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ARTICLE INFO ABSTRACT

ATII'C’? history: The intrinsic heterogeneity of an amorphous structure originates from composition, and the structure de-
Received 7 June 2023 termines the magnetic properties and crystallization models of amorphous magnets. Based on classical
§EV‘Sethé g”lyl 2%323 Fe-B binary magnetic amorphous alloys, the relationship between the structure and magnetic properties
ceepte July was extensively studied. The stacking structure of Fe-B binary amorphous alloys exhibit discontinuous
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changes within the range of 74-87 at.% Fe. The structural feature can be expressed as Amor. Fe3B ma-
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trix + Fe atoms are transforming into Amor. Fe matrix + B atoms with the increase of Fe content. The so-
lute atoms are uniformly distributed in the amorphous matrix holes, similar to a single-phase solid solu-
tion structure. The transition point corresponds to the eutectic crystallization model composition (Feg,B1g
to Feg3Bi7). A high Fe content will amplify magnetic moment sensitivity to temperature. Under a given
service temperature, the disturbance effect of magnetic moment self-spinning will offset the beneficial
effect of increasing Fe content and induce the saturation magnetization (M) value to decrease. Binary
amorphous Fe-B alloys obtain the maximum Curie temperature near 75 at.% Fe, which is slightly smaller
than that of the corresponding metastable Fe;B phase, i.e., the amorphous short-range order structure
maintains the highest similarity to the Fe;B phase. The chemical short-range ordering (SRO) structure
of amorphous alloys exhibits heredity to corresponding (meta)stable crystal phases. The unique spatial
orientation structure of the metastable Fe;B phase is the structural origin of the amorphous nature. This
study can guide the composition design of Fe-metalloid magnetic amorphous alloys. The design of ma-
terials with excellent magnetic properties originates from a deep understanding of precise composition

control and temperature disturbance mechanism.
© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &
Technology.

1. Introduction

netic materials, including silicon steel, Permalloy, rare-earth per-
manent magnets, and amorphous-nanocrystalline soft magnets

Energy structure adjustment proposes more functional require-
ments for power electronic materials, including magnetism, me-
chanics, electricity, and optics. The development and use of mag-
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[1-7], accelerate the iterative development of power electronics
technology, improve energy conversion efficiency, and reduce in-
valid energy loss. The magnetic properties of materials are de-
termined through composition, interactions among ferromagnetic
atoms (e.g., Fe, Co, and Ni), bonding state, and local coordination
environment (ordered periodic lattice or disordered amorphous
structure) [8-12]. Given their short preparation process and low
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no-loading core loss, amorphous soft magnetic materials have been
widely used in power transformers, electrical motors, and induc-
tors [13,14].

The structure of amorphous alloys is constructed from polyhe-
dral unit structures with modest topological distortion and chem-
ical disorder [15,16]. The chemical short-range order of metal-
metalloid amorphous alloys is close to that of the corresponding
crystal structure. Magnetic property is determined by the short-
range ordering (SRO) structure, i.e., the exchange integrals (J) be-
tween local atom pairs; a positive J induces ferromagnetism, while
a negative J induces paramagnetism [17]. The lack of periodic
structure does not significantly destroy the intrinsic magnetic mo-
ment [10].

An amorphous structure can be continuously adjusted within a
specific range of components, and the macroscopic structure still
presents a long-range disordered structure. Magnetic properties
will undergo apparent changes attributed to SRO change [9,18,19].
Studying ferromagnetic amorphous magnetic parameters can help
reveal the evolution of amorphous structures. Another motivation
of the present research is that an ultrahigh Fe content will in-
duce the decrease of saturation magnetization (Ms) at room tem-
perature; this phenomenon is universal in different Fe-based amor-
phous alloys [20], such as FeSiB [21], FeSiBPC [22,23], and FeCoSiBP
[24], and FeSiBPCu [25], and the mechanism behind lacks extensive
discussion.

