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A B S T R A C T

In this research work, the effect of different mechanical alloying processing parameters such as ball-to-powder weight ratio (BPR), size of the milling balls, rotation 
speed, and milling duration on the amorphization of an elemental blend of iron (Fe), silicon (Si), and boron (B) have been studied. FeSiB powder alloys were obtained 
by mechanically alloying of elemental powders for 10, 20, and 30 h with a rotation speed of 700 rpm, stearic acid as process control agent (PCA), and the ball-to- 
powder ratio of 5:1, 10:1, and 15:1. The resultant powders were then consolidated using the spark plasma sintering (SPS) technique. The effect of SPS processing 
parameters on mechanical and magnetic properties was studied. For samples milled under the same conditions, the saturation magnetization of the samples sintered 
at higher temperatures was proven to be higher. Moreover, the effect of heat treating the amorphous powder alloy before SPS processing was studied. The results 
showed an increase in the saturation magnetization of the heat-treated samples but also an increase in coercivity. Finally, the energy maps were drawn for me-
chanically alloyed FeSiB-based samples milled under different conditions to find the window for the total energy and minimum energy of a single ball that would give 
us an amorphous structure useful for magnetic properties.

1. Introduction

Iron-based magnetic materials are the subject of many scientific 
studies due to their broad application in sensing devices, power elec-
tronics, energy-efficient transformers, and even in everyday devices 
such as mobile phones, smart watches, computer hard disks, etc. [1–3]. 
These alloys have excellent magnetic properties, such as low magnetic 
loss, coercivity and fast flux reversal, and high permeability and satu-
ration magnetization [4,5]. The demand for developing soft magnetic 
alloys with improved performance has increased recently due to the 
high need for energy-saving devices and the electrification of transport 
systems.

Magnetic alloys made of the 3 main elements of iron (Fe), silicon (Si), 
and boron (B) possess excellent soft magnetic properties (e.g., high 
permeability and saturation magnetization along with low coercivity), 
which is the primary reason for selecting these alloys for further in-
vestigations [5]. In most cases, the magnetic properties, such as 
permeability and saturation flux of the FeSiB-based alloys, are better 
than those of other magnetic alloys, such as amorphous cobalt-based 
alloys or Si-Steel [6]. Researchers have studied the reason for the 
good magnetic properties of these alloys and concluded that the pres-
ence of α-Fe(Si) grains dispersed in an amorphous iron matrix is mainly 

responsible for their excellent magnetic properties [7]. The addition of 
elements such as niobium and copper significantly affects the appear-
ance of the α-Fe(Si) grain and the overall improvement of magnetic and 
mechanical properties of the FeSiB-based alloys [8,9]. Amorphous 
metallic alloys have been the subject of many studies due to their 
excellent corrosion and wear resistance and outstanding mechanical 
properties, such as high yield strength and low elastic modulus 
compared to crystalline metallic alloys [7,10–13].

Until recently, the primary way of fabricating amorphous metallic 
alloys was rapid cooling/quenching. In this way, the metal was either 
cooled to a temperature below its crystallization temperature with a 
very high cooling rate of 106 to 1010 k/s or prepared by condensing the 
vapor into a cold substrate [14,15]. However, these processes need help 
producing bulk materials, and materials can only be fabricated in thin 
ribbons or wires. The thickness of such ribbons is typically ~50 μm [13], 
and therefore, they need to be stacked on top of each other to make 
magnetic components for real applications. The shapes of the magnetic 
parts produced with this technique are limited to the shapes and sizes 
that can be machined from the stack of ribbons. Moreover, these ribbons 
are pretty brittle, complicating the fabrication of magnetic components 
with complex shapes [16]. Therefore, there is a critical need to inves-
tigate the processing routes to not only increase the efficiency of the 
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produced magnetic alloys but also miniaturize them for applications in 
electric and electronic equipment, especially for next-generation envi-
ronmentally friendly electric and hybrid cars.

Mechanical alloying (MA) is a powerful alternative for the fabrica-
tion of amorphous magnetic alloys [17]. Such powder alloys can be 
consolidated into bulk magnetic parts via spark plasma sintering (SPS). 
SPS processing parameters can affect the magnetic and mechanical 
properties of the resultant parts. In general, SPS-fabricated parts have 
uniform grain structures and are high-density, affecting the permeability 
and saturation magnetization of the processed parts [18,19]. However, 
only a few researchers have investigated the sintering of soft magnetic 
alloys, and therefore, the effect of the processing parameters on the 
microstructure, mechanical, and magnetic properties of the sintered 
alloys still needs to be fully understood and investigated.

