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a b s t r a c t

The synthesis of Fe50Ni40Al10 powder mixture has been performed in a high-energy planetary ball mill.
The phase transformations and structural changes occurring during mechanical alloying were investi-
gated by X-ray diffraction (XRD) and Mössbauer spectroscopy. XRD analysis and Rietveld method
revealed the formation of a single nanocrystalline fcc γ-Ni(Fe,Al) solid solution with a lattice parameter
close to aγ-Ni(Fe,Al)¼0.3612 nm, after 4 h of milling. The final powder is characterized by an average
crystallite size of 14 nm accompanied by the introduction of a lattice strain of order of 1.37%. These values
are markedly higher than those reported for mechanically alloyed Fe50Ni50 powders. It was found that
the formation of the bcc phase, which coexisted with the fcc structure in the Fe–Ni phase diagram, was
inhibited. However, mechanical alloying process gives rise to the Ni3Al intermetallic phase, at the early
stages of milling. Mössbauer spectroscopy showed that all powders exhibited a ferromagnetic behavior
and no paramagnetic phase was detected. The addition of low aluminium content caused more
broadening of hyperfine field distributions and lower magnetic field due to the diffusion of Al atoms
into γ-FeNi lattice.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

In the recent years, Iron–Nickel alloys have generated a lot of
interest in both fundamental and applied science. They belong to
the soft-magnetic materials and are widely used in the industrial
applications. Fe–Ni materials are easily magnetized till saturation
by weak fields; they exhibit narrow hysteresis loops, low coercive
fields, small magnetic losses and good anticorrosion properties.
Besides that, they show anomalies of some physical properties
which take place when the iron concentration changes around the
Invar region (Fe65Ni35). Due to these reasons, intensive researches
were carried on the reaction process of Fe–Ni binary system;
evaporation [1,2], chemical methods [3,4] electrodeposition [5,6]
and mechanical alloying route [7–15]. The latter was applied to
a broad range of Ni concentrations [9,16–18], milling conditions
[18–20] and martensitic transformation [21,22]. It has been
reported that the addition of alloying element to Fe–Ni alloys
could potentially influence their physical properties in a significant
manner [23–25]. Consequently, MA of Fe–Ni based alloys has been
the subject of a considerable number of studies; Fe–Ni–Mg
[26–28], Fe–Ni–Cu [29,30], Fe–Ni–Co–Zr–B [31,32], Fe–Ni–Cu–Co
[33,34]. However, few published works concerning MA process of
ternary Fe–Al–Ni powders have been conducted [35–37].

The present work is dedicated to the study of the structural and
hyperfine interactions of mechanically alloyed Fe50Ni40Al10 powders
ll rights reserved.
by means of combined X-ray diffraction and Mössbauer spectroscopy
techniques. We would like to emphasize that an attempt is done in
order to delineate the influence of low aluminium content when it is
added to mechanically alloyed Fe50Ni50 powders. A comparative
investigation of structural and microstructural properties of mechan-
osynthesized Fe50Ni40Al10 powders with those of published MA
Fe50Ni50 was carried out.
2. Experimental procedure

2.1. Processing

Elemental Fe, Ni and Al powders with purity of 99.99% were
weighed and mixed to obtain the desired composition of
Fe50Ni40Al10. The milling was carried out using a planetary high-
energy ball mill (Fritsch Pulverisette 7). The powders were
introduced into cylindrical steel vials with four steel balls
(Φ, 10 mm; mass, 7 g). The vials were filled with high purity argon
gas to avoid atmospheric contamination. The ball-to-powder
weight ratio was 14:1. The powders were milled for several
periods ≤12 h. To avoid excessive heating during milling, each
15 min of milling was followed by a stay during 15 min.

2.2. Characterization

The phases formed and their associated structural and micro-
structural properties were investigated by X-ray diffraction (XRD)
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and Mössbauer spectroscopy. XRD measurements were conducted
using a Siemens D501 diffractometer with Cu Kα1 radiation, in the
2θ range from 351 to 901 by step of 0.021. The obtained patterns
were fitted using the Maud program based on the Rietveld method
[38], which has proved to be an extremely powerful tool for the
characterization of fine-grained samples [37,39].

