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The present paper is devoted to study the structural, morphological, and magnetic behavior of Fe 50Ni 50

alloy and pure Fe powder prepared by mechanical alloying. The powder has been milled with high-energy
ball milling process with 24 h and 32 h for FeNi and Fe powders, respectively. The x-ray diffraction,
scanning electron microscopy, Mössbauer spectroscopy, and vibrating sample magnetometer techniques
have been employed to identify the characteristics of the milled powders. The first x-ray diffraction results
show that increasing milling time for pure Fe exhibits bcc-type reflections, with rapid decrease in crystallite
size and a slight increase in lattice, and no other phase appears during milling, while for Fe 50Ni 50 alloy, fcc
phase appears after 8 h of milling with disappearance of Fe peaks. SEM and FE-SEM results have shown
morphological changes are appearing in the structures where crystallite size for Fe 50Ni 50 is 33.49 nm and
the one for pure Fe is 15 nm. Mössbauer spectroscopy proved that during the mechanical alloying process,
the hyperfine field of Fe 50Ni 50 decreases from 33 to 32 T, 31, and 29 T, respectively after 2, 8, and 24 h of
milling. For the FeNi alloy, Vibrating Sample Magnetometer (VSM) at room temperature has been used,
and the Hysteresis cycles has been plotted for several times of milling. The magnetic coercivity increased
and the saturation magnetization decreased after the first two hours due to the morphological changes in
particles leading to considerable changes in remanent magnetization and squareness ratio. These changes
have disappeared during milling operations where particles sizes become equal. During FeNi milling,
morphological changes lead to change the Hysteresis loops after 2 h of milling. At the end of milling, a
remanent magnetization of 0.118 emu and coercivity of 32.85 G have been noted. The magnetic moment in
Bohr magnetron for the alloy is 0.1338.

Keywords magnetic property, mechanical alloying, Mössbauer
spectroscopy, scanning electron microscopy, x-ray
diffraction

1. Introduction

The nanostructured magnetic materials have become attrac-
tive for a wide range of applications in various fields, such as
electronics, medicine, and energy. Compared to micrometric
materials, they are characterized by improved mechanical,
optical, and electrical properties, with enhancing chemical

reactivity, and material consumption for production is reduced.
A wide variety of techniques have been used to synthesize
nanostructured metallic materials including inert gas conden-
sation (Ref 1, 2), electrodeposition (Ref 3, 4), crystallization of
amorphous phases (Ref 5, 6), sputtering (Ref 7, 8), or
mechanical alloying (Ref 9, 10). The nanomaterials are used
in other fields like coating (Ref 11) and dislocation motion
study (Ref 12).

Mechanical Alloying (MA) is an alternative technique used
to produce new materials, to obtain metastable materials or to
modify the properties of existing ones. It is a complex process
involving deformation, fragmentation, cold solder, and microd-
iffusion in a highly energetic grinding media, by applying
repeated cold welding, fracturing, and re-welding of powder of
different compositions in a high-energy ball mill or similar
equipment. In the end, a solid-state powder is obtained. The
MA is used widely in Materials Science (studying the
properties), powder metallurgy (producing high-performance
powder, hot isostatic pressing), catalysis, energy storage
(electrode materials production), and for biomedical engineer-
ing (producing biocompatible materials) (Ref 13, 14). The Fe
powder is widely used in metallurgy processes where the metal
density can be controlled, while the FeNi alloy is used in
transformers and inductors of high-frequency applications.

Zhang and Zhitomirsky (Ref 15) have investigated the
mechanical alloying for ferrimagnetic materials using high-
energy ball milling. The obtained results show that the use of
the ferrimagnetic composites is promising for the fabrication of
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the devices based on mutual interaction. Lui et al. (Ref 16) have
studied an alloy composed of Fe, Se, and Te where the phase
transition mechanism produced by high-energy ball milling was
accompanied by sintering method. The obtained results show
that used production methods can decrease the superconducting
phase formation temperature and enhance the fabrication
efficiency.

