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Abstract

This work synthesized and investigated the amorphous alloy Fe;;Si,,B5 obtained by high-energy milling. The properties of
the amorphous alloy Fe,;Si,,B5 were investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM) with
EDS, Fourier transform infrared spectrometry (FTIR), thermal analysis TGA/DTA, textural analysis by N2 (BET/BJH), and
magnetic measurements (VSM). The results confirmed that the Fe;;Si,,B5 alloy reached the desired amorphization degree
and presented I'V isotherms with a hysteresis loop for mesoporous materials. The TGA/DTA confirmed that Fe and Si ions
are quickly oxidized in the environment with the mass slightly increased to 27.5%. The Fe;,Si,,B5 exhibited soft magnetic
properties with ferromagnetic characteristics. The FTIR spectra exhibit absorption peaks corresponding to the presence of
(R)O-H, Fe-0, Si-O, O-Fe-0, and Si—O-Fe groups. This result suggests that the developed high-performance Fe;Si,,B5

amorphous alloy has great application potential in various research fields.
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1 Introduction

Since their discovery in 1960, amorphous alloys have been
widely studied, and even after five decades, their potential
has yet to be fully revealed. Starting from a binary alloy,
Au,sSiys was reported by Duwez and collaborators; they
developed a rapid solidification technique, melt spinning,
with a cooling rate of the order of 10°~10® Ks™!, showing
that the process of nucleation and growth of the crystalline
phase could be kinetically avoided in some alloys, and thus,
the configuration of atomic structure of the liquid metal
would be maintained, resulting in a metallic glass [1, 2]. In
addition to the scientific significance of understanding the
nature of the Au—Si system, it is most puzzling due to its
high complexity. The Au-Si system recently received sig-
nificant attention because of its technological importance,
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including the growth and self-assembly of Si nanowires,
interconnections of Si-based electronic devices, and bond-
ing of nanoelectromechanical devices [3].

Various synthesis methods were reported for the Au—Si
and other amorphous alloy systems; for example, rapid
solidification (RSP) and powder metallurgy (PM) have
been widely used to obtain these alloys and have great
direct scientific and commercial applications [4, 5]. Fe-
based amorphous alloys are thermodynamically meta-
stable and structurally characterized by long-range dis-
ordered atomic arrangements without grain boundary,
crystal segregation, and defects that cannot be observed
in other conventional crystalline alloys [6]. Moreover,
Fe-based amorphous alloys have practical applications in
various industry sectors due to their exhibiting good soft
magnetic properties, good mechanical behavior (have a
tensile strength limit of 840-2100 Mpa [7] combined with
a Young’s modulus of 47-102 Gpa [8] as well as a high
Vickers hardness value [9]), and high corrosion resistance
in saline environments [10].

The Fe,¢Si,;B4 amorphous alloy was commercially used
as a core material in high-power electrical transformers
[11]. The Fe-Si-B alloy series are class of alloys widely
used and available today due to their much lower coercivity
(H,) in the range of 2.2-4.3 A/m and have high permeability
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(u,=8.8-12.8 - 10%) [12], high saturation magnetization (M. )
in the range 1.53-1.68 T [13, 14], higher electrical resistivity
of p=1.0~1.3 pQm [15], and lower core losses compared
with silicon steels (FeSi;s), because the Fe—Si—B amorphous
alloys possess six times fewer energy losses than traditional
Fe-Si alloys at industrial frequencies [16, 17]. The amor-
phous alloy Fe,¢B5Sig has a higher Curie temperature with-
out changing core losses and flux density compared with
Fe,Si alloys in the fabrication of power transformers.

Therefore, FeSi,s alloys are traditionally used in various
in high-frequency applications in industrial sectors [18, 19].
Another promising application of these materials concerns
exploiting their magnetoelastic properties to be used in sen-
sors and biosensors in biomaterials [20, 21]. The effect of
metalloids in Fe-based amorphous alloy formation (typically
B, Si, Te, As, Sb, and the use of C or P) plays a crucial
role in the soft magnetic properties, thermal stability, and
mechanic concerning the amorphization of its phases [13,
22]. Solid-state amorphization offers another method for
producing amorphous alloys, for example: melt spinning
[23], gas atomization [24], mechanical alloying/milling [25],
copper die casting [26], chemical vapor deposition (CVD)
[27], plasma treatment [28], plasma chemistry [29], and
other varieties of metallurgical process techniques.