In order to give more accurate description of the hyperfine
properties, the powders were investigated by 57Fe Mössbauer
spectrometry (MS). The MS measurements were performed at
300 K in transmission geometry, using a constant acceleration
signal spectrometer with a 57Co source diffused into rhodium
matrix. Mössbauer spectra were fitted using the Mosfit computer
program [40], a least-square iteration program. It was found that
the best numerical fittings were achieved when hyperfine field
distributions, P(Bhf), were used. The isomer shift values are quoted
relative to that of α-Fe at 300 K.
3. Results and discussion

3.1. XRD analysis

3.1.1. Phase constitution of as-milled powders
Fig. 1(a) shows the evolution of the diffraction patterns of MA

Fe50Ni40Al10 powders as a function of milling time.
The XRD pattern of the sample milled for 0.25 h reveals the

presence of the starting elements with a reduced intensity of Al
peaks, probably due to its small percentage and low atomic number
in comparison with those of Fe and Ni [41,42]. About 0.25 h later,
only the diffraction Bragg peaks of Fe and Ni are present. After 1 h of
milling, besides the increase in the line broadening which is due to
both the reduction in crystallite size and increase in microstrains,
new peaks occur on the left side of fcc XRD lines, which are
characteristic of the Ni3Al intermetallic phase.

Ni3Al crystallizes in an ordered fcc (L12) superstructure (AuCu3

type), its space group is Pm3m [43]. It has been shown that Ni3Al is
ordered to very near its melting point [44]. It exists over a wide
range of Al concentration (24–27 at%). The unit cell of Ni3Al can be
visualized as an ordered cubic structure with the Al atoms
Fig. 1. (a) XRD patterns of mechanically alloyed Fe50Ni40Al10 powder and (b)
occupying corners of the cube and the Ni atoms located at the
cube faces in the lattice. Synthesis of Ni3Al intermetallic phase by
MA has been previously reported [45–51]. Enayati et al. [45] have
shown that MA of Ni and Al powders first resulted in a Ni(Al) solid
solution which transformed to the disordered Ni3Al intermetallic
compound with nanocrystalline structure on further milling. Lu
et al. [51] have pointed out that the formation of Ni3Al using MA
was through a diffusion process in which atomic movements
constitute diffusion by vacancy mechanism.

Since there is no interdiffusion between Fe and Ni, in the early
stages of milling, we can assume that Al will first react with Ni
leading to the formation of Ni3Al. The enthalpy of formation of this
phase is approximately −35 kJ/mol [52], we strongly deduce that
the energy released by the planetary mill was sufficient to induce
the formation of Ni3Al. On the other hand, during MA process,
several factors like temperature of powders, density of defects
such as dislocations and vacancies, reduced crystalline size
[53–54] can effectively affect the diffusion process. Synthesis of
intermetallic phases was previously reported in the works of
Hadef et al. [37,55] during the milling process of ternary
Fe50Al40Ni10 powders. After 4 h of milling, Fe peaks disappear
without displacement, indicating the formation of a fcc γ-Ni(Fe,Al)
solid solution and at the same time the most intense peak is
shifted to lower angles side (Fig. 1(b)). Further milling does not
give rise to a significant change in the XRD pattern.

In the case of ball milled Fe50Ni50 powders, the authors
reported the formation of a fcc γ-FeNi phase called taenite which
coexisted with a bcc structure (kamacite), in the Fe–Ni phase
diagram [9–11,13,56]. In this study, the formation of both bcc
and fcc phases is not observed, but only the fcc one is obtained.
Djekoun et al. [13] have mentioned the formation of a fcc phase
in the early stages of milling while the bcc structure was
obtained after 48 h. Similar results have been found by Khurt
et al. [56]. Whereas Guittoum et al. [14] have mentioned that only
the fcc phase was synthesized. Many works have reported 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
[8,10,18,56].
evolution of the most intense peak, as a function of milling time.
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3.1.2. Structural and microstructural properties
As mentioned above, the diffraction patterns were fitted using

the Maud program [57], which is based on the Rietveld method
[38] combined with a Fourier analysis. This procedure is well
adapted for diffraction patterns which exhibit broadened diffrac-
tion peaks. Indeed, this method allows the refinement of the
structural and microstructural parameters; the lattice parameters,
the size and the microstrains of crystalline domains. In this
section, the obtained results are discussed and compared with
published structural and microstructural characteristics of MA
Fe50Ni50 alloy. Table 1 summarizes published data on this material.

