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Abstract: An equiatomic Ni-Fe alloy was synthesized through mechanosynthesis, under
an argon atmosphere using a planetary ball mill, after 100 h. To assess the phase stability,
the alloy was subsequently annealed at 923.15 K for 2 h. At the end of mechanosynthesis,
X-ray diffraction analysis revealed the formation of two distinct solid phases, FCC γ-NiFe
(wt% = 90.3%) and BCC α-FeNi (wt% = 9.7%). The lattice parameter of the FCC phase
stabilized at 3.5748 Å, whereas the BCC phase exhibited a lattice parameter of 2.6608 Å.
The average crystallite size was determined to be around 7 nm with the lattice strains
quantified as 0.48% for both phases. This significant refinement of microstructure indicates
extensive plastic deformation within the grains. Scanning electron microscopy revealed an
angular particle morphology with an average particle size of 8.15 µm. Differential scanning
calorimetry (DSC) analysis identified an exothermic transition at 623.15 K, corresponding
to the Curie temperature of nickel, and another one at 873.15 K, attributed to the Curie
temperature of Ni3Fe. These results demonstrate the efficiency of mechanosynthesis in pro-
ducing biphasic Ni-Fe nanomaterials with tailored properties, characterized by a dominant
FCC phase with a highly deformed nanocrystalline structure. These findings highlight
the great influence of mechanical milling on the structural properties of the Ni-Fe alloy in
terms of a high density of stored crystalline defects.

Keywords: Ni-Fe alloy; nanostructure; mechanosynthesis; X-ray diffraction; thermal;
defects; annealing

1. Introduction
Nanostructured Ni-Fe alloys, developed through mechanical milling, are a significant

focus of research in the field of advanced materials due to their unique microstructural
and physical properties [1]. Additionally, the high permeability, low coercive force, and
relatively high saturation magnetization of these alloys have drawn special attention. In ac-
tuality, the iron content of the Ni-Fe system must be raised to satisfy the new requirements
if a significantly higher saturation magnetization is needed for a particular application.
Its performance as a soft magnetic material will be negatively impacted, nevertheless, as
the rise in magnetocrystalline anisotropy with increased iron content causes both a drop
in permeability and an increase in coercive force [2,3]. However, recent theoretical and
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experimental findings [4–7] have demonstrated that nanostructuring can successfully lower
a material’s magnetocrystalline anisotropy constant. Further, the FeNi nanostructured
material will have improved magnetic characteristics, such as increased permeability and
reduced coercivity, in comparison to its polycrystalline version. Thus, it is believed that
nanostructuring will offer an attractive solution to the disadvantage of increasing saturation
magnetization in the Ni-Fe system. Additionally, it has been demonstrated that nanostruc-
turing conventional materials can effectively increase their electrical resistivity [8,9] and
mechanical hardness [6,10], which in the case of Ni-Fe alloys would improve both corrosion
resistance and high-frequency performance by reducing eddy currents. Thus, nanostructur-
ing is a practical and encouraging technique to enhance the Ni-Fe alloy system’s magnetic
characteristics. Mechanical milling considered a non-equilibrium nanostructuring method,
enables the production of nanocrystalline structures by inducing complex microstructural
transformations and crystalline defects such as dislocations and microstrains [11–14]. How-
ever, it is believed that the precise mechanism of the mechanical alloying process involves
the repetitive welding and fracturing of powder particles during collisions between balls
and between powder and containers. Interdiffusion over welded grain powder surfaces
is how alloying then occurs. Mechanical alloying, as a process normally performed at
temperatures below 673.15 K [15], has been used to suppress martensitic transformation
and to obtain FCC γ-Fe-rich Fe–Ni alloys in the annealed condition [16,17]. On the other
hand, it was observed that the concentration ranges of the BCC and FCC single-phase
solid solutions depend on the milling intensity and shift to low nickel concentration at an
increase in the milling intensity [12,18]. The final alloy structure is complexly affected by
the milling intensity. As the intensity increases, two important factors change: the average
temperature of the milling process rises on the one hand, and the concentration of various
structural defects rises on the other. The FCC phase is less destabilized than the BCC phase
due to the structural defects brought on by the MA [12]. According to the Fe–Ni phase
diagram, a rise in milling temperature will stabilize the FCC structure and destabilize the
BCC structure, as was previously mentioned [1]. Because of this, increasing the milling
intensity will often decrease the range of BCC concentrations and expand the range of FCC
concentrations. The concentration ranges of phase existence moved to the side of low nickel
content after the samples were annealed at 923.15 K. Furthermore, for the Fe–Ni alloys
made using the MA process, the effects of the FCC–BCC transformation temperature on
composition have been examined [17,18]. It was discovered that, though to a lesser degree,
the MA approach permitted the transition temperature to drop. It is still unclear exactly
how this impact works. The small size of blocks in the MA FCC structure appears to be the
primary reason of this transformation suppression temperature; nevertheless, structural
defects like stacking faults and dislocations, as well as how they interact, might potentially
be significant.

Many authors utilize X-ray diffraction analyses to validate their milling results, ne-
glecting the complexity of mechanical synthesis in the dependence of nanostructuring
on the defect structure characteristics and the relationship between the stability of the
nanostructure and thermal heating. These features play a crucial role in determining the
final properties of the materials [19]. Therefore, in-depth characterization will be nec-
essary to understand the impact of the structure of the defects in terms of dislocations,
microdeformations and the energy stored in the nanostructuring of the Ni-Fe alloy. Also,
few studies have been devoted to the investigation of the thermal stability of this type of
nanostructured alloy.