Amorphization in mechanical milling is associated with
the interdiffusion of constituent elements and with lattice
defects introduced by mechanical stresses, resulting in a
metastable state when milling is conducted below the glass
transition temperature [30]. By incorporating these lattice
defects, it has been suggested that amorphization by pro-
cess mechanical alloying (MA) is possible when the free
energy of the crystalline phase can be increased to a higher
level in the amorphous phase [31, 32]. Process mechani-
cal alloying (MA) involves solid-state reactions with amor-
phous powders, requiring repeated cold welding, crushing,
and rewelding of the mixed powders in a high-energy ball
mill [33]. Mechanical alloying (MA) can synthesize various
equilibrium and non-equilibrium alloy phases, starting from
blended elemental or pre-alloyed powders [34].

The non-equilibrium phases synthesized include supersat-
urated solid solutions, metastable crystalline and quasicrys-
talline phases, nanostructures, and amorphous alloys [35].
Recent advances in disordering and ordered intermetallics in
the mechanochemical synthesis of materials have been done
after discussing process variables involved in MA [36]. In
this context, this paper reports the preparation of Fe;Si,,B5
alloy, evidenced by the powder amorphization by mechani-
cal alloying route with a milling time of 10 h. To this end,
structural, thermal, magnetic, and morphological analyses
were investigated. The milling time of 10 h required for
Fe,;S1,,B5 alloy amorphization state for its morphological
and microstructural evolution of the powders, thermal stabil-
ity exhibited good soft magnetic properties, and an estimate
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of the specific surface area of the alloy powder Fe;3Siy,Bs
with type IV isotherm with hysteresis loop type H3, with
characteristics of mesoporous materials, was presented and
discussed, respectively.

2 Experimental Procedures

The nominal composition of the amorphous alloy Fe,;Si,,B5
(at. %) obtained from mixtures of pure crystalline powders
of Fe (99.99%, 50 pm), Si (99.99%, 40 pm), and B (99.99%,
30 pm) purchased from Brazil — Sigma-Aldrich. During
the processing of the alloy Fe;;Si1,,B5, no periodic collec-
tion was performed. The powders weighed on a BK4000
Micronal balance with a resolution of 102 g of the chemical
elements in the proportions corresponding to the nominal
composition Fe,3Si,,Bs. Mechanical alloying was performed
in a high-energy planetarium (Fritsch Pulverisette 5) used
with cylindrical jars of 77 mm diameter for 80 mm tall and
spheres (20, 12, and 7 mm in diameter), both of which are
tungsten spheres and jars. The charge of the powder mixture
was maintained at 20 g for all tests, as well as the ball-to-
powder weight ratio of 10:1.

The test speed adopted was 250 rpm, and the grinding
time was 10 h. Finally, n-hexane (C¢H,,) (2 mL) was used
as a grinding medium and argon atmosphere. The n-hexane
(C¢H,4) used as a process control agent (PCA) was pur-
chased from Hexis Scientifics/Brazil. With the purpose of
adhesion of ductile particle powders of the alloy Fe;;Si,,B5
by cold welding between the spheres and the jar wall, we
use n-hexane (C4H,,) as a process control agent (PCA) for
the morphology of the homogenized powder in the alloying
process and an argon atmosphere to prevent further oxida-
tion of the metal powders. The grinding of metallic powders
was carried out at an ambient temperature between 20 °C
and 25 °C, with 25 °C being the most mentioned. Mixing
the mechanically bonded powders produced an amorphous
structure within 10 h of milling.