Many investigations have studied the nanomaterials alloys
based on Fer: Kurichenko et al. (Ref 17) have studied FeNi
nanopowder using cycling oxidation and reduction with
temperature of 320 �C. The results show that oxidation and
reduction do not affect the FeNi presence in the powder using
differential scanning calorimetry analysis and magnetic mea-
surements. Ferrimagnetic behavior of magnetic FeM (M 1=4Ag,
Co, Cu, and Ni) nanocrystals has been studied by Freire et al.
(Ref 18). Panigrahi and Avar (Ref 19) have studied the impact
of mechanical alloying composed of Fe 50Ni 10Co 10Ti 10B 20

until 50 h and under argon gas. The results have shown the
appearance of amorphous phase after 20 h of milling. At the
end of alloying, the obtained saturation magnetization was 89.7
emu/g and the coercivity was 32.5 Oe. The nanocrystals studied
are structured in body-centered cubic (bcc) unit cell and in a
face-centered cubic (fcc) one. The nanocrystals have been
analyzed using x-ray diffraction, transmission electron micro-
scopy, and Mössbauer analyses. The obtained results show that
the studied materials are sustainable for electrochemical water
splitting. Many alloys based on Ni have been studied in recent
works, like the morphological study of NiTi alloy when
exposed to electromagnetic pulse welding (Ref 20), and the
results reported that the alloy is influenced by strain rate and
peak pressure appearing during welding. Long et al. (Ref 21)
have studied nickel-based alloy under cyclic loading to
investigate plastic deformation and damage-induced degrada-
tion. The results have shown that the internal regions of the
studied alloy have been exposed to damages characterized by
different evolutions.

For the FeNi alloy, many works have studied the charac-
teristics of their alloys: Mushnikov et al. (Ref 22) have studied
FeNi alloys with Ni concentration range of 0-20 %. The
samples have been studied using x-ray diffraction and differ-
ential scanning calorimetry, with measuring of magnetic
susceptibility. The results show that increasing Ni concentration
leads to an expansion of the hysteresis of martensitic transfor-
mation. Sharma et al. (Ref 23) have investigated structural,
magnetic, and magnetocaloric properties of the Fe 65Ni 35 alloy.
The analysis is done using x-ray diffraction, zero-field-cooled
cooling (ZFC), field-cooled cooling (FCC), and field-cooled
warming (FCW). Below 88 �K, the first-order nature of the
sample is observed, while the second-order nature is found near
the magnetic ordering temperature, and the applied field-
dependent confirms the non-saturated nature of the alloy.

Rodrigueza et al. (Ref 24) have analyzed Fe 50Ni 50 prepared
using high-energy milling method, and the analysis is done
using x-ray diffraction pattern and Mössbauer spectroscopy.
The results show that the extreme conditions of T-FeNi phase
formation can be simulated with the used production method.
In other work, Ref 25, nanostructured (Fe 0:5Ni 0:5Þ92Zr 5B 3

alloy has been prepared using high-energy milling and studied
using the same technics (x-ray diffraction pattern and Möss-
bauer spectroscopy). Rodrigueza et al. have noticed that 30h-
milled powdered material is a good material permitting the
magnetic interaction study between atomically ordered phases,
and to obtain finally a nanocomposite character. We note that

mechanical alloying is used in other alloys without incorporat-
ing Fer powder like cobalt monosilicide (CoSi) (Ref 26) and
aluminum-boron carbide (Al-B 4C) (Ref 27). In precedent
investigation (Ref 28), we have studied the Fe 50Ni 50 and Fe

64Ni 36 alloys formation using MA technique. The alloys have
been studied using x-ray diffraction and scanning electron
microscopy. The results show that the crystallite size of FeNi
has been reduced to 14 nm, and the structure has been refined.