Fig. 2 shows the variation of the lattice parameters as a function
of milling time.

The lattice parameter of iron varies slightly between 0 and 2 h of
milling from its initial value (a¼0.2866 nm) to a2h¼(0.28717
0.0001) nm (Fig. 2(a)), in good agreement with the result reported
by Mhadhbi et al. [59], in the case of ball milled pure iron. The
increase in lattice parameter is probably caused by the grain
expansion due to the increase in the density of dislocations with
their characteristic strain fields [59,60] as well as the high concen-
tration of point defects induced by milling process [61].

A linear increase of lattice parameter is observed for Ni. It strongly
increases during the first 4 h of milling to a4h¼(0.362170.0002) nm.
It is worth noticing that this elevated value is obtained when the fcc
γ-Ni(Fe,Al) solid solution is completely formed. After 12 h, the lattice
parameter shows a slight reduction thereafter it reaches a value close
to a¼(0.361270.0002) nm. This value is higher than those reported
for MA FeNi, as seen in Table 1. It is important to emphasize that the
obtained value is also greater than those corresponding to Fe50Ni50
alloys prepared by other manufacturing processes; Liu et al. [62]
reported a value close to a¼0.359 nm, for samples prepared by
evaporation in nitrogen atmosphere. A nearly value of a¼0.3578 nm
was mentioned by Kadziolka-Gawel et al. [63], for polycrystalline
Fe50Ni50 alloys. In the previous studies, the formation of Fe50Ni50
alloy takes place when Fe atoms diffused into Ni lattice. The abrupt
increase in the lattice parameter of our samples can be reasonably
Table 1
Summary of structural and microstructural properties of MA Fe50Ni50; lattice
parameter: a, average crystallite size; 〈L〉, lattice strains; 〈s2〉1/2.

Research groups Structural and microstructural properties

a (nm) 〈L〉 (nm) 〈s2〉1/2 (%)

Djekoun et al. [13] 0.3601 5 0.5
Guittoum et al. [14] 0.3597 12.9 0.41
Jartych et al. [15] 0.3594 10 0.5
Pekala et al. [58] 0.3591 14 0.5

Fig. 2. Evolutions of the lattice parameter Fe50Ni
explained as a result of replacement by aluminium atoms which have
a larger atomic radius (RAl¼0.142 nm) than Fe and Ni of some sites of
Fe atoms (RFe¼0.127 nm) in the fcc NiFe crystal lattice (Ni and Fe
atoms have nearly identical atomic radii in the solid state).

Ni3Al phase: Ni3Al and Ni have the same crystal structure and
the lattice parameter of Ni3Al differs only by 1% of that of Ni. In
this study, the value of lattice parameter of Ni3Al increases from
aNi3Al¼(0.35570.0001) nm, for 1 h to aNi3Al¼(0.361070.0001)
nm, for 2 h of milling, mainly caused by the presence of point
defects. It has been found that the formation energy of vacancies
or interstitials is about two times higher than that of the antisite
defects in Ni3Al [64]. It is reasonably supposed that the most point
defects take form of antisite defects.

Fig. 3 presents the evolution of the crystallite sizes of milled
Fe50Ni40Al10 powders.

The crystallite sizes decrease after 0.25 h of milling to 22 and
27 nm for Fe and Ni, respectively. As evident from the figure, the
corresponding decrease of iron crystallites is extremely high and
reaches a value of about 9 nm, after 2 h of milling. It is important
to note that the average crystallite size of Fe is always less than
that of Ni, at different stages of milling. Valderruten et al. [11] have
shown in milled FeNi powders, where the fcc and bcc phases
coexisted, that the crystallite size of the fcc phase was always
greater than that of the bcc one. This difference is attributed to the
fragile and ductile character of bcc and fcc phases, respectively. At
the end of milling, the crystallite size of γ-Ni(Fe,Al) solid solution is
close to 14 nm. This value is higher than those reported by some
40Al10 powder as a function of milling time.

