-grains and facilitate the formation of regular and wide domains.
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1. Introduction

Due to high saturation magnetic induction (Bs), large high-frequency permeability
(4), and small high-frequency loss (P), Fe-based nanocrystalline alloys are gradually re-
placing permalloy and soft-ferrite and are widely applied in filter inductions, high-fre-
quency transformers/inverters, and leakage short-circuit devices, etc. [1,2]. Finemet ® al-
loys (representative composition Fe7ss5i13sBosNbsCui) with an excellent comprehensive
magnetic softness were first discovered by Yoshizawa et al. in 1988 [3], and are still the
most widely used nanocrystalline alloys so far. However, their low Bs of around 1.24 T is
not conducive to the miniaturization and high power of electromagnetic devices. Many
efforts have been devoted to improve the Bs of Fe-based nanocrystalline alloys—e.g., in-
creasing the Fe content [4-6], adding Co element to increase the magnetic exchange inter-
action [7-9], decreasing the amount non-magnetic and large-sized elements [10,11], and
removing Cu element [12,13]. However, these alloys with high Bs suffer from a low amor-
phous-forming ability and poor high-frequency magnetic softness, which is unable to
meet the requirement for mass production and high-frequency applications. Therefore, it
is of paramount importance to simultaneously improve their Bs and high-frequency mag-
netic performance.

Rapid annealing (RA) has been found to be an effective strategy for refining nano-
grains, promoting crystallinity and reducing coercivity (Hc) and P in the high-Bs nano-
crystalline alloys such as Fe-B-(Cu, Ni) [14,15], Fe-Nb-B-(Cu) [16], and Fe-Si-B-Nb-(Cu)
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[17,18], as well as Fe-5i-B-P-C-Cu [19]. Despite the longstanding interest in RA for improv-
ing static magnetic softness and lowering core loss at a low frequency, there are only few
studies on the correction between high-frequency magnetic softness (e.g., u at 100 kHz)
and RA, which needs further investigation and is of great importance in understanding
their microstructure—properties relationship.

In our previous work, a representative FezSiisBsNb2Cui nanocrystalline alloy with a
good magnetic softness and manufacturability was developed [20,21]. Compared with
non-magnetic metals, Mn has less negative influence on Bs and can increase the crystalline
volume fraction and thermal stability of the nanocrystalline alloys [22-24], while the mag-
netic softness is not improved by normal-annealing (NA). Herein, with aim of improving
the soft magnetic performance and thermal stability, the effects of Mn doping and RA on
the thermal properties, high-frequency magnetic softness, microstructure, and magnetic
domains of FezSi1sBsNb2Cui nanocrystalline alloy have been investigated in detail. The
RA alloy exhibits a high Bs, good high-frequency permeability, and wide annealing-tem-
perature region, making it very suitable for high-power and high-frequency devices.

2. Experimental Procedures

Master alloys with nominal atomic compositions of Fe7e«Si1sBsNb2CuiMnx (x =0, 1, 2,
3, and 4) were prepared by induction melting with the mixtures of pure Fe (99.99 mass%),
Si (99.99 mass%), B (99.9 mass%), Cu (99.99 mass%), and Mn (99.9 mass%). The as-
quenched ribbons with a width of about 1 mm and a thickness of about 26 um were pre-
pared by a single-roller melt-spinning method at a spinning rate of 45 m/s. Then, the as-
quenched ribbons were heat treated at 480 ~ 640 °C for 10 min in a rapid annealing (RA)
furnace, in which the heating rate was up to 300 °C/min. For comparison, the normal-
annealing (NA) was conducted in a tube furnace with a vacuum of about 5 x 10~ Pa.

