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ABSTRACT 
 This study aimed to explore the impact of annealing temperature on the nucleation and subsequent 
growth of nanocrystalline α-Fe grains in a high saturation magnetization soft magnetic 
Fe84.8Si0.5B9.4P3.5Cu0.8C1.0 alloy. Thus, we conducted multiprobe analyses of the isothermal 
crystallization process within 633–733 K. Transmission electron microscopy and atom probe 
tomography observations of the samples isothermally annealed at 733 and 633 K revealed distinct 
differences in their microstructures. In case of the higher isothermal temperature, larger Cu clusters 
were observed, whereas the α-Fe grains were finer. In contrast, in case of the lower isothermal 
temperature, the Cu clusters were smaller, and the α-Fe grains were coarser. Time-resolved synchrotron 
radiation X-ray diffraction measurements confirmed the sporadic nucleation mechanism, highlighting 
the significant effect of isothermal temperature on the formation of α-Fe grains. To achieve an optimal 
microstructure for lower coercivity, the Cu clustering and α-Fe nanocrystallization must be controlled 
by annealing at higher temperatures for shorter durations. 
 
Keywords: Soft magnetic materials, nanocrystallization, microstructure, in situ synchrotron radiation 
X-ray diffraction 
 
Introduction 
The effective use of limited energy resources is required for the development of a sustainable society. 

Soft magnetic materials are used in various energy-conversion devices; therefore, advances in the 
improved functionalities and optimized manufacturing processes of these materials exert a significant 
impact on society[1]. To facilitate the application of energy conversion devices such as motor cores 
and transformers, materials with high saturation magnetization Ms and low coercivity Hc are crucial 
for downsizing devices while maintaining low energy losses. Nanocrystalline materials are among the 
best candidates for this requirement owing to their unique microstructure comprising uniformly 
dispersed nanocrystalline α-Fe grains in an amorphous matrix phase. If ideal nanocrystalline materials 
can be put to practical use, motors and transformers will become smaller, and power loss will be greatly 
reduced. In nanocrystalline soft magnetic materials, the relationship between the coercivity and grain 
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size can be explained by the random magnetic anisotropy model [2]. Intergrain exchange coupling 
reduces the effective magnetic anisotropy with respect to the square root of the number of grains 
involved in the exchange length, resulting in excellent soft magnetic properties. The Fe–Si–B–Nb–Cu 
alloy [3] was the first to be developed and remains the most popular nanocrystalline soft magnetic 
material. Therefore, the microstructure and nanocrystallization mechanisms of this alloy have been 
extensively investigated. Cu clusters are formed during the early stages of crystallization to initiate the 
nucleation of α–Fe(–Si) grains while Nb functions as an inhibitor for Fe–Si grain coarsening [4, 5]. 
Thus, the grain growth of nanocrystalline α-Fe(–Si) grains is understood as the diffusion-controlled 
reactions [6, 7] rather than the phase boundary-controlled kinetics. Despite the excellent soft magnetic 
properties and well established nanocrystallization processes of Fe–Si–B–Nb–Cu alloy, its Ms 
(approximately 1.2 T) is not sufficient for the above recent demands. 
During the past 15 years, novel nanocrystalline soft magnetic alloys such as Fe–Si–B–Cu [8], Fe–Si–
B–P–Cu(–C) [9], Fe–B–P–Cu [10], and Fe–B[11] have been developed. They have garnered attention 
owing to their high Ms of 1.7–1.9 T achieved by increasing the Fe content and removing the heavy 
element of Nb. However, a nanocrystalline structure with excellent soft magnetic properties requires 
rapid thermal annealing [5, 11-14], which is disadvantageous for commercial use. Among them, P in 
Fe–Si–B–P–Cu(–C) alloy functions as an inhibitor for α–Fe grain coarsening although its effect is 
weaker than that of Nb in Fe–Si–B–Nb–Cu [15]. Therefore, the well-composition-designed Fe–Si–B–
P–Cu(–C) alloy has the potential for practical applications. Increasing the P content mitigates the 
heating rate sensitivity of nanocrystallization [16, 17]. However, the addition of large amounts of P 
lowers the Fe content and results in a lower Ms [10]. Moreover, small amounts of C and Si are effective, 
as C lowers the melting point of precursor amorphous phase and stabilizes the casting process [18], 
while Si facilitates the formation of the nanocrystalline structure as it expands the temperature gap 
between the crystallization onsets of α-Fe and other compounds [19]. However, the annealing 
conditions for this alloy are complex, and there are difficulties in optimizing the industrial process.  
However, the nanocrystallization mechanism of Fe–Si–B–P–Cu(–C) alloys remains unclear. Few 
studies have reported the different nanocrystallization processes of this alloy compared with those of 
Fe–Si–B–Nb–Cu alloys. In these studies, the local structure of Cu clusters changed from face-centered 
cubic (fcc) to body-centered cubic (bcc) in the early stages of crystallization [20] and a mode change 
of crystallization was found with increasing annealing temperature in Fe–Si–B–P–Cu(–C) alloys at a 
relatively slow heating rate of 6.7 Ks-1 [21]. Because the soft magnetic properties in Fe–Si–B–P–Cu(–
C) alloys are governed by their nanocrystalline microstructure, the development of the nanocrystalline 
microstructure during the annealing process must be understood.  
This study performed multiprobe analyses using transmission electron microscopy (TEM), atom 

