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ABSTRACT: L10-ordered FeNi, tetrataenite, found naturally in meteorites
is a predilection for next-generation rare-earth free permanent magnetic
materials. However, the synthesis of this phase remains unattainable in an
industrially relevant time frame due to the sluggish diffusion of Fe and Ni
near the order−disorder temperature (593 K) of L10 FeNi. The present
work describes the synthesis of ordered L10 FeNi from elemental Fe and Ni
powders by mechanical alloying up to 12 h and subsequent heat treatment
at 623 K for 1000 h without a magnetic field and for 4 h in the presence of
1.5 T magnetic field. Also, to address the ambiguity of L10 phase
identification caused by the low difference in the X-ray scattering factor of
Fe and Ni, synchrotron-based X-ray diffraction is employed, which reveals
that 6 h milling is sufficient to induce L10 FeNi formation. Further milling
for 12 h is done to achieve a chemically homogeneous powder. The phase
fraction of L10-ordered FeNi is quantified to ∼9 wt % for 12 h milled FeNi, which increases to ∼15 wt % after heat treatment. Heat
treatment of the milled powder in a magnetic field increases the long-range order parameter (S) from 0.18 to 0.30. Further, the study
of magnetic properties reveals a decrease in magnetic saturation and a slight increase in coercivity with the increase in milling
duration. At the same time, heat treatment in the magnetic field shows a considerable increase in coercivity.

1. INTRODUCTION
Permanent magnetic materials find a wide range of applications
in industrial metal separation techniques, energy conversion in
motors/generators, medical imaging techniques, data storage,
and so forth.1−3 Currently, the majority of the permanent
magnet market is dominated by rare earth (RE)-based
permanent magnets like Nd-Fe-B and Sm-Co due to their
high energy product (BH)max in the order of ∼56 MGOe
(445.7 kJ/m3), remanence (Mr) ∼ 14 kG (1.4 T), and
coercivity (Hc) ∼ 10 kOe (796 kA/m).4 These magnets have
close to ideal permanent magnetic characteristics, that is, high
magnetocrystalline anisotropy (Ku) and high saturation
magnetization (Ms). High Ku in RE magnets arises from the
spin−orbital interaction from the 4f electrons present in the
lanthanide series of materials like Nd, Gd, Sm, Tb, Pr, and so
forth1,4 and therefore is primarily used in permanent magnets.
The dependency on RE elements for high-performance
permanent magnets has recently been perceived as a matter
of great concern because of the ever-increasing demand for
these elements and the corresponding supply constraints.4−6

Hence, sustainable forms of permanent magnets with proper-
ties matching those of RE magnets or at least bridging the gap
of performance-to-cost ratio between RE magnets and hard
ferrites are needed.1,5,7 However, it is difficult to produce high

magnetocrystalline anisotropy without the 4f electrons of the
RE elements.4,8 Therefore, to develop materials with high
magnetocrystalline anisotropy while containing only 3d
elements, other possible sources of anisotropy such as domain
wall pinning, shape anisotropy, stress anisotropy, and exchange
anisotropy were explored.4,9 Apart from intrinsic magnetic
properties like Ku and Ms, extrinsic properties like coercivity
(Hc) and remanence (Mr) are important to have a large
(BH)max.

10 Manipulation of Hc and Mr by controlling the
microstructure of the material is thus of great interest.2,10

Among all the alternatives to RE-based permanent magnets,
L10-ordered materials like FePt, FePd, CoPt, FeNi, and so
forth11 have shown great potential due to their high Ku arising
from the tetragonal lattice and monoatomic ordering of unlike
atomic pairs along the easy magnetization axis. Magnetic
compounds crystallizing in the tetragonal L10-ordered
structure have received much attention for years considering
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both the fundamental and technological aspects.12 L10
FeNi2,5−7,13 is of great interest because of its exceptional
permanent magnetic properties like high Ku (1.1−1.3 MJ/m3)5

and Ms (14.7 kG),14 abundant constituent elements, and the
fact that this ordered phase naturally occurs in meteorites.6,15

