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Addition of minor Mn effectively improves the amorphous-forming ability and ther-
mal stability of the Fe85Si2B8P4Cu1 alloy. With increasing the Mn content from 0 to
3 at.%, the critical thickness for amorphous formation and onset temperature of the
primary crystallization increase from 14 µm and 659 K to 27 µm and 668 K, respec-
tively. The fine nanocrystalline structure with α-Fe grains in size (D) of < 20 nm was
obtained for the annealed amorphous alloys, which show excellent soft magnetic prop-
erties. The alloying of Mn reduces the coercivity (Hc) by decreasing the D value and
widens the optimum annealing temperature range for obtaining low Hc, although the
saturation magnetic flux density (Bs) is decreased slightly. The Fe83Mn2Si2B8P4Cu1

nanocrystalline alloy possesses fine structure with a D of ∼17.5 nm, and exhibits a
high Bs of ∼1.75 T and a low Hc of ∼5.9 A/m. The mechanism related to the alloy-
ing effects on the structure and magnetic properties was discussed in term of the
crystallization activation energy. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5007109

I. INTRODUCTION

Fe-based Fe-Si-B-Nb-Cu nanocrystalline alloys (FINEMET) have been widely used as magnetic
cores in inductors, sensors and high frequency transformers because of their high permeability, low
coercivity (Hc) and low core loss in high-frequency range.1–4 These excellent soft magnetic properties
result from their unique microstructure composed of α-Fe grains in nano-size dispersing uniformly in
the amorphous matrix, which can be well understood on the basis of the random anisotropy model.5 To
achieve the uniform and fine nanocrystalline structure, the FINEMET1 and subsequently developed
Fe-(Zr, Hf, Nb)-B (NANOPERM),6 Fe-Co-Zr-B-Cu (HITPERM)7 alloys always contain a large
amount of non-magnetic metal elements, resulting in a significant decrease of saturation magnetic flux
density (Bs) of the alloys, which is unfavorable for the miniaturization of the electromagnetic devices.
Recently, new Fe-Si-B-P-Cu nanocrystalline alloys with high Bs of 1.8∼1.9 T have been developed,8,9

while their low amorphous-forming ability (AFA) makes it difficult to produce amorphous precursor
with stable quality in mass production, which hinders the industrial application of the Fe-Si-B-P-Cu
alloys.10 Meanwhile, the Fe-Si-B-P-Cu alloys have relatively high Hc of 7–10 A/m as compared the
FINEMET alloys.1,8,9

Adding minor Nb or Ti is an effectively way to improve the AFA of Fe-based alloys owing to
their large negative enthalpies of mixing (∆Hmix) with the components in the alloys and enhance
magnetic softness of Fe-based nanocrystalline alloys by refining the microstructure,11–13 while also
deteriorates Bs of the alloys. It has been reported that the substitutions of Mn for Nb and Ti in
Fe-Zr-B-Cu alloy system could increase Bs of the alloys,14 suggesting Mn has less influence on
decreasing Bs as compared with Nb and Ti. In present study, with the aim of improving the AFA and
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magnetic softness and maintaining the high Bs of the Fe-Si-B-P-Cu alloys, the effects of Mn content
on the AFA, thermal stability, microstructure and magnetic properties of the Fe86-xMnxSi2B8P4Cu1

(x = 0–3) alloy were investigated. The mechanism related to the alloying effects on the structure was
discussed in term of the crystallization activation energy.

