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Abstract Nanostructured Fe1−xNix and Fe1−x−yNixCry
(x = 30, 40; y = 10) powders were obtained by mechani-
cal alloying technique (MA) from elemental powders using
a planetary ball mill. The evolution of structure, microstruc-
ture and magnetic properties of mechanically alloyed pow-
ders were studied by X-ray diffraction, scanning electron
microscopy and a vibrating sample magnetometer. The MA
powders for 7 h consist of two solid solutions bcc and fcc.
The saturation magnetization was found to decrease with
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increasing Ni content and so with increasing fcc solid solu-
tion amount. Oxidation of MA powders results in the for-
mation of tree phases: antiferromagnetic NiO, hematite α-
Fe2O3, and ferrimagnetic spinel structure NiFe2O4. Accord-
ing to the magnetic measurements, the oxidation leads to the
deterioration of magnetic behavior due to the exchange bias
anisotropy.

Keywords Fe-Ni-Cr alloys · Mechanical alloying ·
Oxidation · Magnetization

1 Introduction

The research of nanocrystalline magnetic materials has
known a huge development in the last decades. This is
due to the properties common to both nanostructured amor-
phous and crystalline materials and their ability to com-
pete with their bulk counterparts. The benefits found in
the nanocrystalline alloys stem from their chemical and
structural changes at the nanoscale due to quantum confine-
ment effects, which are important for developing optimal
magnetic properties [1–3].

Fe-Ni alloys have long been known, and they are widely
applied to magnetic components in electric power industry,
such as transformer magnets and magnetic cores, because
of their excellent soft magnetic properties of low coerciv-
ity and high saturation magnetization. Several methods were
used for the development of FeNi-based nanomaterials,
including thermal evaporation [4], electro deposition [5],
gas condensation [6], rapid solidification [7], metal plasma
reaction [8], and mechanical alloying (MA) [9–11].

In MA, it is well established that magnetic properties can
be improved by adjusting the composition and morphology
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of the alloy powders. Also this purpose can be achieved
by introducing other elements thus leading to ternary or
quaternary alloys [12]. Fe-Ni-Cr alloys are widely used in
many areas due to their good corrosion resistance, magne-
toresistive, and mechanical properties [13–15]. Fe–Cr–Ni
ternary system has also been recognized as one fundamen-
tal importance for solid oxide fuel cell applications [16]. It
has been reported that most of the preparation ways of Fe-
Ni-Cr alloys are melting. However, due to the ductility and
the high strength of Ni and Cr, it is so difficult to break
the refinement and to get the nanocrystalline flake powder
which has a super soft ferromagnetic character [12]. Recent
works on MA Fe–Ni–Cr have been done by Refs. [12, 17,
18]; however, to our knowledge, no reports on the oxida-
tion behavior of Fe-Ni-Cr alloys obtained by mechanical
alloying have been found in the literature.

The synthesis of Fe70Ni30, Fe60Ni40, Fe60Ni30Cr10, and
Fe50Ni40Cr10 alloy compositions from elemental powders
by mechanical alloying is reported in this paper. The aim
of the present work is to study the processing of Fe–Ni
and Fe-Ni-Cr soft magnetic materials by the MA technique.
The effect of the oxidation on structural and microstructural

evolution and thereby magnetic properties’ modifications
was also investigated.

2 Experimental Details

2.1 Preparation of Samples

All grinding experiments of Fe1−xNix and Fe1−x−yNixCry
powder mixtures were conducted using a high-energy Plan-
etary Ball Mill (Fritsch P7). The reagents, iron (Fe, 99.9 %),
nickel (Ni, 99.9 %), and chromium (Cr, 99.9 %); powders;
as well as stainless steel balls are introduced in a stainless
steel bowl of 60 ml, under inert atmosphere inside a glove
box with purified argon circulation. The lid fitted with a gas-
ket is screwed on the cylindrical body of the bowl, which
is then placed in the mill. The grindings were realized at
room temperature. The milling conditions used are 3 g of
powder mixtures, six balls of 12-mm diameter (giving a
ball-to-powder weight ratio of 25:1), 7 h of milling period,
and a speed of 300 rpm. The milling was carried out by
cycles of 30 min followed by 15 min of pause. The bowls are