The present authors have reported the underlying challenges of
L10 FeNi development and current trends to mitigate those
issues.13 Figure 1a shows the schematic representation of FCC
FeNi, and Figure 1b represents different possible orientations
of L10 FeNi. It is noteworthy that the presence of L10 phase in
equiatomic FeNi was discovered in meteorites in the 1970s.
However, the thermodynamic stability of the L10 FeNi phase
remained a debated issue for a long time. It was incorporated
into the FeNi phase diagram16 after understanding its
formation in slowly cooled meteorites. Naturally, L10 FeNi
forms in meteorites because of prolonged cooling over millions
of years (1−5 K/million years15,17,18). Therefore, commercial
production of this phase in bulk is not yet achieved. The
formation of L10 FeNi necessitates a very high rate of
interdiffusion of Fe and Ni in the FeNi lattice below 593 K
(temperature for the order to disorder transformation). In
order to induce high rate of diffusion at low temperatures and
to achieve the formation of L10 FeNi, several processing
techniques such as high energy neutron19,20 or electron21 or
ion22 beam irradiation, severe plastic deformation,23−26

mechanical alloying,27,28 and approaches such as crystallization
from amorphous FeNiSiPBCu,29,30 field-assisted heat treat-
ment of FeNi31,32 and chemically induced ordering such as
nitrogen insertion and topotactic extraction,33 pre-ordered
precursor reduction,34 and so forth are studied.
Mechanical alloying is known to induce ordering in FeAl35

and FeNi28 systems. During mechanical alloying, the formation
of ordered versus disordered phases depends on the balance
between atomic disordering and thermally activated ordering.
Also, the presence of ordered or disordered phases depends on
the difference in enthalpies of formation (ΔHf) between those
phases.36−38 Thus, the alloy will stay disordered if the enthalpy
difference is small; on the other hand, it will become ordered
in the case of a large enthalpy difference.36,39 For example,
NiAl produced by mechanical alloying of blended elemental
powders remains ordered even after milling for long
durations,36 whereas ordered FeAl gets disordered under
similar conditions. The ΔHf values for NiAl and FeAl are 72
and 25 kJ/mol, respectively, confirming the above argument.36

Similarly, it can be assumed that disordered FeNi forms with
ease by mechanical milling as the enthalpy of formation (ΔHf)
of L10-ordered FeNi is very small (4.4 kJ/mol).18 Thus, there
is a possibility that the ordered FeNi formed during the initial
mechanical alloying period gets disordered with increasing

milling duration. Rodriǵuez et al.28 mentioned the formation of
L10 FeNi by mechanical alloying for 30 h indicated by the
(100) superlattice reflection using conventional X-ray
diffraction (XRD). However, it may be noted that the (100)
superlattice reflection strongly overlaps with the NiFe2O4
phase, which forms spontaneously and biases the calculation
long-range order parameter.
It is established that heat treatment after mechanical alloying

could be extremely useful in the formation of ordered structure
by altering the thermodynamics and kinetics of phase
formation.36,39 However, the sluggish diffusion rate of Fe and
Ni atoms near the order−disorder temperature of L10 FeNi
(Tod = 593 K) seems to be a serious bottleneck in the synthesis
of L10 FeNi in a reasonable time frame.13 Lee et al.23 and
Ohtsuki et al.24 studied the effect of heat treatment near 593 K
for long durations (1000 h) in FeNi alloy synthesized by high-
pressure torsion. Although they carried out heat treatment for
1000 h, the formation of L10-ordered FeNi was extremely
low.23,24 Makino et al.29,30,40 studied the crystallization of an
amorphous FeNiSiPBCu alloy by heat treatment at 673 K for
288 h. They found that crystallization accelerates diffusion and
helps form L10 FeNi (8 wt % and S = 0.8).40 Also, it was
highlighted that the order−disorder transformation of L10
FeNi is a kinetically limited process at 593 K, and heat
treatment at a slightly higher temperature is beneficial for the
formation of L10 FeNi.30 Recent studies have attracted
attention toward the application of field-assisted heat treat-
ment for the formation of L10 FeNi in bulk.32 Also, earlier
researchers have found that application of magnetic and
electric fields during heat treatment can accelerate the
thermodynamics and kinetics of phase transformation.41,42 In
the present work, dual drive planetary ball mill (DDPBM) is
used for mechanical alloying of Fe and Ni powders for different
durations (6−12 h). Eventually, the effect of heat treatment in
magnetic field was studied for the formation of L10 ordering in
milled FeNi powder. The present work also highlights the use
of synchrotron-based high-energy XRD (SXRD) to detect the
superlattice reflections. The long-range ordering parameter (S)
is computed using (001) and (210) superlattice reflections.
Rietveld refinement is performed to quantify the phases. This
work demonstrates that a shorter milling duration of 6 h in
DDPBM is sufficient to induce the formation of L10 FeNi, and
subsequent heat treatment with 1.5 T field applied is effective
in increasing the ordering parameter and phase content of L10-
ordered FeNi. The magnetic properties of the mechanically
alloyed FeNi before and after heat treatment are also
highlighted.

Figure 1. (a) Disordered FCC FeNi and (b) L10-ordered FeNi structure with alternate stacking of different atoms. Reproduced with permission
from ref 13. Copyright 2022 Taylor & Francis.
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2. MATERIALS AND METHODS
2.1. Mechanical Alloying of Fe and Ni Micropowder.

