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A B S T R A C T   

Designing soft magnetic alloys with high saturation magnetic induction (Bs) is of great importance for improving 
the power density of electric and electronic devices. For high-Bs nanocrystalline alloys, the main problem is the 
grain coarsening effect induced by high Fe content (>80 at.%), which deteriorates the soft magnetic properties. 
In present work, we designed new Fe-based nanocrystalline alloys by microalloying a Fe-Si-B-P alloy. The co- 
alloying of Ni, Mo, and Cu effectively refines the microstructure of nanocrystalline alloys from 28.5 nm to 
13.1 nm and increased the stability of soft magnetic properties. Even though there are 28-nm-large surface 
crystallites in the amorphous precursors, an exceptional low coercivity of 1–2 A/m with a high Bs of 1.81 T was 
developed after nanocrystallization. These excellent magnetic properties could be maintained within a wide 
annealing temperature window of 50 K and an annealing time window up to 600 s for high heating rate 
annealing.   

Developing superior soft magnetic materials is of great importance 
for the increasingly electrified world. Fe-based nanocrystalline soft 
magnetic alloys have attracted great interests due to their advantages in 
developing devices with both high power density and high energy effi-
ciency [1–9]. Their excellent soft magnetic properties are from the 
ultra-fine microstructure developed from amorphous precursors 
[10–12]. Increasing the saturation magnetic induction (Bs) of soft 
magnetic materials could increase the power density of the relevant 
products, which is critical for the miniaturization of devices. A high-Bs 
nanocrystalline soft magnetic alloy often requires a high Fe-content and 
the least amount of early transition metals (ETMs), while enough Cu 
addition is necessary for maintaining the good magnetic softness (i.e., 
low coercivity, high permeability, low core loss, etc.) [13–15]. All these 
requisites reduce the glass-forming ability (GFA) of Fe-based nano-
crystalline alloys. The resultant poor quality of amorphous precursors 
leads to coarse microstructure after crystallization, and hence de-
teriorates the soft magnetic properties. In present, this is one of the main 
hinderance to the development of high-Bs nanocrystalline soft magnetic 
alloys. 

Increasing heating rate could effectively improve the soft magnetic 
properties of high-Bs Fe-based nanocrystalline alloys [16–20]. The high 
crystallization temperature and high relaxation temperature achieved 
by increasing heating rate promote the nucleation kinetics in Fe-based 
amorphous alloys [21,22]. Continuous production of Fe-based nano-
crystalline alloys by high heating rate annealing technique is accessible 
[19], but the narrow processing temperature and time window, e.g., 
~20 K and ≤ 20 s, are potential difficulties for industrial application 
[23,24]. Designing new nanocrystalline alloys with good soft magnetic 
properties as well as wide processing window for high heating rate 
annealing would greatly boost the application of high-Bs Fe-based 
nanocrystalline alloys. 

In this work, a new nanocrystalline soft magnetic alloy is designed by 
microalloying Ni, Mo, and Cu to a Fe84Si4B8.4P3.6 alloy. The nano-
crystalline Fe84-x-zSi3.6-yB8.4P3.6NixMoyCuz alloys processed by a rapid 
annealing method was characterized. The variation of their coercivity 
and saturation magnetic induction versus isothermal annealing tem-
perature and isothermal annealing time was investigated. 

Fe-Si-B-P-(Ni-Mo-Cu) alloy ingots were prepared by induction 
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melting the mixtures of Fe (99.99% pure), Si (99.99% pure), B (99.99% 
pure), Ni (99.9% pure), Mo (99.95% pure), Cu (99.99% pure), and Fe3P 
(99.5% pure) in an argon atmosphere. Amorphous ribbons (thickness ≈
20 μm, width = ~1.0 mm or ~5.0 mm) were prepared by a single roller 
melt spinner operated under a circumferential speed of 40 m/s. Calo-
rimetry experiments were conducted by a differential scanning calo-
rimeter (NETZSCH DSC 404C) at a heating rate of 0.33 K/s in an argon 
gas flow. The microstructure of the samples was characterized by X-ray 
diffraction (XRD, Bruker D8 Focus) with Cu Kα radiation and trans-
mission electron microscopy (TEM, FEI Talos F200). The mean grain size 
(D) was estimated by manual measurement from the dark field TEM 
images. The saturation magnetic induction (Bs) of samples was 
measured by a vibrating sample magnetometer (VSM, Lake Shore 7410) 
under a maximum applied field of 800 kA/m. The coercivity (Hc) of 
samples was measured using DC B-H loop tracers (Rikken Denshi BHS- 

40S and Linkjoin MATS-2010SD). The permeability of nanocrystalline 
ribbons was measured by an impedance analyzer (Wayne Kerr 6500 B) 
at 1 kHz and 0.4 A/m. More details about sample preparation, heat 
treatment process, and magnetic properties measurement are presented 
in the Supplementary Materials. 

