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Samples of the nanocrystalline soft magnetic alloy Fe42Co42Zr7B9 were prepared by annealing the as-
quenched amorphous precursors at various temperatures to investigate the crystallization behavior of the
samples and the evolution of their magnetic properties. Di�erential scanning calorimetry revealed two
distinct stages, namely (i) the primary crystallization of the α-Fe solid solution and (ii) the formation of
ZrCo3B2 and Fe3Zr phases. Grain growth proceeded gradually in the early stage and increased rapidly
in the later stage of crystallization. The lattice constant initially increased and then decreased at
about 600◦C due to the incorporation of Zr into the α-Fe lattice. The speci�c saturation magnetization
(Ms) and coercivity (Hc) followed similar two-stage trends, i.e., Ms �rst increased and then decreased,
while Hc slightly increased below 600◦C and rose sharply thereafter due to grain growth and phase
transformations. Thus, precise control of the annealing temperature in FeCoZrB alloys allows for tuning
of the microstructural and magnetic properties, o�ering pathways toward high-e�ciency, soft magnetic
components.
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1. Introduction

The remarkable properties of Fe-based nanocrys-
talline soft magnetic alloys can be attributed to
their two-phase structure, in which body-centered
cubic (bcc) Fe crystallites (10�20 nm) are embed-
ded within an amorphous ferromagnetic matrix [1].
When �ne ferromagnetic nanocrystals are ex-
changeably coupled through the surrounding amor-
phous phase, the magnetocrystalline anisotropy is
e�ectively averaged over numerous grains, resulting
in superior soft magnetic performance [2].
By partially substituting Fe with Co, FeCo-

based nanocrystalline soft magnetic alloys exhibit
higher Curie temperatures and saturation mag-
netizations than their Co-free counterparts [3].
These enhancements make them suitable for high-
temperature applications. They represent a criti-
cal class of soft magnetic materials with a wide
range of technological applications and have been
widely investigated [4�9]. A typical representa-
tive of this family is the HITPERM series al-
loy [FeCoMB(Cu) (M = Nb, Zr, Hf)] [10]. Ele-
ments such as Zr and Nb are generally assumed
to be distributed in the remaining amorphous ma-
terial, where they play a role in inhibiting grain
growth.

Heat treatment plays a key role in enhancing
material performance by modifying the microstruc-
ture [11]. It is essential for processing many types
of alloy materials [12�15]. Fe-based nanocrystalline
soft magnetic alloys are commonly fabricated via
partial crystallization of an amorphous precursor.
Heat treatment temperature directly a�ects atomic
di�usion and phase precipitation, which in turn in-
�uences the grain number, grain size, crystalliza-
tion volume fraction, and the composition of pre-
cipitated phases during alloy crystallization [1].
In this study, samples of amorphous

Fe42Co42Zr7B9 alloy were prepared and annealed
at various heat treatment temperatures. The crys-
tallization behavior and magnetic properties were
analyzed, and the thermal evolution was divided
into two stages. Notably, in the mid-crystallization
stage the Zr element is not completely distributed
in the remaining amorphous matrix but partially
dissolves into the lattice.

2. Experiments

An ingot of nominal compositionthe made of an
alloy of Fe42Co42Zr7B9 was prepared by arc melting
high-purity Fe (99.98 mass%), Co (99.95 mass%),
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Fig. 1. XRD patterns of Fe42Co42Zr7B9 alloy in the as-quenched and annealed states. The inset shows the
DSC trace of the as-quenched sample.

Zr (99.92 mass%), and B (99.999 mass%) under
a Ti-gettered argon atmosphere. During the melt-
ing process, the ingot was rotated and magnet-
ically stirred to ensure compositional homogene-
ity. Melt-spun ribbons (approximately 10 mm wide
and 40 µm thick) were fabricated by inductively
melting the alloy and ejecting the melt onto a cop-
per wheel rotating at 38 m/s under pressurized ar-
gon. The amorphous ribbons were then isothermally
annealed in a vacuum tube furnace for 40 min to
obtain nanocrystalline alloys.
Di�erential scanning calorimetry (DSC) data

were collected using a simultaneous thermal an-
alyzer (STA 449F5). X-ray di�raction (XRD)
patterns were recorded using a D/Max-2500/PC
di�ractometer (Cu Kα, λ = 1.5406 Å, step of 0.02◦,
scan rate = 4◦/min). The lattice constant and grain
size of α-Fe(Co) were calculated using Jade 5.0.
Transmission electron microscopy (TEM, FEI Ta-
los F200X, 200 kV) and scanning transmission
electron microscopy with energy dispersive spec-
troscopy (STEM�EDS) were used to characterize
the sample morphology and elemental distribu-
tion. Magnetic hysteresis loops were measured us-
ing a Dynacool-9T physical property measurement
system (PPMS).