The FeNi alloy powder was prepared by mechanical alloying
using elemental powders of Fe (99.95% purity, 5−10 μm, Alfa
Aesar Inc.) and Ni (99.97% purity, 5−10 μm, Alfa Aesar Inc.).
Initially, Fe and Ni powders were mixed in 50:50 at. % using a
turbo mixer (Alphie, India) for 3 h to get a uniform blending.
The blended elemental powders were dry-milled using a high-
energy dual-drive planetary ball mill (Egoma, India) for 6, 8,
10, and 12 h. Milling was performed using a hardened steel vial
and balls (10 mm diameter). The elemental powder mix was
sealed in the vial with pressurized argon to prevent the
powder’s oxidation during high-energy ball milling. The ball-
to-powder ratio was 8:1. To avoid overheating of the vials,
mechanical alloying was conducted intermittently in 1 h steps.
The speed of the vial around its own axis was 300 and 150 rpm
around the mill’s main axis. Milling was carried out at ∼73% of
the critical speed. Detailed calculations of the critical speed for
dual-drive ball milling can be found in ref 43.
2.2. Heat Treatment of Mechanically Alloyed FeNi

Powder. Owing to the chemical homogeneity and presence of
L10 FeNi, the 12 h milled FeNi powder was used for further
heat treatment experiments. The 12 h milled powder was
sealed inside a quartz tube under a vacuum of 10−3 mbar to
prevent oxidation during heat treatment. The temperature for
heat treatment is selected to be 623 K pertaining to the
findings that the order−disorder transformation of L10 FeNi is
a thermally activated and kinetically limited process, and higher
rate of disordering is prominent after 678 K.18 The as-milled
powder was heat-treated in a quartz tubular furnace (Nano
Tech., India) for 1000 h in a vacuum atmosphere. After 1000 h
of heat treatment, the sample was taken out and placed inside a
magnetic field-assisted furnace (Marine India, India) for 4 h
under an applied magnetic field of 1.5 T, argon atmosphere.
After 4 h, the powder was quenched with argon at ∼ 40 K/min
to room temperature in the presence of magnetic field. Figure
2a shows the magnetic field-assisted heat treatment setup, and
Figure 2b shows the schematic diagram for the furnace.
2.3. Characterization Techniques. The structural prop-

erties of milled samples were determined using XRD utilizing a
Rigaku 88 Ultima IV diffractometer with Cu-Kα (λ = 1.5418
Å) operating at 30 kV and 40 mA. Synchrotron high-energy X-
ray diffraction (SXRD) was carried out at beamline P07 of
PETRA-III, DESY, Hamburg, Germany. The powder samples
were mounted along the X-ray beam in low-absorption glass
cuvettes (1.5 mm deep on the inside). A high-energy X-ray
beam with energy E = 100 keV (λ = 0.12415 Å, spot size 800 ×
800 μm2) was directed on the FeNi-alloyed powders.

Transmission diffraction patterns were collected using a
PerkinElmer detector, featuring a 2048 × 2048-pixel array
and a pixel size of 200 × 200 μm2. The 2θ range and the
sample to detector distance were calibrated using the LaB6
standard powder. The samples were positioned at 1437.5 mm
away from the detector, and the detector exposure time was 1s.
The recorded two-dimensional transmission diffraction rings
were azimuthally integrated using Fit2D44 to obtain one-
dimensional diffraction patterns in the 2θ range of 1−10°.
Finally, the diffraction patterns were analyzed by the Rietveld
method using the FullProf program suite.45−47 SXRD
measurements after heat treatment of the milled FeNi powder
have been performed using the ADXRD beamline (BL-12) at
Indus-2, the Indian synchrotron radiation source. Measure-
ments were performed on a six-circle diffractometer (Huber
5020) using a one-dimensional position-sensitive detector
(Mythen). The X-ray wavelength used in the present study is
0.7559 Å and was accurately calibrated by measuring the XRD
pattern of the NIST LaB6 standard. Powder morphology was
studied using a SEM JSM-6510 (JEOL, Japan) at an
accelerating voltage of 20 kV. The 12 h milled FeNi powder
was dispersed in isopropanol and transferred to the carbon-
coated Cu-TEM grid. High-resolution transmission electron
microscopy (TEM) analysis was carried out in a JEM-F200
(JEOL, Japan) and operated at 200 kV. The variation of
magnetization of FeNi powders ball-milled for different
durations was investigated using a vibrating sample magneto-
meter attached to a physical property measurement system
(Quantum Design, USA).

