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A B S T R A C T   

The core-shell nanostructure of α-Fe precipitates was investigated in a recently developed high-performance 
Fe83.3Si4B8P4Cu0.7 nanocrystalline soft magnetic alloy utilizing small-angle neutron scattering (SANS) and 
atom probe tomography (APT). SANS measurements under a saturating magnetic field provided evidence of core- 
shell structures at the nanoscale. Moreover, the core-shell structure was directly visualized from APT analysis, 
where P-enriched shells were found around Fe-enriched cores due to the large negative heat of mixing between 
Fe and P elements and the slow diffusion of P atoms. The core-shell nanostructures induced by nanoscale par-
titioning are effective in stabilizing the residual amorphous matrix and suppressing the crystal growth. Our 
findings provide insight into the microstructure of Fe-based amorphous alloys and have direct implications in 
alloy design for the improvement of the soft magnetic properties.   

1. Introduction 

Fe-based nanocrystalline soft magnetic alloys, normally obtained by 
thermal annealing of amorphous precursors, have attracted increasing 
attention as promising materials in the field of energy transmission and 
conversion due to their excellent soft magnetic properties [1–4]. The 
saturation magnetic flux density (Bs) and coercivity (Hc) are two 
important parameters. Thus, improving Bs and reducing Hc have been 
the long-term goals for improved performance of soft magnetic mate-
rials. It is generally known that Hc decreases with the sixth power of the 
grain size according to the random anisotropy model [2]. Therefore, 
understanding the mechanism of nanoscale crystallization is essential to 
obtaining a uniform microstructure of fine α-Fe grains for the 
improvement of soft magnetic properties. 

As a well-developed soft magnetic alloy, Fe–Si–B–Nb–Cu (FINEMET) 

[5] has been systematically investigated for the crystallization mecha-
nism utilizing transmission electron microscopy (TEM) [6], atom probe 
tomography (APT) [7] and small-angle neutron scattering (SANS) [8,9]. 
Earlier studies have demonstrated solute clustering and partitioning 
behavior in the early crystallization of FINEMET [6], where the Fe3Si 
type nanocrystals were surrounded by an Nb-enriched shell [9]. Hence, 
the large Nb atoms appeared to serve as pinning sites, which constrained 
the coarsening of the nanoscale precipitates thereby stabilizing the 
nanostructure. 

To reduce the production cost and further improve the soft magnetic 
properties, other alloy systems have been developed by increasing the Fe 
concentration and replacing transition metal elements with metalloid 
elements, such as in Fe–B–C–Cu [10], Fe–P–C–Cu [11], Fe–Si–B–P–C 
[12], and Fe–Si–B–P–C–Cu [13]. The recently developed Fe–Si–B–P–Cu 
(NANOMET type) alloys were reported to exhibit a superior saturation 
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magnetic flux density up to 1.88 T, comparable to that of Si steels, 
accompanied by one-third lower core loss at 50 Hz [14]. The significant 
differences between the FINEMET and NANOMET type alloys are the 
increase of Fe concentration and the replacement of Nb atoms by the 
smaller P atoms. It is anticipated that P would play a crucial role in 
stabilizing nanoscale precipitates during the annealing process. It has 
been shown that the addition of P can hinder the growth of α-Fe pre-
cipitates and also slow down the crystallization of the residual amor-
phous phase [15]; however, the underlying mechanism has not been 
established. Recently, a transient metalloid-rich shell structure around 
the α-Fe(Si) precipitates was found in short-time annealed Fe–Si–B–P–C 
samples based on APT analysis [16]. Nevertheless, the formation and 
effects of core-shell structures on the magnetic properties after long-time 
annealing are not well understood. In this regard, experimental inves-
tigation from significant numbers of precipitates in a bulk sample is 
needed to establish the core-shell structure and understand its formation 
and stabilization mechanism. SANS is a powerful tool to characterize the 
size, size distribution, morphology and volume fraction of nanoscale 
precipitates in bulk samples. In this study, we applied a combination of 
state-of-the-art characterization techniques, including SANS and APT, to 
directly investigate the formation of the core-shell nanostructure of 
precipitates in the Fe83.3Si4B8P4Cu0.7 soft magnetic alloy after different 
heat treatments. This work sheds light on the mechanism of nanoscale 
precipitation and helps guide the development of soft magnetic mate-
rials for a wide range of applications. 

