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Abstract: The nanocrystalline Fe70Ni12B16Si2 (at.%) alloy was prepared by mechanical alloying (MA)
of elemental powders in a high-energy planetary ball mill. Phase evolution, microstructure, thermal
behavior and magnetic properties were investigated. It was found that a body-centered cubic
structured solid solution started to form after 25 h milling and a faced-centered cubic structure solid
solution started to form after 50 h of milling; its amount increased gradually with increasing milling
time. The BCC and the FCC phases coexisted after 150 h of milling, with a refined microstructure
of 13 nm and a 10 nm crystallite size. The as-milled powder was annealed at 450 ◦C and 650 ◦C
and then investigated by vibrating sample magnetometry (VSM). It was shown that the semi-
hard magnetic properties are affected by the phase transformation on annealing. The saturation
magnetization decreases after annealing at 450 ◦C, whereas annealing at 650 ◦C improves the
magnetic properties of 150 h milled powders through the reduction of coercivity from 109 Oe
to 70 Oe and the increase in saturation magnetization.

Keywords: ball milling; X-ray diffraction; nanocrystalline; semi-hard; thermal stability

1. Introduction

In recent years, Iron-Nickel alloys have attracted considerable attention in both ap-
plied and fundamental science. They are widely used in industrial applications due to their
soft magnetic properties, such as narrow hysteresis loops, small magnetic losses and low
coercive fields [1,2]. Various methods were used to synthesize FeNi-based nanomaterials,
including electrodeposition, rapid solidification, plasma reaction of metal, thermal evapora-
tion and mechanical alloying [3]. The mechanical alloying (MA) technique offers a low cost
of installation, easy control of the process parameters, and production of materials with
various mechanical properties [4,5]. It has been reported that the addition of other elements
to the binary Fe-Ni alloy system is usually followed by significant modifications in terms
of microstructural, structural, mechanical, magnetic and other properties. Accordingly, the
mechanical alloying of the Fe-Ni-based alloys has been the subject of a number of studies,
including those focused on Fe-Ni-Cu [6,7], Fe-Ni-Cr [8], Fe-Ni-Co [9], Fe-Ni-Zr-B [10] and
Fe-Ni-Co-Ti-B [11]. However, there are few published works concerning production by
mechanical alloying of the quaternary Fe-Ni-B-Si powders [12–15].

In the present study, the Fe-Ni-B-Si alloy, with a new composition as Fe70Ni12B16Si2
alloy, was produced by the mechanical alloying process. It is known that the magnetic
behavior is better if the percentage of the magnetic elements (Fe and Ni in this study) is
around 83 at.% [16]. Likewise, high B/Si ratio is associated with a lower reduction of
the saturation magnetic flux density (if compared with low B/Si ratio alloys) [17]. We
studied the influence of milling time on morphology, phase evolution, and the structure
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and microstructure of the powders. In addition, we investigated the thermal behavior and
the influence of heat treatment on structural, microstructural and magnetic properties of
the as-milled powders.

2. Materials and Methods

Elemental powders (Sigma Aldrich, Saint Louis, MO, USA) of Fe (99.7 at.% purity,
30 µm grain size), Ni (99.7%, <30 µm), Si (99.9%, <45 µm) and amorphous B (10 µm, 99.6%)
were mechanically alloyed in argon atmosphere to produce a nominal composition of
Fe70Ni12B16Si2 alloy by using the high energy planetary ball mill technique (Pulverized P7,
Fritsch, Idar-Oberstein, Germany) at a speed of 600 rpm, with a ball-to-powder weight
ratio about 15:1. The milling sequence was chosen such as 10 min of milling followed
by 5 min of pause, to avoid powder agglomeration and sticking of the powder to con-
tainer walls and balls. The initial powders were milled for 1, 5, 10, 25, 50, 80, 100, 125
and 150 h. The phase identification and the structural evolution were investigated by
X-ray diffraction (XRD) by means of D-500 S equipment (Bruker, Billerica, MA, USA) with
Cu Kα (λ = 1.5406 Å) radiation. The structural parameters were obtained from the Rietveld
refinement of the XRD patterns by the Maud program (Maud, Trento, Italy) [18,19]. The
morphology of the milled powder was examined using scanning electron microscopy (SEM)
with a DSM960A ZEISS microscope (Carl Zeiss GmbH, Jena, Germany) in secondary elec-
tron mode operating at a voltage of 15 kV, coupled with energy-dispersive X-Ray spec-
troscopy (EDS) microanalysis. Differential scanning calorimetry (DSC) was performed
using DSC822 equipment (Mettler-Toledo, Columbus, OH, USA) under argon atmosphere,
in the temperature range from 200 ◦C to 700 ◦C, at a heating rate of 20 ◦C min−1. The
150 h milled powder was annealed in sealed quartz tubes evacuated to 10−3 under argon
atmosphere for 1 h at 450 ◦C and 650 ◦C. Annealing was performed in an oven, with a
heating rate of 15 ◦C/min. The magnetic characterization of the as-milled and heat-treated
powders was conducted by a superconducting quantum interference SQUID MPMS-XL
device (Quantum Design; San Diego, CA, USA) at 300 K, with a maximum applied field
of 20 kOe.