This study specifically focuses on the evolution of crystalline phases, particularly the
formation of the FCC γ-(Ni-Fe) solid solution, also known as taenite, and the BCC α-(Fe-Ni)
phase, referred to as kamacite, as well as the transformation of the α phase into γ upon an-



Metals 2025, 15, 270 3 of 20

nealing [20]. The analysis of microdeformations and dislocations highlights the significance
of crystalline defects in microstructural modifications, while the evaluation of stored energy
offers insights into relaxation mechanisms and microstructural transformation processes.
This work contributes significantly to the understanding of the mechanisms governing the
evolution of nanocrystalline structures, paving the way for the design of Ni-Fe alloys with
optimized properties suitable for advanced technological applications.

2. Materials and Methods
2.1. Materials

Pure elemental powders of nickel (Ni, purity~99.8%, particle size ≤ 30 µm; from Alpha
Aesar) and iron (Fe, purity~99.9%, particle size ≤ 40 µm, from Alpha Aesar, Ward Hill,
MA, USA), with respective particle sizes of 80 µm and 75 µm, were weighed separately
and then mixed to obtain an equimolar composition (Ni-Fe), with a slightly higher amount
of nickel. Mechanical alloying was carried out in a Retsch planetary ball mill (model
PM400, Retsch, Haan, Germany) with milling times of 1, 2, 5, 10, 30, 40, 50, 60, 80, and
100 h at room temperature and under an argon atmosphere. The milling experiments were
conducted with 10 g of powder mixtures in hardened steel jars containing five stainless
steel milling balls with a diameter of 7 mm. The ball-to-powder weight ratio was set
at 0.35, and the jar rotation speed was maintained at 400 revolutions per minute. To
prevent powder adhesion to the walls of the container and the grinding balls, as well as to
avoid powder agglomeration, the chosen milling sequence consisted of 2.5 min of milling
followed by 5 min of rest. This sequence was applied to ensure optimal reproducibility of
the milling process.

X-ray diffraction (XRD) measurements were performed using a Siemens D-500 diffrac-
tometer (Berlin, Germany) with Cu Kα radiation. Scans were collected over a 2θ range of
40–100◦. A small angular step of 2θ = 0.02◦ and fixed counting times of 4 s were chosen
to measure the intensity of each Bragg reflection. Crystallite size and lattice strain were
calculated using Rietveld refinement with the X’Pert High Score Plus software (v5.3). To
check the functional behavior of these alloys, it is necessary to obtain good refinements
to stabilize the microstructure. The ratio of reliability parameters, represented as GoF
(goodness of fit = Rwp/Rexp), gives information about the quality of fit, where Rwp and
Rexp are the weighted residual error and the expected error, respectively. For the present
study, best refinements were achieved when the GoF parameter varied from 1.06 to 1.13.

Morphology and composition studies were conducted using a scanning electron mi-
croscope (SEM) (DSM960A ZEISS, Carl Zeiss GmbH, Oberkochen, Germany) in secondary
electron mode, operating at an accelerating voltage of 15 kV. The SEM was equipped with
an energy-dispersive spectroscopy (EDS) analyzer (Vega Tescan, Brno, Czech Republic). A
detailed analysis of particle size distribution was conducted using the segmentation method
with the Trainable Weka Segmentation plugin in Image J software (version 1.x) [21,22].

Differential scanning calorimetry (DSC) was performed using a Mettler Toledo DSC822
device under an argon atmosphere, within a temperature range of 308 K to 973 K (35 to
700 ◦C), with a heating rate of 10 K/min. The milled powder was annealed in lidded
ceramic crucibles under an argon atmosphere for 2 h at 923.15 K. Annealing was carried
out in a Carbolite furnace with a heating rate of 15 K/min. After annealing, the samples
were cooled in the furnace until they reached room temperature.

2.2. Theoretical

In our study, the X-ray diffraction patterns were analyzed using the Philips HighScore
Plus software, which incorporates various methods for calculating diffraction peak profiles,
including the Scherrer method, Williamson–Hall method, and Rietveld refinement [15].
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Each peak was fitted with a pseudo-Voigt (PV) function, which is a linear combination of a
Lorentzian (L) and a Gaussian (G) function (Equation (1)) [23]:

PV(2θ) = γL(2θ) + (1 − γ)G(2θ) (1)

where γ is an adjustable mixing parameter that describes the proportion of the Gaussian
profile relative to the Lorentzian profile [9]. After removing the Cu Kα2 radiation contri-
bution from the profiles, the average crystallite size <D> is calculated using the Scherrer
formula (Equation (2)) [24,25]:

⟨D⟩ = kλ
βLcos θ

(2)

where K is the shape factor, which varies depending on the crystal shape, λ is the wave-
length of the CuKα1 radiation, θ is the Bragg angle, and βL is the Lorentzian component of
the peak width, related to the reduced crystallite size.

The average microstrain ⟨ε⟩ is calculated using the tangential formula (Equation (3)) [12,24]:

⟨ε⟩ = βG
4tan θ

(3)

where βG is the Gaussian component of the peak broadening, resulting from microstrain
present in the material.