The alloy design was started from a Fe84Si4B8.4P3.6 alloy, which has 
good glass-forming ability and a Bs of 1.83 T after nanocrystallization. 
The microalloying elements were added to the original Fe-Si-B-P alloy in 
an order of Ni, Mo, and Cu. Fig. 1a presents the XRD patterns of as-spun 
ribbons in this work acquired from their free-side. The thickness of 
ribbons prepared for this study is about 20 ± 2 µm for maintaining a 
constant cooling rate. A typical diffused peak for Fe-based amorphous 
alloys is confirmed for all Cu-free alloys, representing a good GFA. A bcc- 
Fe (110) peak is observed from the XRD patterns of Cu-containing rib-
bons, indicating the surface crystallization due to the deterioration in 

Fig. 1. (a) XRD patterns of as-spun ribbons acquired from their free side (b) The Hc and Bs of optimally annealed Fe84-xSi4B8.4P3.6Nix alloys with x = 0 – 2.5; (c) The 
Hc and Bs of optimally annealed Fe83Si4-yB8.4P3.6Ni1Moy alloys with y = 0 – 2; (d) The isochronal DSC curves of as-spun Fe84-xSi4-yB8.4P3.6NixMoy alloys; (e) The Hc vs. 
Ta plot of nanocrystalline Fe82-x-zSi4-yB8.4P3.6NixMoyCuz alloys (ta = 5 s); (f) The Hc vs. Ta plot of nanocrystalline Fe82Si3.6B8.4P3.6Ni1.0Mo0.4Cu1 (Ni1) and 
Fe81.5Si3.6B8.4P3.6Ni1.5Mo0.4Cu1 (Ni1.5) alloys for ta = 5 s and 60 s. 
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GFA by Cu addition. We first optimized the amount of Ni alloyed to the 
original Fe-Si-B-P alloy. Fig. 1b shows the change in Bs and Hc for 
optimally annealed nanocrystalline Fe84-xSi4B8.4P3.6Nix alloys. Although 
a few literatures indicated that adding Ni to Fe-based nanocrystalline 
alloys would reduce the Bs [17,25,26], our result suggests that the Bs of 
Fe84-xSi4B8.4P3.6Nix alloys remains a constant when x ≤ 1.5. The Hc 
decreases monotonically with the increasing Ni content, which coincides 
to the literatures [25,26]. Namely, replacing 1–1.5 at.% of Fe by Ni 
could make the GFA and Hc of Fe84Si4B8.4P3.6 alloy improved without 
sacrificing its Bs. Therefore, we selected Fe83Si4B8.4P3.6Ni1 and Fe82.5S-
i4B8.4P3.6Ni1.5 as ideal compositions for further microalloying Mo and 
Cu. 

Previous study showed that replacing Fe by Mo could improve the soft 
magnetic properties but significantly reduce the Bs of Fe-based nano-
crystalline alloys [27]. For our work, we tried to replace Si by Mo as we 
thought this may have less impact on Bs than replacing Fe. The effect of 
Mo addition on the Bs and Hc of optimally annealed Fe83Si4-yB8.4P3.6Ni1-

Moy alloys is presented in Fig. 1c. The Hc of nanocrystalline Fe83S-
i4-yB8.4P3.6Ni1Moy alloys is only slightly improved when y = 0.4. Further 
increasing the Mo content makes the Hc increase accompanied with a 
rapid decrease in Bs, which is obviously unwanted. Besides the influences 
on soft magnetic properties, Mo can facilitate the primary crystallization 
onset and suppress the secondary crystallization onset (Fig. 1d), which 
reflects the broadening of processing temperature window for nano-
crystallization. Therefore, Fe82.5–83Si3.6B8.4P3.6Ni1–1.5Mo0.4 alloys were 
assessed as the optimum compositions among Fe84-xSi4-yB8.4P3.6NixMoy 
alloys. The Cu-free alloy compositions show Bs = 1.82 ± 0.02 T (ρ = 7.48 
± 0.01 g/cm3, Ms = 194 ± 2 emu/g), Hc = 5.3 ± 0.5 A/m, and relative 
permeability μr = 5600 at 1 kHz and 0.4 A/m after nanocrystallization. 