3. RESULTS AND DISCUSSION
3.1. Morphology of Mechanically Milled Powders.

Figure 3 shows the morphology of the as-received Fe and Ni
powders. As revealed from Figure 3a, Fe particles are spherical
in shape with particle size between 5 and 10 μm, while the Ni
powder is spiky in shape with particle size between 5 and 10

Figure 2. (a) Image of magnetic field-assisted heat treatment setup and (b) schematic diagram of the furnace.

Figure 3. Scanning electron microscopy (SEM) images showing the
morphology of the as-received (a) Fe powder and (b) Ni powder.
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μm (Figure 3b). The as-received Fe and Ni powders were
mixed (50−50 at. %) for 3 h in a turbo mixer. Figure 4 shows
the elemental maps of the mixed powder, which indicate that
upon 3 h of mixing, the Fe particles are mechanically
interlocked with the Ni particles. The 3 h mixed Fe−Ni
powders were further subjected to high-energy ball milling up
to 12 h in DDPBM. In a DDPBM, four different forces act on
the particles, that is, centrifugal force about gyrating axis,
centrifugal force about milling axis, Coriolis force, and
gravitational force on grinding media. Simultaneous action of
these forces creates a strong acceleration field, which causes
the Fe and Ni particles to flatten and stack on top of each
other, forming a laminar composite. Due to subsequently
repeated cold-welding, fracturing, and rewelding, the FeNi
alloy is formed. These alloyed FeNi particles are further
flattened to a flake-like structure, which gets agglomerated due
to an increase in the specific surface area. Figure 5a shows the

morphology of 6 h milled powder displaying an irregular,
convoluted particle shape. Further milling up to 12 h resulted
in the formation of much finer particles with greater
convolutions, as shown in Figure 5b. Figure 6a,b shows the
elemental composition of the marked areas of 6 and 12 h
milled powder. In the 6 h milled FeNi powder, the Fe and Ni
content was found to be 51.8 ± 3.2 and 48.2 ± 2.1 at. %,
respectively. On the other hand, the composition of the 12 h
milled FeNi powder was found to be 50.5 ± 3.0 at. % Fe and
49.5 ± 4.2 at. % Ni. It is also to be noted that the average
composition of L10 FeNi containing meteorite is Fe: 50.47 ±
1.98 at. % and Ni: 49.60 ± 1.49 at. %,48 which is close to the
composition of the milled powder.
3.2. Structural Determination and Phase Quantifica-

tion of Mechanically Milled FeNi. Figure 7a illustrates the
XRD patterns of 6, 8, 10, and 12 h milled FeNi powders. After
6 h of milling, pure Fe and Ni peaks are not visible. Also, with
increased milling duration, the FeNi peaks shift toward smaller
diffraction angles and get slightly broader (Figure 7b). These
peaks can be indexed as disordered FeNi and/or fundamental
reflections of the L10 FeNi phase. No superlattice reflections
are observed or could not be resolved from the background of
the XRD pattern as the intensity ratios of the strongest
superlattice peaks and fundamental peaks are as small as
0.3%.40 In order to observe possible superlattice reflections and

to unravel the phase evolution with milling time, SXRD was
carried out, where the background noise is considerably lower
compared to conventional laboratory XRD. To analyze the
constituent phases in the milled powder, standard patterns of
probable phases are calculated based on their crystal lattice
structures, space groups, atomic positions, and lattice
parameters. Figure 7 shows the calculated patterns of L10
FeNi, A1 FeNi, NiFe2O4, α-Fe, and Ni.
The standard pattern (Figure 8) of L10 FeNi contains

superlattice reflections with h + k + l = 2n + 1, that is, (001),
(100), (201), and (210) along with fundamental reflections
with h + k + l = 2n, that is, (101), (110), (200), (211), and so
forth. The fundamental reflections of L10 FeNi strongly
overlap with the reflections of A1 FeNi and Ni. Comparison of
the standard patterns of L10 FeNi and NiFe2O4 shows that the
(100) superlattice reflection and the (101), (200), and (202)
fundamental reflections of L10 FeNi coincide with the (311),
(400), (533), and (731) reflections of NiFe2O4. The (201)
superlattice reflection of L10 FeNi is close to the (211)
fundamental reflection of α-Fe.
The SXRD patterns of milled FeNi powders are presented in

Figure 9, which reveals the formation of L10 FeNi during
milling as indicated by the presence of (001), (100), (201),
and (210) superlattice reflections. Distinct peaks at K = 0.38
Å−1 (2θ = 2.70°) and K = 0.67 Å−1 (2θ = 4.80°) are observed,
corresponding to the (220) and (440) peaks of NiFe2O4,
respectively. This indicates the presence of small traces of
oxides that may have formed during material handling. A
similar observation was also reported by Goto et al.33