II. EXPERIMENTAL PROCEDURE

Alloys ingots with nominal compositions were prepared by alloying Fe (99.95 mass %),
Mn (99.995 mass %), Ti (99.995 mass %), Nb (99.995 mass %), Mo (99.995 mass %), Si (99.999
mass %), B (99.9 mass %), Cu (99.99 mass %) and Fe3P precursor (99.9 mass %) in an induc-
tion melting furnace in an argon atmosphere. Ribbon samples with a width of about 1.5 mm and
thicknesses of 14–30 µm were prepared by melt spinning with linear velocities for copper wheel of
20–50 m/s in an argon atmosphere. The amorphous ribbons were subsequently annealed at different
annealing temperatures (T a) for 10 min in an argon atmosphere. The microstructure of the melt-spun
and annealed samples was examined by X-ray diffraction (XRD) (Cu Kα) and transmission electron
microscopy (TEM). The thermal stability of the melt-spun alloys was investigated in both isochronal
and isothermal modes by differential scanning calorimetry (DSC). The isochronal DSC measure-
ments were conducted from 298 to 873 K under heating rates ranging from 30 to 60 K/min. For the
isothermal DSC measurements, the samples were first heated to a fixed temperature between 613
and 638 K, and then held isothermally for a certain period of time until the completion of crystal-
lization. The Bs was measured by a vibrating sample magnetometer under a maximum applied field
of 800 kA/m. The Hc was measured by a dc B-H loop tracer using ribbon samples about 60 mm in
length.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the XRD patterns of the melt-spun ribbons with different thickness (t) of the
Fe85-xMnxSi2B8P4Cu1 (x = 0–3) alloys. It is seen that the patterns of all ribbons consist of only typical
broad peaks of amorphous structure, while sharp diffraction peaks matchingα-Fe phase were found in
the patterns of thicker ribbons, suggesting that the critical thickness for amorphous formation (tc) for
the alloys with x = 0, 1, 2, and 3 are ∼14, ∼17, ∼22, and ∼27 µm, respectively. The DSC curves of the
Fe-Mn-Si-B-P-Cu amorphous alloys are shown in Figure 1(b). All curves have two distinct exothermic
peaks, which are associated to precipitations of α-Fe phase and non-ferromagnetic compounds like
Fe-boride, respectively.8,15 The onset temperature of the primary peak (Tx1) increases from 659 to
668 K as the Mn content increases from 0 to 3 at.%. The XRD and DSC results reveal that the
addition of Mn in the Fe85Si2B8P4Cu1 alloy significantly enhances the AFA and thermal stability
of the amorphous alloys. Mn has large negative ∆Hmix with the components in the Fe-Si-B-P-Cu
alloys (i.e., -45, -32 and -57.5 kJ/mol for Mn-Si, Mn-B and Mn-P atom pairs, respectively).11 In the

FIG. 1. XRD patterns (a) of melt-spun Fe85-xMnxSi2B8P4Cu1 (x = 0–3) ribbons with different thickness and the DSC curves
(b) of the amorphous alloys.
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FIG. 2. Variation in coercivity as a function of annealing temperature (a) and hysteresis loops (b) of Fe85-xMnxSi2B8P4Cu1
(x = 0–3) alloys.

Fe-Mn-Si-B-P-Cu alloys, strong chemical short-range ordering could be produced in the liquid state
between the atomic pairs with large negative ∆Hmix, which could retard the precipitation of crystal
phases by increasing the difficulty of atomic movement, and then improves the AFA and thermal
stability of amorphous alloys.16,17

The influences of T a on magnetic properties of the Fe-Mn-Si-B-P-Cu alloys were investigated.
Figure 2(a) shows the variation in Hc as a function of T a of the alloys. The Hc of all alloys decreases
gradually with increase of T a, and then keeps nearly a constant during a certain T a range, which
followed by a rapid rise with further increase of T a. Meanwhile, Hc decreases with increasing the
Mn content at each T a, and the addition of 3 at.% Mn widens the optimum T a region (here artificially
defined as the T a region for Hc < 10.0 A/m) from∼30 to∼60 K. The Bs of all alloys shows no obvious
variation with the increase of T a. Hysteresis loops of the alloys annealed at 713 K are exhibited in
Figure 2(b). With increasing the Mn content increases from 0 to 3 at.%, the Hc decreases from 7.7 to
5.6 A/m, which companied by a slight decrease of Bs from 1.84 to 1.70 T. It should be noticed that
the alloy with x = 2 shows a high Bs of 1.75 T and a low Hc of 5.9 A/m (see Table I), which suggests
that 2 at.% is the optimal Mn content for magnetic properties. Microstructure of the alloys annealed
at 713 K was examined by XRD. Only α-Fe phase was precipitated in all alloys. The average grain
size (D) of α-Fe phase was estimated by using Scherrer formula from the full width at half maximum
of the (110) peak in the XRD patterns. As the Mn content increases from 0 to 3 at.%, D decreases
from 20.7 to 18.3 nm (see Table I). The structure of the Fe85Si2B8P4Cu1 and Fe83Mn2Si2B8P4Cu1

alloys was also examined by TEM and shown in Figure 3. The TEM results show that both alloys
have nanocrystalline structure composed of α-Fe grains (identified by the selected area diffraction
patterns) dispersing in the amorphous matrix, and the D of α-Fe phase in the Fe85Si2B8P4Cu1 and
Fe83Mn2Si2B8P4Cu1 alloys was measured as about 19.8 and 17.5 nm, respectively, which is consistent
with the XRD results. According to the random anisotropy model,5 the Hc of the nanocrystalline
soft magnetic alloys is almost proportional to D.6 The addition of Mn in the Fe85Si2B8P4Cu1 alloy
refines the α-Fe grains, and thus the Mn-containing nanocrystalline alloys exhibit lower Hc. On
the other hand, the Bs of Fe-based nanocrystalline alloys can be expressed as Bs = Bsc V c/V + Bsa