The novelty of this investigation is to explore the synthesis
of nanomaterial powders—including pure Fe and Fe 50Ni

50—through Mechanical Alloying (MA) via high-energy ball
milling. Particularly, the Fe 50Ni 50 alloy exhibits a face-
centered cubic crystal lattice structure, commonly referred to as
‘‘taenite.’’

In addition to the characterization using x-ray Diffraction
(XRD), Scanning Electron Microscopy (SEM) and Field
Emission Scanning Electron Microscope (FE-SEM) were
employed to observe powder morphology in the scale of
micro- and nanometers. Furthermore, the size, phase analysis,
and magnetic properties of taenite were investigated using
Mössbauer Spectroscopy (MS). In the final step, Vibrating
Sample Magnetometer (VSM) highlights many magnetic
characteristics for milled FeNi nanostructured powder with
various milling times. The VSM analysis permits to identify the
FeNi saturation magnetization, coercivity, and squareness ratio
of the Fe 50Ni 50 mechanical alloy, which—to the author�s
knowledge—have not been presented before.

2. Experimental

Two compositions have been milled in SPEX 8000 M
mixer/mill using three hardened steel balls (Fig. 1). The
powdered Fe and Ni with particles are lower than 10 lm with
purity of materials powders being 99.99 and 99.98 %,
respectively. The milled compositions consist of 3 g of pure
Fe powder and mixture of Fe 50Ni 50 with 3 g of each material
powder. In order to minimize oxygen contamination, the vials
were sealed under pure argon atmosphere and milled at room
temperature. The used ball for milling weight is six times
greater than powder one. The speed of ball milling of the tested
simples was fixed at 1200 rpm.

The studied powder compositions have been milled at
different times: The FeNi alloy has been milled from half an
hour to 24 h, while the pure Fe powder has been milled until
32 h. For cooling system to both compositions, a pause of
15 min is taken after each 30 min of milling.

Fig. 1 SPEX 8000 M mixer/mill (Ref 29)
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The samples are analyzed using a combination of non-
destructive techniques:

1. The analysis of x-ray diffraction has been done using
D501 Siemens diffractometer with a continuous scanning
mode. The lamp used for Fe 50Ni 50 powder is of Cu�
ka radiation (ka ¼ 1:54056Å), and the one used for Fe
powder is of Co anticathode (ka ¼ 1:78876Å). This anal-
ysis allows for the determination of the structural charac-
terization and crystallite sizes. X-ray diffraction patterns
were analyzed using the MAUD program based on the
Rietveld method, combined with Fourier analysis (Ref
30, 31).

2. Scanning Electron Microscopy (SEM) and Field Emis-
sion Scanning Electron Microscope (FE-SEM) are valu-
able techniques which permit studying the microstructure,
morphology, and particle size of the samples.

3. Conventional transmission Mössbauer spectroscopy is a
valuable tool for studying the electronic, magnetic, and
structural properties of FeNi alloys. It consists in measur-
ing the energy of gamma rays emitted by a nucleus that
has undergone a nuclear transition. Using a 57Co source
in rhodium matrix at room temperature and a metallic
iron for calibration, the obtained spectra from Mössbauer
were fitted using the MOSFIT program (Ref 32).

4. With a maximum applied magnetic field of 16 kOe,
vibrating sample magnetometer has been used to study
the magnetic properties of the samples.The global param-
eters of the experimental test done are presented in the
next table (Table 1).

By using the above techniques, the results will be analyzed
as presented in the next section.

3. Results and Discussion

After milling the powders, the above techniques will be used
to analyze the sample�s characteristics. We will present and
discuss each method�s results separately.

3.1 XRD Results

By exposing the milled powders to x-rays, the obtained
patterns after selected milling times for the FeNi alloy and pure
Fe are illustrated in Fig. 2(a) and (b), respectively.

The starting powders show only a-Fe and c-Ni peaks (not
shown in the present paper). With increasing milling time,
distinct peaks at specific angles are observed, and with a
decrease in their intensities, the fundamental bcc and fcc peaks
become extended. For nanocrystalline Fe 50Ni 50, all of the Fe
peaks have disappeared after 8h milling; however, for pure Fe,
all reflection peaks of the spectrum corresponding to a� Fe
bcc can be distinguished.