The analysis of the amorphous structure was per-
formed by X-ray diffraction (XRD) with a BRUKER dif-
fractometer, model D2 Phaser, by copper radiation CuK;
(1=1,40,621 A) and CuK,, (41=1,54,439 A), 0.016 57!
sweep step, and a time of 5 s, at 40 kV and 30 mA in 26 rang-
ing from 10° <260 <80°. The VEGA-TESCAN TS5130LSH
(Oxford Instruments) field-emission-gun scanning electron
microscope (SEM) equipped with energy-dispersive X-ray
spectroscopy (EDS) was used to characterize the morpho-
logical aspect microstructure and elemental composition
of amorphous alloy powder Fe;3Si,,B5. Quantitative EDS
analysis was performed using the INCA Micro Analysis Kit
from Oxford Instruments and the X-Max 20 SDD detec-
tor. It operates with a tungsten filament in the range of
200 V=30 keV with an emission probe current of 300 mA.
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Magnification range is 3—10,000 x with the spatial resolution
down to 3 nm.

The amorphous alloy Fe;;Si,,B5 used for SEM/EDS
microstructural characterization was prepared using stand-
ard metallography with gold. The absorption spectrum for
the Fe,;S1,,B5 amorphous alloy was recorded on a Fourier
transform infrared spectrophotometer (Bruker model TEN-
SOR 27) from 3000 to 500 cm™!, respectively. Thermo-
gravimetric analysis (TGA/DTA) of the amorphous alloy
Fe;3S1,,B5 was performed in an analyzer thermostat, SHI-
MADZU brand, model DTG-60H, with rate heating time
of 10 °C min~!, starting the analysis at over a temperature
range ranging from ambient to 1000 °C, using a nitrogen
atmosphere with a gas flow of 50 mL min~' and 10 mg of
sample in an alumina crucible. The textural analysis was
carried out in a Quantachrome surface area and pore size
analyzer, model Autosorb IQ, where the adsorption/des-
orption isotherms of the amorphous alloy Fe;;Si,,B5 were
obtained. Magnetic measurements were obtained using a
vibrating sample magnetometer (Microsense model EZ 7
Vibrant Sample Magnetometer (VSM)) subjected to mag-
netic fields up to 2.7 T (i.e., 27 kOe) and at temperatures in
the temperature range of 77 to 1000 K. The field magneti-
zation was parallel to the length of the sample to minimize
the demagnetization effect. The magnetization curves were
analyzed by the least squares method. The coercive force
H._ of the rods was investigated using a coercimeter with a
permalloy probe.

3 Result and Discussions

Figure 1 shows the XRD pattern of the wet mechanical
milling powder in the Fe;3Si,,B5 alloy from 10 h of mill-
ing displayed in the 26 range of 40°-50° around (260 =44°),
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Fig. 1 XRD pattern of Fe,;3Si,,B; alloy powder

presenting a typical diffuse halo peak, and no sharp diffrac-
tion peaks corresponding to the crystalline phases, implying
a fully amorphous structure in the composition of Fe;Si,,B5
indicated inside the red circle.

Due to the small amount of B and its amorphous state, no
signal from this phase can be noticed in the diffraction pat-
tern of the Fe,;S1,,B5 alloy. Figure 2 shows the micrograph
of the SEM/EDS of the alloy Fe;;Si,,B5 obtained during
10 h of milling, with an aggregate of small irregular particles
with a small spherical format of a typical size of 50 pm.

On the left side of the SEM micrograph, we observe
(see Fig. 2) small irregular spherical particles with a size of
50 pm; particles milled during 10 h of ball milling suffered
severe deformation coupled with fragmentation—aggregation
that the powder particles were trapped between the collid-
ing balls due to significant degree of plastic deformation on
the complex physicochemical process from the attachment
and binding of particles, known as cold welding, and it was
observed for powder/powder and powder/ball surfaces as
well. Already on the right side, we observe the EDS spec-
trum (see Fig. 2) of the surface of the Fe;;Si,,B5 powder
of a small part of the surface chosen for analysis, with the
spectrum peaks of the most intense chemical elements such
as Fe and Si relatively evenly distributed in the analysis
area. The distribution of B is relatively small compared to
the other chemical elements Fe and Si, where both exist
in the formation of dilute phases of Fe;Si and Fe,B in the
Fe,;Si,,B5 alloy [37]. These phases can be explained by the
uniform distribution of Fe;Si and Fe,B phases at 10 h of
milling of Fe;;Si,,B5 alloy powder [38]. These reactions
occur because the B atom diffuses with the Si atom very
slowly during the mechanical milling of the Fe,;Si,,B5 alloy
[39]. Also, at magnification of 100 k X of the micrographs
from the SEM, we can observe the larger particles formed
by the agglomeration of the smaller particles, which are cold
welding and re-welding occurring during the mechanical
milling powder process.
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Fig.2 SEM/EDS micrographs of the alloy Fe;;Si,,Bs
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Figure 3 shows the vibrational spectra of the amorphous
alloy Fe,;Si,,B5 obtained by mechanical alloying during
10 h of milling in the infrared region of 3000-500 cm™".