In the present research, Fe-B binary magnetic materials were
used as the research object, and their major advantage is that
amorphous structures can be obtained in a wide range of com-
positions via melt-quenching [26] or physical vapor deposition
(PVD) [27] techniques. The current study systematically researched
the magnetic properties and structural transformation of melt-
quenched amorphous ribbon with Fe concentration change, while
the composition region was FexBigg_x (74 at%< x < 87 at%). The
measurement of conventional magnetic parameters focuses on the
influence mechanism of component alloying on magnetic proper-
ties under fixed temperature conditions. However, Ms is a func-
tion of temperature, and even a slight temperature perturbation
can change the magnetic state [28]. Thus, a single temperature re-
sult cannot fully reveal the relationship between composition and
magnetic properties. The present work introduced a temperature
parameter to characterize the evolution of magnetic materials over
a relatively wide temperature range (5 to 350 K). The correla-
tions among atomic magnetic moment, magnetization-temperature
(M-T) curve in a low-temperature region, crystallization transition
mode, and amorphous stacking form were discussed.

2. Experimental methods

Master alloys with nominal compositions of FexBigg_x
(74 at.% < x < 87 at.%) with pure Fe (99.98 mass%) and crystalline
B (99.5 mass%) were prepared in a high-frequency induction
melting furnace (VF-HMF100, MAKABE, Co., LTD.) in a high-purity
Ar atmosphere. Ribbons were prepared using a single copper roller
melting-quenching method (VF-RQB20, MAKABE, Co., LTD.) with
a width of about 1 mm and a thickness of about 20 pum under
a linear rate of 40 my/s. Ultrahigh Fe-based amorphous ribbons
(Fe > 86 at.%) with a thickness of 16-18 pum were obtained by
increasing the linear rate and reducing injecting pressure. Some
minor surface crystallization layers were polished with 2000 grit
SiC abrasive paper. A similar surface crystallization phenomenon
was universal in high-Fe content amorphous systems near the crit-
ical glass forming thickness [29]. Prior to magnetic measurements,
the amorphous structure was validated via X-ray diffraction (XRD)
with Cu K« radiation (D8 Advance, 40 kV and 40 mA, Bruker)
from 20° to 90° at a scanning rate of 4°/min. The XRD patterns
of the present research can be seen in Fig. S1 in the Supplemen-
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tary Material. The intrinsic magnetic properties measured with a
magnetic property measurement system (MPMS-SQUID, Quantum
Design) at an excitation magnetic field of 20 kOe (~1600 kA/m)
are sufficient for Fe-based amorphous alloy saturation. The M;-T
curve is obtained from 5 to 350 K at a continuous heating rate
of 0.0833 K/s. Before the heating sequence, the sample is pre-
stabilized at 5 K for 5 min, and the intrinsic magnetism at 0 K
is derived through curve extrapolation. The thermal physical pa-
rameters of the amorphous ribbons were examined via differential
scanning calorimetry (DSC, NETZSCH 404C) in a Pt crucible at
heating rates of 0.667 and 0.0833 K/s. The lower heating rate
can help distinguish crystallization processes with similar kinetic
reaction rates. The Curie temperature (Tc) and crystallization tem-
perature (Tx) of the amorphous alloys were derived from DSC heat
flow curves. Transmission electron microscopy (TEM, Talos F200)
analyses, including selected-area electron diffraction (SAED) and
high-resolution TEM (HRTEM), were adopted for microstructure
characterization with an acceleration voltage of 200 kV. The TEM
samples were prepared via Art ion milling (Gatan 691) on the
basis of an as-cast and fully crystallized thin ribbon. The structural
information of the stable and metastable phases of the Fe-B binary
system was derived from the Materials Project database. Moreover,
the visualization of crystal units and XRD pattern simulations were
actualized using Visualization for Electronic and Structure Analysis
(VESTA) software [30].