The Fe peaks disappearing in Fig. 2(a) may be justified by
the dissolution of the smaller Fe atoms in the fcc lattice and the
formation of a single phase c� FeNi, while the diffraction
peaks broaden in the pure Fe (Fig. 2b) with increasing milling
time indicating a continuous decrease in the grain sizes and the
introduction of lattice strain.

The c-FeNi and a-FeNi phases are characterized by distinct
crystal structures: body-centered cubic (bcc) and face-centered
cubic (fcc), respectively. The bcc structure is distinguished by
atoms positioned at each corner of a cube and a single atom
situated at the center of the cube. Conversely, while the fcc
structure also features atoms at the cube�s corners, it uniquely
possesses additional atoms at the centers of all the cube�s faces.
In (Ref 33), mixture c-FeNi and a-FeNi phases formation has
been confirmed using Pulverisette 7 planetary ball mill
processing, using AGO-2U-type planetary ball mill (Ref 34),
using the same SPEX 8000 D mixer/mill with a ball-to-sample
weight ratio of 9 to 1 (Ref 35), planetary ball mill processing
with 10 h (Ref 34), and by evaporation–condensation with a
crystallite size around 45 nm (Ref 36).

The evolution of crystallite size D and lattice strain e for
nanocrystalline FeNi and pure Fe powders as a function of
milling time are illustrated in Fig. 3. Figure 4 illustrates the
variation of lattice parameter with increasing milling time for
nanocrystalline Fe 50Ni 50 and pure Fe powders.

The comparison was done for milling times varied between
0.5 and 24 h. A reduction of the crystallite sizes (from D = 22
nm to 14 nm for Fe 50Ni 50 and D = 54 nm to 20 nm for pure
Fe) was accompanied by an increase in the lattice internal strain
level e (increase from 0.40 to 0.65 % for FeNi alloy and 0.31 %
to 0.73 % when the milling time was up to 32 h for pure Fe).

For further confirmation, we illustrate our results with those
reported in the old works in Table 2.

As previously mentioned, the milling process gradually
alters the Fe 50Ni 50 powder�s structure by deforming the
internal network, introducing atomic disorder, and creating
solid solutions with an increase in lattice parameters from 0.351
nm to 0.359 nm during the first eight hours of milling. For pure

Table 1 Experimental test parameters

Studied powder Fe FeNi

Purity of powder 99.99% 99.99% for Fe and 99.98% for Ni
Milled composition 100% of Fe (3 g) 50% of Fe (3 g) and 50% of Ni (3 g)
Milling cycle duration 30 min 30 min
Number of cycles 64 48
Pause between milling cycles 15 min 15 min
Anticathode of the lamp for XRD analysis Cu-K k= 1.54056 A Co k= 1.54056 A
SEM and FE-SEM tests Applied Applied
Mössbauer test Applied Not applied
VSM analysis Applied Not applied
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Fig. 2 X-ray diffraction patterns synthesized for various milling times: (a) nanocrystalline Fe 50Ni 50and (b) nanocrystalline Fe

Fig. 3 Crystallite size and microstrain as a function of milling times for: (a) Fe 50Ni 50and (b) pure Fe powders
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Fe, in the same time frame, the lattice parameter has risen from
0.2864 nm to 0.2868 nm and becomes relatively stable after
12 h. Comparing these results with those reported in (Ref 43)
and (Ref 36), we found a good agreement, although they
applied 50 h of milling to Fe 50Ni 50 and Fe powder with a high
compaction unit, respectively.

3.2 SEM and FE-SEM Results

As a second analysis, electron microscopy techniques have
been used to characterize nanocrystalline Fe 50Ni 50 and

nanocrystalline Fe. So, SEM and FE-SEM have been used to
determine powder morphology and particle size for the studied
taenite and iron powders. The Fe 50Ni 50 alloy results are
illustrated in Fig. 5 and 6.