For the Rietveld method, the average values of crystallite size <D> and strain ⟨ε⟩ are
determined by analyzing the broadening of diffraction peaks as a function of the diffraction
angle. This formula in (Equation (4)) is used to fit the parameters D and ε so that the
theoretical model best matches the experimental data:

β =
Kλ

Dcos θ
+ 4εtan θ (4)

where β is the total peak broadening (in radians) at full width at half maximum (FWHM),
K is the shape factor (or Scherrer constant, typically between 0.9 and 1), λ is the wavelength
of the X-ray radiation, D is the average crystallite size, θ is the Bragg angle, and ε is the
microstrain in the material.

Using the intensities of the fitted peaks, HighScore-Plus calculates the relative percent-
age of each phase present in the sample through a quantitative analysis method based on
the integral intensity of the diffraction peaks. This method is based on the principle that the
net area of the peaks in the diffraction pattern is proportional to the amount of each phase.
The formula used to determine the relative percentage of a specific phase is as follows:

% phase =
Itotal
Iphase

× 100 (5)

where Iphase is the integrated intensity of the peak corresponding to a specific phase, and
Itotal is the sum of the integrated intensities of all peaks. By accounting for calibration factors
and experimental conditions, HighScore-Plus enables the precise quantification of the
phases. These results are critical for interpreting crystallographic data and understanding
the material properties of the sample.

3. Results
3.1. Morphological Analysis

Figure 1 presents the SEM micrographs of the FeNi sample mixtures obtained after
1, 5, 10, 20, 40, 60, and 100 h of milling time. The milling times up to 100 h result in a
considerable reduction in particle size after the extended milling time, depending on the
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composition of the powder mixture and the dominant compressive forces. Due to ball–ball
and ball–wall collisions, the ductile powders are first crushed by compressive forces to
form fine particles (2 h milling). Then, for periods ranging from 5 to 20 h, agglomerated
particles develop by cold welding and coalescence of the powder particles. As the milling
process progresses up to 40 h, the powder particles tend to fracture again. This is because
the powder particles harden due to work hardening caused by severe plastic deformation
during the continuous milling, which eventually causes particle fracture. This phenomenon
becomes more pronounced for higher milling times.
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Figure 1. SEM image obtained after selected milling times, up to 100 h.

Figure 2 gives us more precise information on the evolution of the particle size as a
function of milling time. For the unmilled powder mixture, a single population of particles
is observed with a size value of 95 µm. After 2 h of milling, a slight decrease in size is
observed to a value of approximately 55 µm. Increasing the milling time up to 5 h results
in a significant increase in size up to the value of 120 µm. Subsequently, going from 10 to
40 h of milling, although the size distribution appears heterogeneous, the average particle
size varies from 100 µm after 10 h to 65 µm for the 40 h of milling. For longer milling times,
a decrease in the particle size is observed to the average value of around 20 µm after 60 h.
This size distribution continues until the end of milling at 100 h. As a result, these various
states of powders showed that particle size may become larger, corresponding to particles
agglomerated by cold welding, or smaller following fracturing, after hardening by the
dominant compressive pressures or by the effect of solid solutions. Additionally, extremely
fine and larger particles can be re-fused, increasing the size, thanks to the atomically pristine
surfaces produced during fracture.

The EDS spectra recorded after 10, 20, 40, and 100 h of grinding are presented in
Figure 3. They show the absence of oxygen and the presence of mixed nickel and iron,
confirming that no contamination of the jars or oxygen impurities was observed. These
observations highlight the importance of controlling milling conditions to optimize particle
size reduction while maintaining essential properties such as compactness and flowability.
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3.2. Structural and Microstructural
3.2.1. Structural and Phase Proportions

Figure 4 illustrates the evolution of X-ray diffraction (XRD) patterns as a function of
the milling time of Ni-Fe powders, using CuKα radiation. The XRD spectra of the initial
powders (0 h of milling) show reflections corresponding to the BCC α-Fe metal (space
group Im-3m; a = 2.8650(2)) and FCC-Ni (space group Fm-3m; a = 3.522(1) Å). After 2 h of
milling (2 h), the reflection peaks (200) and (211), associated with the elemental BCC α-Fe
and FCC-Ni phases, disappear. Iron atoms dissolve into the nickel lattice, leading to the
formation of an FCC γ-(Ni-Fe) solid solution (taenite, PCD code 534829, Fe0.4Ni0.6) and the
incorporation of nickel into the α-iron matrix to form the BCC α-(Fe-Ni) phase (kamacite,
PCD code 456555, Fe0.95Ni0.05).

These observations are consistent with the findings of Kaloshkin et al. [25]. During the
first 30 h of milling, the BCC phase decreases drastically (from 31.3% to 16.9%) (Figure 5),
while the proportion of the FCC phase increases from 68.7 to 83.1%. This preferential trans-
formation from the BCC to FCC structure is attributed to the mechanical stresses generated
during milling, which introduce numerous crystalline defects (vacancies, dislocations. . .)
that promote the nucleation and growth of FCC nuclei, which are energetically more stable.
Beyond 30 h of milling, the proportion of the FCC phase continues to increase, reaching
90.3% after 100 h, though the BCC phase, while minor, persists with a percentage of 9.7%.
Many authors have found the same result for two-phase systems with extended milling
times. Our results are consistent with published data, especially with the data reported by
refs. [12,14,26,27]. The low-temperature phase relations are still subject to some limitations
despite the extensive research, mostly because it is challenging to achieve a stable equilib-
rium at temperatures lower than roughly 573.15 (K) [28]. Furthermore, Fe-Ni is a classic
illustration of the interplay between structural and magnetic ordering that influences phase
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equilibria [29,30]. However, the final alloy structure is complicatedly affected by the milling
intensity; as the intensity increases, two primary factors change: the average temperature
of the milling process rises on the one hand, and the concentration of various structural
fault types increases on the other.
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The high-angle diffraction lines gradually broaden until their complete disappearance.
The variations observed in the FWHM values highlight the complex effects of mechanical
milling on Ni-Fe alloys, confirming that excessively long milling times can compromise the
desired properties [31].