3. Results
3.1. Magnetic analysis

The Mg value is an essential parameter for ferromagnetic ma-
terials. Moreover, this value is the function of Fe content and
service temperature. The diagrams of Mg versus T and Ms ver-
sus Fe content at different temperatures of the as-cast FexBigg_x
(74 at.% < x < 87 at.%) amorphous alloys are shown in Fig. 1. The
external magnetic field is 20 kOe, which is sufficient for the paral-
lel arrangement of magnetic moments. The effective magnetic mo-
ment of the ferromagnetic material mainly derives from the spin
magnetic moment of unpaired electrons [17]. At a given temper-
ature, the thermodynamic disturbance of temperature is consis-
tent, and the ferromagnetic material will obtain a fixed M; value.
Generally, the Mg value at room temperature is used to evaluate
the change of magnetic properties in the composition. With an in-
crease in Fe content, the M value under low-temperature condi-
tions exhibits a continuously increasing tendency, but the redistri-
bution of magnetic moments caused by temperature increases ac-
cordingly. The M value of high Fe-content amorphous samples de-
cays faster at the same temperature interval. A relatively higher Fe
content in Fe-based amorphous alloys is the most direct and effec-
tive method for improving the Ms of magnetic materials. However,
with the enrichment of Fe content, the Ms value cannot maintain
a continuously increasing tendency, particularly at higher service
temperatures. The disturbance effect of temperature on the mag-
netic moment is enhanced. The Feg;Big sample can be considered
a critical component in the binary system. At 5 K service tempera-
ture, a higher Fe content cannot significantly increase the M value,
and the peak value is about 205 emu/g.

By contrast, at a service temperature of 300 K, a higher Fe con-
tent will induce a significantly reduced Ms value. The Mg value
of samples with lower Fe content remains nearly unchanged, as
shown in Fig. 1(b). Hence, the effect of temperature should not be
disregarded. Spin-wave excitation theory [28,31,32] was adopted
to describe magnetic behavior at temperatures ranging from 5 to
350 K.

The temperature dependence of magnetization toward 0 K in a
ferromagnet (amorphous or crystalline states) is described well by
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Fig. 1. Variation of M with the temperature and composition of as-cast FeyBjgo_x (74 at.% < x < 87 at.%) amorphous ribbons at an external magnetic field of 20 kOe. (a)
Magnetization-temperature (Ms-T) curves of as-cast amorphous ribbons. The insets show diagrams of the electron magnetic moment being disturbed by temperature. (b)

Relationship between M; and Fe content at different service temperatures.

Bloch’s T3/2 law, which indicates that long-wavelength spin wave
excitations determine magnetization behavior. Spin-wave energies
are described well by the following quadratic dispersion relation

[33]:
()

F=D{a~ 59

¢+ )+ ZJTMBgM0<sin20>, (1)

where D is the stiffness parameter, and (r2) is the second moment
of the exchange interaction defined by

12y _ JImemridr
JI(r)g(ryr¥dr’
where J () is the exchange interaction, and g () is the pair correla-
tion function. The constant term in Eq. (1) is an effective (pseudo-)
gap in the spin-wave dispersion relation due to dipolar interac-
tions, 6 is the polar angle of the wave vector (the z-axis is de-
fined as the direction of spontaneous magnetization), and (sin26)
denotes the average over all magnetic domains. The spontaneous
magnetization M(T) at low temperatures can be described by [34]

M(T) = M(0)(1 - BT*? —CT*?2 — ), 3)

where coefficients B and C are related to coefficients g2 and g¢*
in Eq. (1), respectively. At extremely low temperatures, the sin-
gle T3/2 term is sufficient to describe the magnetization behav-
ior, i.e., Bloch’s T3/2 law, which is frequently described as a “long-
wavelength spin wave.” As temperature increases, spin-wave inter-
actions should be considered, and “short-wavelength spin wave”
will be excited, referring to the term T%/2. In the present research,
the two parts of Eq. (3) can fit the Ms-T curve well by using Origin
software. This condition is sufficient for Fe-B amorphous alloys in
the 5-350 K region.

The spin-wave parameters B and C of amorphous alloys with
different Fe contents are plotted in Fig. 2 to describe the M-T
behavior of the other amorphous structures. A higher value indi-
cates that Ms decreases faster with temperature disturbance. Fur-
thermore, the spin-wave stiffness parameter D will be calculated
on the basis of parameters B and C in our future manuscript. This
topic is not covered in the present study. As shown in Fig. 2, as
Fe content decreases, parameters B and C tend to decrease gradu-
ally, and the parameters are sensitive to the structural differences
of ferromagnetic materials. The reduction rate shifts to a relatively

(2)
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Fig. 2. Spin wave parameters B and C of the amorphous ribbons vs. Fe content are
obtained via nonlinear fitting of the M;-T curves from 5 to 350 K on the basis of
Bloch’s equation.

lower value when Fe content is lower than 82 at.%. This result has
not been reported in previous research, and the shift should orig-
inate from a transition in the amorphous structure before and af-
ter the critical composition, i.e., FegyBqg. The relation between an
amorphous structure and magnetic properties is a crucial scientific
question.