3. Results and Discussion
3.1. Powder Morphology

Figure 1 shows the morphology evolution of the powder milled for different times.
Before milling, the powder particles have a random size, as seen in Figure 1a. After 5 h of
milling, the particles become larger, with irregular shape and size due to the agglomeration
and cold welding. Both phenomena are clearly seen at this stage (Figure 1b). After 25 h of
milling, the flattening of the particle size is observed due to the introduction of compressive
forces into the particles, introduced by successive collisions (Figure 1c). After 50 h, the
majority of particles became smaller. However, large particles can be seen (Figure 1d).
Increasing milling time to 100 h and 150 h results in a high uniformity and straight distri-
bution of particle sizes, so a steady state was noticed (Figure 1e,f). The presence of some
agglomerated particles can be explained by the prolonged milling time. EDS microanalysis
confirms that contamination from milling tools is lower than 1 at.%.

3.2. Microstructural Analysis

XRD patterns of all compounds were analyzed using Maud software (version 2.55),
based on the Rietveld powder structure refinement method [20,21]. In order to check
the functional behavior of these alloys, it is necessary to obtain good refinements to
stabilize the microstructure. The ratio of reliability parameters, represented as GoF
(goodness of fit = Rwp/Rexp), gives information about the quality of fit, where Rwp and
Rexp are the weighted residual error and the expected error, respectively [19,22]. The best
refinement is reached when GoF approaches 1.0 (Table 1).
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Figure 1. Scanning electron micrographs corresponding to mechanically milled powders: (a) 0 h, (b) 5 h,
(c) 25 h, (d) 50 h, (e) 100 h and (f) 150 h. The bar scale of the images (except inserts: 9 µm) is 40 µm.

Table 1. Residual parameters and GoF values of the compounds revealed from Rietveld analysis.

Milling Time (h) Rwp Rexp GoF (Rwp/Rexp)

0 3.82 2.95 1.29
1 3.53 3.23 1.09
5 2.49 2.19 1.13
10 2.38 2.20 1.08
25 2.24 1.91 1.17
50 2.30 2.11 1.08
80 2.39 2.07 1.15