The pure Fe results are presented for 24 and 32 h of milling
only in Fig. 7.

The results clearly show the change of the powders
morphologies during the mechanical alloying stages, where
the particles are flattened under the force of the plastic
deformation caused by the compressive forces induced during
contacts between balls/powder/balls.

Fig. 4 Lattice parameter for various milling times of: (a) c (fcc) and (b) a (bcc) for taenite alloy and pure Fe powders, respectively

Table 2 Comparison of crystallite size and lattice internal strain level values with estimated errors

References Composition
Crystallite size

D, nm
Lattice internal strain

level e, %
Milling
time, h

Error in crystallite
size, %

Error in lattice strain
level, %

Our results 14 0.65 24
Djekkoun et al.

(Ref 33)
5 0.021 322 64.28 96.76

Pekala et al. (Ref
37)

FeNi 10 0.46 40 28.57 29.23

Jartych et al. (Ref
38)

9 0.47 400 1 35.71 27.69

Hamzaoui et al.
(Ref 39)

10 0.69 96 1 28.57 6.15

Our results 20 0.73 32
Borner et al. (Ref

40)
20 ... 44 0 ...

Malow et al. (Ref
(41)

Fe 20 ... 24 0 ...

Del Bianco et al.
(Ref 42)

10 ... 32 50 ...

1Low-energy milling
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To more investigate cold melting impact, the powder has
been visualized in the order of hundreds of micrometers. After
two cycles of mechanical alloying (each cycle of 30min
duration), the SEM results show that under the pressure of the
balls, FeNi alloy particles are agglomerated and several sizes
have been identified in this transient period. So, the changes in
this step are remarkable (Fig. 5a). The FE-SEM image (Fig. 6a)
shows the appearance of the crystallites with a diameter of
about 60 nm approximately. After eight cycles of mechanical
alloying, the morphological structure of the taenite alloy
changes, where remarkable fracture and cold welding of
particles are observed in Fig. 5(b) which purely are caused
by local inner stress during subsequent milling cycles and
without adding any reagent, and the crystallite size is approx-
imately 46.89 nm as shown by the FE-SEM image in Fig. 6(b).
After 8 h of milling and with the creation of fcc phase for the
FeNi alloy, the morphological structure of the particles changes
into a flake or platelet shape as shown in Fig. 5(c) under the
pressure of balls/powder/balls contacts. Some of these particles
present a superposed layers of Ni and Fe layers with sizes of 33
nm, typical of materials prepared by mechanical alloying for
ductile or brittle elements as indicated by Otmani et al. (Ref
44). Micrometer aggregates of FeNi nanopowder particles are

formed during milling. The crystalline size is reduced to 33.49
nm as shown in the FE-SEM image in Fig. 6(d). With 12 h of
milling, the powder particles become finer than the above ones
(Fig. 5d). The complete transformation is achieved after 24 h of
milling, confirmed with the other used techniques.

For the pure Fe powder, two steps during the milling have
been examined which are, respectively, after 24 h and 32 h.
The SEM results reveal that the Fe powder became finer when
increasing milling time as shown by the difference between
particles sizes shown in Fig. 7(a) and (b). The FE-SEM
illustrates that after 24 h, the particle sizes are of 13 nm
(Fig. 7c), but an increase to 15 nm (Fig. 7d) is noted. Since the
contact balls/powder/balls leads to intensive fracture between
particles, the waited results were the decrease in the particles
sizes, but a cold welding appears with maintenance of fcc phase
in the particles leading to an increase in the sizes compared to
FeNi where phase change appears.

3.3 Mössbauer Results

To study magnetic structure of FeNi, Mössbauer spec-
troscopy has been applied for the milled powders. The room-

Fig. 5 SEM results for FeNi alloy results after different milling times: (a) after 1 h, (b) after 4 h, (c) after 8 h, and (d) after 12 h
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temperature Mössbauer spectra and their corresponding HFD
for different milling times are shown in Fig. 8.