Furthermore, a distinct peak is observed at K = 0.70 Å−1 (2θ
= 4.96°), corresponding to the (200) peak of α-Fe (see Figure
9).
The SXRD patterns of 6, 8, 10, and 12 h milled powders

were subjected to the Rietveld refinement procedure for
quantification of phases. The crystal structures of L10 FeNi, A1
FeNi, NiFe2O4, α-Fe, and Ni were defined according to Table
1 and were considered for evaluation. Figure 10 shows the
fitted patterns of 6, 8, 10, and 12 h milled FeNi powders. The
quality of Rietveld refinements is quantified by the chi-squared
values [ = R R( / )2

wp exp
2], where Rwp and Rexp are the

weighted profile R-factor and expected R-factor, respectively.
The values of χ2, Rwp, and Rexp are also shown in Figure 10.
The difference between experimental and calculated intensities
is presented below each pattern fit. Table 1 summarizes refined
lattice parameters of constituting phases. The weight fractions
of contributing phases for 6, 8, 10, and 12 h milled FeNi
powder are shown in Figure 11. It shows that disordered A1
FeNi is the major phase, which amounts to about 90 wt %.
Only minor amounts of α-Fe and Ni (<2 wt %) are present in
the milled FeNi samples. This indicates that the starting
elemental powders (Fe and Ni) have completely reacted to
form FeNi alloy. It is worth noting that the amount of

Figure 4. (a) SEM image of 3 h of mixed Fe and Ni powder. (b,c) Elemental mapping of Fe and Ni, respectively.

Figure 5. SEM images of mechanically alloyed FeNi after (a) 6 and
(b) 12 h of milling.
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unreacted α-Fe and Ni decrease with the increase in the milling
duration from 6 to 12 h.
The NiFe2O4 oxide phase content increases with an increase

in milling duration. For the 6 h milled powder, the oxide phase

amounts to 0.04 wt %, while it amounts to 0.46 wt % in the
case of 12 h milled powder. It is important to note that milling
was carried out in a high-purity argon atmosphere, and a
pressure of 3 MPa was maintained during the milling.

Figure 6. EDS elemental analysis of mechanically alloyed FeNi after (a) 6 and (b) 12 h of milling.

Figure 7. (a) XRD patterns of pristine Fe and Ni powder mixture under different milling durations and (b) magnified view of XRD patterns in the
K range of 0.47−0.51 Å−1.
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Therefore, oxidation during milling is unlikely to occur.
However, the formation of NiFe2O4 as an oxidation product is
possible by oxygen pickup during material handling and
characterization. The increase in the content of NiFe2O4 from
6 to 12 h milled FeNi powder can be rationalized by a decrease
in particle size with milling duration. The reduced particle size,
in turn, increases the surface area-to-volume ratio and
aggravates spontaneous oxidation. From Figure 11, it can be
seen that the 6 h milling time induces the formation of 5.0 wt
% L10 FeNi. With the increase in milling time to 12 h, L10
FeNi amounts to 9.0 wt %. The results suggest that milling
promotes the mechanochemical reaction of the starting
powders to form A1 FeNi and L10 FeNi. Similar to our
finding, Rodriǵuez et al.28 reported ∼9 wt % of L10 FeNi after
30 h of milling in a shaker-type ball. However, the presence of
oxides and unreacted Fe and Ni was not considered during the
Rietveld refinement. It is important to note that, in the present
work, ordered L10 FeNi is formed after 6 h milling using a
DDPBM in place of a shaker-type mill. This suggests that
DDPBM is more effective in alloying FeNi than shaker-type
ball milling.
The crystallite size and microstrain induced by mechanical

milling were obtained from the Rietveld refinement. For the
estimation, the fundamental peaks of L10 FeNi, which also
coincide with those of the A1 FeNi phase, were considered.
The peak broadening of X-ray Bragg reflections can result from
two major factors: reduction in crystallite size and increase of
microstrain. It is observed that the crystallite size decreases
with an increase in milling duration, whereas the microstrain
increases slightly from 6 to 8 h of milling and then decreases
with further milling (see Figure 12). This result suggests that
the lattice distortion and generation of defect density are
minimal with respect to milling carried out in the present
investigation.
From the SXRD patterns, the long-range-order parameter

(S) is calculated by the following equation

=
( )
( )

S

I

I

I

I

obs

cal

sup

fund

sup

fund (1)

where Isup and Ifund are integrated intensities of the superlattice
and fundamental peaks, respectively. The superscripts “obs”
and “cal” stand for observed and calculated intensities of the
peaks. The (100) superlattice reflection of L10 FeNi coincides
with the (311) peak of NiFe2O4. Also, the (211) peak of α-Fe
and the (201) peak of L10 FeNi are visibly overlapped at 2θ =

Figure 8. Standard patterns of various constituent phases along with
the miller indices of respective peaks, represented in K-space.