Thermal parameters such as the onset crystallization temperature (Tw, Tx2) and the
temperature interval (AT = Tx2 — Tx1) were examined by differential scanning calorimetry
(DSC, NETZSCH 404C, Selb, Germany) at a heating rate of 40 °C/min. Melting and solid-
ification behaviors were observed via the DSC at a heating rate of 40 °C/min and a cooling
rate of 4 °C/min, respectively. Magnetic softness, including the He, i, and Bs, was meas-
ured via a DC B-H loop tracer (EXPH-100, Riken Deshi Co., Ltd., Saitama, Japan) under
the maximum applied field of 800 A/m, an impedance analyzer (Agilent 4294 A, PaloAlto,
CA, USA) with an AC magnetic field magnitude (Hm) of 1~50 A/m and a frequency of 1
kHz ~ 100 MHz, as well as a vibrating sample magnetometer (VSM, Lake Shore 7410, Co-
lumbus, OH, USA) under the maximum applied field of 800 kA/m, respectively. The mi-
crostructure and precipitation phases of the as-quenched and annealed samples were first
identified by X-ray diffraction (XRD, Bruker D8 Advance, Karlsruhe, Germany) with Cu-
Ko radiation. The nano-structure of the annealed samples was further characterized by
transmission electron microscopy (TEM, Talos F200x, Hillsboro, OR, USA), and the TEM
samples were prepared by ion-milling (Gatan691, Gatan, Pleasanton, CA, USA). The mag-
netic domain structure was obtained by magneto-optical Kerr microscopy (4-
873K/950MT, Germany).

3. Results and Discussion

The influences of Mn on the melting and solidification processes, amorphous form-
ing ability, and crystallization characterization of Fezs-xSiisBsNb2CuiMnx (x =0, 1, 2, 3, and
4) alloys were first investigated. The ribbons with x =0, 1, 2, 3, and 4 are conveniently
labeled as Mn0O, Mn1, Mn2, Mn3, and Mn4, respectively. As shown in Figure 1a,b, the
onset temperature of the melting endothermic peak (Tm) and the solidification exothermic
peak (Tis) slightly shifts to a lower temperature with the increasing Mn content, suggesting
that the substitution of Mn (<4 at.%) for Fe has no obvious influence on the melting and
solidification behaviors of FeSiBNbCu master alloys. According to the XRD pattern in Fig-
ure 1c, all as-quenched ribbons exhibit a fully amorphous structure characterized by only
a halo peak at 26 of about 45°. Figure 1d displays the DSC curves of the as-quenched
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ribbons. The crystallization of the ribbons happens in 2~3 stages. The Txi and Tx2 corre-
sponding to the onset temperature for the precipitation of the a-Fe(Si) phase and the pre-
cipitation of iron borides [25] slightly shifts to a high and low temperature side, respec-
tively. Since the mixing enthalpy between Cu and Fe is positive (13 k]J/mol) while that
between Cu and Mn is negative (-6 kJ/mol) [26], the driving force for Cu clustering is thus
reduced when replacing Mn for Fe. This would be responsible for the slight improvement
in T. It is noteworthy that the Mn-doping alloys exhibit a wide AT (= Txz — Tx1) above 145
°C, which is comparable to the commercial Finemet® alloys [27], suggesting the facile for-
mation of a-Fe(Si) nano-grains and good thermal stability of the residual amorphous ma-
trix.

Figure 1. Thermal and structural characteristics of Mn0, Mn1, Mn2, Mn3, and Mn4. (a) XRD patterns of the as-quenched
ribbons, showing a fully amorphous structure; DSC curves of the (b) heating and (c) cooling of master alloys, showing the
melting and solidification processes; (d) DSC curves of the as-quenched ribbons, showing a large AT of 146 ~ 164 °C.

The magnetic softness of Mn0, Mn1, Mn2, Mn3 and, Mn4 annealed in an FA process
was investigated by measuring the He, u, and Bs. As shown in Figure 2a, Mn1 and Mn2
exhibit a low Hc of 1.1~1.8 A/m at a large annealing temperature (Ts) region of 480~600 °C,
which is better than that of the other alloys. Moreover, as the Ta rises up to 600 °C, the Hc
of Mn2 is still below 10 A/m, while that of the other four alloys deteriorates to over 100
A/m. For Mn2, u at 100 kHz keeps a high value of above 15,000 at a wide Ta range of
480~600 °C and slightly decreases to 9200 at 640 °C. Whereas, the i at 100 kHz of the other
alloys decreases starting from 600 °C, and sharply decreases to below 1000 at 640 °C. These
results indicate that Mn2 exhibits a superior thermal stability for obtaining an excellent
magnetic softness. The dependence of y at 1A/m on the frequency and the dependence of
u at 100 kHz on the AC magnetic field magnitude (Hm) of Mn0, Mn1, Mn2, Mn3, and Mn4
annealed at 600 °C were tested to analyze the high-frequency characterization, as pre-
sented in Figure 2¢,d, respectively. As the frequency increases, u stays constant at low and
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medium frequencies, and subsequently reduces at higher frequencies, as shown in Figure
2c. As the frequency increases, the magnetic domain walls and magnetization would be-
come more difficult to move and rotate, which results in a decrease in their contribution,
leading to a decrease in i [28]. The y at 100 kHz of Mn2is independent of Hm (Figure 2d),
suggesting a good magnetic saturation resistance which is different from that of the other
alloys. Therefore, the substitution of Mn with a proper content for Fe could effectively
reduce H., enhance high-frequency u, enlarge the optimal Ta range, and improve the mag-
netic-saturation resistance.