100 2.45 2.12 1.15
125 2.38 2.14 1.11
150 2.37 2.17 1.09

Figure 2 shows the X-ray diffraction patterns of the powders at various milling times.
The unmilled powder blends (0 h) show the existence of the characteristic peaks of the three
pure elements’ crystalline structures: BCC-Fe, FCC-Ni and FCC-Si. The B phase diffraction
cannot be observed because of its amorphous state and its low atomic scattering factor. The
reduced intensity of Si peaks is due to its low atomic number and to its small percentage
in comparison with those of Ni and Fe (Figure 3a). After milling for 1 h, elemental iron,
nickel and silicon were detected by XRD. One can see a decrease of all peak intensities
and the broadening of nickel and iron peaks. The iron peak profile becomes asymmetric.
This could be explained by the diffusion of B atoms into the iron lattice, resulting in the
formation of a BCC Fe (B) solid solution (Figure 3b). The enthalpy of formation of this
phase is approximately (∆H = −35 kJ/mol), as listed in Table 2. It should be noted that
during the severe plastic deformation, boron atoms can be diffused in the interstitial sites
of the iron matrix [23]. After 5 h of milling, all silicon peaks vanished. and iron peaks
became broadened and asymmetric, indicating that a supersaturated BCC Fe (B, Si) solid
solution was achieved (Figure 3c). Regarding the shape of the Ni peak, its width increases
with milling time, suggesting a decrease in the crystallite size. However, we do not notice
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a significant asymmetry or shift of the Ni peak toward lower angles. As a result, we are
unable to assume remarkable alloy element dissolution in the Ni lattice during the first
25 h of milling.
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function is shown in the insert.
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After 25 h of milling, the Fe diffraction peak profiles become more asymmetric and
broaden. These phenomena demonstrate that Ni gradually reacts with Fe (B, Si) to form
a disordered solid solution BCC-Fe (Ni, B, Si) (BCC (α) phase, Fe rich) (Figure 3d). Since
there is no remarkable shift or asymmetry in the Ni peak, we exclude the diffusion of
Fe, B and Si atoms in the Ni lattice. Thus, the interdiffusion of Fe and Ni cannot occur
during the first 25 h of milling. Previously, the absence of interdiffusion between Fe and
Ni was reported in some works [24–27]. The alloying process in this study results from
the relatively high negative heat of mixing between the initial elements (Table 2) [28].
Moreover, during the MA process, different factors such as temperature of powders,
density of defects (like vacancies and dislocations) and reduced crystalline size can affect
the diffusion process [29]. The formation of disordered solid solutions, FCC and BCC lattice,
are formed after 50 h of milling, due to an obvious shift of the FCC Ni peak position [30],
and the α-Fe has smaller 2θ angles (Figure 3e). Therefore, dissolution of the alloy elements
into the Ni lattice is deduced at this stage of milling. The disordered structures of the
FCC and BCC solid solutions of the Fe70Ni12B16Si2 alloy mean that Fe, Ni, B and Si atoms
occupy the FCC and BCC lattice sites randomly.

During milling, the increase in the line broadening is due to the reduction in crystallite
size and the increase in internal strains. Extending the milling time to 150 h results in
continuous formation of the FCC-γ phase as well as an increase in peak intensity (Figure 3f).
Some authors report the formation of the FCC-γ phase in the Fe-Ni diagram (known as
taenite) which coexists with a BCC-α structure called kamacite [31–34].

Table 2. The chemical mixing enthalpy (∆Hmix
ij ) of binary equiatomic alloys calculated by Miedema’s

approach [35].

Element Fe Ni B Si

Fe - −2 −26 −35
Ni - - −24 −40
B - - - −14

Figure 4 shows the evolution of crystallite size and microstrain as a function of milling
time. The increase in milling time results in a reduction of the crystallite size and an increase
of the lattice strain. During milling time, the Fe crystallite size decreases to 15 nm, with a
microstrain of about 0.9% at 50 h. After 10 h of milling, the crystallite size of the Fe (B, Si)
solid solution is 15.9 nm, with a microstrain rate of about 0.42%. After 25 h of milling,
the Ni crystallite size and the lattice strain are 10 nm and 0.5%, respectively. After 100 h
of milling, crystallite sizes and lattice strain levels are close to saturation values. For the
BCC (α) phase, the crystallite size reaches a value close to 14.70 nm, with a lattice parameter
of about 0.55%. On the other hand, the crystallite size of the FCC (γ) phase reaches a value
of about 10.8 nm, with a microstrain rate close to 0.5%. In fact, the multiplication of
grain boundaries and the microstrain can increase because of the mechanical distortion
and the internal micro-deformation [36]. The steady state of the crystallite size and the
lattice strain reached after 100 h of milling could be attributed to the temperature rise of
the powder surface during higher milling times [37]. Prolonging the mechanical milling
to 150 h, the crystallite size of the BCC and FCC phases reaches values of 13.8 nm and
10.4 nm, respectively. At the same time, the microstrain increases to 0.63% for the BCC (α)
and 0.73% for the FCC (γ).