probe tomography (APT), and in situ time-resolved synchrotron radiation X-ray diffraction (SRXD) 
and discussed the nanocrystalline mechanism of an Fe-Si-B-P-Cu-C alloy. In particular, in situ SRXD 
is a powerful method for investigating the crystallization kinetics of Fe–Si–B–P–Cu–C alloys under 
an isothermal process. It provides significant insights into the nanocrystallization mechanism and 
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guidelines for the temperature control of soft magnetic materials in industrial applications. 
 
Experimental Procedure 

The alloy used in this study was Fe84.8Si0.5B9.4P3.5Cu0.8C1.0. Pure iron, silicon, iron boron, iron 
phosphorus, copper, and carbon were used as the raw materials. First, the master alloy was prepared 
via arc melting in an Ar atmosphere. Precursor amorphous ribbons were produced using a single-roller 
melt-spinning method. The master alloy was melted in a high-frequency melting furnace and quenched 
continuously on the Cu-roll. Consequently, 50 mm wide and 25 µm thick precursor amorphous alloy 
ribbons were casted. In situ SRXD was performed using a SPring-8 BL02B2 [22]. To obtain the 
diffraction intensities of the transmission geometry, the amorphous alloy precursor was inserted into a 
quartz capillary with a 0.3 mm in diameter. The capillary interior was filled with Ar gas and sealed to 
prevent oxidation. A synchrotron radiation X-ray energy of 25 keV was selected, and the diffraction 
intensities were measured using a two-dimensional flat-panel detector. The wavelength was obtained 
as 0.04962 nm via calibration with CeO2 powder. The isothermal process was performed using a 
nitrogen gas blowing device. The isothermal temperature was 633–733 K. In this temperature range, 
crystallization of α-Fe occurred and no other crystalline compounds were formed [23]. The accuracy 
of temperature measurements was confirmed using K-type thermocouples. The heating rate was 400 
Ks-1 in this experimental configuration. This is an ideal high heating rate that facilitates the isothermal 
experiments. X-ray diffraction profiles were acquired every 1 s. Therefore, a continuous change in the 
diffraction profile owing to nanocrystallization during the isothermal process was observed. We 
carefully observed the changes in the diffraction patterns for each temperature and took sufficient 
annealing time until the crystallization process was completed. The grain size was calculated using the 
Scherrer equation [24]. The grain size was calibrated using the width at half maximum of the 
diffraction intensity of a standard sample of LaB6 powder as the instrumental function. The application 
of the Scherrer equation is discussed in the Supplementary Material (Online Resource 1). The 
crystallinity was approximately evaluated from the ratio of the integrated intensity of the (110) peak 
of α-Fe to the broad intensity derived from the amorphous [25]. To characterize the magnetic properties 
of the samples, the coercivity Hc was measured using a DC B-H loop tracer (Riken Denshi, BHS-40) 
with a maximum field of 2 kAm-1. The microstructures of the samples isothermally annealed at 633 
and 733 K for 100 and 20 min, respectively, were observed using TEM (FEI Titan G2 80-200) and 
APT (CAMECA LEAP5000 XS). TEM samples were fabricated using a standard lift-out method, and 
these for APT samples were prepared by the automated tip preparation script [26, 27] using focused 
ion beam milling. The thickness of the TEM samples is approximately 50-60 nm, and the tip radius of 
curvature and its shank angle for APT analysis is controlled to 50 nm and 25 degrees. APT observations 
were performed in the 355 nm wavelength laser pulsing mode at a repetition rate of 500 kHz with a 
laser pulse energy of 50 pJ at a base temperature of 30 K. The detection rate was kept constant at 2.0%, 
that is, the detection of one ion per 50 laser pulses. The obtained APT data were analyzed using 
CAMECA IVAS 6.3 software. 
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Figure. 1 BF–TEM images of the samples isothermally annealed at (a) 633 and (b) 733 K, respectively. α-Fe grain 

size distributions of the samples at (c) 633 and (d) 733 K, respectively. Averaged α-Fe grain size Dave. is 44.1 and 15.6 

nm for 633 and 733 K, respectively. The curves in (c) and (d) are the result of fitting with a Gaussian function. 