Fig. 3. Evolutions of the average crystallite size of Fe50Ni40Al10 powder as a
function of milling time.
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researchers (see Table 1). It may also be noted that the crystallite
size currently obtained is even elevated as compared with
mechanically alloyed Fe–Ni based alloys: Fe50Ni38B18Mo4 (6 nm)
and Fe42Ni40B18 (7.4 nm) [65]. This suggests that the crystallite size
is strongly influenced by the presence of aluminium content.

In Fig. 4, the evolutions of the lattice strain as a function of milling
time are illustrated. One can see that the lattice stains become
gradually higher with increasing milling time, for both Fe and Ni. For
iron, 〈s2〉1/2 changes from the initial value of (0.31470.012)% to a
value close to (1.08670.021)% after 2 h of milling. A similar behavior,
increased lattice strain with increasing lattice parameter, is observed,
for Ni. It increases rapidly to (1.81970.232)% then it decreases slowly
when the γ-Ni(Fe,Al) solid solution is formed, reaching a value of
(1.37170.232)%, at the end of MA process.

One can see that the lattice strain value obtained in the present
investigation is much higher than those reported by other inves-
tigators (see Table 1). It is widely accepted [66] that lattice strain
may arise from mechanical deformation induced by repeated ball-
to-powder collisions upon milling, from an increasing grain
boundary fraction. It is well established that the smaller the grain
size, the higher the grain boundary contribution is; however, the
crystallite size obtained by us is higher than others previously
reported. Consequently the size effect cannot be invoked to
explain the observed enhancement of lattice strain as compared
with experimental published data. The last contribution is due to
the difference in atomic sizes of the elemental powders. Indeed, Ni
and Fe are closely situated in the Mendeleev periodic table of
elements and have identical atomic radii (RFe¼0.127 nm, RNi¼
0.125 nm) however aluminium (RAl¼0.142 nm) has a relatively
large atomic radius as compared to Fe and Ni. We can conclude
that the introduction of Al into γ-FeNi induced stronger distortion
of the crystal lattice. It seems that the last contribution is the main
cause of the enhanced lattice strain obtained in the present
investigation.

3.2. 57Fe Mössbauer spectroscopy

3.2.1. Mössbauer spectra characteristics
Due to the sensitivity of Mössbauer spectroscopy to local order

on an atomic scale, this technique has been an important tool in
investigating Fe–Ni phases in prepared samples [3,8–15].

The Mössbauer spectra of mechanically alloyed Fe50Ni40Al10
powders are displayed in Fig. 5. They illustrate perfectly the
ferromagnetic character of the powders, without presence of any
paramagnetic phase. As one can see, the spectra reveal gradual
Fig. 4. Evolutions of lattice strain of Fe50Ni40Al10 powder as a function of
milling time.
mixing of the elemental powders when increasing milling time. It
should be noted that the magnetic sextets of the investigated
samples are asymmetric, for milling times longer than 2 h, which
is associated to the existence of a correlation between the isomer
shift and the hyperfine field, for each Fe site.