Figure 9. Synchrotron high-energy XRD patterns of mechanically
alloy FeNi powders.

Table 1. Crystallographic Characteristics of Phases in Milled FeNi Powders

refined cell parameters

phase (space group) atom Wyckoff site occupancy a (Å) c (Å)

A1 FeNi (Fm3̅m) Fe 4a 0.5 3.59 ± 0.02
Ni 4a 0.55

L10 FeNi (P4/mmm) Fe 4a 1 2.53 ± 0.01 3.64 ± 0.01
Ni 4d 1

α-Fe (Im3̅m) Fe 2a 1 2.86 ± 0.00
Ni (Fm3̅m) Ni 4a 1 3.55 ± 0.02
NiFe2O4 (Fd3̅m) Fe 8b 1 8.35 ± 0.00

Fe + Ni 16c 0.5 + 0.5
4 O 32e 1
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6.07° (K = 0.85 Å−1) (see Figures 7 and 9). Rietveld
refinements of the SXRD patterns of the milled samples
indicate the presence of <0.6 wt % of NiFe2O4 and <2 wt % of
α-Fe. Therefore, (100) and (201) reflections are not
considered for the calculation of S. On the other hand, the

(001) and (210) superlattice reflections are of the same
intensity as the (100) superlattice reflection, and they do not
overlap with the other phases. Thus, the (001) and (210)
superlattice reflections are considered in order to calculate S.
The S values are estimated as 0.17, 0.18, 0.18, and 0.17 for

Figure 10. Rietveld whole profile analysis of the SXRDs of (a) 6, (b) 8, (c) 10, and (d) 12 h mechanically milled FeNi powders.

Figure 11. Phase fraction (wt %) of constituting phases in
mechanically milled FeNi powders obtained using the Rietveld
method.

Figure 12. Variation of crystallite size and microstrain with respect to
milling durations.
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milling duration of 6, 8, 10, and 12 h, respectively. It is
observed that the value of S is almost constant irrespective of
milling duration. In this context, it is to be noted that the S
parameter for meteoritic samples is calculated as 0.6.48

Takanashi et al.49 synthesized L10 FeNi thin films by alternate
layer deposition using molecular beam epitaxy and reported S
values in the range of 0.2−0.4 depending on the type of
substrates and film thickness. Recently, Goto et al. showed a
higher value of S = 0.71 during bulk formation L10 FeNi by
nitrogen insertion and topotactic extraction method.33

Crystallization of amorphous (Fe, Ni)SiBPCu alloy showed S
= 0.8.40 Table 2 shows the comparison of ordering parameter
(S) obtained from different natural and artificial sources;
compared to the above-mentioned methods, the S parameter
obtained by mechanical alloying is low. To the best of the
knowledge of the authors, this is the first report on the
ordering parameter of milled Fe−Ni powders. In the literature,
the ordering parameter of the milled FeNi was not registered,
probably due to the very low intensity ratio of the superlattice
to fundamental reflections in a conventional XRD setup. In this
work, high-energy Synchrotron XRD was utilized to quantify
the ordering parameter of the milled FeNi powder.

Usually, the value of S in mechanically alloyed powders is
not very high since mechanical alloying is an energy-intensive
process where repeated fracture, breaking, and welding of
powder particles take place.36,39 For example, in the NiAl50

system, the value of S decreases from 0.7 to 0.5 with an
increase in milling energy from 200 to 700 kJ/kg. Also, in the
FeAl35 system, ordering decreases with the increase in milling
time. In general, the S value of mechanically alloyed powder
can be improved by annealing or heat treatment due to
annihilation of defects and subsequent increase in diffu-
sion.35,36,39 However, the FeNi system is an exception, as the
heat treatment of the FeNi powder below order−disorder
temperature (593 K) will require astronomical time to induce
sufficient diffusion for improving the ordering quantity.27

Therefore, in future, the effect of electric and magnetic fields
on the milled FeNi powder during heat treatment below
order−disorder transformation temperature toward the for-
mation of L10 FeNi will be studied.
3.3. TEM Study of Mechanically Alloyed FeNi. Figure

13a,b shows the bright-field low-magnification TEM image of
the 12 h milled FeNi powder and the corresponding high-
resolution TEM image. Figure 12a depicts the flaky (flattened)

Table 2. Comparison of Long-Range Ordering Parameter (S) Available in the Literature

sl.
no. processing technique

vol % of L10
FeNi

long-range ordering
parameter (s) FeNi particles shape and size refs

1 natural meteorite (NWA 6259) 95 1 μm thick ring along grain boundary
of FCC FeNi