There are only a few research done on sintering soft magnetic alloys; 
therefore, the effect of the processing parameters on the sintered alloys 
is not yet fully understood. A few researchers have studied the effect of 
temperature and holding time on similar compositions. Xio et al. [20] 
have worked on FeSiCuNb composition and proven that the sintering 
temperature influences both saturation magnetization (Ms) as well as 
coercivity (Hc). They found that increasing the sintering temperature 
increases the saturation magnetization while the coercivity decreases 
with higher temperatures. Due to the presence of boron and the possi-
bility of the formation of boron phases in our samples and the fact that 
boron phases such as Fe2B, Fe3B, or Fe23B6 can negatively affect the Ms 
and increase the Hc values and overall deteriorate the magnetic prop-
erties, interpreting the results from our research work can be more 
challenging. Moreover, Neamtu et al. [21] studied the role of holding 
time on SPS-processed FeSiB alloys at low pressures. In order to achieve 
full densification at a low pressure, they increased the sintering tem-
perature up to 800 ◦C, and they realized that as a result of better 
densification at higher temperatures, the magnetic properties of the 
alloy improved. Another factor that can affect the SPS-fabricated parts is 
the pressure. Gheiratmand et al. [19] worked on the sintering of Finemet 
at low pressures and high holding times. They realized that the density 
of the fabricated part depends on whether the initial powder was 
amorphous or partially crystallite (Higher density in case of amorphous 
powder). However, choosing higher holding times will increase the 
chance of crystallization. Xio et al. [20] found that if the loading pres-
sure is less than 500 MPa the powders would not be consolidated or may 
require longer holding times to achieve full densification. Neamtu et al. 
[21] did SPS on FeSiB composition with a holding time of 1–15 min with 
varying temperatures with pressure of 30 MPa. They did their sintering 
experiment at temperatures from 450 to 900 ◦C as their pressure was too 
low; they only achieved full compactions at temperatures over 800 ◦C. 
Therefore, in this research work, we have used the high compaction 
pressure of 600 MPa to decrease the holding time or sintering temper-
ature to achieve full densification.

During the mechanical alloying process, several different processing 
parameters can affect the amorphization process, as well as the total 
energy involved in the process and the energy associated with milling 
balls. The milling processing parameters, such as the size of the balls, the 
ball-to-powder weight ratio, the rotation speed, the milling duration, 
and even the process control agent, can affect the amorphization. 
Therefore, we have attempted to investigate the effect of these pro-
cessing parameters on the amorphization of FeSiB powder alloy. We 
investigated the effect of mechanical alloying on amorphization, 
microstructure, phase transformation, and mechanical and magnetic 
behavior of Fe-Si-B-based alloys processed via the SPS process. This 
study will open new avenues for the processing and developing bulk 
amorphous and nanocrystalline magnetic alloys.

2. Experimental details

Fe77.5Si13.5B9 alloy was prepared by Fritsch Pulverisette 7 high en-
ergy planetary ball milling using elemental powders where both milling 

balls and bowls were made of tungsten carbide. The powders used in 
these experiments were iron powder with a purity of 99.9 % and size of 
1–9 μm, silicon with a purity of 99.99 % and mesh size of − 325, and 
amorphous boron with a purity of 97 %. Fe77.5Si13.5B9 was milled for 10, 
20, and 30 h with the ball-to-powder ratios of 5:1, 10:1, 15:1, and 700 
rpm as the rotation speed. To prevent oxidation during milling, the 
elemental powders were loaded and sealed in milling bowls in a glove 
box filled with argon gas. To avoid cold welding during milling, 2 wt% of 
stearic acid was added to the process control agent (PCA). To prevent the 
powder from overheating during the mechanical alloying process, we 
put 10 min pauses in between each of the 10 min milling durations.

The Spark Plasma Sintering process was performed under an argon 
atmosphere, and powder was pre-compacted using tungsten carbide dies 
and punches at a pressure of 20 MPa. The maximum pressure in the 
process was 600 MPa, the holding time was 5 min, and the temperatures 
used were 470 ◦C and 510 ◦C at the constant heating rate of 30 ◦C/min. 
Differential scanning calorimetry (DSC) was performed to find the 
crystallization temperatures of different phases in the alloy powder. SPS- 
processed bulk samples were mounted and polished using different- 
grade polishing papers and then imaged using an FEI-Quanta Nova- 
SEM. The Microhardness of the samples was measured using Vickers 
standard under load of 5N and dwell time of 10s. 10 measurements from 
10 different spots were taken for each sample, and the average values 
were reported. The annealing process was performed at a temperature of 
200 ◦C for 2 h.

The magnetic properties were measured using a magnetometer 
(VSM-Lakeshore 7404) with a maximum magnetic field of 1 T. X-ray 
diffraction (XRD) using a Rigaku Ultima III X-Ray diffractometer (Cu Kα 
radiation, 1.54 Å) was done to determine the phase(s) of the samples. 
The crystallite sizes of the samples were measured using the linear 
Williamson-Hall method and based on the XRD data acquired from each 
sample.