The Mössbauer spectra of the powders milled for 0.5 and 1 h
are almost identical and are fitted with three discrete sextets: a
sextet with narrow lines, with an hyperfine field Bhf¼33 T and
isomer shift (IS)¼0.00 mm/s, originating from the α-Fe, and two
minor sextets with hyperfine fields smaller than 33 T. Increasing
milling time to 2 h, the spectrum is fitted with three discrete
sextets and an hyperfine field distribution, P(Bhf). For times ≥4 h,
the spectra consist of a broad magnetic sextet where the magnetic
hyperfine field is distributed due to the multiplicity of local
environments in which iron atoms are widely and randomly
substituted by those of Al and/or Ni ones. It has been reported
that the lines observed for iron–nickel alloys were not much
broader than those of pure iron. The relative small broadening
found in FeNi alloys is qualitatively understandable since they
dissolve with large magnetic moments of their own, so that the
replacement of an iron atom does not produce a large local
disturbance [67]. Based on the physics of MA process, the
Fig. 5. Room temperature 57Fe Mössbauer effect spectra of mechanically alloyed
Fe50Ni40Al10 powder as a function of milling time.
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broadening of the spectral lines as compared to those of α-Fe,
resulted from the alloying process and also from the reduction of
the grain sizes accompanied by high lattice strain [68], in good
agreement with the XRD results. The formation of a paramagnetic
phase in mechanically alloyed Fe50Ni50 was previously mentioned;
Djekoun et al. [13] reported the emergence a paramagnetic γ (fcc)
FeNi phase with a concentration of about ≈30 at% Ni. Guittoum
et al. [14] also reported the appearance of a paramagnetic
component which was attributed to a fcc iron rich paramagnetic
phase that usually coexisted with the ferromagnetic fcc around
50% Fe.

The evolution of the hyperfine field distributions P(Bhf) as a
function of milling time is shown in Fig. 6. The hyperfine field
distributions P(Bhf) of the powders milled for 0.5 and 1 h are
identical and have the shape of a simple Gaussian function
centered on ∼33 T, which corresponds to α-Fe. A weaker contribu-
tion at low fields is reported, when increasing milling time to 2 h.
For milling times ≥4 h, P(Bhf) are mostly similar; both peak
broadening and shift towards low fields are observed. One can
see that they can be considered to be the envelope of a number of
overlapping subspectra, in which the most probable hyperfine
magnetic fields for both 4 and 12 h of milling, are 24 T originating
from the fcc γ-Ni(Fe,Al) solid solution. Besides, it is important to
note that the P(Bhf) corresponding to the sample milled for 12 h,
includes a significant contribution in the low fields. This latter is
probably due to Fe atoms situated in the grain boundaries. Hadef
et al. [69] have reported in mechanically milled Fe50Al40Ni10 that
the low hyperfine field values (o15 T) resulted from Fe atoms
located in the disordered grain boundaries. The thickness of grain
0 10 20 30
Bhf (Tesla)

P(
B

hf
)

12 h

4 h

2 h

1 h

0.5 h

Fig. 6. Hyperfine field distributions, P(Bhf), of mechanically alloyed Fe50Ni40Al10
powder as a function of milling time.
boundaries was estimated at about 0.5 nm (two atomic layers) in
fcc Fe–Ni alloys [70,71].

By comparing the obtained hyperfine field distributions with
those published for MA Fe50Ni50, a noticeable broadening is
observed. The broadening of P(Bhf) is generally interpreted in
terms of disordered systems and presence of defects in milled
alloys [13,15]. But these reasons are not enough to explain the
increased broadening, since all samples were prepared by the
same process. It has been reported that the broadening of
Mössbauer spectra of Fe–Al represents the spread in the values
of the hyperfine field due to the local fluctuations of composition
throughout the alloy [67], whereas the presence of Ni does not
cause such changes as described above. This can be translated in
P(Bhf) as follows; the presence of numerous types of Fe–A1
configurations distributed the intensities around each position of
the hyperfine magnetic field and thus collapse to a broad line.
3.2.2. Hyperfine parameters
Fig. 7 shows the evolution of the hyperfine interactions para-

meters obtained from the fitting of the experimental spectra of MA
Fe50Ni40Al10 powders.