3. Results and discussion

Figure 1 presents the XRD patterns of the
Fe42Co42Zr7B9 alloy in both the as-quenched and
annealed states. The as-quenched sample exhibited
a broad di�use di�raction halo with no sharp peaks,
con�rming its amorphous structure. The inset de-
picts the DSC trace of the as-quenched alloy; two

exothermic peaks are evident, indicating a two-
stage crystallization process. Based on the DSC
curve, the annealing process is divided into two tem-
perature ranges (inset of Fig. 1).
After annealing at 525◦C, Bragg re�ections corre-

sponding to the (110), (200), and (211) planes of the
α-Fe(Co) phase appeared, indicating the precipita-
tion of a single bcc α-Fe(Co) crystalline phase from
the amorphous matrix. When the annealing temper-
ature exceeded 625◦C, the ZrCo3B2 phase formed in
addition to α-Fe(Co). At 750◦C, both ZrCo3B2 and
Fe3Zr phases were observed.
With increasing annealing temperature, the full

width at half maximum of the (110) di�raction peak
narrowed, and the peak position shifted �rst toward
lower angles and then toward higher angles. These
changes suggest an increase in the grain size and a
variation in the lattice constant of the crystalline
phase.
The grain size (D [nm]) and lattice constant

(a [Å]) of the α-Fe(Co) phase as functions of the
annealing temperature (Ta) are presented in Fig. 2a
and 2b, respectively. Both parameters exhibited no-
ticeable changes during nanocrystallization as the
annealing temperature increased.
In the early stage of crystallization, grain growth

was slow, because Zr atoms were distributed in
residual phases, which suppressed grain growth.
However, in the later stage, the grain size increased
rapidly due to the precipitation of a large amount
of Zr-containing compounds.
The lattice constants of pure α-Fe and α-FeCo

were 2.8664 and 2.8550 Å, respectively. At 525
and 550◦C, the measured lattice constants were
lower than those of pure Fe but higher than those
of pure α-FeCo, indicating slight dissolution of Co
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 (a) (b)

Fig. 2. Variation of (a) grain size and (b) lattice constant of the α-Fe(Co) phase with annealing tempera-
ture (Ta).

in α-Fe. Furthermore, the lattice constant increased
rapidly, reaching a maximum at 600◦C, which ex-
ceeded the value for pure Fe. This indicates in-
corporation of large-radius Zr atoms into the α-Fe
lattice. At this temperature, the solid solubility of
Zr appeared to reach saturation. During the early
stage of crystallization of Zr-containing Fe-based al-
loys, Zr is distributed in the residual amorphous
phase. However, we observed partial dissolution of
Zr into the lattice. Upon further increase in temper-
ature, this Zr combined with Co and B to form the
ZrCo3B2 phase, thereby reducing the Zr content in
α-Fe. Above 600◦C, the lattice constant rapidly de-
creased and then stabilized between those of pure Fe
and α-FeCo, again suggesting partial Co dissolution
in α-Fe at elevated temperatures.
Based on the previously described observations,

the two peaks in the DSC curve correspond to (i)
the primary crystallization of the α-Fe solid solution
and (ii) the formation of ZrCo3B2 and Fe3Zr phases.
Figure 3 shows the high-resolution TEM

(HRTEM) image and the corresponding fast Fourier
transform (FFT) pattern of the sample annealed
at 550◦C. FFT analysis con�rmed that the α-Fe(Co)
phase grains were oriented along the [111] crystal-
lographic direction.
Bright-�eld (BF) and high-angle annular dark