Metals 2025, 15, 270 8 of 20

3.2.2. Lattice Parameters

Figure 6 presents the lattice parameters, a, for FCC γ-Ni(Fe) as a function of milling
time. It was observed that between 2 and 5 h of milling, the lattice parameter increased
from 3.5228(1) Å to 3.5767(1) Å, indicating a variation of ∆a = 0.0538 Å. Simultaneously, the
position of the diffraction peak is shifted from 44.523 to 43.934◦, as shown in Figure 4. This
increase in the lattice parameter suggests that milling induces an expansion of the crystal
lattice, resulting from the mechanical energy applied, which promotes the formation of a
new FCC γ-Ni-Fe solid solution. Between 5 and 30 h of milling, the lattice parameter slightly
decreases from 3.5760(1) to 3.5740(1) Å, showing a trend toward stabilization. However,
the peak position continues to decrease, reaching 43.916◦. This variation indicates that the
crystal lattice is still undergoing modifications, which can be attributed to an increase in
crystalline defects and the dilation of interatomic distances.
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On the other hand, during the initial hours of milling, the BCC lattice parameter de-
creased from 2.8688(2) (2 h) to 2.8316(1) Å (5 h). This slight decrease (−0.072 Å) in the lattice
parameter can be explained by considering the small difference in the atomic radii of Fe and
Ni atoms, which are 0.126 and 0.124 nm, respectively [1,28]. The applied mechanical energy
promotes the incorporation of nickel into the BCC α-Fe matrix to form the BCC α-(FeNi)
phase, with a space group Im-3m. Between 5 and 30 h, the lattice parameter continues to
decrease, reaching a minimum of 2.6325(1) Å at 30 h. This significant variation may indicate
a restructuring of the crystalline lattice. The lattice parameter initially increases with the
rising nickel content, reaching a maximum of approximately 13 at.% Ni, before decreasing
to between 13 and 30 at.% Ni [32,33]. After reaching this minimum, the lattice parameter
begins to slightly increase, reaching 2.8090(1) Å at 50 h. This increase may suggest atomic
rearrangement. At this stage, a recrystallization process likely promotes the reorganiza-
tion of atoms to form a more stable structure. Beyond 60 h, the parameter stabilizes and
oscillates around similar values (approximately 2.66 Å), indicating that the material begins
to approach an equilibrium state after prolonged milling. During the formation of the
BCC α-(Fe-Ni) phase, the variation in peak positions is influenced by a dynamic process
governed by initial fragmentation and defects formation, followed by recrystallization and
structural equilibration. These processes result in modifications to interplanar distances,
causing the diffraction peaks to shift toward higher angles [34]. On the other hand, during
the initial hours of milling, the BCC lattice parameter decreases from 2.8688(2) (2 h) to
2.8316(1) Å (5 h). This initial reduction can be attributed to the fragmentation of crystallites.
The applied mechanical energy promotes the incorporation of nickel into the α-iron matrix
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to form the α-(Fe-Ni) phase, with a space group Im-3m. Between 5 and 30 h, the lattice
parameter continues to decrease, reaching a minimum of 2.6325(1) Å at 30 h. This significant
variation may indicate a restructuring of the crystalline lattice.

3.2.3. Crystallite Sizes

The evolution of FCC γ-(Ni-Fe) crystallite sizes is illustrated in Figure 7b. The initial
crystallite sizes are 57.36 nm and 59.79 nm for Ni and Fe, respectively, with low full width
at half maximum (FWHM) values of 0.2364◦ and 0.3267◦ for the (111)FCC and (110)BCC

reflections, respectively.
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After 5 h of milling, a significant reduction in crystallite size is observed due to the
high rate of fracture and plastic deformation. The crystallite size is reduced to 6 nm for
the FCC γ(Ni-Fe) structure and 5 nm for the BCC α(Fe-Ni) structure, with corresponding
FWHM values of 1.610◦ for (111)FCC and 2.557◦ for (110)BCC. These results are consistent
with previous studies that reported similar reductions in grain size during mechanical
milling [35]. At 10 h, the crystallite size of FCC γ-(Ni-Fe) increases to 7.4 nm, although
the relatively high FWHM suggests an accumulation of defects within the material. This
observation aligns with findings from other studies on Ni-Fe alloys [11]. After 30 h of
milling, the FWHM decreases to 1.139◦, and the FCC crystallite size increases to 8.66 nm,
indicating an improvement in crystalline quality. However, beyond 40 h, although the
crystallite size reaches 9.06 nm, the FWHM slightly decreases to 1.060◦ for (111)FCC, sig-
naling the accumulation of defects and disruption in crystalline properties. At 60 h, the
crystallite size reaches a maximum of 11.09 nm with a reduced FWHM of 0.864◦. These
results are consistent with those obtained using a planetary ball mill (P7 type) operating at
500 rpm, which produced crystallite sizes of approximately 11 nm after 50 h [36]. Therefore,
this 60 h milling duration appears sufficient to achieve a stable FCC crystalline structure.
However, at 80 h, despite a maximum crystallite size of 12.26 Å, the FWHM increases to
1.40◦, suggesting that prolonged milling may lead to excessive fragmentation and structural
degradation of the crystallites. In conclusion, a milling duration of 60 h is optimal for
preserving the microstructural integrity of the Ni-Fe FCC phase while achieving a stable
crystalline structure.