Figure 5 depicts the change of the lattice parameter against milling time. The dissolu-
tion of B atoms (RB = 0.79 Å) [38] and Si atoms (RSi =1.17 Å) [38] into the vacant sites of
Fe (RFe = 1.24 Å) [38] causes an increase in the Fe lattice parameter with increasing milling
time. This explains the value of the lattice parameter of the Fe (B, Si) phase, which is
a = 2.867 (1) Å after 25 h of milling. With increasing milling time, the lattice parameter of
the BCC (α) increases due to the dissolution of Ni in the Fe (B, Si) matrix. However, the
Ni atom is quite similar to the iron ones (RNi = 1.26 Å) [38]. Thus, the lattice parameter
increases and reaches a value of a = 2.869 (5) Å at the end of the milling. For the Ni matrix,



Metals 2021, 11, 1679 6 of 15

the lattice parameter reaches a value of about 3.532 (8) Å; this is due to the expansion of
the lattice after 25 h (Figure 5b). After 50 h of milling, the lattice parameter of the FCC (γ)
phase is about a = 3.545 (1) Å, and its value increases with increased milling time, reaching
a value of a = 3.588 (0) Å at the end of the milling. The increase in the lattice parameter can
be explained by the grain expansion due to the increase in the density of dislocations with
their characteristic strain fields [39,40].
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The dislocation densities (ρD) of the BCC and FCC phases were determined by apply-
ing the Rietveld method. It can be represented by the following equation [41]:

ρD=2
√

3
< ε2 >

1/2

Db
, (1)

where ε is the lattice strain, D is the crystallite size and b is the Burgers vector. In the
case of BCC materials, the cold plastic deformation is caused by the emergence and slip of
dislocation on [111] close-packed planes. For the FCC materials, the close-packed plane
is [110]. The Burgers vector is represented by a

n [hkl], and its intensity is given by

b =
a
n

√
h2 + k2 + l2 (2)
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Therefore, the Burger’s vector of the BCC phase in direction [111] is represented
by a

n [111], and its value is a
√

3
2 , and for the FCC phase in direction [110] is represented

by a
n [110], and its value is a

√
2

2 , where a is the lattice parameter calculated at each milling
time and h, k and l are the Miller indices.

Figure 6 represents the calculated dislocation densities of both the BCC and FCC
phases of the alloyed Fe70Ni12B16Si2. For the BCC phase, we can observe a drastic in-
crease of ρD from about 0.027 × 1016/m2 to 1.48 × 1016/m2 with increasing milling time
from 1 to 80 h. At higher milling time, one can see a slight increase of ρD to 1.755× 1016/m2

after 150 h of milling.
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50 h to 0.89 × 1016/m2 at 125 h. At the end of the milling, the ρD slightly increases,
reaching 0.95 × 1016/m2.

3.3. Thermal Treatments

Figure 7 shows the DSC results of the sample milled after 150 h under an argon
atmosphere; the DSC test was used at a heating rate of 20 K/min. The DSC result reveals
an intense exothermic peak appearing around 565 ◦C, which corresponds to the structural
transformation of a large amount of γ-phase to α-phase, as has been discussed in the XRD
patterns. At the end of the milling, the α solid solution is decomposed to a α + γ solid
solution. The total enthalpy during the transition is found to be 196.40 J/g. The exother-
mic reaction occurs in the low temperature range and is produced from recovery and
strain relaxation [42].

In order to understand the effect of heating on structural and magnetic characteriza-
tions, the as-milled sample is annealed at temperatures above the temperature range of the
reaction (at 450 and 650 ◦C for 1 h in argon atmosphere, Figure 8).
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XRD analyses were performed. Figure 8 shows the XRD patterns of the as-milled
before and after the heat treatment. After the first annealing, one can see that the diffraction
peaks of the γ phase become more intensive and sharper (compared with those of as-milled
sample with the coexistence of the α phase). We can assume that the original phase ratio
was metastable and that the disordered solid solution α-Fe (Ni, B, Si) evolves to (α + γ) at
least below 450 ◦C. Investigations of the transformation kinetics of the α→ γ phase on
annealing can be found in ref. [43]. In our study, a large BCC (α) phase is detected after
annealing at 650 ◦C, with a minor FCC (γ) phase; this can explain the γ to α structure
transformation. This indicates that the weight proportion of BCC (α) phase increases after
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the second annealing. Thus, the α phase again plays a dominant role, and the proper
annealing can promote a transition from FCC (γ) to BCC (α) phase. It was expected that
the increased heat temperature would increase the amount of the γ phase; this was not the
case in our work. Ahmed and Suryanarayana [44] reported that the γ phase transformed
to another α phase with the same crystal structure and lattice parameter. This phase can be
the ferrite phase or the stress-induced α’ martensite phase.