(1- V c/V ),15 where V c/V, Bsc and Bsa are the ratio of the volume fraction of the α-Fe phase, saturation
magnetic flux densities of the α-Fe phase and amorphous phase, respectively. The Bsc is more than

TABLE I. The thermal properties, critical thickness for amorphous formation (tc), magnetic properties and α-Fe grain size
(D) of the Fe85-xMnxSi2B8P4Cu1 (x=0–3) alloys.

Alloys Tx1(K) Tx2(K) tc(µm) Bs (T) Hc (A/m) D (nm)

x = 0 659 812 14 1.84 7.7 20.7
x = 1 663 814 17 1.80 6.5 19.5
x = 2 666 817 22 1.75 5.9 18.8
x = 3 668 818 27 1.70 5.6 18.3
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FIG. 3. Bright-field TEM images, selected area electron diffraction (SAED) patterns and gain size distributions (red lines
show normal fittings) of Fe85Si2B8P4Cu1 (a) and Fe83Mn2Si2B8P4Cu1 (b) alloys annealed at 713 K for 10 min.

2.0 T, whereas Bsa is much smaller.18 The substitution of nonmagnetic Mn for Fe decreases the V c/V,
which results in the decrease of the Bs.

The microstructure of nanocrystalline alloys has a significant correlation with crystallization
process of the amorphous precursor. In order to further understanding the effects of the Mn alloying
on the microstructure, the crystallization kinetics of the Fe85Si2B8P4Cu1 and Fe83Mn2Si2B8P4Cu1

amorphous alloys were studied in isochronal and isothermal modes. The activation energy Ep for
the growth of α-Fe phase under the isochronal crystallization processes can be calculated through
Kissinger method:19 ln(Tp

2/β) = Ep/RTp + Constant, where β is the heating rate, R is the gas con-
stant and Tp is the peak temperature of primary crystallization peak. As seen in Figure 4(a), the
Ep determined from the Kissinger plots for the Fe85Si2B8P4Cu1 and Fe83Mn2Si2B8P4Cu1 alloys
was calculated as 180 ± 8 and 203 ± 6 kJ/mol, respectively. The activation energy Ec of the crystal-
lization process under isothermal conditions can be calculated by an Arrhenius-type equation:20

FIG. 4. Kissinger plots for peak temperature of the primary crystallization (a) and Arrhenius plots for the isothermal
crystallization at different temperatures (b) of the Fe85Si2B8P4Cu1 and Fe83Mn2Si2B8P4Cu1 amorphous alloys.
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KT = K0exp(-Ec/RT ), where K0 is a constant, T is the isothermal temperature and KT is the
temperature-dependent kinetic constant which can be calculated by using the Johnson-Mehl-Avrami
equation.21,22 Figure 4(b) shows the lnKT versus 1/T plots of the Fe-Si-B-P-Cu-Mn amorphous alloys.
The Ec of the Fe85Si2B8P4Cu1 and Fe83Mn2Si2B8P4Cu1 alloys was calculated as 219 ± 8 and 249 ±
4 kJ/mol, respectively. The Mn-containing alloys exhibit increased crystallization activation energy
(Ec and Ep) as compared with the base alloy, suggesting that the presence of Mn could provide a
larger energy barrier for the growth of the α-Fe grains. Accordingly, the growth of α-Fe grains in
the Mn-containing alloys was restrained, which results in the more uniform and finer nanocrystalline
structure.

IV. CONCLUSION

In summary, the effects of Mn addition on the AFA, thermal stability, crystallization structure
and magnetic properties of the Fe85Si2B8P4Cu1 alloy were investigated. The addition of Mn improves
the AFA and thermal stability of the Fe85-xMnxSi2B8P4Cu1 (x = 0–3) amorphous alloys, whose tc

and Tx1 gradually increase from 14 µm and 659 K to 27 µm and 668 K, respectively. The annealed
Mn-containing alloys possess finer nanocrystalline structure, improved magnetic softness and wider
optimum T a range for obtaining low Hc as compared with the base alloy, although the Bs is reduced
slightly. The Fe83Mn2Si2B8P4Cu1 nanocrystalline alloy possesses fine microstructure with a D of
∼17.5 nm, and exhibits a high Bs of ∼1.75 T and a low Hc of ∼5.9 A/m. The addition of Mn favors
the growth suppression of α-Fe grains during annealing, which is contributed to the microstructure
refinement.