Fig. 1 Rietveld refinement of
the XRD pattern of the MA
Fe70Ni30 (Rwp = 7.02 %, Gof =
1.41) and Fe60Ni40 (Rwp = 5.87
%, Gof = 1.39) powders under
air. Experimental (blue line) and
calculated (black line) patterns
are shown. The difference is
given
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open only after a period of cooling of 30 up to 60 min. The
milling of powder mixtures led to products of black colour
and clearly of crystalline nature.

2.2 Oxidation of Milled Powders

High-temperature oxidation of the milled Fe-Ni and Fe-
Ni-Cr powder mixtures was performed at a fixed temper-
ature of 1000 ◦C. The samples were placed in a platinum
crucible once the oxidation temperature is reached; the
whole system (platinum crucible containing the powder)
is placed in a furnace (Nabertherm) programmable resis-
tance. The actual oxidation was programmed under ambient
air at atmospheric pressure. The oxidation was carried
for a period of 24 h; after the oxidation is completed,
the furnace is cooled down to room temperature under
air.

2.3 Characterization Techniques

The characterization of powders was followed by X-ray
diffraction (XRD) using Rigaku diffractometer Ultima IV
equipped with Cu-Kα radiation (λCu = 0.15406 nm) in a
(θ–2θ ) Bragg-Brentano geometry. Microstructure analysis
and morphology observations were carried out using ZEISS
EVO LS 10 electron microscope (SEM) operating at an

acceleration voltage of 20 KV equipped with an electron-
dispersive spectrometer (EDS) Bruker 127 eV detector for
chemical composition. Magnetic measurements were per-
formed at room temperature by means of PMC MicroMag
3900 model vibrating sample magnetometer (VSM) having
a 1-Tesla magnet.

2.4 Qualitative and Quantitative Phase Analysis

Since X-ray diffraction powder patterns of the samples are
composed of a large number of overlapping reflections, the
Rietveld’s analysis based on structure and microstructure
refinements [19, 20] has been adopted for precise determi-
nation of several structural and microstructural parameters.
In this method, the background and peak profiles for all
phases present in the sample are evaluated. Background
is usually described by a polynomial function. For each
reflection, the profile is defined by the angular position,
the intensity, and the peak shape. The position and the
intensity are evaluated from the crystal structure and phase
composition. The methodology includes residual stresses,
texture, and microstructure contributions, i.e., crystallite
size, microstrain, and defect concentrations. Indeed, the
stress field modifies the peak positions and the texture of
the sample affects the integrated intensities of the reflections
and the microstructure changes of the peak shape profile.

Table 1 Microstructural parameters of MA and oxidized Fe-Ni and Fe-Ni-Cr powders

Compositions MA for 7 h MA for 7 h + oxidation

Phases a/Å (±2 × <d>/nm < σ2> Amount/% Phases a/Å c/Å <d>/nm/ < σ2>1/2/% Amount/%

10–4) (±2) 1/2/% (±0.2) (±10–3) (±10–3) (±1) (±10–3) (± 0.2)

(±10–3)

Fe70Ni30 Bcc Fe(Ni) 2.870 14.435 0.073 28.413 Fe2O3 5.034 13.742 69 0.053 26.1

Bcc Fe(Ni) 2.870 21.461 0.281 71.587 NiFe2O4 8.338 – 69 0.029 55.1

NiO 4.175 – 38 0.067 14.8

Bcc Fe 2.877 – 43 0.250 4.0

Fe60Ni40 Bcc Fe(Ni) 2.873 15.950 0.091 35.416 Fe2O3 5.035 13.738 71 0.029 22.7

Fcc Ni(Fe) 3.588 19.248 0.397 64.584 NiFe2O4 5.035 – 67 0.111 58.3

NiO 4.377 – 46 0.030 08.9

Fe60Ni30Cr10 Bcc Fe(Ni, Cr) 2.873 12.06 0.482 41.428 Fe2O3 5.035 13.738 52 0.081 18.5