2. Experimental procedures 

A multi-component alloy with a nominal composition of Fe83.3S-
i4B8P4Cu0.7 (at.%) was prepared by induction melting with the mixture 
of pure Fe (99.98 mass%), Si (99.998 mass%), B (99.5 mass%), Cu 
(99.99 mass%) and pre-alloyed Fe3P (99.5 mass%) in an Ar atmosphere. 
The master alloy was then used to prepare amorphous ribbons with a 
width of about 10 mm and a thickness of about 20 μm via the single- 
roller melt-spinning method. The thermal properties of the as- 
quenched ribbons were evaluated using differential scanning calorim-
etry (DSC, NETZSCH 404C) with a constant heating rate of 40 ◦C/min 
under a high purity Ar atmosphere. The SANS experiments were carried 
out on the QUOKKA instrument at the OPAL reactor at ANSTO, 
Australia, to study the nanoscale precipitates in Fe83.3Si4B8P4Cu0.7 soft 
magnetic alloys annealed at 350 and 380 ◦C for different annealing times 
[17]. Isothermal annealing was pre-performed with a high vacuum tube 
furnace followed by water quenching to synthesize nanocrystalline al-
loys. The annealed ribbon samples were prepared and stacked together 
to a thickness of about 0.5 mm for SANS measurements. To separate the 
contributions from nuclear and magnetic scattering, a saturating mag-
netic field of 2 T was applied in the scattering plane normal to the 
incident neutron beam direction. The beam size was 5 mm in diameter, 
and the wavelength of the incident neutrons was 5 Å with a resolution of 
10%. Three instrument configurations with different source-to-sample 
distances (SSDs) and sample-to-detector distances (SDDs) were 
employed to cover a wide range of scattering vector Q from 0.004 to 0.7 
Å− 1 (Q = 4π sin θ/λ, where λ is the wavelength and 2 θ is the scattering 
angle). SANS data were reduced and analyzed using NCNR SANS 
reduction and analysis macros modified for the QUOKKA instrument 
installed in Igor software (Wavemetrics) [18]. One-dimensional scat-
tering cross-sections were obtained by azimuthal averaging over ± 15◦

around the parallel and perpendicular directions to the applied magnetic 
field. The APT characterizations were conducted in a CAMEACA LEAP 
5000 R instrument. Needle-shaped specimens for APT were fabricated 
using an FEI Scios focused ion beam/scanning electron microscope 
(FIB/SEM). The three-dimensional data reconstructions and analysis 
were performed using Image Visualization and Analysis Software (IVAS) 
version 3.8. 

3. Results and discussion 

Fig. 1 shows the DSC curve for the Fe83.3Si4B8P4Cu0.7 amorphous 
alloy at a heating rate of 40 ◦C/min. Two exothermic crystallization 
peaks are well-separated, representing the formation of α-Fe precipitates 
and compounds, respectively [19]. The onset temperatures of primary 
crystallization (Tx1) and secondary crystallization (Tx2) are determined 
and marked with black arrows. The interval of crystallization tempera-
tures Δ Tx (Δ Tx = Tx2-Tx1) exhibits a large value of about 140 ◦C, which 
favors the formation of stable α-Fe grains without other compounds over 
a wide range of annealing temperatures [16]. Based on these DSC re-
sults, two different annealing temperatures below the primary crystal-
lization temperature, 350 and 380 ◦C, were chosen as indicated by black 
arrows with Ta1 and Ta2, for the following SANS and APT 
characterizations. 