The analysis of the evolution of crystallite sizes for the BCC Fe(Ni) alloy, also shown
in Figure 7a, reveals a complex dynamic as a function of milling duration. The crystallite
size initially increases from 5 nm to 7.5 nm between 5 and 10 h. Simultaneously, the FWHM
varies, increasing from 2.58◦ to 3.084◦ during this period, indicating an accumulation of
defects. However, the diffraction peak (110) remains relatively broad even after 100 h
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of milling, with a crystallite size of 7 nm. Theoretically, variations in crystallite size and
FWHM are directly related to milling time, emphasizing that the BCC compound undergoes
structural disturbances and does not reach equilibrium in its structure. This crystallite size
value is lower than the 16.5 nm obtained for ultrafine iron-nickel particles with a similar
composition prepared by the gas condensation method [36,37].

3.2.4. Lattice Strains

Lattice strains refer to local variations in interplanar distances, d − ∆d and d + ∆d,
caused by non-uniform crystalline distortions. These distortions are generated by crys-
talline defects or by the formation of new solid solutions. The analysis of the evolution
of microstrain in Ni-Fe alloys as a function of milling time, shown in Figure 7b, reveals
that at 5 h, the microstrain for the FCC phase is 0.55%, while for the BCC phase it is 0.71%
(Figure 7a). As milling continues to 10 h, the microstrain for the FCC phase decreases
to 0.442%, while for the BCC phase it increases to 0.815%, suggesting that milling has
a more pronounced effect on the BCC structure in terms of deformation. By 30 h, the
microstrain for the FCC phase continues to decrease to 0.381%, while that of the BCC phase
drops to 0.367%, indicating stabilization or improvement in the FCC structure. At 40 h, the
microstrain values converge, with 0.362% for the FCC phase and 0.376% for the BCC phase,
showing that both structures undergo slight modifications under prolonged milling. For
the extended milling time up to 100 h, the microstrain for the FCC phase slightly increases
to 0.480%, while that of the BCC phase decreases to 0.472%. These results demonstrate
that prolonged milling induces complex variations in the microstructure of Ni-Fe alloys.
Although the BCC structure initially exhibits higher microstrain, the stabilization of the
FCC structure suggests it may possess superior long-term mechanical resilience under
milling conditions [38].

3.3. Structure of Defects Analysis
3.3.1. Dislocation Density

For the milled samples subjected to severe plastic deformation, dislocations are the
primary source of microstrains in the crystalline system near the grain boundaries. The
dislocation density can be expressed using Equation (6) as follows:

ρ = ρ f cc + ρbcc (6)

In general, the dislocation density, ρs can be expressed as a function of the lattice strain
(ε) and the crystallite size, D, using the following Equation (7) [35,39,40]:

ρs =
2
√

3 × (ε)
1/2

D × b
(7)

where the Burgers vector of dislocations, b, is equal to a f cc

√
2

2 for the γ-Ni(Fe) FCC structure

and abcc

√
3

2 for the α-(Fe-Ni) BCC structure.
The lattice parameters a f cc and abcc are adjusted as a function of milling time for the

FCC γ-Ni(Fe) and BCC α-(Fe-Ni) structures, respectively. Thus, the dislocation density ρs

can also be represented by Equation (8) as follows:

ρs = 2
√

3 ×
[( ε

Db

)
f cc

+
( ε

Db

)
bcc

]
(8)

Figure 8 illustrates the evolution of dislocation density (ρs) within the Ni-Fe compound
as a function of milling duration. Initially, a peak in dislocation density is observed at the
early stage of milling, specifically at 5 h, with a value of 1.9 × 1017 m−2. These defects result
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from grain deformation and dislocation slip. Following this intense peak, the dislocation
density gradually decreases at 10 h of milling (10 h), reaching approximately 1.168 ×
1017 m−2. This reduction is attributed to dynamic annealing phenomena, where dislocations
partially annihilate under the milling mechanism. The system reaches an equilibrium state
between 30 and 80 h of milling, with values stabilizing in the range of 6.14 × 1016 to 5.35
× 1016 m−2. However, at the end of the milling process, the dislocation density increases
again, reaching 9.93 × 1016 m−2 after 100 h of milling. This complex evolution can be
attributed to several factors, including dynamic annealing, the accumulation of defects, and
the fact that the rate of new dislocation creation exceeds the rate of annihilation. Additional
contributions are primarily derived from structural and compositional irregularities in the
grain boundary (GB) regions compared to the interior of the grains.
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3.3.2. Stored Energy Est

In plastically deformed materials, the theoretical estimation of the stored energy (Es)
is proportional to the dislocation density (screw and edge dislocations) per unit volume in
the material, as defined by the following Equation (9) [41,42]:

Est = β × ρs (9)

where ρs is the dislocation density and β is the proportionality coefficient [43,44], given by
the Equation (10):

β = AGb2 × In
R
r

(10)