14

2 neutron irradiation of FeNi single crystal 0.41−0.45 19, 20
3 cyclic oxidation and reduction of Ni-coated Fe 19 51
4 deposition of monoatomic layer of Fe and Ni using

molecular beam epitaxy
0.2−0.6 49

5 nitrogen insertion and topotactic extraction 0.71 <40 nm single phase particles 33
6 mechanical alloying of Fe and Ni powder for 90 h in a

shaker-type mill
absent 12−17 nm particles 27

7 mechanical alloying of Fe and Ni powder for 90 h in a
shaker-type mill

9 28

8 crystallization from amorphous FeNiSiBPCu bulk metallic
glass

8 0.8 30−50 nm sized polycrystalline grains 29, 30,
40

9 crystallization from amorphous FeNiPC bulk metallic glass <100 nm dispersed in bulk 52
10 high-pressure torsion of FeNi and heat treatment absent 25
11 mechanical alloying of Fe and Ni powders in DDPBM 9 0.18 this

work
magnetic field-assisted heat treatment of 12 h milled FeNi
prepared by DDPBM

15 0.3

Figure 13. (a) Bright-field low-magnification TEM image of the 12 h milled FeNi powder and corresponding (b) high-resolution image and (c)
FFT pattern corresponding to the red squared region in (b). (White and yellow colors represent the planes of L10 FeNi and A1 FeNi, respectively.
The red circled spots highlight the presence of (200) plane of α-Fe corresponding to d-spacings of 0.143 nm.)
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morphology and the crystalline nature of the ultra-fine
particles. It is to be noted that in DDPBM, the initial particles
are flattened due to the large impact energy from the grinding
media. With further milling, these flattened particles break,
generating more surface areas. Due to the increased specific
surface area, these flattened particles are aggregated, and a
convoluted structure is formed (see Figure 5). Similar results
are also reported by Debata et al.53 in the 95W-3.5Ni-1.5Fe
system and Pandey et al.54 in oxide dispersion-strengthened
ferritic steel. The fast Fourier transform (FFT) pattern
corresponding to the red square marked in Figure 13b is
shown in Figure 13c. It is to be noted that the FFT pattern is
strongly overlapping with both L10 FeNi and A1 FeNi (B.D.
L10 [100]||B.D. A1 [110]). The (001) and (100) superlattice
reflections of L10 FeNi, which correspond to 0.364 and 0.252
nm, respectively, are not visualized even after several attempts.
As the quantity of L10-ordered FeNi in the bulk 12 h milled
powder is extremely low (∼9 wt %), the intensity of the
superlattice structures is very weak. Thus, it is almost difficult
to find a region containing ordered structure and confirm the
presence of L10 structure in bulk powder even if it is present in
the sample. The red circled spots show d-spacings of 0.143 nm,

corresponding to the presence of the (200) plane of unreacted
α-Fe.
3.4. Effect of Field-Assisted Heat Treatment on L10

FeNi Phase Formation. Figure 14a compares the SXRD
patterns of the 12 h milled FeNi (black color) and heat-treated
(1000 h without field + 4 h in 1.5 T field) (red color). It can
be noted that the heat-treated FeNi powder shows sharper and
narrower peaks (fundamental and superlattice) compared to
the 12 h milled FeNi powder. The value of S was calculated
using the intensities of (001); (210) peaks were found to be
0.35 for the heat-treated powder. It was found that the
crystallite size for the 12 h milled FeNi powder is ∼45 nm,
which increases to 52 nm after heat treatment. Also, the
internal strain decreased to 8.2 × 10−4 after heat treatment,
which is 10 times less than the 12 h milled condition (see
Figure 14). Figure 14b shows the Rietveld refinement of the
SXRD patterns of the heat-treated sample using the same
structural parameters as listed in Table 1. The Rietveld
refinement reveals that the concentration of L10 FeNi in the as-
milled condition is ∼15 wt %. The values of χ2, Rwp, and Rexp
are also shown in Figure 14b.
3.5. Effect of Milling and Field-Assisted Heat Treat-

ment on FeNi Powder. The hysteresis curves of mechan-

Figure 14. (a) SXRD pattern of 12 h milled FeNi (black) and heat-treated FeNi (red) powders. (b) After heat treatment, Rietveld whole profile
analysis of the SXRDs of 12 h mechanically milled FeNi powders.