The crystallization behavior and soft magnetic properties of the 
NANOMET alloys are sensitively dependent on the annealing tempera-
ture [20] and annealing time [21]. SANS is a powerful technique to 
unveil the precipitation mechanisms at the nanoscale, particularly well 
adapted to the study of ferromagnetic materials [22–24]. By applying a 
saturating magnetic field of 2 T, the magnetic moments are aligned 
along the applied magnetic field direction. As a result, the magnetic 
contribution should be zero in the field direction and maximum in the 
perpendicular direction (see below). A representative two-dimensional 
SANS pattern is observed, as shown in Fig. 2(a). Under the saturating 
magnetic field, the total scattering cross-section dΣ

dΩ (Q) can be obtained 
from SANS patterns and be expressed by Ref. [25]: 

dΣ
dΩ

(Q)=

(
dΣ
dΩ

)

nuc
+

(
dΣ
dΩ

)

mag
sin2 α (1)  

where α is the angle between the scattering vector Q and the applied 
magnetic field. The scattering intensities in the parallel (α = 0◦) and 
perpendicular (α = 90◦) directions to the applied magnetic field are 
depicted with 

( dΣ
dΩ

)

H‖Q and 
( dΣ

dΩ

)

H⊥Q, respectively. Thus, the isotropic 
nuclear and anisotropic magnetic scattering are simplified to: 
(

dΣ
dΩ

)

nuc
=

(
dΣ
dΩ

)

H‖Q
(2)  

Fig. 1. The DSC curve for Fe83.3Si4B8P4Cu0.7 amorphous alloy at a heating rate 
of 40 ◦C/min, showing two well-separated crystallization peaks. Crystallization 
temperatures (Tx1 and Tx2) and annealing temperatures (Ta1 and Ta2) are 
indicated by black arrows. 
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For clarity, the nuclear and magnetic scattering as a function of Q can 
be well extracted individually from the two-dimensional pattern using 
sectors with an azimuthal angle of 30◦ and are compared in Fig. 2(b). 
The magnetic and nuclear scattering are respectively from the magnetic 
and nuclear contrast between precipitates and the amorphous matrix, 
which accounts for the similar trends in both scattering profiles. Fig. 2(c) 
and (d) show the Q dependence of nuclear and magnetic scattering 
components for samples annealed at 350 and 380 ◦C for different 
annealing times. To extract the scattering of precipitation due to 
annealing, the intensity of the as-quenched sample has been subtracted 
as weak background from all cases [25]. In the dilute system, the SANS 
intensities show interference peaks that are dependent on the annealing 
temperature and annealing time for both nuclear and magnetic scat-
tering. With increasing annealing time, the SANS intensity becomes 
more pronounced, and the interference peak shifts to lower Q, which 
indicates that larger particles are formed at 350 ◦C. In contrast, at 
380 ◦C, it appears that the SANS intensities remain stable with 
increasing annealing time. 

The sizes of the scattering particles can be estimated by the Guinier 
approximation at the low Q region of SANS data by the following 
equation [26,27]: 

I(Q)∝exp
(

−
Rg

2Q2

3

)

(4)  

where Rg is the radius of gyration. Here, for spherical precipitates, the 
average radius R is given by R =

̅̅̅̅̅̅̅̅
5/3

√
Rg. Using this approach, the 

average particle sizes were evaluated for different samples and the re-
sults are summarized in Table 1. It can be seen that the nanocrystalline 
particles continued to grow for 120 min at 350 ◦C, whereas the particles 
reached a growth plateau and became stable after just 10 min at 380 ◦C. 

The average sizes of precipitates remained nearly stable, even after 
prolonged annealing for 120 min at 380 ◦C, suggesting that the particle 
sizes reached saturation and stable state after a short annealing time at 
higher annealing temperature, which is consistent with previous reports 
[28]. Meanwhile, the power-law scattering (I(Q) ∝Q− n) can be applied 
to the nuclear scattering intensity, as shown by the dashed lines in the 
inset of Fig. 2(c) [29]. The fitted power-law exponents n, ranging from 
4.02 to 4.95, are all larger than 4, which indicates that there are diffuse 
boundaries between the matrix and crystalline particles [30,31]. The 
appearance of interference peaks can be attributed to core-shell nano-
structures in a dilute system [32]. Indeed, interference peaks produced 
by core-shell structures have also been observed by small-angle scat-
tering in many other amorphous alloys, e.g., Zr-based [32], Mg-based 
[33] and Fe-based [9], indicating that the core-shell nanostructure 
might be a common characteristic of crystalline precipitates in the 
matrix. 