Here A = 1
4π for screw dislocations and A = 1

4π(1−σ)
for edge dislocations. σ refers

to Poisson’s ratio and equals 0.3 for Ni-Fe alloys. G refers to the shear modulus for Invar
Fe-Ni36 alloy and is equal to 58 × 1010 N/m2. The proportionality coefficient β was es-
timated to be 171 × 10−10 N, allowing the calculation of the stored energy (Est) per mole
in the mechanically alloyed (MA) samples according to the relationship in (Equation (10))
(Figure 9). The evolution reveals a significant increase between 2 h and 5 h of milling,
rising from 1.22 × 1017 J/m3 to 3.23 × 1018 J/m3. This evolution reflects the early stages
of the milling process, characterized by the formation of a large number of dislocations,
accompanied by a notable increase in the specific surface area of the Ni-Fe compound [45].
Between 30 h and 80 h, the stored energy values reach a plateau, fluctuating slightly around
1.05 × 1018 to 9.15 × 1017 J/m3. At this stage, various mechanisms, such as dislocation
motion, annihilation, and crystalline structure reorganization, operate synergistically to
reduce the internal stresses induced by dislocation formation. These dynamic relaxation
processes maintain structural equilibrium, thereby ensuring mechanical stability and mate-
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rial performance [46,47]. However, beyond 100 h of milling, a renewed increase in stored
energy is observed, reaching 1.70 × 1018 J/m3. This behavior suggests an interruption in
the dynamic relaxation mechanisms. This change could be attributed to phenomena such
as recrystallization or an increased accumulation of crystalline defects.

Metals 2025, 15, x FOR PEER REVIEW 12 of 21 
 

 

3.3.2. Stored Energy Est 
In plastically deformed materials, the theoretical estimation of the stored energy (Es) 

is proportional to the dislocation density (screw and edge dislocations) per unit volume 
in the material, as defined by the following Equation (9) [41,42]: 𝐸௦௧ = 𝛽 × 𝜌௦ (9)

where ρs is the dislocation density and β is the proportionality coefficient [43,44], given by 
the Equation (10): 𝛽 = 𝐴𝐺𝑏ଶ × 𝐼𝑛 𝑅𝑟  (10)

Here 𝐴 = ଵସగ  for screw dislocations and 𝐴 = ଵସగ(ଵିఙ) for edge dislocations. 𝜎 refers to 

Poisson’s ratio and equals 0.3 for Ni-Fe alloys. G refers to the shear modulus for Invar Fe-
Ni36 alloy and is equal to 58 × 1010 N/m2. The proportionality coefficient β was estimated 
to be 171 × 10−10 N, allowing the calculation of the stored energy (Est) per mole in the me-
chanically alloyed (MA) samples according to the relationship in (Equation (10)) (Figure 
9). The evolution reveals a significant increase between 2 h and 5 h of milling, rising from 
1.22 × 1017 J/m3 to 3.23 × 1018 J/m3. This evolution reflects the early stages of the milling 
process, characterized by the formation of a large number of dislocations, accompanied 
by a notable increase in the specific surface area of the Ni-Fe compound [45]. Between 30 
h and 80 h, the stored energy values reach a plateau, fluctuating slightly around 1.05 × 1018 
to 9.15 × 1017 J/m3. At this stage, various mechanisms, such as dislocation motion, annihi-
lation, and crystalline structure reorganization, operate synergistically to reduce the in-
ternal stresses induced by dislocation formation. These dynamic relaxation processes 
maintain structural equilibrium, thereby ensuring mechanical stability and material per-
formance [46,47]. However, beyond 100 h of milling, a renewed increase in stored energy 
is observed, reaching 1.70 × 1018 J/m3. This behavior suggests an interruption in the dy-
namic relaxation mechanisms. This change could be attributed to phenomena such as re-
crystallization or an increased accumulation of crystalline defects. 

 

Figure 9. Evolution of the stored energy values as a function of milling duration. 

3.4. Thermal Stability Analysis 

3.4.1. DSC Analysis 

The study of the thermal behavior of milled samples is essential for selecting appro-
priate annealing temperatures to avoid recrystallization [48]. Figure 10 presents the ther-
mograms obtained at a heating rate of 10 K/min. 

Figure 9. Evolution of the stored energy values as a function of milling duration.

3.4. Thermal Stability Analysis
3.4.1. DSC Analysis

The study of the thermal behavior of milled samples is essential for selecting ap-
propriate annealing temperatures to avoid recrystallization [48]. Figure 10 presents the
thermograms obtained at a heating rate of 10 K/min.
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The two exothermic peaks identified by differential scanning calorimetry (DSC) corre-
spond to two successive relaxation mechanisms. The first broad peak, located in the range
[583.15 K–601.15 K], reflects structural relaxation. The evolution of this peak’s intensity as a
function of milling time indicates that the relaxation is primarily attributed to the stresses
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generated by dislocation formation. It increases proportionally with the milling duration.
A rapid increase in ∆H1 is observed, reaching a maximum of 10.35 J/g after 30 h of milling,
indicating the release of significant energy as the material returns to an equilibrium state
(Figure 11). The second broad peak, located in the range [702.15 K; 733.15 K], is more
intense and reflects complex processes such as defect redistribution, phase transformations,
and advanced recrystallization. The increase in dislocation density leads to a rise in internal
energy due to the elastic stress fields generated by these defects. These stresses influence
thermal relaxation mechanisms. The stored enthalpy, represented by ∆H2 (Figure 11),
shows an increase up to 59.54 J/g after 60 h of milling, before gradually decreasing with
the material’s microstructural refinement. This behavior is consistent with similar obser-
vations reported for other single-crystal systems prepared by milling [48,49]. Moreover,
the temperature associated with the ∆H2 peak increases with milling time, indicating that
thermal processes occur at higher temperatures due to the accumulation of internal energy
from crystalline defects. This shift reflects modifications in the underlying thermodynamic
mechanisms, directly linked to the material’s microstructural evolution during milling.
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Phase evolution is also observed in the DSC thermograms. For the sample milled for
5 h, an endothermic peak is detected at 613.15 K, corresponding to the Curie temperature
of nickel, indicating the initial presence of this phase. However, for milling durations
exceeding 10 h, this transition disappears, suggesting the complete transformation of
nickel into a Ni-Fe solid solution. The formation of this solid solution is confirmed by the
appearance of a second endothermic peak at 873.15 K, attributed to the Curie temperature
of Ni3Fe (Figure 10). X-ray diffraction (XRD) analyses corroborate the formation of this
solid solution.