Likewise, in order to reach a better understanding of the structural transformation after
annealing, we present in Figure 9 the details of the most intense peak (Rietveld refinement),
which is the BCC [110]. As we can see, before annealing, the Bragg peak [110] of the
sample milled for 150 h is broadened, asymmetrical and seems to be the convolution of
two neighboring peaks of the two phases (a major BCC (α) and a minor FCC (γ)). After the
first annealing, the BCC [110] peak becomes sharp, and the FCC [111] peak appears and
becomes remarkable. After the second annealing, the BCC (α) peak becomes sharper, and
the FCC (γ) peak almost disappears.
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Figure 9. Details of the most intense peak BCC Fe (110) of the of the Fe70Ni12B16Si2 alloy after
mechanical alloying and annealing.

As given in Table 3, the percentages and the structural and microstructural parameters
of the (α) and γ phases are different in the annealed conditions and the as-milled powders.
After annealing at 450 ◦C for 1 h, the lattice parameter values of the α and γ phases
are 2.87 (2) Å and 3.58 (8) Å, respectively. After annealing at 650 ◦C, the lattice parameter
value of the α phase remains unchanged, whereas the lattice parameter of the γ phase
decreases. This decrease is in agreement with the shift of the γ peak toward a higher
angle, as shown in Figure 8. The crystallite size increases and the lattice strain decreases
with annealing [45]. This is due to the reordering of the structure and the decrease of
the number of lattice defects. However, the thermal treatments induce a decrease of the
internal microstrain as well as nanocrystal growth [46]. The decrease in lattice parameter
of the FCC phase may thus be understood in terms of a decrease in crystallographic defects
and the reduction of the expansion favored by low density grain boundaries due to the
increase in nanocrystal size [46]. This effect is probably compensated in the BCC phase by
the thermal favored diffusion of other elements from grain boundaries [46].

3.4. Magnetic Response

In order to study the effect of heat treatment on the magnetic properties of the as-
milled powders, the VSM test was performed at room temperature. Figure 10 depicts
the hysteresis loop of the samples milled for 150 h and annealed at 450 ◦C and 650 ◦C.
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It can be stated that the as-milled alloy as well as the annealed sample are semi-hard
(1000 < Hc < 40,000 A/m) [47]. Annealing at 450 ◦C favors alloy magnetic hardening by
increasing the coercivity. Likewise, continuous annealing at 650 ◦C reduces coercivity,
favoring semi-hard behavior softening. Thus, magnetic behavior, and specifically semi-
hard behavior, can be sifted by designed annealing.

Table 3. Evolution of structural and microstructural proprieties in the investigated Fe70Ni12B16Si2 alloy after mechanical
alloying for 150 h and annealing.

Treatment

BCC α-Phase FCC γ-Phase

Phase
Proportion (%)

Lattice
Parameter (Å)

Crystallite
Size (nm)

Micro-
Strain (%)

Phase
Proportion (%)

Lattice
Parameter (Å)

Crystallite
Size (nm)

Micro-
Strain (%)

As-milled 91 2.86 (9) 13.76 0.63 9 3.58 (8) 10.44 0.73

Annealing at
450 ◦C 71 2.87 (0) 38 0.13 29 3.58 (8) 28 0.11

Annealing at
650 ◦C 96 2.87 (0) 57 0.04 4 3.57 (8) 100 0.05
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Various factors affect the magnetization, such as the chemical composition as well
as magnetic atoms’ location and their electronic structures. For the present work, and
due to the phase transformation during annealing, the total saturation magnetization (Ms)
depends on the saturation magnetization of both BCC and FCC phases. Thus, at room
temperature, the Ms of Fe70Ni12B16Si2 alloy can be identified as follows [47]:

Ms,total = VFCC Ms,FCC + VBCC Ms,BCC, (3)

VFCC + VBCC = 1, (4)
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where the VFCC and VBCC are the relative volume fractions of FCC and BCC phases,
respectively, and Ms,FCC and Ms,BCC are the saturation magnetization of the two phases.
Equation (3) can be rewritten as