The observed absorption band at 2338 cm™! corre-
sponds to the presence of (R)O-H groups (R=Si and B or
Ba...), e.g., silanol group SiOH [40]. A broad absorption
band observed in the region of 2104 cm™' corresponds to
the stretching mode characteristic in the Si—O [41]. The
appearing absorption band around 1992 cm™! corresponds
to the O—Fe—O bending mode [42]. The absorption band at
638 cm™! represents the stretching vibration of the Fe—O
bond in Fe;O, [43]. The occurrence of an absorption band
at 592 cm™! indicates the presence of Si—O-Fe [44].

Figure 4 shows the thermal events observed from the
superimposed curves of TGA/DTA of the alloy Fe;;Si,,B5
obtained by mechanical alloying during 10-h milling.

The amorphous Fe;;Si,,B5 alloy thermal stability meas-
urement was carried out using TGA, as shown in Fig. 4.
The temperature range from ambient temperature to 1000
°C was measured in a nitrogen environment at a scan-
ning rate of 10 °C min~'. A small exothermic peak can be
observed at 32.82-388.55 °C where there is a significant
mass loss of ~ 96.17% being attributed to the transformation
of the remaining amorphous phase to a metastable phase.
In the DTA curve for the amorphous alloy Fe;;Si,,B5, we
observe an exothermic peak at the maximum temperature
of T,=505 °C for the ground powder during the 10 h of

mechanical milling, respectively. The glass transition tem-
perature 7,=458.55 °C, crystallization start temperature
T,.=505 °C, and corresponding supercooled liquid region
(AT=T,-T,=46.45 °C) from the endothermic peak were
used to evaluate the glass-forming ability (GFA) for bulk
metallic glasses (BMGs) [45]. Slight weight loss (0.16%)
was obtained from TGA measurement due to evaporation
from moisture absorption.

With the increase in temperature, which varies between
100 and 993.22 °C, it was observed that the environment
oxidizes the Fe and Si ions. Consequently, the total mass
was slightly increased to 27.5% (see Fig. 4 due to that the
increased grain size relative to the ionic radius of the Fe
(0,55 A) is much larger than the ionic radius of Si (0,26 A))
[46, 47]. Therefore, a great total mass slightly increased to
27.5% is observed on the curve, reflecting a paramagnetic-
to-ferromagnetic transition [48]. TGA results from the
Fe;S1,,B5 alloy indicate the formation of several complex
ordered crystals diluted with the amorphous phase. These
crystals may be deduced to form in the compound by a mix-
ture of three phases: Fe,B, Fe;Si, and a little a-Fe phase in
the temperature range of 87.99-924.7 °C, with equilibrium
phase stabilization at high temperatures [49, 50].

Figure 5 shows the adsorption/desorption isotherms of
N, at 77 K for the Fe;3Si,,B5 alloy during 10-h milling.
The hysteresis loops of the black and red lines represent the
adsorption curves (ADS) and desorption (DES).

Fig.3 FTIR spectrum of the ‘ :
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N, adsorption-desorption isotherms were performed
to estimate the specific surface area of Fe;;Si,,B5 alloy
powder and type IV isotherm with hysteresis loop pro-
file characteristic of type H3 [51], as illustrated in Fig. 5.
Through the Brunauer-Emmett-Teller (BET) method, the
specific surface area was determined to be about 0.271
m? g~'. Thus, the amorphous alloy Fe;;Si,,B has an esti-
mated pore volume of 0.0226 cm® g™, being characterized
as a mesoporous material. As shown in Fig. 5, a typical
isotherm of a mesoporous solid is observed, character-
ized by a very pronounced hysteresis loop between the
adsorption and desorption branches for Fe;Si,,B;5 alloy
[52]. It is observed that the isotherms of the amorphous
alloy Fe;;Si,,B5 in Fig. 5 show a hysteresis inflection
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Fig.5 N, adsorption/desorption isotherms for the Fe,;Si,,B; alloy

point close to P/P,=0.4 — 1, being characterized by a high
mesoporosity and presenting an adsorption and desorp-
tion cycle in the P/P,=0.8 — 1 range, being related to a
macropore phase.