 
 
Results and discussion 
TEM and APT observations 
Figures 1(a) and 1(b) show the Bright-Field TEM (BF–TEM) images of the microstructure 

comprising α-Fe and residual amorphous phases in the samples isothermally annealed at 633 and 733 
K, respectively. Figures 1(c) and 1(d) show the α-Fe grain size distributions and averaged α-Fe grain 
size Dave., respectively, evaluated from the BF-TEM images. The α-Fe gain size was finer for the higher 
annealing temperature than that for the lower annealing temperature. The lower temperature annealing 
coarsened the α-Fe grains. A comparison of the values of standard deviation σ evaluated from the 
Gaussian fitting for the grain size distribution revealed that the distribution became narrower for high 
temperature isothermal annealing than that for low temperature annealing. Details of the particle 
analysis and additional BF-TEM images, including intermediate temperatures, are described in the 
Supplementary Materials (Online Resources 2). Thus, isothermal annealing at high temperature caused 
a uniformly distributed nanocrystalline α-Fe grains rather than the low temperature annealing. Figure 
2 shows the APT images of the two samples annealed at 633 and 733 K. Figures 2(a) and 2(b) show 
the 3-dimensional (3D) distribution maps of the Fe concentration. Figures 2(c) and 2(d) show the 
typical 2 nm-sliced maps for B, P, and Cu atoms. The red areas in Figs. 2(a) and 2(b) are high-Fe-
concentration regions, and their sizes are consistent with the BF–TEM results (Fig. 1). The enrichment 
of P atoms at the boundaries between the Fe grains and the residual amorphous phase was clearly 
observed in Figs. 2(c) and 2(d), as observed in the previous literature [17]. However, the distributions 
and sizes of the Cu clusters in Figs. 2(c) and 2(d) were quite different. At lower annealing temperatures, 



5 
 

the Cu clusters were densely distributed with a smaller size than those at higher annealing temperatures. 
 

 

Figure. 2 3D distribution maps of Fe atoms obtained by APT for the annealing temperature of (a) 633 and (b) 733 K, 

respectively. Two nm sliced distribution images of B, P. and Cu atoms for the annealing temperature of (c) 633 and (d) 

733 K, respectively. 

 

 
Table 1 summarizes the results of the statistical analyses of the APT and TEM observations for the 

samples annealed at 633 and 733 K, respectively. The density of α-Fe grains was approximately two 
times higher at 733 K than that at 633 K. In this analysis, crystallinity was defined as the volume ratio 
of the region with more than 85 at.% of Fe. The crystallinities at 633 and 733 K were evaluated to be 
42% and 56%, respectively. The average sizes of the Cu cluster were 3.6 and 2.5 nm at 733 K and 633 
K, respectively. In contrast, the density of Cu clusters was higher at 633 K than that at 733 K. These 
results suggest that larger Cu clusters are effective in forming α-Fe grains with uniform and fine sizes. 
Similar results were reported for the samples with different compositions by Nomura et al.[17]. 
Therefore, these findings would be a universal feature related to the size of Cu clusters and the 
nanocrystallization of α-Fe grains. 
 

Table 1. Results of statistical analyses of APT/TEM images for the isothermal annealing at 633 and 733 K. 