∆Ms = (Ms,BCC −Ms,FCC) ∆VBCC, (5)

where ∆Ms is the change in saturation magnetization due to the annealing-induced phase
transformation and ∆VBCC is the change in the volume fraction of the BCC phase. There-
fore, ∆Ms has a close relation with ∆VBCC. This is in agreement with the results taken from
the analytical analysis of XRD and the phase proportions calculated by the Rietveld refine-
ment, where the weight proportion of the BCC (α) phase decreases on the first annealing
at 450 ◦C and then increases at 650 ◦C. Figure 11 shows that the value of Ms also decreases
at 450 ◦C, reaching a value of 109.61 emu/g, and then increasing at 650 ◦C, reaching a value
of 148.27 emu/g. Accordingly, we can conclude that the BCC (α) structure reveals high
saturation magnetization compared with the FCC (γ) phase in the Fe70Ni12B16Si2 alloy.
Zhang et al. [48] and Huang et al. [49] both reported similar results for FeCoNi(CuAl)x and
FeCrCoNiAlx-alloys. The decrease of the saturation magnetization is also related to the
ferrite-to-austenite phase transformation. However, ferritic materials are usually magnetic
materials, while austenitic materials are classified as non-magnetic and paramagnetic mate-
rials [50]. The increase in Ms after annealing at 650 ◦C could be attributed to the nucleation
of the nanocrystalline ferritic phase.
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after milling for 150 h and heat treatment.

Figure 11 also show the coercivity after annealing. Hc increases at 450 ◦C (134.24 Oe)
and decreases after annealing at 650 ◦C (70.11 Oe). This variation could be explained by
the following equation [49]:

Hc ∝
δwK1

Msµ0r
V2/3

f , (6)

It can be noticed that the coercivity is in direct proportion to the volume percentage
of the non-magnetic phase (Vf), which is the austenite (γ) phase in our case, in inverse
relation to the saturation magnetization (Ms). Where δw, µ0, K1 and r are the domain wall
thickness, the vacuum permeability, the magnetocrystalline anisotropy constant and the
average magnetic particle size, respectively. After annealing at 450 ◦C, as discussed above,
the saturation magnetization decreases, and the amount of the non-magnetic phase (Vf)
increases due to the phase transformation of the BCC ferrite phase to the non-magnetic
FCC austenite phase. Thus, the coercivity Hc increases according to Equation (6). On the
other hand, with the increase of the saturation magnetization after annealing at 650 ◦C, the
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Fe70Ni12B16Si2 alloy exhibits a remarkable decrease of the non-magnetic phase (Vf), which
is the austenite phase. Therefore, the coercivity decreases.

Mishra et al. [51] reported that the reduction in coercivity is due to the increase in
crystallite size and the decrease of structural strain after annealing. In our case, this
explanation is applicable to the annealing at 650 ◦C and not to the annealing at 450 ◦C.
Other researchers [52] have found behavior similar to our alloy after annealing at 450 ◦C.
The heat treatment for their Fe42Ni40B18 alloy did not show improved magnetic softening,
and there was an increase in Hc and a decrease in Ms. Thus, they explain the phenomena
by the grain growth that resulted after the annealing, causing the magnetic hardening.
Similar studies [23,53] discovered that the increase in coercivity after annealing is caused
by the formation of a γ phase.

Figure 12 shows the changes in squareness ratio (Mr/Ms) before and after annealing.
The remanence-to-saturation ratio increases from 0.0724 before annealing to 0.0777 after
annealing at 450 ◦C, then decreases to 0.0368 after annealing at 650 ◦C. Such behavior
is quite similar to coercivity changes that have already been observed (Figure 11). This
dramatic decrease is probably linked to the release of microstrains and the decrease of the
domain wall energy and/or to the phase transition from coexisting BCC + FCC phases
at 450 ◦C to a major BCC phase after annealing at 650 ◦C. The heat treatment of the powder
after annealing at 650 ◦C improves the magnetic softening of the alloy by decreasing
the stress-induced anisotropy. However, the Fe70Ni12B16Si2 alloy powder shows higher
saturated magnetization, lower coercivity and lower remanence ratio. A Fe75Nb10Si5B10
alloy milled for 200 h and annealed at 600 K exhibited similar behavior [54]. As a result,
applying annealing at 650 ◦C to the as-milled powder of our alloy shifted the magnetic
properties (especially the coercivity and the squareness ratio). It is a viable alternative to
the addition of a minor amount of other elements [55].