In the initial phase (the sample was unmilled), the spectrum
shows the presence of a typical sextet. After 2 h of milling, the
spectra were fitted using a magnetic HFD, and a mean

hyperfine field <Bhf > is equal to 33 T which corresponds
to the a-Fe presence in the starting FeNi powder milling. When
the samples are milled for 8 and 24 h, the shape of the spectra
changes with a broadening of the spectral lines in relation to a-
iron. This broadening arises due to the alloying progress, the
grain size reduction, and the increasing microstrains. It can be
attributed to FeNi c phase (Ni-rich taenite). It should be noted
that the hyperfine field <Bhf > is reduced to 32 and 30,
respectively.

Identical observations have been made for milling going
from 2 to 33 h (Ref 45), where the hyperfine field <Bhf > is
33, 32, 31, and 29T, respectively, for 0, 2, 8, and 24 h of
milling. Freeland et al. (Ref 46) have obtained hyperfine field of
�30 T (at 13 K) for c (fcc) FeNi thin film alloys, while Lima
et al. (Ref 47) found that Bhf = 29.5 T for nanostructured Fe

50Ni 50 alloy prepared by chemical reduction.

3.4 VSM results

The magnetization measurements for Fe 50Ni 50 alloys were
taken using Vibrating Sample Magnetometer (VSM) at room
temperature with an applied magnetic field of 16 kOe.
Magnetic Hysteresis loops of nanocrystalline Fe 50Ni 50

samples obtained with several milling times are shown in
Fig. 9.

The results show that the milling time has a direct impact on
the Hysteresis loops, where the change of the phase has an
impact on the remanent field and saturation induction, but the
shape is similar for all milling times. For further illustration of
the principal changes due to the milling, the coercive and
saturation magnetization variations as function of milling time
are illustrated in Fig. 10, and the remnant magnetization and
squareness ratio (Ref 48) in function of milling time are
presented in Fig. 11.

We note that in the beginning of milling, the FeNi powder
morphology changes, and these changes were characterized by
particles fracture, and Hysteresis cycle was obtained, different
to the one obtained at the beginning. After 8 h of milling, due
to the presence of superposed layers of Ni and Fe, the
Hysteresis loops have been changed slightly and become, after
that, similar to the ones obtained after 4 h of milling.

In some Ref 49, 50, the M-H characteristics have been used
to estimate the effect of magnetocrystalline anisotropy and to
determine coercitif field with a considerable applied field of 7T.

The results presented in Fig. 10 show two distinct phases: in
the first 2 h of milling, where saturation magnetization
decreases significantly and coercivity increases, and the rest
of milling time, where saturation magnetization increases and
coercivity decreases.

The remanent magnetization and squareness ratio changes of
the Fe 50Ni 50 alloy during 12 h of milling are presented in
Fig. 11.

The results shown in Fig. 11 illustrate that the remnant
magnetization of the Fe 50Ni 50 alloy increases after 2 h of
milling to 0.3 emu. This increase is caused by the morpholog-
ical change of the taenite�s nanoparticles because of fractures
and cold welding. After that, the both parameters values

Fig. 6 FE-SEM results for FeNi alloy results after different milling
times: (a) after 1 h, (b) after 4 h, and (c) after 8 h
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decrease preparing for the new phase after these hours where
the coercivity decreases and the saturation magnetization
remains constant and increases after the fourth hour as shown
above in Fig. 10.

In the same time, the squareness ratio is characterized
approximately by the same changes, where it increases to 0.047
in the first two hours of milling and then it decreases back to the
initial value. So, the changes during milling in squareness ratio
characterizing Hysteresis cycle are affecting only the milled

Fig. 7 Nanocrystalline Fe results after different milling times: (a) SEM after 24 h, (b) SEM after 32 h, (c) FE-SEM after 24 h, and (d) FE-
SEM after 32 h
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powder during two hours. The magnetic parameters after that
are amortized.