  633 K 733 K 

α-Fe grains 

from 

TEM/APT 

Number density 0.7 × 1022 m-3 13.4 × 1022 m-3 

Average size 44.1 nm 15.6 nm 

Volume Fraction 42% 56% 

Cu clusters 

from APT 

Number density 2.6 × 1024 m-3 1.8 × 1024 m-3 

Average size 2.5 nm 3.6 nm 

Average number of Cu clusters 45.5 atoms /cluster 124.7 atoms/ cluster 
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in situ SXRD 
To investigate these behaviors, in situ time-resolved SXRD was performed under isothermal conditions 
as shown in Fig. 3. In the SRXD profiles, the diffraction peaks from Cu clusters could not be obtained 
even using an extremely high brilliant synchrotron radiation X-ray beam. This may be owing to the 
very small Cu content of 1 at. % and their very small cluster size of 2–3 nm. The representative elapsed 
time dependences of the α–Fe (110) diffraction profiles at 633, 673, and 733 K are shown in Figs. 3(a), 
3(b), and 3(c), respectively. Figure 3(d) shows the intensity maps of these α–Fe (110) diffractions for 
633–733 K. From these time evolutions of α–Fe (110) diffraction, the time dependence of grain size 
α–Fe and crystallinity were evaluated, as shown in Figs. 3(e) and (f), respectively. As evident, the well-
evolved grain size of α–Fe strongly depended on the isothermal temperature, that is, the grain size α–
Fe decreased with increasing temperature. Moreover, the well-evolved grain sizes of α-Fe for the 
temperatures of 733 and 633 K are quantitatively consistent with those observed in BF-TEM and APT, 
as shown in Table 1. Therefore, the isothermal in situ SRXD experiments well reproduced the 
annealing process of the Fe–Si–B–P–Cu–C alloy. The evolution time of the α–Fe grain size also 
strongly depended on the temperature. The evolution time at a temperature of 633 K was approximately 
100 min, and it shortened at higher temperatures. Finally, the evolution time for the temperature of 733 
K was shorter than the first time step of the in situ SRXD experiment. Thus, the crystallization of α–
Fe grains at 733 K was completed in less than a few seconds. Similar to the behavior of grain size, the 
crystallinity strongly depended on the isothermal temperature. A higher crystallinity with a shorter 
evolution time was obtained at a higher isothermal temperature. Therefore, the smaller α–Fe grains 
with high density evolved faster for the higher isothermal temperature and vice versa. 
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Figure. 3 Elapsed time dependences of α-Fe (110) diffraction profiles at the isothermal temperature of (a)633, (b)673, 

and (c)733 K, respectively. (d) Intensity maps of α–Fe (110) diffractions, (e) grain size D, and (f) crystallinity, 

respectively, as a function of elapsed time for the isothermal temperature range of 633–733 K.  

 
 
 Table 2 summarizes the in situ SXRD data of the isothermal elapsed time, grain size D, and 
crystallinity for each temperature of the isothermal process. The coercivity Hc is also presented in this 
table. As evident, the high-temperature isothermal process resulted in a fine grain size and low Hc. 
 

Table 2. SXRD data of elapsed time, grain size D, crystallinity, and coercivity Hc for various temperatures of isothermal 

process  

Ta (K) Time (min) D (nm) Crystallinity Hc (A/m) 

633 100 40.1 37.6% 98.0 

653 60 33.4 44.8% 47.9 

673 40 30.9 50.7% 18.6 
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693 40 25.5 60.1% 11.4 

713 20 20.6 61.3% 7.5 

733 20 14.0 63.7% 6.1 
 

 
 The Avrami model (Kolmogorov–Johnson–Mehl–Avrami model) [28-32] was applied to analyze the 
kinetics of the nanocrystallization process, and the nucleation and subsequent grain growth 
mechanisms were discussed. Under the isothermal conditions, Eq. (1) of the Avrami model describes 
the time evolution of the volume fraction φ of the transformation in the alloy, that is, the relative 
crystallinity normalized with the well-evolved crystallinity. 
 φ = 1-exp{-k(t-τ)n} (1) 

 where n is the Avrami exponent, k is a constant, t is the elapsed time, and τ is the incubation time, 
which is the time lag to begin the crystallization.  
If the grain size D is proportional to the power law of the elapsed time, the growth mechanism of the 
nanocrystalline grains can be discussed thermodynamically using Eq. (2) [33, 34].  
 D = A(t – τ)β (2) 

 
where A is a constant. For example, when D ∝ (t – τ)1/2 is obtained, it can be explained as the growth 
mechanism under the diffusion-controlled reactions[35]. The relationship between n in Eq. (1) and β 
in Eq. (2) is expressed as: n = 3β for instantaneous nucleation from foreign heterogeneities; and n = 
1+3β for sporadic nucleation from homogeneous media or foreign heterogeneities. 
Table 3 presents the in situ SXRD analysis results of the n, β, and 1 + 3β. For the temperature range 

of 633–713 K, the experimentally determined values of n and β were closer to the relation of n = 1+3β 
rather than n = 3β. Thus, the nucleation mechanism of nanocrystalline α–Fe grains was explainable by 
the sporadic nucleation process. Comparisons of the time dependences of grain size of α–Fe and 
crystallinity in Figs. 3(e) and 3(f) revealed that the crystallinity gradually continued to increase after 
the grain size appeared to be almost saturated. These behaviors would support the sporadic nucleation 
process, Regretfully, the analysis based on the Avrami model was not applicable for the temperature 
of 733 K owing to the lack of experimental data in the short time region. However, according to the 
temperature dependences of n and β in Table 3, the sporadic nucleation process appears to be 
independent of the temperature of isothermal process. Here, the values of β were smaller than 1/2, 
implying that the grain growth of α-Fe was delayed rather than that expected from the usual diffusion-
controlled reactions. This delay in α–Fe grain growth may be owing to the strain induced at the 
boundary of the α–Fe grain and residual amorphous phase [36]. 
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The 