�eld (HAADF) TEM images and elemental maps of
the Fe42Co42Zr7B9 alloy annealed at 550◦C, shown
in Fig. 4, provide further information on the el-
emental distributions within the alloy. The TEM
image revealed a small number of nanocrystals.
The Fe-rich regions corresponded to the primary
bcc α-Fe(Co) crystals, while the remaining Fe was
distributed within the residual amorphous matrix.
No apparent di�erence in Co concentration was

Fig. 3. HRTEM image and the FFT pattern corre-
sponding to the red box (inset) of the alloy annealed
at 550◦C.

observed between the nanocrystals and the amor-
phous matrix. Zr was predominantly located in the
residual amorphous phase. These results indicate
that annealing at 550◦C produces a two-phase struc-
ture, wherein bcc α-Fe(Co) crystals are embedded
within the amorphous matrix.
Figure 5 shows the variation of coercivity (Hc)

and speci�c saturation magnetization (Ms) of the
Fe42Co42Zr7B9 alloy as a function of annealing tem-
perature (Ta). The overall trend can be divided
into two stages. In the �rst stage (below 600◦C),
Hc remained low and stable, partly due to stress
relaxation in the amorphous ribbons during heat
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Fig. 4. BF-TEM and HAADF images with corresponding EDS maps of the alloy annealed at 550◦C. In the
EDS maps for FeCo and FeCoZr, the e�ect of Fe and Co overlapping when the maps are stacked together
appears as pink areas.

 (a) (b)

Fig. 5. The results of Hc and Ms of Fe42Co42Zr7B9 alloy as a function of annealing temperature. Inset shows
the magni�ed low-�eld region of the hysteresis loop of the alloy sample annealed at 550◦C.

treatment, which alleviated the internal stress in-
duced by rapid solidi�cation. The second stage
corresponds to the two-phase structure compris-
ing α-Fe(Co) nanocrystals embedded in an amor-
phous matrix. At 550◦C, the magni�ed hysteresis
loop exhibited an extremely low value of Hc . Ac-
cording to the random anisotropy model, excellent
soft magnetic properties are obtained when �ne
ferromagnetic nanocrystals are exchange-coupled

through the amorphous matrix at D < Lex, where
Lex is the exchange correlation length (Lex ≈
20�40 nm for Fe-based alloys [16]). The satura-
tion magnetization Ms increased with annealing
temperature in the �rst stage due to the forma-
tion of bcc α-Fe(Co) crystals. In the second stage
(above 600◦C), Hc increased rapidly, most likely be-
cause of excessive grain growth and phase trans-
formations. In contrast, Ms decreased with further
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increase in annealing temperature due to precipi-
tation of compounds such as ZrCo3B2 and Fe3Zr.
The resulting high Hc and low Ms values indicate
degradation of the soft magnetic properties. There-
fore, high-temperature annealing was observed to
be detrimental to the soft magnetic properties of
the alloy.

4. Conclusions

The crystallization behavior and magnetic prop-
erty of the Fe42Co42Zr7B9 alloy during annealing
were studied in a comprehensive way using DSC,
XRD, TEM, and PPMS.

� The DSC curve of the as-quenched alloy re-
vealed two exothermic peaks corresponding
to (i) the primary crystallization of the α-
Fe solid solution and (ii) the formation of
ZrCo3B2 and Fe3Zr phases.

� The growth of grain size was gradual in the
early stage of crystallization and rapidly ac-
celerated in the later stage. The lattice con-
stant initially increased, reaching a maximum
at 600◦C due to the incorporation of Zr into
the α-Fe lattice, and then decreased with fur-
ther annealing.

� TEM analysis showed that the alloy annealed
at 550◦C is a two-phase structure compris-
ing α-Fe(Co) nanocrystals embedded within
an amorphous matrix.

� Both the speci�c saturation magnetization
Ms and the coercivity Hc followed a two-
stage trend. The Ms values �rst increased
and then decreased, whereas the Hc values
slightly increased below 600◦C and then in-
creased sharply due to grain growth and phase
transformations.

� The alloy annealed in the early stage of crys-
tallization, characterized by low Hc and high
Ms values, exhibits excellent soft magnetic
performance. It has potential applicability in
miniaturized and lightweight electromagnetic
components.
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