Figure 15. (a) M−H curves and (b) μr vs H for mechanically milled FeNi powders.
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ically milled FeNi powders are shown in Figure 15. These
curves show a magnetic behavior that is typical of a soft
magnetic material (low coercivity (Hc) with relatively high
saturation magnetization (Ms)). The Ms value of the milled
powders decreases with increasing milling duration. For the 6 h
milled sample, the Ms value was found to be 145 emu/g, which
decreases to 137.5 emu/g upon 12 h of milling. The decrease
in Ms may be caused by the reduction in the elemental Fe and
Ni content and the increase in oxide-phase (NiFe2O4) content.
The effect of decreasing α-Fe and Ni content on the overall
saturation magnetization is dominant due to their high
magnetic saturation values of 217.6 and 55.1 emu/g,
respectively. The Hc of the milled FeNi powder increases
with increasing milling duration. For 6, 8, 10, and 12 h milled
powders, the Hc values are 3, 8, 10, and 12 Oe, respectively. Hc
is an extrinsic property that depends on the shape, size, and
microstructure of powder. With an increase in milling duration,
the particle size decreases, and there is an increase in defect
concentration. The increase in defects restricts the movement
of the domain walls, which subsequently causes the increase in
Hc. A similar effect was reported by Geng et al.27 at much
higher milling durations where there is no significant phase
change, but Hc increases with milling duration. Figure 15b
compares relative permeability (μr = B/H) with respect to the
applied field of −40 to 40 kOe. It can be observed from Figure
15 that μr initially decreases from 6 to 8 h of milling and
increases with further milling up to 12 h. This data verifies the
earlier observation by Geng et al.27 that an initial increase in
milling duration induces macrostrain and a high volume of
defects, which in turn hinders the motion of the magnetic
domains and thus requires a higher external magnetic field to
reach saturation. In contrast, a further increase in milling time
decreases the microstrain, which causes easy movement of the
magnetic domains, leading to magnetic saturation at a
relatively lower external magnetic field.
Figure 16 shows the effect of heat treatment (with and

without an applied field) on the hysteresis of 12 h milled FeNi.
From Figure 16a, it can be seen that there is no change in the
magnetic saturation which is excepted as Ms is an intrinsic
property and does not depend on the microstructure and shape
of the particles. From the magnified M versus H plot (subset
Figure 16a), it can be observed that there is a significant
increase in Hc after 1000 h heat treatment accompanied by a 4
h heat treatment in the magnetic field (30 Oe). This increase

in Hc can be associated with the increase in the L10 FeNi phase
and not due to the grain refinement because after heat
treatment, it is assumed that the defect concentration decreases
and the grain size increases. Further analysis of μr versus H
curve in Figure 16b reveals that there is a subtle increase in μr
after 1000 h heat treatment without field and again after 4 h
heat treatment in the presence of an external magnetic field.
This can be due to the increase in grain size and subsequent
alignment of magnetic domains along the magnetic easy axis
due to the heat treatment procedure.

4. CONCLUSIONS
The current work demonstrates the formation of L10 FeNi
using dual-drive planetary ball milling and subsequent heat
treatment at 623 K for 1000 h without a magnetic field and 4 h
in the presence of an external magnetic field of 1.5 T. The
important findings of this study are as follows:
(a) 6 h milling is sufficient to induce the formation of L10

FeNi. The phase fraction of L10 FeNi in the 6 h milled
powder is 5 wt %, which increases to ∼9 wt % upon
further milling up to 12 h.

(b) The long-range ordering parameter (S) was calculated
using the (001) and (210) superlattice reflections of L10
FeNi, and the value of S is found to be constant at 0.18
for all samples collected at different milling durations
(6−12 h).

(c) Heat treatment in the presence of external magnetic field
enhances the phase fraction of L10 FeNi up to ∼15 wt
%. Also, it improves the S to 0.3, which is commendably
close to the reported values in some meteorites.

(d) Hc value increases with the increase in milling duration,
which is attributed to the increase in L10 phase fraction.
In addition to this, heat treatment in the presence of a
magnetic field increases Hc owing to the increase in L10
phases fraction.

(e) Microstrain initially increases up to 8 h of milling and
decreases with further milling. An increase in microstrain
restricts the movement of the domain walls causing
increases in magnetocrystalline anisotropy. Therefore, it
is found that the relative permeability (μr) initially
decreases with milling duration (up to 8 h) and increases
with further milling (up to 12 h). Heat treatment of the
12 h milled FeNi powder in the presence of an external

Figure 16. (a) M−H curves and (b) μr vs H for 12 mechanically milled FeNi powders before and after heat treatment.
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magnetic field results in a higher μr value due to the
alignment of domains along the easy axis.

In summary, the field-assisted heat treatment proves to be
effective in improving the phase fraction and long-range
ordering of L10 FeNi produced by mechanical alloying.
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