To further substantiate the core-shell nanostructure, composition 
fluctuations were detected by APT on nanocrystalline samples annealed 
at 350 and 380 ◦C for 60 min. Elemental segregation is clearly seen, as 
shown in Fig. 3(a)-(c). Cu-clusters with a high number density of 1024 

m− 3 are observed, which is attributable to the immiscibility of Cu in the 
Fe-based matrix. The high Cu-containing clusters can serve as prefer-
ential heterogeneous nucleation sites as previously pointed out by Hono 

Fig. 2. SANS results under a horizontal magnetic field of 2 T. (a) Anisotropic two-dimensional SANS pattern. (b) The comparison of the nuclear and magnetic 
scattering for the sample annealed at 380 ◦C for 10 min. (c) Nuclear and (d) magnetic SANS scattering intensity versus scattering vector Q for Fe83.3Si4B8P4Cu0.7 
samples annealed at 350 and 380 ◦C for different times. The inset in (c) shows the fitted power-law. 

Table 1 
Particle sizes calculated by the Guinier approximation of SANS nuclear scat-
tering intensities for Fe83.3Si4B8P4Cu0.7 samples after annealing at different 
conditions.  

Sample 350 ◦C 380 ◦C 

60 min 120 min 10 min 60 min 120 min 

Particle size 
(nm) 

32.5 ±
0.3 

37.0 ±
0.3 

27.7 ±
0.6 

29.1 ±
0.4 

29.6 ±
0.3  
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et al. in FINEMET alloys [6]. Fig. 3(d) and (e) present the concentration 
depth profiles across the precipitate/matrix interface from the selected 
dashed areas as illustrated in Fig. 3(a)–(b). The region is divided into 
three parts consisting of Fe-enriched core, P-enriched shell, and amor-
phous matrix based on composition variations. It is evident that Fe el-
ements are enriched in the cores of grains with a concentration of up to 
90 at.%. The Si elements are dissolved in both Fe-enriched core and 
amorphous matrix and show a slight variation in the shell. The metalloid 
elements of B and P are rejected from the Fe-enriched cores towards the 
surrounding matrix. The B concentration shows a normal gradual rising 
trend from the core of precipitates to the matrix. Interestingly, there is 
an apparent enhancement of P concentration between precipitates and 
amorphous matrix in both cases. 

In order to understand the reason for the P enrichment, the heat of 
mixing among the constituent elements, compiled in Table 2, is 
considered [34]. It is noteworthy that Cu atoms tend to segregate to Cu 
clusters prior to crystallization owing to the positive heat of mixing 
between Fe and Cu elements [35]. These Cu clusters could stimulate the 
nucleation of α-Fe nanograins by reducing the activation energy [7]. 
When α-Fe crystalline particles heterogeneously nucleate at the sites of 
Cu clusters from the amorphous matrix, P and B atoms are excluded from 
the α-Fe crystalline phase because their solubility limits are virtually 

zero below 400 ◦C [36]. Consequently, the residual amorphous phase 
becomes enriched in P and B atoms, which increases the stability of the 
amorphous matrix. Fe–P also has the largest negative heat of mixing, 
and therefore the strongest attractive interactions [32]. Correspond-
ingly, the strong attractive interactions can provide a driving force for 
Fe-enriched cores to attract P atoms in the amorphous matrix and pro-
mote the enhanced P concentration in the surrounding shell. Besides, the 
growth of precipitates depends on the diffusion of constituent atoms. 
Different diffusion rates of the metalloids are also responsible for the P 
enrichment. Indeed, the atomic radius of P (0.109 nm) is much larger 
than that of B (0.09 nm) [37,38]. Simulation has suggested that larger P 
atoms exhibit a much lower diffusion ability than B atoms [39]. During 
the formation of α-Fe precipitates, B atoms are redistributed quickly in 
the matrix because of their high diffusion rate, which would hardly 
inhibit the growth of precipitates. While the formation of α-Fe pre-
cipitates has to push P atoms out of the precipitates, the relatively slow 
diffusion ability of P elements limits its expulsion to the matrix and 
eventually leads to the enrichment of P around precipitates. 