We note that the decrease in coercivity value may be due to
the anisotropy field decrease, which leads to domain wall
energy reduction (Ref 43, 51, 52).

By using these results and the equations mentioned in (Ref
53, 54), we estimate that uniaxial magnetocrystalline anisotropy
is Ku= 6.06.

According to Morrish Law which uses uniaxial magne-
tocrystalline anisotropy to determine anisotropic field (Ref 55):

Ha ¼
2Ku

l0Ms
ðEq 1Þ

where Ha is anisotropic field,Ms is magnetization saturation, l0
is air magnetic permeability, and Ku is uniaxial magnetocrys-
talline anisotropy, and the anisotropic field after 12 h of milling
is 1478.385 G. Furthermore, with taking into consideration
molecular weight of FeNi alloy Mw (114.5384 g/mol) and the
development based on the works (Ref 56-58) to determine

Fig. 8 Room-temperature Mössbauer results for FeNi alloy: (a) Mössbauer spectra and (b) hyperfine field distribution
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magnetic moment in Bohr magnetron (B), the value obtained is
0.1338.

The next table illustrates a comparative analysis between Fe
and FeNi results (Table 3).

4. Conclusion

The characteristics of nanocrystal FeNi and Fe powder
prepared with mechanical alloying have been studied in this
paper. The powders of FeNi and Fe have been milled for 24 and
32 h, respectively. During the milling, the microstructure,
morphology, and magnetic properties of powders samples have
been analyzed using XRD, SEM, and FE-SEM. The results
show that the nanocrystal FeNi powder:

1. The c and a phases of FeNi are characterized by bcc and
fcc, respectively, where this is later identified after 8h
milling;

2. In the beginning of milling, different sizes of the particles
are identified which attains 60.29 nm, and after the
milling time increases, the particles sizes are harmonized
to approximately 14 nm with 0.65 % internal strain;

3. Morphological structure of the powder changes with the
increase in milling time, where a remarkable difference is
appearing in the beginning, and the particles size be-
comes practically the same (33 nm, reported by FE-
SEM) at the end of milling;

4. The Mössbauer spectra contain the c (FCC) phase with a
hyperfine field Bhf value of 32, 31, and 29 T, respec-
tively for 2 h, 8 h, and 24 h milling times.

The results for pure Fe powder show that:

1. The a peaks appearing in the XRD results prove the un-
ique structure, bcc, whatever the milling time;

2. The particles sizes have been reduced to 20 nm and inter-
nal strain about 0.73 %;

3. With the increase in the milling time, the Fe particles be-
comes finer (13 nm) because of the intensive fracture;

4. Cold welding appearance during milling, causing slight
increase (attains 10 %) in the particles sizes.

Vibrating sample magnetometer has been applied for FeNi
alloy where coercivity decreases from 39.48 to 32.85 G. After
8 h and because of anisotropy field decrease leading to a loss in
domain wall energy, the saturation magnetization increases to
7.53 emu. At the end of milling, it becomes 6.5 emu. By
analyzing VSM results for 12 h of milling, the uniaxial
magnetocrystalline anisotropy is Ku ¼ 6:06, the anisotropic
field is 1478.385 G, and the magnetic moment in Bohr
magnetron is 0.1338.

With the parameters studied for the FeNi alloy, showing the
milling contribution in the change of the crystallite size and
microstrain, where the Fe and Ni particles become layered

Fig. 9 Hysteresis loops for milled FeNi nanostructured powder
with various milling times

Fig. 10 Variation of FeNi saturation magnetization (Ms) and
coercivity (Hc) as function of milling time

Fig. 11 Variation of remnant magnetization and squareness ratio for
FeNi as function of milling time

Journal of Materials Engineering and Performance



under the pressure of milling balls, the magnetocrystalline
anisotropy show that such nanomaterial is suitable for a range
of applications that require a strong magnetic response.
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