3.4.2. Structural Analysis

Initially, the milled compound consists of a major FCC γ-Ni(Fe) phase (PCD database
code: 453083, Ni0.82Fe0.18, “taenite”) and a minor BCC α-(Fe-Ni) phase (PCD database
code: 534803, Fe0.6Ni0.4, “kamacite”). XRD results for the sample milled for 1 h and
annealed at 923.15 K reveal the presence of two phases (Figure 12). The major phase is
FCC γ (Fe-Ni), constituting 95.9% of the material. The minor phase is α-Ni(Fe) with a
BCC structure, representing 4.1%. After 10 h of annealing (10 h + TTH), X-ray diffraction
(XRD) patterns reveal characteristic peaks of the FCC γ-Fe(Ni) phase (database code: PCD
312469, composition Fe0.68Ni0.32). Simultaneously, peaks associated with the BCC α-(Fe-Ni)
phase disappear.
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During the annealing of Fe-Ni alloys, an allotropic transformation is commonly ob-
served. This phenomenon can be attributed to the substitution of Ni atoms within the
α-Fe structure, including at grain boundaries and dislocation zones. This substitution
leads to the formation of the FCC γ′-(Ni-Fe) phase (database code: PCD 454950, FeNi3).
This behavior highlights that the γ′-phase results from the transformation of the α-phase
(α→ γ′). The evolution of the phase proportions obtained for the milled powders annealed
at the temperature of 923.15 K for 2 h are presented in Figure 13. Additionally, an Fe2O3

oxide phase, characterized by the low-intensity peaks labeled (131), (113), (241), (142),
(124), (004), and (441), was detected. This suggests later contamination by oxide during
annealing. This phenomenon has been observed in similar contexts, as reported in previous
studies [48,50,51].

The thermal agitation generated during annealing at 923.15 K causes atom segregation
at grain boundaries and the gradual diffusion of dislocations, leading to a modification
in lattice composition and structural variation in the crystal network. This transition
drives unstable phases at this temperature toward a more stable solution. Consequently, a
variation in the lattice parameter is observed as shown in Figure 14; a significant increase
in the lattice parameter is observed for short milling durations (1 h to 20 h). The initial BCC
α-Fe(Ni) phase, with a lattice parameter of a = 2.8665(1) Å, transforms into a FCC γ-Ni(Fe)
phase, with a lattice parameter of approximately a = 3.5743(1) Å. At 923.15 K, atoms possess
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sufficient mobility to reorganize, promoting nickel diffusion into the iron lattice facilitated
by the similarity of their atomic radii [1].
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For longer milling durations (from 30 to 80 h), followed by annealing at 923.15 K, the
lattice parameter stabilizes, fluctuating between 3.5628(1) Å and 3.5536(1) Å. This indicates
that the solid solution approaches its equilibrium composition at an annealing temperature
of 923.15 K [19]. For samples milled for 100 h and annealed at 923.15 K, annealing induces
atom reorganization, resulting in a more compact structure and, consequently, a lower
lattice parameter of 3.5273(1) Å [19]. Annealing at 923.15 K also promotes internal stress
relaxation, leading to better crystal network organization and atom diffusion, accompanied
by the elimination of point defects, as noted by [48]. The variation in lattice parameters
after annealing is more pronounced for longer milling times due to the higher accumulation
of defects and internal stresses during milling. For instance, after 100 h of milling followed
by annealing at 923.15 K, the variation in the lattice parameter is 0.0475 Å, compared to
only 0.0147 Å for 60 h of milling. This illustrates the increasing impact of internal stresses
on the crystalline structure with extended milling durations.
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3.4.3. Microstructural Analysis