Figure 2. Magnetic softness of Mn0, Mn1, Mn2, Mn3, and Mn4 by RA. Ta dependence of (a) He and (b) i at 100 kHz and 1
A/m, (c) frequency dependence of p at 1 A/m for the ribbons treated at 600 °C, (d) AC magnetic field magnitude (Hm)
dependence of u at 100 kHz for the ribbons treated at 600 °C.

The hysteresis loops of Mn0, Mn1, Mn2, Mn3, and Mn4 annealed at an optimum T
were then performed via the VSM. As shown in Figure 3, all the alloys depict typical loops
of nanocrystalline soft magnetic materials. The Bs decreases with the increase in Mn con-
tent, but is still greater than the typical Bs (1.24 T) of the Finemet © alloys. For example, the
Bs of Mn2 is 1.33 T, which is 7% higher than that of the Finemet © alloys. Therefore, the
substitution of Mn for Fe does not significantly reduce Bs. The large Bs, good high-fre-
quency magnetic softness, wide AT and Tarange, as well as high magnetic-saturation re-
sistance are combined in Mn2, which is beneficial to minimize the size, boost the power
density, and improve the efficiency of magnetic devices.
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Figure 3. Hysteresis loops of Mn0, Mn1, Mn2, Mn3, and Mn4 annealed at optimal Ta. Inset shows
the density (p), Bs, and B:/Bs of the optimal Mn0, Mn1, Mn2, Mn3, and Mn#4 alloys.

The H. and high-frequency p of Mn2 by RA and NA were compared to unveil the
effect of the annealing heating rate on the magnetic softness and thermal stability, as
shown in Table 1. Mn2 by RA exhibits a high y at 100 kHz over 15,000 and a low Hc below
1.5 A/m at a wide Ta range of 480~600 °C. In contrast, the NA sample displays a higher Hc
and a much lower p at 100 kHz at all annealing conditions. In particular, the y at 100 kHz
of the RA sample exhibits an increase of 240% at 480 °C (close to Tx1) as compared with
that of the NA sample. Therefore, RA can remarkably enhance high-frequency u at 100
kHz and reduce H. at a large annealing temperature window, manifesting the effective-
ness of RA in improving the magnetic softness and thermal stability.

Table 1. i1 at 100 kHz and He of Mn2 by RA and NA at different T.

Annealing Temperature (1)

. 480 °C 520 °C 600 °C 640 °C
Annealing
H: U H. U H: U H. U
(A/m) @100 kHz (A/m) @100 kHz (A/m) @100 kHz (A/m) @100 kHz
RA 1.3 15,900 1.3 16,000 1.4 15,700 6.0 9200
NA 3.5 4700 2.0 10,200 2.3 10,100 8.4 6400

To reveal the enhancement mechanism in high-frequency magnetic softness and
thermal stability, the microstructures and their evolution processes of Mn2 by RA and NA
at different T were subsequently investigated, as shown in Figure 4. Annealing at 480 °C
(close to Tx1) generates a small peak at around 260 = 45° for NA, whereas it results in obvi-
ous crystallization for RA, identified by the sharp peaks at about 26 = 45°, 65°, and 83°,
respectively, corresponding to the a-Fe(Si) phase. After annealing at 600 °C (between Tx1
and Tx2), both NA and RA cause an obvious crystallization verified by the sharp crystal
peaks. According to the Scherrer equation [29], we calculated the average size of the a-
Fe(Si) grains of the RA sample, which exhibits a plateau size of around 13 nm for a wide
Ta interval of 120 °C. This behavior indicates the excellent thermal stability of Mn2 by RA.
When T increases to 640 °C (close to Tx2), the FesB phase can be detected for both the NA
and RA samples, which is responsible for the deterioration of magnetic softness.
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Figure 4. XRD patterns of Mn2 by (a) NA and (b) RA at different Ta.