3. Results and discussion

3.1. Mechanical alloying parameters and their effect on amorphization of 
FeSiB

The mechanical alloying process has gained significant attention due 
to its simplicity and ability to produce amorphous alloys through solid- 
state amorphization instead of conventional rapid solidification [22]. 
Other researchers have achieved the amorphization of alloys with 
different compositions [23–26], but this research aims to study the 
amorphization of FeSiB-based alloys via the mechanical alloying pro-
cess. The reason for choosing the mechanical alloying process for 
achieving amorphization for our FeSiB-based alloys is due to its wider 
glass forming range as compared to conventional methods such as liquid 
metallurgy [27]. The amorphization process via mechanical alloying is 
affected by multiple different processing parameters. These parameters 
include the duration of milling, the ball-to-powder weight ratio, rotation 
speed, the size of the milling balls, and even the PCA that is used during 
the process. We studied each of the mentioned parameters by designing 
experiments where the processing parameters were changed one at a 
time while the rest of the parameters were kept the same to investigate 
the role of each parameter on the amorphization of the alloyed powder. 
Our previous research on FeSiB-based alloys milled with rotation speeds 
of 350 and 500 rpm and longer milling durations of up to 120 h revealed 
that full amorphization only occurred in one sample (FINEMET milled 
with rotation speed of 350 rpm, BPR 10:1 and ball size 3 mm) which is 
why we chose to change the mechanical alloying processing parameters 
to achieve amorphization at lower milling duration. Therefore, we 
studied the amorphization process under a much higher rotation speed 
for the next step of our research work. For this reason, the higher 
rotation speed of 700 rpm and milling durations of 10–30 h were chosen 
for the new set of experiments. Additionally, to understand the effect of 
ball size on the amorphization process, two different sizes of milling 
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balls (3 and 6 mm) were used.
The XRD patterns of 10 different FeSiB samples that were milled with 

the rotation speed of 700 rpm, milling durations of 10–30 h, ball sizes of 
3 and 5 mm, and ball-to-powder ratios of 5:1, 10:1, and 15:1 are 
depicted in Fig. 1. From these XRD patterns, the highest level of 
amorphization is observed in a sample milled for 30h, with a BPR of 10:1 
and a ball size of 3 mm. The XRD patterns of the rest of the samples 
showed the highest level of amorphization and lowest crystallite sizes 
for the following samples: BPR 10:1, milling duration 20h with 3 mm 
balls, BPR 10:1 milling duration 10h with 5 mm balls, BPR 15:1 milling 
duration 10h with 3 mm, BPR 15:1 milling duration 10 with 5 mm balls 
and BPR 5:1, milling duration 20h with 5 mm balls in sequence. From 
Fig. 1, it can be observed that choosing a low BPR of 5:1 does not result 
in a fully amorphous powder; however, in some cases, a certain level of 
broadening is observed in powders milled with BPR 5:1. It can also be 
concluded that in comparison between powders processed with the same 
milling duration and ball size, powders that were milled with BPR 10:1 
showed the most promising results.

Fig. 2 shows the XRD patterns of mechanically alloyed FeSiB pow-
ders using the same rotation speed and ball size but with different ball- 
to-powder ratios and milling durations. When comparing samples that 
were milled with the same milling duration of 10 h, it can be observed 
that even though both samples show a certain level of amorphization, 
the sample milled with medium BPR 10:1 depicts broader diffraction 
peaks and smaller crystallite sizes. It suggests that the amorphization 
process is negatively affected when BPR is high (15:1) or low (5:1). In 
case of high BPR, the higher number of balls can increase the number of 
collisions during the milling process, which can consequently increase 
the amount of excess heat that is generated during the alloying process. 
This excess heat can negatively affect the amorphization process and 
result in more crystallization [23]. On the other hand, for low BPR, 
enough kinetic energy is not transferred to the powder during the me-
chanical alloying, hindering the amorphization process.

3.2. The effect of ball size on the amorphization of FeSiB alloys

In order to study the ball size effect on amorphization, FeSiB alloy 
powders were milled with the same rotation speed (700 rpm) but 3 
different BPRs, 3 different milling durations, and 2 different sizes of 
milling balls. We have observed from these 4 different experiments that 

powders milled using 3 mm balls showed higher levels of amorphization 
than powders milled with 5 mm balls. This comparison can be observed 
from the XRD patterns of samples depicted in Figs. 2 and 3. Both show 
XRD patterns of samples that were milled with the BPR 10:1 and 30 h 
milling time, samples with BPR 15:1 and 10h milling time, and samples 
with BPR 10:1 and milling time 20 h, but samples depicted in Fig. 2 were 
milled with 5 mm balls whereas samples depicted in Fig. 3 were milled 
with 3 mm balls. It can be observed that samples that were milled using 
the 3 mm milling balls show broader diffraction peaks and higher levels 
of amorphization. This is due to the intense friction when smaller balls 
are used [28]. Also, a higher milling duration results in a higher level of 
amorphization. This can be observed by comparing samples that were 
milled with BPR 10:1 and 30 or 20 h milling duration as well as samples 

Fig. 1. XRD patterns of FeSiB powder mechanically alloyed with a Rotation 
Speed of 700 rpm and different milling duration, ball-to-powder ratio, and 
ball size.

Fig. 2. XRD patterns of FeSiB powder mechanically alloyed with a Rotation 
Speed of 700 rpm and ball size of 5 mm but different milling durations and ball- 
to-powder ratios.