The analyzed variations in crystallite size and microstrain as a function of milling
duration and annealing at 923.15 K for 2 h are presented in Figure 15, providing insights
into the combined effects of mechanical deformation followed by thermal treatment on the
γ-Ni(Fe) and γ′-FeNi phases. This present study confirms the structural stability of the FCC
γ-Ni(Fe) phase, which is present both before and after annealing at 923.15 K. For a milling
duration of 10 h, the initial crystallite size is 58.03 nm, which decreases significantly to 8 nm
after annealing, indicating effective recrystallization. For 30 h of milling, the crystallite size
decreases from 17.5 nm before annealing to 9 nm after treatment, representing a reduction
by half. Samples subjected to 50 h and 60 h of milling also show notable reductions in
crystallite size: from 16 nm to 10 nm and from 14.5 nm to 12 nm, respectively. Conversely,
for 80 h of milling, the crystallite size slightly increases after annealing, from 17.66 nm to
12.26 nm, with a negative variation of −5.4 nm. Finally, for 100 h of milling, the initial
crystallite size is 49.36 nm and decreases to 6.82 nm [52].
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The analysis of crystallite size variations for the γ′-FeNi compound after annealing at
923.15 K highlights complex results associated with structural modifications and allotropic
transitions, particularly the α → γ phase transformation occurring during annealing. The
data reveal significant variations in crystallite size before and after thermal treatment,
depending on the milling duration. For instance, with 10 h of milling, the crystallite size
decreases from 57.36 nm to 28.85 nm, reflecting a reduction of 28.51 nm. Conversely, certain
samples exhibit an increase in crystallite size, as optimal annealing temperatures promote
grain growth by facilitating grain boundary movement and coarsening [51–53]. For exam-
ple, a milling duration of 30 h shows a marked increase in crystallite size, from 8.66 nm
Å to 33.03 nm. This increase is enabled by annealing at 923.15 K, which promotes atomic
mobility. In contrast, for longer milling durations, such as 50 and 60 h, the crystallite sizes
after annealing reach 25 nm and 18.06 nm, respectively, with more moderate variations.
Finally, samples subjected to extended milling durations (80 and 100 h) continue to show
positive increases in size after annealing, confirming the influence of thermal and structural
mechanisms on structural evolution. The work of Kaloshkin et al. [54] on phase transfor-
mations in the Fe-Ni system during mechanical milling and annealing demonstrated that
in the case of Fe75Ni25 produced by mechanical milling and annealed at 923.15 K, with
grain sizes ranging from 35 to 50 nm, the γ′ phase can remain stable at room temperature.
These findings support our hypothesis that oxidation significantly delays the martensitic
transformation, contributing to the stability of the γ phase when the grain size exceeds a
critical threshold [20].
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On the other hand, after annealing at 923.15 K for 2 h, the diffraction lines become
sharper and more symmetrical, reflecting structural relaxation. This leads to a reduction in
microstrain, regardless of the initial milling duration. At favorable temperatures, atoms
have sufficient mobility to reorganize, thereby reducing the stored strain energy within
the material. However, some residual microstrain persists, suggesting that certain stresses
are not fully relaxed at 923.15 K. This phenomenon decreases the density of randomly
distributed dislocations and reduces internal microstress, thereby improving short-range
structural order within the Ni-Fe alloy. At 5 h of milling plus annealing (5 h + annealing),
the microstrain was measured at 0.233% for FCC γ′-Fe(Ni), indicating significant structural
transformation. Annealing processes can induce structural relaxation and recrystallization,
which reduce dislocations and microstrain. This behavior is like the recrystallization and
stabilization observed in Fe-Ni alloys [44]. After 30 h followed by annealing, the microstrain
drops to 0.099%, which can be attributed to atomic motion and recrystallization eliminating
the dislocations accumulated during milling. Conversely, for prolonged milling durations,
microstrain exhibits a complex variation: it increases to 0.194% after 50 h followed by
annealing, reaches a peak of 0.419% after 60 h followed by annealing, then decreases to
0.214% after 80 h followed by annealing, and stabilizes at 0.187% after 100 h. This suggests
that the annealing temperature of 923.15 K is insufficient to induce significant grain growth.
Sub-optimal temperatures limit grain growth due to insufficient thermal energy to promote
their development [55]. Other studies have demonstrated that higher temperatures are
required for visible grain growth and microstructural evolution. For instance, in an Fe-
32%Ni alloy, annealing at 973K (approximately 973,15K) was necessary for continuous
recrystallization and grain growth [55]. While the annealing temperature of 923.15 K is
not optimal for grain growth, it still facilitates a certain degree of relaxation and structural
stabilization. This corresponds to the observed reduction in microstrain and the formation
of a stable crystalline structure in the Fe-Ni alloy [56].

4. Conclusions
This study investigated the effects of mechanical milling followed by annealing at

923.15 K on the microstructural evolution, microstrain, and crystallite size of Fe-Ni alloys.
The results revealed significant transformations influenced by the milling duration and
the annealing treatment. During milling, the formation of FCC γ-Ni(Fe) and BCC α-
FeNi phases was observed, accompanied by structural distortions and a reduction in
crystallite size favored by accumulated dislocations and internal stresses. The annealing
process at 923.15 K facilitated partial relaxation of these stresses and promoted structural
stabilization, as evidenced by the refinement of crystallite size, the reduction in microstrain,
and the transformation of α-Fe(Ni) to γ-Ni(Fe). However, the annealing temperature of
923.15 K, while effective for structural relaxation, was insufficient for significant grain
growth, particularly for samples subjected to prolonged milling. The microstrain exhibited
complex behavior, indicating that higher annealing temperatures might be necessary to
fully eliminate defects and to achieve optimal grain growth. These findings contribute to
understanding the thermal and mechanical behavior of Fe-Ni alloys and provide insights
into optimizing processing parameters to enhance their microstructural properties.
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47. Popa, F.; Isnard, O.; Chicinaş, I.; Pop, V. Thermal evolution of the Ni3Fe compound obtained by mechanical alloying as probed by

differential scanning calorimetry. J. Alloys Compd. 2013, 554, 39–44. [CrossRef]
48. Wederni, A.; Ipatov, M.; Pineda, E.; Suñol, J.J.; Escoda, L.; González, J.M.; Alleg, S.; Khitouni, M.; Żuberek, R.; Chumak, O.; et al.
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