The average magnetic moment (/t) can be derived from the fol-
lowing equation [37]:

- MS(O)Mmol
m= Npg

where Mo is the molecular weight, N is Avogadro’s constant, /g
is the number of Bohr magnetons, and M (0) is the spontaneous
magnetization intensity at 0 K. Fig. 3 shows the moment per Fe
atom (fige) versus Fe content relationship, and the maximum value
can be obtained between 84 at.% and 85 at.%. Further increasing Fe
content will lead to intrinsic magnetic moment attenuation. The
dashed line in Fig. 3 is the extrapolated guideline, and the extrap-
olated amorphous pure Fe (Amor. Fe) is about 1.4 ug. The relevant
theoretical calculation results show that when binary amorphous
Fe-B is about Fe=85 at.%, the intrinsic magnetic moment value

(4)
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Fig. 3. Intrinsic magnetic moment of per Fe atom (fir.) and per atom (i) of the as-
cast Fe-B binary amorphous ribbons and films as a function of Fe content at 0 or
4.2 K. The results of different groups were summarized in [27,32,35-40]. The inset
is the result of the present research. The dashed line indicates a downward trend
toward ideal amorphous Fe in the Fe-metalloid system.

reaches the maximum value of about 2.17 ug [41] and then de-
creases significantly. The present result finds the maximum value
at 84 at.% Fe content, and the magnetic moments exhibit a certain
discreteness derived from different groups.

The amorphous Fe interlayer can grow into an amorphous
structure until a critical thickness of about 2 nm on amorphous
Dy [42], Gd [43], or Y [44] substrates prepared via evaporation in
an ultrahigh vacuum on GaAs (100) and quartz glass substrates.
The amorphous structure can remain stable at room temperature.
The average magnetic moments of these amorphous Fe films are
strongly reduced to (1.2 & 0.2) ug, while T¢ is reduced to (80 + 3)
K. Conversely, in the conventional bulk body-centered cubic (BCC)
Fe, the moment per atom is 2.2 ug and T is 1073 K. The struc-
ture of pure amorphous Fe obtained by extrapolating Fe-metalloid
and Fe-Zr (transition group metals) is not unique [45]. Similar to
the face-centered cubic (FCC) Fe system and the magnetic state
nonuniqueness obtained via extrapolation, it is primarily deter-
mined by its average atomic volume. Moreover, the change in local
stacking structure will form a mutual transition among ferromag-
netic, paramagnetic, and spin glass states. The local structure of
pure Amor. Fe does not inherit its local configuration from the BCC
Fe crystal unit and ultrahigh Amor. Fe content is not beneficial to
improve the intrinsic magnetic moment.

3.2. Thermodynamic analysis

Fig. 4 shows the DSC curves of FexBigg_x (74 at.% < x < 87 at.%)
amorphous alloy at different heating rates. It involves the
exothermic peaks of crystallization and the endothermic peaks
of ferromagnetic-to-paramagnetic transformation in the base-
line curves. A low heating rate (0.0833 K/s-5 K/min) is
adopted to distinguish exothermic reactions with close crystal-
lization kinetics. The exothermic crystallization peak of FexBigg_x
(77 at% < x < 81 at.%) at a heating rate of 0.0833 K/s, shown in
Fig. 4(a), is divided into two exothermic peaks that correspond to
the eutectic reaction and polymorphic transition reaction of the
residual amorphous structure, respectively. A typical exothermic
peak of Fe;7B,3 sample at 0.0833 K/s is shown in Fig. 4(d). As heat-
ing rate increases, the two-step crystallization reaction will coin-
cide, as illustrated in Fig. 4(b). Fig. 4(c) depicts the second scanning
baseline curve. The samples are first heated to 1073 K at 0.667 K/s
and then furnace-cooled to room temperature. The endothermic
peak of the T¢ point identifies the crystallization products. T, value
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significantly differs among metastable Fe;B, stable Fe,B, and «-Fe
phases [26].