Fig. 3. XRD patterns of FeSiB powder mechanically alloyed with a Rotation 
Speed of 700 rpm and ball size of 3 mm but different milling durations and ball- 
to-powder ratios.
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milled with 5 mm ball size with BPR 5:1 and 10 or 20 h where in all 
cases, higher milling duration results in higher amorphization levels. 
From the XRD patterns depicted in Fig. 3, it can be observed that for the 
powder milled with 700 rpm and BPR 10:1, the broadening of the peaks 
has already started at 20 h of milling, but full amorphization does not 
occur until 30 h of milling. From the XRD patterns depicted in Fig. 1, it 
can be observed that full amorphization was achieved after 30 h of 
milling. However, it is worth mentioning that if the milling duration is 
too long, powders’ amorphous structure can return to a crystalline state. 
This phenomenon was observed in our previous research work on FeSiB 
samples that were milled with a powder ratio of 10:1, with a ball size of 
3 mm, rotation speed of 350 rpm, and milling durations of 30, 60, and 
90 h [9]. While the sample milled for 30 h did not show signs of 
amorphization, the 60 h and 90 h milled samples showed some levels of 
amorphization. However, based on the XRD pattern depicted in Fig. 4, 
the 60h sample shows the most amorphous microstructure, while the 
sample that was milled for 90 h is almost back to its crystalline structure.

3.3. Process control agent optimization

Process control agent (PCA) is another factor that can affect the 
amorphization during the mechanical alloying process. For this study, 
two different PCAs (stearic acid and benzene) were used to investigate 
their effect on the amorphization process. Iron, silicon, and boron 
powders with the same composition were placed inside identical milling 
bowls using identical ball sizes (3 mm), milled with the same rotation 
speed, the ball-to-powder ratio and milling duration with one bowl using 
stearic acid as PCA, and the other using benzene. The XRD patterns 
obtained from both proved that stearic acid is the superior choice for our 
mechanical alloyed FeSiB samples in terms of level of amorphization as 
well as carbon contamination traced in the samples (Fig. 5). Therefore, 
we have selected stearic acid as PCA for further investigation on FeSiB 
samples milled with the rotation speed of 700 rpm. A comprehensive 
study on mechanical alloying of iron-based amorphous alloys done by 
Neamtu et al. [1], using Fe, Si, and B as their elemental powders, showed 
the importance of the PCA agent in the amorphization process. Ac-
cording to their study, amorphization of iron-based soft magnetic alloys 
can only be done when a process control agent (PCA) is used. They have 
also argued that the carbon atoms provided by the decomposition of the 
PCA agent help with the amorphization process. Nouri et al. [2] pro-
posed that the PCA agent changes the composition of the milled material 
due to severe thermodynamic conditions during the mechanical alloying 
process. Neamtu et al. [29] correlated the success of the wet mechanical 

alloying (with the use of the PCA agent) to the carbon contamination 
that occurs during the process due to the results they observed from the 
x-ray diffraction patterns of the ribbons they wet milled for 20 h. 
Neamtu et al. [29] stated that since carbon atoms are metalloid atoms, 
their existence aids the amorphization process. According to studies by 
Nouri et al. [30], oxygen and carbon are the most common atomic 
species that have contaminated the milled powders. Even though oxygen 
contamination can lower the crystallization temperature, according to 
Koch et al. [23], the overall effect of PCA agents is positive on the 
amorphization process. Suryanarayana [17] explained that this phe-
nomenon occurs due to small carbon atoms penetrating the interstitial 
sites and consequently destroying the order of the lattice and destabi-
lizing the crystal phase [17].

3.4. Energy maps (effect of ball milling energy on amorphization)

The amorphization process during the mechanical alloying process 
and the glass-forming ability of the blend of elemental powder compo-
sition are affected by the amount of energy introduced to the powder 
during milling. Mechanical alloying processing parameters such as 
milling duration, ball-to-powder ratio, ball size, and rotation speed are 
among the factors that directly influence the amount of energy induced 
into the powder during milling. To understand the effect of these pro-
cessing parameters on the milled powder, these factors were converted 
into two parameters measuring the energy of a single milling ball and 
the total energy introduced to the powder during the milling process 
[31]. We have designed energy maps for FeSiB-based alloys based on 
these two parameters. We experimented on FeSiB-based powder alloys 
under various mechanical alloying conditions, calculated the impact energy 
of a single ball as well as the total energy that is introduced to the powder 
during the process, and studied the correlation between these two energy 
parameters with whether a powder alloy has amorphous structure. This 
study aims to determine the potential window of total energy in which 
the milled powder would have an amorphous structure. Additionally, we 
have discovered a minimum value for the impact energy of a single ball 
below which amorphization does not take place even if the total energy 
introduced to the powder during the milling process is in the amorph-
ization window.

The formula for kinetic energy is K = 0.5mv2. The kinetic energy of a 
single ball can be calculated as [32]: 

Eb =0.5mbυb
2 (Equation 1) 

Fig. 4. XRD patterns of FeSiB powder mechanically alloyed with a Rotation 
Speed of 350 rpm, the ball-to-powder ratio of 10:1, a ball size of 3 mm with 
milling durations of 60 and 90 h.