ACKNOWLEDGMENTS

This research was supported by the National Key Research and Development Program of
China (Grant No. 2017YFB0903903), the National Natural Science Foundation of China (Grant
Nos. 51571047), the Natural Science Foundation of Liaoning Province (Grant No. 201602184) and
the Fundamental Research Funds for the Central Universities (DUT17ZD212, DUT17LAB10).

1 Y. Yoshizawa, S. Oguma, and K. Yamauchi, J. Appl. Phys. 64, 6044–6046 (1988).
2 M. E. McHenry, M. A. Willard, and D. E. Laughlin, Prog. Mater. Sci. 44, 291–433 (1999).
3 Y. Yoshizawa, Scripta Mater. 44, 1321–1325 (2001).
4 G. Herzer, Acta Mater. 61, 718–734 (2013).
5 G. Herzer, IEEE Trans. Magn. 26, 1397–1402 (1990).
6 K. Suzuki, N. Kataoka, A. Inoue, A. Makino, and T. Masumoto, Mater. Trans., JIM 31, 743–746 (1990).
7 M. A. Willard, D. E. Laughlin, M. E. McHenry, D. Thoma, K. Sickafus, J. O. Cross, and V. G. Harris, J. Appl. Phys. 84,

6773–6777 (1998).
8 A. Makino, H. Men, T. Kubota, K. Yubuta, and A. Inoue, Mater. Trans. 50, 204–209 (2009).
9 A. Makino, T. Kubota, K. Yubuta, A. Inoue, A. Urata, H. Matsumoto, and S. Yoshida, J. Appl. Phys. 109, 07A302 (2011).

10 Y. Zhang, P. Sharma, and A. Makino, IEEE Trans. Magn. 50, 1–4 (2004).
11 A. Takeuchi and A. Inoue, Mater. Trans., JIM 46, 2817–2829 (2005).
12 Z. Xiang, A. D. Wang, C. L. Zhao, H. Men, X. M. Wang, C. T. Chang, and D. Pan, J. Alloys Compd. 622, 1000–1004

(2015).
13 W. L. Liu, Y. G. Wang, and F. G. Chen, J. Mater. Sci.: Mater. Electron. 25, 5066–5070 (2014).
14 M. Hasiak, M. Łukiewski, M. Miglierini, and J. Kaleta, Acta Phys. Pol. A 118, 829–831 (2010).
15 M. Ohta and Y. Yoshizawa, J. Magn. Magn. Mater. 321, 2220–2224 (2009).
16 W. H. Wang, Prog. Mater. Sci. 52, 540–596 (2007).
17 A. Inoue, Acta Mater. 48, 279–306 (2000).
18 M. Ohta and Y. Yoshizawa, J. Appl. Phys. 103, 07E722 (2008).
19 H. E. Kissinger, Anal. Chem. 29, 1702–1706 (1957).
20 M. G. Scott and P. Ramachandrarao, Mater. Sci Eng. A 29, 137–144 (1977).
21 W. A. Johnson and R. F. Mehl, Trans. Am. Inst. Mining Met. Engrs. 135, 416–458 (1939).
22 M. Avrami, J. Chem. Phys. 7, 1103–1112 (1939).

https://doi.org/10.1063/1.342149
https://doi.org/10.1016/s0079-6425(99)00002-x
https://doi.org/10.1016/s1359-6462(01)00700-x
https://doi.org/10.1016/j.actamat.2012.10.040
https://doi.org/10.1109/20.104389
https://doi.org/10.2320/matertrans1989.31.743
https://doi.org/10.1063/1.369007
https://doi.org/10.2320/matertrans.mer2008306
https://doi.org/10.1063/1.3535169
https://doi.org/10.2320/matertrans.46.2817
https://doi.org/10.1016/j.jallcom.2014.11.042
https://doi.org/10.1007/s10854-014-2272-9
https://doi.org/10.12693/aphyspola.118.829
https://doi.org/10.1016/j.jmmm.2009.01.018
https://doi.org/10.1016/j.pmatsci.2006.07.003
https://doi.org/10.1016/s1359-6454(99)00300-6
https://doi.org/10.1063/1.2829240
https://doi.org/10.1021/ac60131a045
https://doi.org/10.1016/0025-5416(77)90118-5
https://doi.org/10.1063/1.1750380