When taken together, the combination of SANS and APT provides 
direct evidence of nanoscale core-shell structures of α-Fe precipitates in 
the Fe83.3Si4B8P4Cu0.7 amorphous alloy. SANS profiles are characterized 
by prominent interference peaks, which is a signature of core-shell 

Fig. 3. APT elemental maps of Fe83.3Si4B8P4Cu0.7 alloys annealed at (a) 350 ◦C (53 ×53 × 188 nm) and (b) 380 ◦C (60 ×60 × 232 nm) for 60 min. (c) APT elemental 
maps for constituent Fe, B, P, Si, and Cu, respectively, for the sample annealed at 380 ◦C for 60 min. (d–e) Concentration depth profiles from the selected dashed area 
shown in (a–b), respectively. 

Table 2 
Heat of mixing (kJ mol− 1) for constituent elements in the Fe83.3Si4B8P4Cu0.7 amorphous alloy [34,35].  

Elements Fe–P Fe–Si Fe–B Si–P Si–Cu Cu–P Si–B Cu–B B–P Fe–Cu 

Heat of mixing (kJ mol− 1) − 39.5 − 35 − 26 − 25.5 − 19 − 17.5 − 14 0 0.5 13  
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structures with diffusion zones [32]. Power-law-scattering exponents 
calculated from the nuclear scattering are greater than 4 in all cases, 
implying the formation of diffuse boundaries between precipitates and 
matrix. Furthermore, APT results show composition fluctuations and 
reveal P-enriched shells around Fe-enriched cores. During crystalliza-
tion, the P-rich shells act as a diffusion barrier and severely restrict the 
mobilities of solute elements like B, Cu and Si in the amorphous matrix. 
Hence, the kinetics of solute partitioning becomes slower. The existence 
of P enrichments is effective in stabilizing the remaining amorphous 
phase and hampers the crystal growth. Moreover, the thickness of the 
shell region appeared to increase with the annealing temperature as 
shown in Fig. 3(d) and (e). At higher annealing temperatures, the thicker 
shell can make the diffusion of Fe atoms from the matrix into crystals 
more difficult and can play a more significant role in suppressing the 
crystal growth. This can explain the stability of the precipitates for 
samples annealed at 380 ◦C, where the particle sizes do not continue to 
grow after just 10 min and remain stable even for 120 min. Hence, the 
core-shell nanostructures play an important role in the stability of 
nanocrystalline precipitates and can also be helpful for the improvement 
of soft magnetic properties, opening the possibility for further soft 
magentic material development. 

4. Conclusions 

In summary, through a combination of SANS under a saturating 
magnetic field and APT, we investigated the core-shell nanostructure of 
α-Fe precipitates in a recently developed Fe83.3Si4B8P4Cu0.7 soft mag-
netic amorphous alloy at the nanoscale. The SANS profiles display a 
characteristic interference peak, as well as a power-law exponent greater 
than four, both of which can be attributed to the core-shell structures. In 
addition, APT compositional profiles reveal a prominent P-enriched 
shell surrounding the Fe-enriched core. The core-shell structures are 
formed because of nanoscale partitioning, where the slow diffusion of P 
atoms and the strong attractive interactions between P and Fe elements 
give rise to the P enrichment. Consequently, it becomes difficult for α-Fe 
grains to grow continuously because the diffusion of Fe atoms from the 
amorphous matrix into grains is effectively impeded by P-enriched 
shells. These experimental results not only have important implications 
in understanding the mechanisms of crystallization and thermal stability 
in promising Fe–Si–B–P–Cu alloys, but also pave the way to tailor grain 
size and optimize soft magnetic properties for broad applications. 
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