Fig. 5. XRD patterns of mechanically alloyed FeSiB powder using Benze and 
stearic acid as process control agents.
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Where, Eb is the energy of a single ball, mb is the mass of a ball, and υb is 
the absolute velocity of the ball. As mentioned before, when there are 
multiple balls present during the mechanical alloying process, the en-
ergy of each ball is a factor of the energy of the ball as if it is alone in the 
bowl. The energy of a single ball when there are multiple balls in the 
bowl can be written as [31] 

Eb
ʹ=ϕbEb (Equation 2) 

where: 

ϕb =1 − nv
ϵ (Equation 3) 

The ϵ factor equals 1.193 for 3 mm balls and 1.462 for 5 mm balls 
(calculated based on formula A21 from Ref. [33]). The variable ϕb is 
dependent upon the packing fraction (nv), which depends on the ratio of 
the number of balls used during the specific mechanical alloying process 
and the total number of milling balls that can fit inside the milling bowl. 
Therefore, if the number of balls used in an experiment is given bynband 
the total number of balls that can fit inside a milling bowl is presented 
bynbvthe packing fraction(nv)can be written as 

nv =
nb

nb.v
(Equation 4) 

According to Burgio et al. [34], the total number of balls that can be 
fitted inside the milling bowl in a simple cubic arrangement can be 
written as: 

nb.v =
πD2H
4d3 (Equation 5) 

where D and H are the diameter and height of the milling bowl, and d is 
the diameter of each ball. For the next step, we calculated the total 
energy transferred to the powder unit mass during the mechanical 
alloying process. The total energy per unit mass depends on the fre-
quency (f) of collision between the balls, the energy of a single milling 
ball (Eb

ʹ), the total number of balls in the milling process (nb), and the 
milling duration (t) [31]. The formula for calculating the total energy of 
the process can be written as: 

Et =
ftnbEbʹ

mp
(Equation 6) 

In this equation mp is the mass of powder being milled. The frequency 
of impact for a single ball has been calculated by Iasonna and Magini 
[33]: 

F=K(Ω − ω) (Equation 7) 

In this equation Ω is the rotation speed of the disk, ω is the rotation 
speed of the milling bowl and K is equal to 1.5. The milling machine used 
for all our experiments was Fritsch Pulverisette 7, for which the ratio of 
the disk’s rotation speed to the vial’s rotation speed is Ω

ω = 2.
In this study, the energy of a single ball and the total energy per unit 

mass are calculated for 19 different FeSiB-based alloys that were me-
chanically alloyed under different processing conditions. The processing 
parameters (ball size, milling duration, BPR, and rotation speed) are 
listed in Table 2. The XRD patterns of the first four powder samples, 
which showed amorphous structure, are depicted in Fig. 2. For all these 
samples with amorphous structures, higher rotation speeds and shorter 
milling durations of up to 30 h were used. However, the best result in 
terms of amorphization was observed after 30 h of milling. From XRD 
patterns, samples milled with the following milling parameters showed 
amorphous structure: BPR 10:1–30h milled-3mm balls, BPR 10:1–20h 
milled-3mm balls, BPR 10:1–10h milled-5mm balls, BPR 15:1–10h 
milled-3mm balls, BPR 15:1–10h milled-5mm balls, BPR 10:1–30h 
milled-5mm balls, BPR 10:1–20h milled-5mm balls and BPR 5:1–20h 
milled-5mm balls as well as one of our samples from our previous study 
on mechanical alloying of Finemet [8] with BPR 10:1, 120h milled, 3 

mm balls.
The energy of a single ball, as well as the total energy introduced to 

the powder during the milling process for all 19 conditions, is depicted 
in Fig. 6. From Fig. 6, we located the spots representing the powder 
alloys that showed amorphous structure (based on XRD results) and 
discovered that all the FeSiB-based samples that show amorphous 
structure after mechanical alloying fall within the total energy window 
of 2462.13 Jh/g and 7386.3 Jh/g. From Fig. 6, it can also be observed 
that some samples that fall within the amorphization window (2462.13 
Jh/g and 7386.3 Jh/g) do not show amorphous structure. These samples 
include powders that were milled with a rotation speed of 500 rpm with 
a BPR of 10:1 and a ball size of 3 mm with a milling duration of 60 and 
90 h, as well as samples milled with a rotation speed of 350 rpm with a 
BPR of 15:1 and a ball size of 3 mm with 90- and 120-h milling duration. 
From this observation, we concluded that in order to reach the amor-
phous state, there is a minimum energy required for a single ball, and the 
powders in the amorphization window that did not have an amorphous 
structure all had the energy of a single ball below the required energy. 
From the energy map depicted in Fig. 6, all the samples that exhibited 
amorphous structure are above the line of 0.0029 J for the impact en-
ergy of a single ball. By using these energy maps, we can predict whether 
a FeSiB-based powder that is mechanically alloyed with any processing 
parameter will have an amorphous structure or not by taking into ac-
count the minimum requirement for Eb and the window of total energy 
in which the powder alloy shows an amorphous structure.