Metals 2021, 11, x FOR PEER REVIEW 13 of 15 
 

 

quite similar to coercivity changes that have already been observed (Figure 11). This 
dramatic decrease is probably linked to the release of microstrains and the decrease of 
the domain wall energy and/or to the phase transition from coexisting BCC + FCC phas-
es at 450 °C to a major BCC phase after annealing at 650 °C. The heat treatment of the 
powder after annealing at 650 °C improves the magnetic softening of the alloy by de-
creasing the stress-induced anisotropy. However, the Fe70Ni12B16Si2 alloy powder shows 
higher saturated magnetization, lower coercivity and lower remanence ratio. A 
Fe75Nb10Si5B10 alloy milled for 200 h and annealed at 600 K exhibited similar behavior [54]. 
As a result, applying annealing at 650 °C to the as-milled powder of our alloy shifted the 
magnetic properties (especially the coercivity and the squareness ratio). It is a viable al-
ternative to the addition of a minor amount of other elements [55]. 

 
Figure 12. Values of the squareness ratio (Mr/Ms) of Fe70Ni12B16Si2 powders after milling for 150 h 
and heat treatment. 

4. Conclusions 
A nanocrystalline Fe70Ni12B16Si2 powdered alloy was successfully synthesized 

through a mechanical alloying process. The following conclusions were obtained. 
Milling time has an important effect on the formation of phases, crystallite size and 

microstrain. The formation of nanocrystalline solid solutions was obtained after milling. 
The presence of a major BCC phase (crystalline size 13 nm) and a minor FCC phase (10 
nm crystalline phase) in the final powder milled for 150 h was observed. 

A partial solid state α → γ transformation after annealing at 450 °C was observed, 
coupled with a decrease in the saturation magnetization and an increase in the coercivity 
and the remanence ratio. From the results, the alloy may be classified, when as-milled 
and annealed at 450 °C, as a semi-hard alloy. 

A γ → α transformation after annealing at 650 °C resulted in obtaining a major fer-
romagnetic α phase, accompanied by an increase in the saturation magnetization (up to 
148.27 emu/g) and a dramatic decrease in both the coercivity, of about 70 Oe, and the 
remanence ratio, of about 0.036. As a result, semi-hard behavior was shifted. Thus, 
magnetic properties are strongly affected by the phase transformation after annealing. 

Author Contributions: Conceptualization, M.K., M.C. and L.E.; methodology, J.S. and L.E.; formal 
analysis, K.Z. and N.L.-I.; data curation, J.S. and N.L.-I.; writing—original draft preparation, K.Z. 
and J.-J.S.; supervision, J.-J.S., M.K. and M.C. All authors have read and agreed to the published 
version of the manuscript. 

Figure 12. Values of the squareness ratio (Mr/Ms) of Fe70Ni12B16Si2 powders after milling for 150 h
and heat treatment.

4. Conclusions

A nanocrystalline Fe70Ni12B16Si2 powdered alloy was successfully synthesized through
a mechanical alloying process. The following conclusions were obtained.

Milling time has an important effect on the formation of phases, crystallite size and
microstrain. The formation of nanocrystalline solid solutions was obtained after milling.
The presence of a major BCC phase (crystalline size 13 nm) and a minor FCC phase (10 nm
crystalline phase) in the final powder milled for 150 h was observed.

A partial solid state α→ γ transformation after annealing at 450 ◦C was observed,
coupled with a decrease in the saturation magnetization and an increase in the coercivity
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and the remanence ratio. From the results, the alloy may be classified, when as-milled and
annealed at 450 ◦C, as a semi-hard alloy.

A γ → α transformation after annealing at 650 ◦C resulted in obtaining a major
ferromagnetic α phase, accompanied by an increase in the saturation magnetization
(up to 148.27 emu/g) and a dramatic decrease in both the coercivity, of about 70 Oe, and
the remanence ratio, of about 0.036. As a result, semi-hard behavior was shifted. Thus,
magnetic properties are strongly affected by the phase transformation after annealing.
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