To further analyze the changes in the microstructure, selected TEM bright-field im-
ages, SAED patterns, and grain size distributions of Mn2 after annealing at 480, 600, and
640 °C via NA and RA were obtained and are displayed in Figure 5. After annealing close
to Tx1, NA causes a low number density of grains with the size of 11~17 nm embedded
unevenly in a clearly visible amorphous region (Figure 5a,az). However, RA generates a
high number density of grains with the size of around 12.5 nm distributed uniformly in a
nearly invisible amorphous region (Figure 5b,b2), demonstrating the effectiveness of RA
in obtaining a superb nano-structure. These grains are identified as the a-Fe(Si) phase
(Figure 5a1,b1), which is consistent with the XRD results. The uncompleted precipitation
of a-Fe(Si) grains from the amorphous matrix of NA sample cannot effectively reduce the
magneto-crystalline anisotropy by exchange interaction [2,30], which accounts for the in-
ferior magnetic softness. After annealing at 600 °C (between Txi1and Tx2), both the NA and
RA samples precipitate a large number of ultrafine a-Fe(Si) nano-grains from the amor-
phous matrix (Figure 5¢,d). The RA samples annealed at 480 and 600 °C have similar grain
size of around 12.6 nm, which is smaller than that of the NA sample annealed at 600 °C.
The stable nanocrystalline structure caused by RA leads to the superb magnetic softness
of Mn2 in a wide annealing temperature region of 120 °C, since the permeability is in-
versely proportional to six times the nano-grains size [2]. After annealing at 640 °C (near
Tx2), FesB phase with a large magnetic anisotropy precipitates from the amorphous matrix
(Figure 5e1,f1). The FesB nano-grains can pin magnetic domain walls, which account for
the worsening of the magnetic softness [25].

Magnetic domain structures were also investigated to interpret the excellent mag-
netic softness of Mn2 by RA, as depicted in Figure 6. At 480 °C, irregular and small mag-
netic domains with many branches appear in the NA sample (Figure 6a), while the FA
sample has relatively regular and wide domains (Figure 6¢), which can essentially prove
the low pinning effect and small magnetic anisotropy of the FA sample. At 600 °C, the NA
sample has bent-edged and narrow domains, whereas the FA sample exhibits smooth-
edged and wide domains, demonstrating the facile movement of the domain walls. FA
generates high density, homogeneous, and ultrafine a-Fe(Si) nano-grains at 480-600 °C
(Figure 5b,d), leading to an effective reduction in magnetic anisotropy due to the strong
exchange interaction, and finally enabling the formation of regular and wide domains in
a large annealing temperature region. This is responsible for the superb magnetic softness
and thermal stability of Mn2 by RA.
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Figure 5. TEM bright-field images, SAED patterns, and grain size distribution of Mn2 annealed at 480, 600, and 640 °C via
(a,c,e) NA and (b,d,f) RA, respectively.

Figure 6. Magnetic domain structure of Mn2 annealed at 480 and 600 °C via (a,b) NA and (c,d) RA, respectively.
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4. Conclusions

In summary, the effects of the substitution of Mn for Fe as well as rapid annealing on
the magnetic softness, thermal stability, microstructure, and magnetic domains of
FeSiBNbCu nanocrystalline alloys have been investigated in detail. The addition of 2 at.%
Mn and rapid annealing can effectively reduce the Hc and improve the high-frequency p.
The rapid-annealing FezSiisBsNb2CuiMnz alloy exhibits a superb magnetic softness at a
large annealing temperature region from 480 to 600 °C, including the relatively high Bs of
1.32 T and low He of 1.3~1.4 A/m, together with a large p at 100 kHz of over 15,000. The
improved magnetic softness and thermal stability can be ascribed to the formation of high
number density, uniform and fine a-Fe(5i) nano-grains, as well as the regular and wide
magnetic domains induced by rapid annealing.
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