The powder alloys that have gone through the milling process are 
prone to residual stress introduced by the mechanical alloying process 
[35]. In this research work, we studied the effect of residual stress on the 
magnetic properties of alloys processed by mechanical alloying by 
experimenting on heat-treated (to reduce the residual stress) and 
non-heat-treated samples that were mechanically alloyed under the 
same condition. Neamtu et al. [29], who studied the mechanical alloy-
ing process, found that the saturation magnetization of milled magnetic 
alloys increased from ~131 to ~141 emu/g when the annealing heat 
treatment was done. Sinha et al. [36], who studied the role of annealing 
on magnetic properties of finemet alloys, observed similar results. 
Therefore, we performed the annealing of mechanically alloyed FeSiB 
samples and its effect on the magnetic properties. For these experiments, 
we chose an amorphous powder that was milled for 30 h using 700 rpm, 
10:1 ball-to-powder ratio, and 3 mm balls. This powder was then divided 
into two similar amounts; one was heat treated at a temperature of 
200 ◦C for 2 h, and the other was not heat treated. Fig. 9 shows the 
saturation magnetization and coercivity values for the two 30h-milled 
amorphous powders: one heat-treated and one not heat-treated. The 
coercivity value of the heat-treated sample is lower than the sample that 

Fig. 6. Graph of Total energy (Jh/g) and Energy of a Single Ball (J) for 
Different Milling Conditions.

T. Larimian et al.                                                                                                                                                                                                                               Intermetallics 182 (2025) 108763 

5 



was not heat-treated. It can also be observed that the saturation 
magnetization is increased in the case of the annealed sample, which 
proves that heat treatment and the release of stress introduced to the 
powder during the milling process can positively affect the magnetic 
properties of the milled magnetic alloys.

For the next step, we sintered the annealed and un-annealed amor-
phous powders using two different temperatures of 470 ◦C and 510 ◦C to 
study the effect of annealing on the magnetic properties of samples 
sintered from heat-treated powder. To our surprise, the coercivity values 
of samples sintered from heat-treated powder were higher than samples 
sintered from non-heat-treated powder (for samples sintered at both 470 
and 510 ◦C) even though the coercivity values were quite close to each 
other (Fig. 10). The difference in the coercivity values can be explained 
by the higher intensity of Fe2B and Fe23B6 peaks from the XRD patterns 
and the slightly higher volume fraction of these two phases of the 
samples sintered from the annealed powder. Additionally, we studied 
the crystallite size and microhardness of samples sintered from heat- 
treated and non-heat-treated powders. Table 1 shows that the crystal-
lite size of samples sintered from heat-treated powder is slightly higher 
than the sample sintered from regular powder. This difference in the 
crystallite size can explain the lower microhardness values observed in 
samples sintered from annealed powder since, according to the Hall- 
Petch relationship, microhardness and crystallite size are inversely 
correlated. According to Kotan et al. [37], the slope of their Hall-Petch 
plot is negligible when the crystallite sizes are in the range of nanome-
ters. This can explain why only a slight change was observed in the 
microhardness values of our samples.

3.5. Spark plasma sintering at high pressure and low temperature

Spark plasma sintering processing parameters (pressure, holding 
time, and temperature) play an important role in affecting the micro-
structure, mechanical, and magnetic properties of metallic alloys. Four 
types of FeSiB powder alloys (two amorphous and two non-amorphous) 
were used for SPS experiments. The fully amorphous powder (milled for 
30 h with BPR 10:1, 3 mm balls, and rotation speed of 700 rpm) was 
divided into two groups; one was heat treated, and the other one was not 
(our two amorphous powders), and each group was sintered at two 
sintering temperatures of 470 ◦C and 510 ◦C. The two non-amorphous 
powders chosen for these experiments were milled for 10h with BPR 
5:1, 5 mm balls at a 700-rpm rotation speed and milled for 10h with BPR 
5:1, 3 mm balls and 700 rpm rotation speed and then sintered at 470 ◦C.

Fig. 7 shows the XRD patterns of all sintered samples, and from this, 
it can be observed that more intense peaks of Fe2B and Fe23B6 phases are 
present in samples that were sintered at a temperature of 510 ◦C in 
comparison with samples sintered at 470 ◦C. These peaks are broader in 
the case of samples sintered at 470 ◦C from an amorphous powder and 
almost non-existent in case of samples sintered at 470 ◦C from a non- 
amorphous powder. Formation of the secondary boron phases can be 
attributed to higher sintering temperatures surpassing the crystalliza-
tion temperature of these two phases. Formation of Fe2B and Fe23B6 
phases at sintering temperatures higher than 500 ◦C is expected since 
α-Fe2B forms between 496 ◦C and 642 ◦C [38], and Fe23B6 can form at 
temperatures even lower than that [39]. Table 1 shows the crystallite 
size and microhardness values of six sintered samples. For powders that 

were mechanically alloyed under the same condition, the higher sin-
tering temperature resulted in bigger crystallite size and lower micro-
hardness values, which is explainable by the Hall-Petch relation.