As Fe content gradually increases from 76 at.% to 84 at.%, the
relative intensity of the endothermic peak of the «-Fe phase grad-
ually increases, and the crystallization product transforms from a
single metastable Fe3B to a two-phase mixture. Simultaneously, the
metastable Fe3B phase is proven not to undergo significant decom-
position during DSC heating. This phase can remain stable at room
temperature. However, the metastable Fe3B phase formed in the
Fe;5B,5 sample will decompose to stable a-Fe and Fe,B phases at
around 980 K during heating at a rate of 0.667 K/s. Exothermic en-
thalpy is about 4.87 J/g. The multistep DSC scanning curves of the
Fe;5B,5 sample are shown in Fig. S2 in the Supplementary Mate-
rial. The sample is transformed into a metastable Fe3B phase of the
same composition by the polymorphic crystallization model.

Increasing Fe content will improve stability of the metastable
Fe3B phase formed during amorphous crystallization. Possible rea-
sons for increased strength may be the precipitation of the mi-
nor o-Fe phase around Fe3B grains or the crystal structure of
metastable FesB phase has changed, improving the solid-state
phase transition barrier. When Fe content exceeds 83 at.%, the
crystallization peak splits into two apparent peaks. The first peak
corresponds to the precipitation of «-Fe phase, indicating that
the concentration of Fe atoms in amorphous state is excessive. Fe
atoms preferentially aggregate at a lower temperature during heat-
ing. When Fe content reaches 85 at.%, the crystallization products
are stable «-Fe and Fe,B phases. The amorphous matrix gradu-
ally changes from pure Amor. Fe3B structure to Amor. Fe structure
with increased Fe concentration. The emergence of a primary crys-
talline structure indicates that the Amor. Fe structural units occupy
a dominant position. The short-range structure in amorphous state
is inherited from the corresponding stable or metastable crystalline
structure.

Activation energy of the first onset crystallization peak (Ex;) of
different samples was calculated using the Kissinger method [46].
The equation is

In(T?/B) = In(E/R) — Inv+ E/RT, (5)

where T is the specific temperature (K), 8 is heating rate (K/s), E
is activation energy (kJ/mol), R is gas constant (8.3145 ]/(mol K)),
and v is frequency factor. Fig. 4(e) presents activation energy re-
sults versus Fe content. When Fe content is more than 83 at.%, Ex;
decreases linearly with an increase in Fe content, corresponding to
the primary crystallization model. The Feg;Bg and Feg3B{; sam-
ples exhibit higher crystallization resistance. The rearrangement of
atoms requires more energy in the eutectic crystallization model.
When Fe content is lower than 82 at.%, the Eyx; value of different
samples is nearly the same, possibly indicating that the crystal’s
initial nucleus is similar. On the basis of the DSC result, the amor-
phous structure of FexBigg_x (74 at.% < x < 87 at.%) can be divided
into two parts: Amor. Fe matrix and Amor. Fe3B matrix. The critical
composition is Feg,B1g.

3.3. Microstructure analysis of amorphous and crystal FesB phase

We analyzed the microstructure of the Fe;B,4 samples, includ-
ing the as-cast and 883 K-10 min annealing state, as shown in
Fig. 5. Fig. 5(a) shows the BF image of the as-cast Fe;5B,4 sample,
which exhibits typical homogeneous contrast without evident or-
dered lattice fringes. The corresponding SAED in Fig. 5(e) presents
the diffraction pattern with two dispersed diffraction halos with-
out detectable diffraction spots. The microstructure and diffraction
pattern of the fully crystallized Fe;5B,4 sample (883 K-10 min) are
shown in Fig. 5(b, f), respectively. Crystalline size distribution is
about 50-150 nm. The diffraction ring acquisition area is a circular
region with a diameter of about 850 nm. It contains about 50 spa-



Y. Cai, B. Lin, Y. Wang et al.

Journal of Materials Science & Technology 180 (2024) 141-149

()

—
=3
~

6.[)833' K/s

Primary

Eutectic

~
(]
S’