After determining the optimum Ni and Mo contents, 1 at.% Cu was 
added to the Fe84-xSi4-yB8.4P3.6NixMoy alloys to further reduce its Hc and 
improving μr. Cu addition is a mixed blessing for Fe-based nanocrystalline 
alloys. On one hand, Cu significantly reduces the GFA of Fe-based alloys 

and can easily result in unexpected quench-in crystals in the amorphous 
precursors with high Fe content, e.g., the surface crystallization revealed 
in Fig. 1a. The presence of large surface crystals in amorphous precursors 
can deteriorate the soft magnetic properties of high-Bs nanocrystalline 
alloys [28]. On the other hand, proper Cu addition can introduce abun-
dant nucleation sites to Fe-based nanocrystalline alloys, which greatly 
refines their microstructure [7,14,29]. Fig. 1f shows that 1 at.% Cu 
addition can reduce the optimum Hc of Fe84-xSi4B8.4P3.6Cux alloys from 
8.0 A/m to 1.9 A/m. Microalloying Ni and Mo together with Cu further 
reduces the Hc of nanocrystalline alloys slightly, while significantly 
broadening the temperature window that the optimum Hc can be ach-
ieved. Fe81.5–2Si4B8.4P3.6Ni1–1.5Mo0.4Cu1 alloys in Fig. 1e shows slightly 
lower optimum Hc than the Fe83Si4B8.4P3.6Cu1 alloy but their Hc remains 
at the optimum level (i.e., Hc ≤ 2 A/m) for a much wider Ta range. 
Fe81.5–2Si4B8.4P3.6Ni1–1.5Mo0.4Cu1 are also the optimum alloy composi-
tions designed in this work. 

Fig. 1f shows the soft magnetic properties of nanocrystalline Fe82S-
i3.6B8.4P3.6Ni1.0Mo0.4Cu1 (Ni1) and Fe81.5Si3.6B8.4P3.6Ni1.5Mo0.4Cu1 
(Ni1.5) alloys with different annealing conditions. Although there is a 
crystalline feature presented on the XRD pattern of the free-side of rib-
bons, the lowest Hc of Ni1 alloy can reach 1.5 A/m at annealing tem-
perature Ta = 763 K and annealing time ta = 5 s. A low Hc ≤ 2 A/m could 
be maintained for Ta = 733–783 K and ta = 5 s, indicating a good sta-
bility of the low Hc in Ni1 alloy against the annealing temperature 
change. When ta increases to 60 s, the lowest Hc for Ni1 alloy remains 
unchanged. The annealing temperature window for Hc ≤ 2 A/m narrows 
down to 743–773 K, but the Hc is still ≤ 2.5 A/m at Ta = 733 K and 783 K 
for ta = 60 s. This reflects a good stability of the low Hc for Ni1 alloy 
against annealing time change. The contour in Fig. 2a shows the stability 
of Hc for nanocrystalline Ni1 alloy against the variation of annealing 
conditions. The Hc remains below 3 A/m when the Ni1 alloy is annealed 
within a wide temperature window up to 50 K (733–783 K) at a wide 
time window of 5–600 s. Within the processing window that yields the 

Fig. 2. (a) The Hc contour of Ni1 alloy annealed at different Ta and ta; (b) The Hc contour of Ni1.5 alloy annealed at different Ta and ta; (c) Bs of nanocrystalline Ni1 
alloy annealed at Ta = 733 K and 773 K for different ta; (d) Bs of nanocrystalline Ni1.5 alloy annealed at Ta = 733 K and 773 K for different ta; (e) The soft magnetic 
properties of Fe84Si4B8.4P3.6, Fe84Si3.6B8.4P3.6Ni1Mo0.4, Ni1, and Ni1.5 nanocrystalline alloys and stress-relaxed commercial amorphous alloy 1k101. 

F. Shen et al.                                                                                                                                                                                                                                     



Scripta Materialia 236 (2023) 115666

4

low Hc, the Bs of Fe82Si3.6B8.4P3.6Ni1.0Mo0.4Cu1 alloy is kept stably at 
1.81 ± 0.02 T (ρ = 7.52 ± 0.01 g/cm3, Ms = 192 ± 2 emu/g) as shown 
by Fig. 2c. 