3.6. Scanning electron microscopy (SEM) analysis of SPS samples

SEM images of spark plasma sintered samples are depicted in Fig. 8. 
The samples were mechanically alloyed and spark plasma sintered under 
the following conditions: 30h-milled_3 mm balls_10:1 BPR sintered at 
510 ◦C, 30h-milled_3 mm balls_10:1 BPR heat treated, then sintered at 
510 ◦C, 30h-milled_3 mm balls_10:1 BPR sintered at 470 ◦C, 30h-mil-
led_3 mm balls_10:1 BPR, heat treated then sintered at 470 ◦C, 10h- 
milled_3 mm balls_5:1 BPR sintered at 470 ◦C and 10h-milled_5 mm 
balls_5:1 BPR sintered at 470 ◦C. It can be observed from Fig. 8 that the 
10h-milled samples show much coarser microstructure in comparison to 
samples that were milled for 30 h. This can be attributed to smaller 
powder particles from which the 30-h samples were sintered. The non- 
homogeneous and coarse microstructure of samples that were milled 
for the shorter duration of 10 h can also be attributed to lower levels of 

Table 1 
Microhardness and crystallite size values for FeSiB sintered samples.

Condition Crystallite Size (nm) Microhardness (HV)

10h-3mm-470-5to1 19.41 ± 0.12 694.2 ± 10
10h-5mm-470-5to1 18.44 ± 0.02 974.5 ± 12
30h-3mm-470-10to1 10.37 ± 0.01 1176 ± 20
30h-3mm-470-10to1 (HT) 12.67 ± 0.37 1167 ± 15
30h-3mm-510-10to1 13.83 ± 0.23 1127 ± 13
30h-3mm-510-10to1 (HT) 14.98 ± 0.25 1122 ± 10

Table 2 
Mechanical alloying conditions.

Ball Size 
(mm)

BPR Rotation Speed 
(RPM)

Milling 
Duration (h)

Eb Et

5 10:01 700 10 0.0227 2462.13
5 5:01 700 10 0.02289 1249.81
3 5:01 700 10 0.0043 1137.02
3 5:01 700 20 0.0043 2274.05
5 10:01 700 20 0.0227 4924.26
5 5:01 700 20 0.02289 2499.62
3 10:01 700 10 0.00401 2094.94
3 10:01 700 20 0.00401 4189.89
5 15:01 700 10 0.0226 3678.93
3 10:1 700 30 0.004 6284.83
5 10:1 700 30 0.0227 7386.39
3 15:01 700 10 0.00362 2837.03
3 15:01 700 20 0.00362 5674.07
3 10:1 350 30 0.001 785.604
3 10:1 350 60 0.001 1571.209
3 10:1 350 90 0.001 2356.81
3 10:1 350 120 0.001 3142.418
3 15:1 350 60 0.0009 2127.77
3 15:1 350 90 0.0009 3191.66
3 15:1 350 120 0.0009 4255.55
3 10:1 500 60 0.002 4580.78
3 10:1 500 90 0.002 6871.17

Fig. 7. XRD pattern of spark plasma sintered samples milled and sintered under 
different conditions.

T. Larimian et al.                                                                                                                                                                                                                               Intermetallics 182 (2025) 108763 

6 



alloying due to limited milling time in these samples compared to 
samples that were milled for 30 h. From Fig. 8, it can also be observed 
that when two samples that were sintered under the same sintering 
parameters and from the same powder (one sintered from heat-treated 
powder and one from not heat-treated powder) are compared, the 
heat-treated sample shows only a slight difference in the microstructure 
in terms of homogeneity and grain size. Another observation from Fig. 8
is the coarser microstructure of heat-treated and non-heat-treated 
samples that were sintered at 510 ◦C. Given the fact that the initial 
powders (heat treated or not) of all the 30-h milled samples were the 
same, the observed difference is due to higher sintering temperature, 
which ultimately increases the grain sizes and coarsens the micro-
structure. These observations can confirm that the microstructure of 
SPS-processed samples is influenced by the type of powder from which it 
is sintered. Therefore, milling duration can directly impact the micro-
structure of consolidated powder; however, heat treating the initial 
powder does not affect the microstructure of the resultant sample much.

3.7. Magnetic properties of powder and sintered samples

Different factors, such as the chemical composition of the alloy and 
the magnetostriction and magnetic anisotropy of a magnetic alloy, can 
affect its magnetic properties [40]. Figs. 9 and 10 show the magneti-
zation versus the applied magnetic field measured at room temperature. 
The saturation magnetization (Ms) values resulting from our experi-
ments are high compared to the findings of other researchers, and the 
coercivity values are reasonable. The highest saturation magnetization 
obtained from our experiments was 182.8 emu/g for powder and 172.7 
emu/g for sintered samples. The coercivity values observed in the 
samples milled with the higher rotation speed of 700 rpm and shorter 
milling duration of only up to 30 h were proven to be lower than those of 
samples that were milled for longer durations at lower rotation speeds. 
The lowest coercivity value previously obtained from our experiments 
was 62.4 Oe, whereas the coercivity values of samples milled with high 
rotation speed are as low as 33.4 Oe [8].