T T T
0.667 K/s

Heat flow (arb. units) Exothermic
Heat flow (arb. units) Exothermic

Polymorphous

Heat flow (arb. units) Exothermic

ISBAUL JUIUOD UoI]

Endothermic peaks of 7 points

A

575 600 625 650 675 700 725 750 775 800 625 650 675 700

Fe, B, at 0.0833 K/s
- - Peak 1

@ Peak2

®  Cumulative peak

Temperature (K)

_
="
—

Heat flow (arb. units)

Serce
i,
L s o

L " L I L

650 660 670 680 690 700 710 720 730
Temperature (K)

Activation energy (kJ/mol

725

Temperature (K)

(e).

260
2
220

200

140

120

40

180

160

" " I Lo
88 87 86 85 84 83 82 81 80 79 78 77 76 75 T4

T
600 650 700 750 800 850 900 950 1000 1050

750 775 800
Temperature (K)

F Eutectic model
O Eln ‘
% % Polymorphous model
Primary model v
L : § fo] § § Q §
1 § é
e
Y Y '
)
jod |
o '
Amor: Fo mente ! Amor. FeB matrix
‘ \ !
- Batoms ' Fe atoms
1 [ -

Iron content (at.%)

Fig. 4. DSC curves of FeyBigp_x (74 at.% < x < 87 at.%) with different heating rates: (a) 0.0833 K/s and (b) 0.667 K/s. (c) Second scanning curve of the sample’s baseline after
first scanning to 1073 K at 0.667 K/s and furnace cooling to room temperature. The type of crystalline phases and relative content can be determined by the characteristic
endothermic peak and enthalpy, respectively. (d) A typical mixed crystallization peak of Fe;;B,; amorphous sample involves two divided crystallization sequences that can
be separated under a low heating rate. (e) Activation energy (Ex;) of the onset temperature of the first crystallization peak (Tx;) on the basis of the Kissinger method.

tially randomly oriented FesB grains. The bright diffraction spots
in Fig. 5(f) are distributed within a certain range derived from the
special lattice structure of the Fe3B phase.

From the database of Materials Project [50], we can derive
detailed structural information of metastable Fe3B. The system
recorded number is mp-1181327, which corresponds to PDF# 39-
1316 (tetragonal 14, 82) in the MDI Jade 6.5 database. The crys-
tal structure has three inequivalent Fe sites. In the first Fe site,
Fe is bonded in a two-coordinate geometry to two equivalent B
atoms, including one shorter (2.13 A) and one longer (2.23 A) Fe-
B bond length. In the second Fe site, Fe is bonded in a three-
coordinate geometry to three equivalent B atoms, exhibiting a
spread of Fe-B bond distances ranging from 2.12 to 2.31 A. In
the third Fe site, Fe is bonded in a four-coordinate geometry to
four equivalent B atoms, exhibiting a spread of Fe-B bond dis-
tances ranging from 2.18 to 2.21 A, and a B atom is bonded in a
nine-coordinate geometry to nine Fe atoms. A spread of covalent-
like Fe-B bond distances is similar to the amorphous structure,
which exhibits a distribution of nearest-neighbor environments
and bond lengths for a given atom and can be described by the
radial distribution function and a higher-order correlation func-
tion [17]. The feature of the metastable Fe3B may be the intrinsic
structure factor for the system that can be quenched into a stable
amorphous alloy.