Figure 6 shows the hysteresis loops M-H for the
Fe;;S1,,B5 alloy, which is typical of soft magnetic ferro-
magnetic materials.

Hysteresis loop M-H of amorphous alloy
Fe,;5Si,,B5 is the estimated value of saturation mag-
netization M;=15,003 emu/g, remanent magnetization
M,=0.0122 emu/g and a coercive field of H.=77.82 kOe,
respectively. In the upper part of Fig. 6, we can observe
the strong presence of the ferromagnetic properties prop-
erty of the amorphous alloy powder Fe,;Si,,B5 obtained by
mechanical alloying (MA) during the 10 h from the milling
powder [53].

In addition, the illustration in the lower right corner of
Fig. 6 also shows that its field coercivity has a tendency
to decrease. The amorphous alloy Fe,35i1,,B5 exhibits the
highest M= 15,003 emu/g value, which is attributed to the
highest Fe and Si content and the lowest B content. One
can clearly see an absence of magnetocrystalline anisot-
ropy due to the existence of amorphous phases [54]. Obvi-
ously, the value of M,=15,003 emu/g depends on the time

10 h of milling [55]. With the prolongation of the mill-
ing time, the volume fraction of a-Fe phase precipitation
diluted in the amorphous phase increases gradually, result-
ing in a greater increase in the value of its saturation mag-
netization and indicating superior soft magnetic proper-
ties [56, 57]. The increase in the saturation magnetization
of M;=15,003 emu/g in the case of the amorphous alloy
Fe1;Si,,B5 from the ground powder for 10 h can be attrib-
uted to the amorphization of the powder and the decrease
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Fig.6 Hysteresis loop M—H for 04

the Fe,;Si,,Bs alloy
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in the size of the morphology of irregular crystallites and
small spheres.

4 Conclusion

X-ray diffraction analysis showed the formation from a dif-
fuse halo around 20 =44° exhibiting the shape of an amor-
phous structure and its evolution in milled powder Fe;Si,,B5
alloy by 10 h through mechanical alloying. The SEM/EDS
micrograph of the Fe,;Si,,B5 alloy powder showed the mor-
phology of small irregular particles and small spheres with a
typical size of 50 pm, where the predominance of Fe and Si is
distributed uniformly on the surface area. The thermal events
that were observed from the superimposed curves of TGA/
DTA for the amorphous alloy Fe,;Si,,B;5 in the temperature
range between 100-993. 22°C, showed a total mass gain of
27.5%, and presented an exothermic peak in glass transition
temperature (Tg = 458. 55 °C) and with its first crystalliza-
tion temperature that is around (Tx = 505 °C). The TGA
results show a 27.5% mass increase due to the oxidation of
Fe and Si ions by the environment.

Hence, the mass could be slightly enhanced to 27, 5%,
due to the ionic radius of Fe (0,55 A) being much larger
than the ionic radius of Si (0.26 A). In the FTIR analysis of
the Fe;;Si,,B5 powder, the absorption peaks corresponded
to the presence of (R)O-H, Fe-O, Si-O, O-Fe-0O, and

@ Springer

0
H(kOe)

Si—O-Fe groups. The N, adsorption-desorption isotherms of
the Fe,35i1,,B5 alloy present a type IV isotherm with a hys-
teresis loop profile characteristic of type H3 for mesoporous
materials; it was also verified estimated value of saturation
magnetization of M;=15,003 emu/g, remanent magnetization
M,=0.0122 emu/g, and a coercive field of H,=77,82 kOe,
for a ferromagnetic material, featuring superior soft magnetic
properties and expected to have attractive application prospect.
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