As for the nanocrystalline Ni1.5 alloy, it has a slightly lower opti-
mum Hc (1 A/m) than Ni1 while annealed for 5 s (Fig. 1f). The Ni1.5 
alloy has a broader Ta window (733–803 K) to achieve the optimum Hc 
(≤ 2 A/m) than the Ni1 alloy. This alloy shows higher sensitivity to ta 
compared with the Ni1 alloy. When ta increases to 60 s, its optimum Hc 
slightly increases to the similar level as the Ni1 alloy (1.5 A/m). The Ta 
window for Hc ≤ 2 A/m also narrows down to 753–793 K. The low Hc of 
Ni1.5 alloy is also accompanied with a high Bs of 1.81 ± 0.02 T (Fig. 2d). 
The processing window for Ni1.5 alloy to get Hc ≤ 3 A/m is shown by the 
contour in Fig. 2b, which is Ta = 733–763 K, ta = 300–600 s, and Ta =

743–783 K, ta = 5–300 s. In Fig. 2e, we summarize the properties of 
different nanocrystalline alloys studied in this work heat treated by 
rapid annealing for 5 s. Since the permeability values were measured 
using a solenoid instead of a toroidal sample, it should be 

underestimated due to the demagnetizing effect. Thus, a commercial Fe- 
based amorphous product 1k101 were purchased and characterized 
after stress relaxation for comparison. The Ni1 and Ni1.5 alloys show 
relative permeability values beyond 10,000 at f = 1 kHz and H = 0.4 A/ 
m, which are significantly higher than that of stress relaxed commercial 
1k101 amorphous alloy. 

The low coercivity and high permeability of nanocrystalline 
Fe81.5–82Si3.6B8.4P3.6Ni1.0–1.5Mo0.4Cu1 alloys comes from their ultra-fine 
microstructure. The DF4 image in Fig. 3a indicates that there is a crys-
tallite layer on the free side surface of as-spun Fe82Si3.6B8.4P3.6Ni1.0-

Mo0.4Cu1 alloy. The size of these surface crystals could reach ~28 nm. In 
nanocrystalline Fe81.5–82Si3.6B8.4P3.6Ni1–1.5Mo0.4Cu1 alloys, large dark 
features are found on the free side surface as shown by Fig. 3b. These 
features, for example the green circled one with 27 × 54 nm size, are 
proved to be single bcc-Fe grains by their identical Fast Fourier Trans-
form (FFT) patterns for different regions calculated from the high- 
resolution TEM (HRTEM) image (Fig. 3c). The bulk region of the 

Fig. 3. (a) The DF4 image of the free side surface of as-spun Fe82Si3.6B8.4P3.6Ni1.0Mo0.4Cu1 alloy, the inset shows the SAED pattern; (b) the bright field image of the 
free side surface of optimal annealed Fe82Si3.6B8.4P3.6Ni1.0Mo0.4Cu1 alloy; (c) The HRTEM image of the large surface crystal green-circled in (b) and the FFT of the red 
and blue circled area in (c), the inset shows the SAED pattern; (d) The bright field image of the bulk region of optimal annealed Fe82Si3.6B8.4P3.6Ni1.0Mo0.4Cu1 alloy, 
the inset shows the SAED pattern; (e) The dark field image of (d); (f) The bright field image of the bulk region of optimal annealed Fe84Si4B8.4P3.6 alloy, the inset 
shows the SAED pattern; (g) The dark field image of (f). 
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nanocrystalline Fe82Si3.6B8.4P3.6Ni1Mo0.4Cu1 sample is free of these 
large grains and only shows homogeneously distributed round bcc-Fe 
grains with a mean size of 13.1 nm (Fig. 3d and e). For the original 
Fe84Si4B8.4P3.6 alloy before microalloying, the nanocrystalline micro-
structure in Fig. 3f and g is less homogeneous with a much larger mean 
grain size of 28.5 nm due to the presence of local large grains with 
irregular shapes. The existence of local large grains is not rare in Fe- 
based nanocrystalline alloys (e.g., Fe77Si10+xB9-xNb2Cu1Al1 [30], 
Fe85Si2B8P4Cu1 [31], etc.). The dramatic reduction in mean grain size 
and the absence of local large grains in Fe82Si3.6B8.4P3.6Ni1Mo0.4Cu1 
reflects that proper co-alloying Ni, Mo, and Cu significantly increases the 
number density of nucleation in the nanocrystallization process of 
Fe81.5–82Si3.6B8.4P3.6Ni1.0–1.5Mo0.4Cu1 alloys. Due to the explosive 
nucleation in Fe81.5–82Si3.6B8.4P3.6Ni1.0–1.5Mo0.4Cu1 alloys, the grain 
coarsening effect inherited from the surface crystals is strictly limited to 
a single layer (~30 nm) on the free side surface, which is minor 
compared with the overall ribbon thickness (~20 μm). Thus, nano-
crystalline Fe81.5–82Si3.6B8.4P3.6Ni1.0–1.5Mo0.4Cu1 alloys developed from 
amorphous precursors with 28 nm surface crystals still show a low Hc ≤