If the grain size of the FesB phase is reduced to nanoscale par-
ticles, then the diffraction pattern of the sample will become more
diffused and similar to an amorphous type, i.e., Fig. 5(f) trans-
forms into Fig. 5(e). The structural similarity indicates the mini-
mal difference between the metastable Fe3B and the correspond-
ing amorphous state. The structural similarity should be the struc-
tural origins of this binary system, which can be quenched into
an amorphous state. Fig. 5(c) shows the HRTEM image of a sin-
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gle FesB particle ([Z=[100]). The FFT image of Fig. 5(c) is shown
in Fig. 5(g), presenting periodic diffraction spots. The atomic num-
ber of the B atom is significantly lower than that of the Fe atom.
Hence, the bright atomic layer in Fig. 5(c) should correspond to
the Fe atom layer. The atomic structure distribution in the simu-
lated crystal structure of Fe3B is shown in Fig. 5(d). The exact ori-
entation in Fig. 5(c) is maintained, and the related Miller indexes
are annotated on the figures. Fig. 5(i) shows the radial intensity
profiles of the as-cast amorphous and fully crystallized state, cor-
responding to Fig. 5(e, f), respectively. Fig. 5(j) shows XRD patterns
of the as-cast Fe;5B,4 sample and the simulated powder diffraction
patterns of possible phases. The prominent diffraction peaks of the
metastable FesB exhibit a distribution of the Miller index of possi-
ble spatial configuration that corresponds to the diffuse diffraction
peak of the amorphous structure. The FesB structural units prefer
to form disordered amorphous structures, and Fe-B atoms can also
establish covalent-like bonds, forming chemical SRO (CSRO) struc-
tures. The structure of FexBigo_x (74 at.% < x < 81 at.%) binary
amorphous alloys can be depicted as spatially randomly distributed
Fe3B unit cells that connect additional Fe atoms.

3.4. Curie temperature and average atomic volume versus Fe content

Fig. 6 shows T. and average atomic volume (Vi) as functions
of Fe content. Both variables present a break in the slope around
the FegyBig sample, consistent with the result in Fig. 2. The amor-
phous structure transformation induces nonlinear changes in mag-
netic properties. In accordance with molecular field theory, T can
be expressed by the following equation [26]:

_ 2ZayJre—reS(S+ 1)

Tc 3%y ,

(6)
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Micrograph software 3.21. (j) Conventional XRD patterns and simulated polycrystalline diffraction patterns of possible Fe;B phases. The diffraction angle 26 is converted into
the scattering vector k in the reciprocal space by using k = 1/d = 2 sinf/A. Then, the momentum vector q can be calculated using q = 4 mwsinfd/A = 2k, where A is the
X-ray wavelength of Cu Ke=1.54056 A, and d is the lattice spacing [48,49].
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where S is spin quantum number, Jre_re iS €xchange integrals that is
determined by the atomic spacing of Fe-Fe atomic pairs, zay is lo-
cal coordination number, and kg is Boltzmann constant. In the as-
pect of atomic environment, atomic volume is determined by the
nearest atomic spacing (d) and local coordination number. Given
the lack of long-range translational or orientational order in amor-
phous alloys, Vi can be used to describe structure-property rela-
tionship. A power-law correlation function over the medium-range
order has been proven in metal-metal glasses [48]. Thus, the pa-
rameter Vi, of per atom and Fe atom is adopted to discuss the
structure-magnetic property relationship, and they can be calcu-
lated using the following equation [52,53]:
Monot Q)
X-p

where Vi,_pe is average atomic volume per Fe atom, Vp, is aver-
age atomic volume per atom, x is the Fe content in FexBigg_x
amorphous alloys, M, is the molecular weight, and p is mass
density of the amorphous sample as derived from the literature
[37,51]. Densities of the master ingots in the present research
and the as-cast ribbon are plotted in Fig. S3 in the Supplemen-
tary Material. The nonlinear change in Vy, is favorable evidence
for transforming the amorphous stack structure with increased Fe
content. The Vp, of a single solid solution in crystalline materials
that vary with solute content increases and exhibits segmented
linear changes when multiple terminal solid solutions exist [54].
FexBigo_x (74 at.% < x < 87 at.%) binary amorphous alloys trans-

Vin—re = 100 - V7m =100-
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form amorphous stacking structure around the Feg,Bqg sample. The
primary and polymorphous crystallization samples correspond to
two types of amorphous structures. The classification of Amor. Fe
and Amor. Fe3B can also be verified from the thermal analysis re-
sults, as shown in Fig. 4. The structural model of Amor. Fe can
be described as Bernal dense random packing (DRP) of the hard
sphere [55]. Polk [56] indicated that a DRP metal atom frame-
work that contains metalloid atoms in all the large “interstitial”
holes would compose 21 at.% metalloid and 79 at.% metal. The
DRP model considers the interaction between metal and metal-
loid atomic pair, and critical composition may deviate from the
ideal state. The short-range in amorphous systems can be classi-
fied into two types, i.e., topological (physical) SRO and composi-
tional (chemical) CSRO [57], which may correspond to the Amor.
Fe and Amor. Fe3B matrix, respectively.