One can see the decrease of the average hyperfine field when
milling time increases; this can be attributed to the substitution of Fe
atoms by Al and/or Ni ones. At the end of milling, the hyperfine field is
close to 20 T. We should point out that 〈Bhf〉≠Bhf, where Bhf is the value
of the most probable field. This result confirms our earlier suggestion
concerning the asymmetric shape of Mössbauer spectra recorded for
prolonged milling times. It is important to note that this value is much
lower than those reported in literature for MA Fe50Ni50; 30.5 T [58],
30.8 T [9,14,72,73], 31 T [74], 31.5 T [15], 31.2 T [13]. The observed
differences can be qualitatively explained by the local environment
model [75], inwhich the magnetic moment of an element depends on
the number of nearest neighbors (NN). For fcc Fe–Ni alloys, it is
assumed that one Ni atom increases the hyperfine field at 57Fe site by
ΔB1¼1.08 T when it substitutes iron atom in the first coordination
sphere and decreases it by ΔB2¼−0.34 T, in the second sphere [76]. For
Fe–Al alloys, Stearns [77] has proposed that the hyperfine field at the
Fe site decreases linearly with the number of Al atoms in the first and
second neighboring spheres. For each Fe atom in the first shell
substituted by Al, there is a reduction of ΔB1¼2.4 T in the hyperfine
field of pure Fe; similarly for each one of the second sphere results in a
decrease of ΔB2¼1.1 T. Using this simple model, with a simplifying
assumption that only the nearest neighbors were taken into account
because merely replacement of Fe atom in nearest neighborhood (NN)
has strong influence and may be registered with high reliability. We
strongly deduce that the reduced value of the hyperfine field is
obtained only when there is diffusion of Al atoms into the first
coordination sphere of Fe probe. This indicates that there is
Fig. 7. Evolution of the hyperfine parameters 〈Bhf〉 and 〈IS〉, as a function of
milling time.
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enrichment in Al rather than Ni, while the percentage of Ni is four
times greater than Al. It has been reported that the diffusivity of the
solute can be obtained from its melting point. The lower the melting
point, the higher the diffusivity [52]. According to the thermodynamic
data, Ni has a relatively high melting temperature (1455 1C) compared
to that of Al (660 1C). It is known that melting temperature decreases
with decreasing grain size. The latter effect is particularly significant
for nanograins [78]. This result should certainly be considered to
explain the observed features.

The average isomer shift is positive and increases with increas-
ing milling time. This increase corresponds to a significant
decrease in the s electron density at the 57Fe nucleus. After 12 h
of milling, the isomer shift reached a value of 〈IS〉¼0.12 mm/s. It is
interesting to note that 〈IS〉 increases while 〈Bhf〉 decreases, when
increasing the processing time. It has been reported that the
electron charge density on the iron nucleus decreases upon
alloying Ni into Fe as the average isomer shift increases with
increasing Al and Ni [79]. In fact, there is no published result in
literature regarding the isomer shift evolution, in the case of MA
Fe50Ni50. However, a negative value close to 〈IS〉¼−0.02 mm/s was
found by Lima et al. [80], for Fe50Ni50 alloy synthesized by ultra
rapid autocatalytic chemical reduction. Hadef et al. [69] have
mentioned a value of 〈IS〉¼0.112 mm/s which provides a neighbor-
hood between 4 and 4.5 aluminium atoms in mechanically alloyed
Fe50Al40Ni10 powders, whereas five Ni atoms were located in the
nearest neighborhood in mechanically milled Fe-50 at% Ni alloys,
as proposed by Jartych et al. [15] and Pekala et al. [58].
4. Conclusion

The mechanical alloying of Fe–40Ni–10Al powder mixtures has
been attempted. At the early stage of MA, the energy released by the
planetary mill is sufficient to induce the formation of Ni3Al inter-
metallic phase. With increasing milling time to 4 h, a single nano-
structured fcc γ-Ni(Fe,Al) solid solution was synthesized with a lattice
parameter close to aγ-Ni(Fe,Al)¼0.3612 nm. The final powder is char-
acterized by an average crystallite size of 14 nm accompanied by the
introduction of a lattice strain of order of 1.37%. These values are
markedly higher than those reported for publishedMA Fe50Ni50. In the
present investigation, we have concluded that a small amount of
added Al affects the structural and microstructural properties of the
investigated samples mainly caused by the high atomic radii of Al
atoms. In addition, our study clearly indicates that Al atoms should be
the major origin of the lower hyperfine field and the increased isomer
shift behaviors in the MA Fe50Ni40Al10 powders. The obtained value of
20 T indicates an enrichment in Al rather than Ni and provides an
atomic environment where each Fe probe is surrounded by less than
five Ni atoms in the nearest neighborhood.
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