Other researchers who have studied similar compositions have 

Fig. 8. SEM images of sintered FeSiB samples. (a) and (b): 10h-milled_3 mm balls_5:1 BPR sintered at 470 ◦C and 10h-milled_5 mm balls_5:1 BPR sintered at 470 ◦C. 
(c) and (d): 30h-milled_3 mm balls_10:1 BPR sintered at 470 ◦C and 30h-milled_3 mm balls_10:1 BPR, heat treated then sintered at 470 ◦C, (e) and (f): 30h-milled_3 
mm balls_10:1 BPR sintered at 510 ◦C and 30h-milled_3 mm balls_10:1 BPR heat treated then sintered at 510 ◦C.
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obtained saturation magnetizations lower than what we got from our 
present investigation [29,41,42]. The reason for the higher saturation 
magnetization observed from our experiments is due to alloying with 
optimized parameters as well as refinement of powder with nano-
crystalline grain structure [43]. SPS-processed samples sintered from 
amorphous powder milled with BPR 0:1, rotation speed of 700 rpm for 
30 h had Ms values in the range of 152.6–158.1 emu/g. Similarly, the 
amorphous powder samples (milled with 700 rpm, BPR 10:1 for 30 h), 
one annealed and one not annealed, show magnetic properties that are 
close together. However, there are more drastic differences in samples’ 
magnetic properties when milled with different parameters. For 
instance, the saturation magnetization range of 152–158 emu/g can be 
increased to 174–182 emu/g by altering the BPR and milling duration. 
Even if we compare two powders that were both milled with the same 
milling duration and ball-to-powder ratio (e.g., 10h milling duration and 
BPR 5:1) with the only difference being the size of the milling balls, a 
significant difference in the magnetic properties of the samples has been 
observed than if two powders were milled under the same condition 
with the only difference being the heat treatment. Therefore, it can be 
concluded that the mechanical alloying processing parameters are more 
influential on the magnetic properties of FeSiB-based alloys than 
annealing heat treatment.

The coercivity values of mechanically alloyed samples are depicted 
in Fig. 9. The coercivity values for samples milled for 10 h, the ball-to- 
powder ratio of 5:1, and ball sizes of 3 and 5 mm are very close 
together, with the 5 mm milled sample having a slightly higher 

coercivity. This higher coercivity value is due to the higher intensity of 
Fe2B and Fe23B6 boron peaks (based on XRD results) observed in powder 
alloy milled with 5 mm balls compared to powder alloy milled with 3 
mm balls. These boron phases act as pinning sites for magnetic domains 
and, therefore, deteriorate the magnetization value. The saturation 
magnetization of the 10h, 5:1 sample is higher than the 30h and 10:1 
sample, which might be due to the presence of a large volume fraction of 
Fe3Si phase in the samples sintered from these powder alloys. The same 
can be said for the comparison between the 10h, 5:1, 5 mm and the 10h, 
5:1, 3 mm samples, where the saturation magnetization value is higher 
in the case of the 5 mm sample. From the XRD patterns, it can be seen 
that these 2 samples have a higher volume fraction of the Fe3Si phase. 
The higher saturation magnetization in the case of 10h_3 mm_5:1 and 
10h_5 mm_5:1 samples sintered at 470 ◦C can be attributed to dispersion 
of large volume fraction of Fe3Si particles in the amorphous matrix, 
which results in increased saturation magnetization [44].

4. Conclusions

FeSiB-based alloys were processed using mechanical alloying fol-
lowed by spark plasma sintering. The effect of different mechanical 
alloying processing parameters and sintering temperature on the 
microstructure and mechanical and magnetic properties of FeSiB alloy 
was investigated. Additionally, the total amount of energy introduced to 
the powder during the mechanical alloying process, as well as the energy 
of a single milling ball, was calculated and based on these calculations 

Fig. 9. Magnetization and coercivity values of mechanically alloyed FeSiB samples under different milling conditions and heat treatment.
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and the results from x-ray diffraction, a window of energy in which 
FeSiB-based alloys show amorphous structure was determined. The 
conclusions from our experiments are as follows. 

• Samples sintered from annealed powder exhibited higher saturation 
magnetization than samples sintered from non-annealed powder but 
also showed higher coercivity values.

• Annealed powder showed lower coercivity compared to the un- 
annealed powder sample. This behavior is the opposite of sintered 
samples.

• Higher saturation magnetization and lower coercivity were obtained 
for alloys milled with larger milling balls.

• To reach amorphization, a minimum energy for a single ball is 
required, even if the total energy of the process is within the 
amorphization window.

• Mechanical alloying processing parameters have a more significant 
effect on the magnetic properties of FeSiB-based alloys than heat 
treatment.

• The window for the total energy introduced to the powder during the 
mechanical alloying process of FeSiB-based alloys in which 
amorphization takes place is 2462–7386 Jh/g, and the minimum 
impact energy of a single ball required for amorphization is 0.0029J.
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