relationship 
between the 
size of Cu 

clusters 
obtained by the 

APT 
observations 

and the kinetics of α-Fe grains obtained by in situ SXRD is discussed. The nucleation of α-Fe grains 
occurred sporadically and followed the diffusion-controlled reactions. These nucleation behaviors 
were insensitive to the isothermal annealing temperature. However, the uniformity of microstructure, 
α-Fe grain size, crystallinity, and Cu cluster size strongly depended on the isothermal annealing 
temperature. For higher temperature, the Cu clusters were larger than 3 nm, and the microstructure of 
well-distributed smaller α–Fe grain with higher crystallinity was obtained. However, for lower 
temperature, the Cu clusters were smaller than 3 nm, and larger α-Fe grains were less distributed with 
lower crystallinity. Cu clusters are known to precipitate before the nanocrystallization of α–Fe in the 
precursor amorphous alloys [37-41]. Therefore, it is highly possible that the larger Cu clusters function 
as the nucleation sites for α-Fe grain. The nucleation of α-Fe took place sporadically but proceeded at 
a very high rate, resulting in the well distributed smaller α-Fe grains. Whereas, the smaller Cu clusters 
did not work as the nucleation sites for α-Fe grains. Consequently, the sporadic nucleation of α-Fe 
grains proceeded slowly, resulting in the coarsening α-Fe grain with less distributed. Conventional 
kinetic studies of soft magnetic nanocrystalline materials have mostly been based on DSC-based 
calorimetric analysis[21, 42], with recent studies of kinetic using changes in electrical resistance in 
ultra rapid annealing[43]. These only consider the crystallinity, and do not directly observe the grain 
size of α-Fe during annealing. The major scientific advance in this study is the quantitative discussion 
of kinetics based on time-resolved detection of both crystallinity and grain size from SXRD and further 
detailed investigation of the microstructure using TEM/APT. 
 To summarize the above findings and discussions, Fig. 4 shows a schematic of the microstructural 
evolution with isothermal temperature and elapsed time. There were three stages of crystallization: the 
precursor amorphous phase, Cu clustering, and finally the α-Fe nanocrystallization. These stages and 
the final microstructures strongly depended on both the temperature and time. However, the kinetics 
of α-Fe nanocrystallization process was unchanged against the isothermal temperature, which 
sporadically followed by the diffusion-controlled reactions. Therefore, it can be concluded that the Cu 
cluster size and distribution are the most important factors controlling the microstructure of the Fe-Si-
B-P-Cu-C alloy. Because of the very low content of Cu and very short evolution time of Cu clustering, 
the experimental evaluation of Cu cluster kinetics is a very challenging task but important to fully 
understand the nanocrystallization kinetics of soft magnetic alloys. 

Table 3. Results of Avrami exponent n, β, and 1+3β,  

Ta (K) n β 1+3β 

633 1.36 0.25 1.75 

653 1.30 0.22 1.66 

673 1.40 0.15 1.45 

693 1.10 0.07 1.21 

713 0.79 0.05 1.15 

733 NA NA NA 
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Figure. 4. Schematic of microstructure evolution with isothermal temperature and elapsed time. The square areas 

illustrate the microstructure consisting of amorphous (gray), Cu cluster (orange), and α-Fe grain (blue).  

 
Conclusions 
In this study, the nanocrystallization mechanism of an Fe–Si–B–P–Cu–C alloy was investigated by 
means of multiprobe methods of TEM, APT, and in situ SRXD. Consequently, the nanocrystallization 
mechanism of this alloy was confirmed to be a sporadic nucleation process irrespective of the 
temperature. Although the nucleation process of α-Fe grains was unchanged against the temperature, 
the different Cu cluster size for different temperature significantly affected the growth rate and grain 
size of α-Fe nanocrystallization. For the higher temperature, the Cu cluster size became sufficiently 
large to function as nucleation site of α-Fe. Consequently, the microstructure of high-density fine 
grains of α-Fe was obtained during the short time of a few seconds. However, for the lower temperature, 
the Cu cluster size was excessively small to act as the nucleation sites of α-Fe, resulting in the low-
density coarse grains of α-Fe with very long growth time of 100 min. Therefore, to obtain the optimal 
nanocrystalline microstructure for excellent soft magnetic properties, it is important to control the Cu 
clustering and subsequent α-Fe crystallization at higher temperature with shorter time. 
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