4. Discussion

Composition determines the structure and induces changes in
physical and chemical properties. Magnetic properties are suscep-
tible to minor changes in local structure, and the structure of
ferromagnetic amorphous materials can be analyzed via systemic
characterization of magnetic parameters. Based on the analysis of
the intrinsic magnetic properties, crystallization transition behav-
ior, and polymorphous transition of the metastable Fe3B phase,
FexBigo_x (74 at% < x < 87 at.%) amorphous alloys exhibit an
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amorphous stacking structure transition, i.e., from Amor. FesB to
Amor. Fe-based amorphous structure. Subsequently, the variation
in intrinsic magnetic properties of Fe-B binary amorphous struc-
tures can be discussed in a broader composition region. As men-
tioned above, T¢ is a function of the local coordination of magnetic
atoms and is sensitive to minor variations of the local structure.

The T. exhibits a roughly linear relationship with spin-wave
stiffness constant D [58], which can be calculated from the spin-
wave parameter B. The magnetic parameters B and T. describe the
sensitivity of magnetic moment to temperature, corresponding to
low-temperature and high-temperature regions, respectively. The
present results and related data derived from the literature are
plotted in Fig. 7. On a broader composition range, T. exhibits a
trend of initially increasing and then decreasing with an increase
in Fe content, whereas parameter B exhibits a tendency of ini-
tially decreasing and then increasing. The extreme value is around
Fe;5B,5 (FesB). The local exchange interaction achieves the high-
est value, which may be derived from the CSRO structure of Fe-
B atomic bonds. The structure of amorphous alloys creates topo-
logical disorder and chemical disorder, which correspond to Amor.
Fe and Amor. Fe3B local structural units in the present Fe-B sys-
tem, respectively. The CSRO of metal-metalloid amorphous alloys
is close to that of the corresponding crystal structure, and similar
local structures induce nearly identical T point.

On the Fe-rich side, the higher the Fe content, the lower the
T.. When Fe content is higher than 82 at.%, T. attenuation rate
increases with an increase in Fe content, as shown in Fig. 6. The
spin-wave parameter B in Fig. 2 presents a consistent transition
law. That is when an amorphous stack structure changes into an
Amor. Fe-based amorphous structure, the sensitivity of magnetic
moment to temperature increases. Consequently, the Ms value of
amorphous samples exhibits an apparent decrease in the high
Fe content region (>82 at.%) at room temperature, as shown in
Fig. 1(b). During Ms-T curve fitting, the T3/2 and T°/2 terms (Eq. (3))
are considered simultaneously, that is, the “short-wavelength spin-
wave” part is considered in the 5-350 K temperature region. The
present result is consistent with that of Bayreuther et al. [40],
who also assumed the T5/2 term. The values from other groups
[26,28,32,62] will be checked and discussed in our future research,
which is meaningful for Fe-metalloid amorphous alloys.

5. Conclusions

In summary, the change in the intrinsic magnetic proper-
ties of ferromagnetic amorphous alloys originates from the amor-
phous stacking structure. The CSRO structure of amorphous alloys
exhibit structural heredity to corresponding (meta)stable crystal
phases. We can draw the following conclusions from analyzing M-
T curves, DSC, and TEM of Fe-B binary amorphous ferromagnetic
alloys:

(1) The amorphous stacking structure exhibits a break in the
matrix near the eutectic composition, and the enrichment of
Fe content induces lower T, and relatively lower Mg at room
temperature.
The FeyBigo_x (74 at.% < x < 87 at.%) binary amorphous
alloys comprise two structural units: Bernal-type Amor. Fe
matrix and CSRO Amor. Fe3B matrix. The Amor. Fe ma-
trix + B atoms alloys, corresponding to the primary crys-
tallization model, can more easily excite “short-wavelength
spin wave” and increase the sensitivity of Ms to tempera-
ture.

(3) The Ms value refers to the balance of intrinsic magnetic
moment and stability versus temperature. The unique Fe-B
bond pair distribution feature of the metastable Fe3B phase
may be the structural origin of amorphous nature.

(2)
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