2 A/m within a wide range of Ta and ta. For industries, purity of raw 
materials is often lower than laboratories, and the precision of temper-
ature and time control is usually less. The insensitivity of 
Fe81.5–82Si3.6B8.4P3.6Ni1.0–1.5Mo0.4Cu1 alloys to slight surface 

crystallization and annealing conditions is beneficial for mass 
production. 

The thermal history and structural features accumulated in an amor-
phous alloy could be inherited to the crystallization process [21,32-34]. 
The reduced GFA of high-Bs (≥ 1.8 T) Fe-based nanocrystalline alloys 
often leads to a poor quality of the amorphous precursors, which de-
teriorates the soft magnetic properties of nanocrystalline alloys. Using 
ultra-rapidly quenched amorphous precursors (thickness ≈ 10 μm) that 
remain a more chaotic structure accompanied with high heating rate 
annealing is an effective way to develop ultra-fine microstructures with 
good magnetic softness (Hc = 3 – 7 A/m) in high-Bs alloy systems [17–20]. 
Soft magnetic properties of nanocrystalline alloys processed by this 
method may be sensitive to the annealing conditions [17,18,24]. In this 
work, we developed new nanocrystalline alloys by proper co-alloying Ni, 
Mo, and Cu to a Fe-Si-B-P alloy. This co-alloying method by Ni, Mo, and 
Cu induces plenty of nucleation sites in the nanocrystallization process 
and effectively limited the grain coarsening effect from surface crystals. 
Besides, it effectively reduces the sensitivity of new nanocrystalline alloys 
to the annealing conditions in the high heating rate annealing process. 
The resultant Fe81.5–82Si3.6B8.4P3.6Ni1.0–1.5Mo0.4Cu1 alloys show an 
exceptional low Hc of 1–2 A/m, which is the lowest among a few nano-
crytalline alloys whose Bs ≥ 1.8 T (Fig. 4). Such good soft magnetic 
properties can be developed from 20-μm-thick amorphous precursors 

Fig. 4. The Hc vs. Bs plot of optimal annealed nanocrystalline alloys in this study and other Co-free Fe-based nanocrystalline alloys from literatures, the sources of the 
data are provided in the Supplementary Materials. 
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with 28-nm-large surface crystallites. The abovementioned properties are 
almost unchanged within a 40–50 K variation in Ta and a up to 600 s 
variation in ta. The materials designed in this work show a more advanced 
combination of soft magnetic properties among the Co-free Fe-based 
nanocrystalline alloys reported in literatures (Fig. 4). In addition, the low 
sensitivity of its soft magnetic properties to surface crystallites and 
annealing conditions makes them more valuable in mass production. 

In this paper, new Fe84-x-zSi4-yB8.4P3.6NixMoyCuz nanocrystalline soft 
magnetic alloys are designed by co-alloying Ni, Mo, and Cu to a Fe-Si-B- 
P alloy. The structural and magnetic properties of nanocrystalline Fe84-x- 

zSi4-yB8.4P3.6NixMoyCuz alloys are investigated. There are three note-
worthy outcomes from this report as follows:  

1) Minor addition of Ni (≤ 1.5 at%) to Fe-based nanocrystalline alloys 
could reduce the Hc without sacrificing the Bs.  

2) Proper co-alloying Ni, Mo, and Cu to a Fe-Si-B-P alloy can greatly 
increase the number density of nucleation in nanocrystallization 
process. This suppresses the formation of large, agglomerated grains 
inside the sample and the growth of those induced by surface crys-
tallization. The average grain size decreases from 28.5 nm to 13.1 
nm.  

3) An exceptional low Hc of 1–2 A/m, high relative permeability µr 
beyond 10,000 at 1 kHz and 0.4 A/m, and high Bs of 1.81 T are 
achieved in the nanocrystalline Fe81.5–82Si3.6B8.4P3.6Ni1–1.5Mo0.4Cu1 
alloys.  

4) The co-alloying of Ni and Cu significantly broadens the annealing 
temperature and time window for nanocrystalline alloys to remain 
excellent Hc and Bs. The optimal annealing temperature window is 
about 40–50 K with a time window up to 600 s. 
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