Fcc Ni(Fe, Cr) 3.587 13.66 0.876 58.572 NiFe2O4 8.337 – 77 0.237 56.5

NiO 4.179 – 33 0.030 17.1

NiO 2.882 – 69 0.260 8.0

Fe(Ni,Cr)

Fe50Ni40Cr10 Bcc Fe(Ni, Cr) 2.882 21.29 0.291 33.294 5.034 13.743 36 0.120 5.2

Fcc Ni(Fe, Cr) 3.587 22.34 0.995 66.706 Fe2O3 8.339 – 83 0.199 76.5

NiFe2O4 4.176 – 68 0.114 16.6

NiO 3.527 – 34 0.100 1.7

Fcc

Ni(Fe,Cr)
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Fig. 2 Rietveld refinements f
the XRD pattern of the MA
Fe60Ni30Cr10 (Rwp = 6.17 %,
Gof = 1.14) and Fe50Ni40Cr10
(Rwp = 5.65 %, Gof = 1.17)
powders under air. Experimental
(blue line) and calculated (black
line) patterns are shown. The
difference is given

The Marquardt least-squares procedure was adopted for
minimizing the difference between the observed and sim-
ulated powder diffraction patterns, and the minimization
was carried out by using the reliability index parameter,
Rwp (weighted residual error), RB (Bragg factor), and Rexp

(expected error). This leads to the value of goodness of fit,
GoF [20, 21]:

GoF = Rwp/Rexp (1)

Refinements continue until convergence is reached with
the value of the quality factor, GoF, approaching 1.

To simulate the theoretical X-ray powder patterns, the
following considerations were made:

(i) For bcc Fe(Ni) and Fe(Ni, Cr) solid solutions, W-
type structure (A2), space group Im-3m with Wyckoff
position 2a.

(ii) For fcc Ni(Fe) and Ni(Fe,Cr) solid solutions, type of
structure (A1), the space group was taken as Fm-3m
with Wyckoff position 2a.

(iii) For NiO (cubic), the space group was taken as Fm-
3m with Ni and O atoms in special Wyckoff positions
4(a) and 4(b), respectively.

(iv) For α-Fe2O3 (rhombohedral), the space group was
taken As R3-c, with Fe and O atoms in special
Wyckoff positions 12(c) and 18(e), respectively.

(v) For NiFe2O4 (cubic, normal spinel), the space group
was taken as Fd3-m with Ni, Fe, and O atoms in
the special Wyckoff positions 8(f), 16(c), and 32(b),
respectively.

3 Results and Discussion

3.1 Structure Analysis

The induced heavy plastic deformation into powder par-
ticles occurring during the milling process gives rise to
the creation of a great amount of crystal defects such as
dislocations, vacancies, interstitials, and grain boundaries
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which promote solid-state reaction at ambient temperature.
Depending on the initial mixture, changes in structure of
mechanically alloyed powders can occur as follows: grain
refinement, solid solution diffusion, and/or formation of
new phases.

It was found that after 7 h of milling, all powders were
completely synthesized. The best Rietveld refinement of the
XRD patterns for the ball-milled Fe70Ni30 and Fe60Ni40

powder mixtures reveals the co-existence of two solid solu-
tions: bcc α-Fe(Ni) and fcc γ -Ni(Fe) (Fig. 1). Since the
nickel and iron form substantial solid solutions over the
complete range of compositions, the formation of α and γ

solid solutions indicates that a part of Ni atoms dissolved
into bcc-Fe crystal lattice to form α-Fe(Ni); meanwhile, part
of Fe atoms dissolve into fcc-Ni crystal lattice to form γ -
Ni(Fe). Since the diffusion coefficient of α-Fe is greater
than that of Ni [22], thereby Fe atoms will diffuse into
Ni faster than they are replaced by Ni atoms diffusing in
the opposite direction [23]. This is why the proportion of
γ -Ni(Fe) is higher than that of α-Fe(Ni) (Table 1). The

Fig. 3 Rietveld refinement of the XRD pattern of oxidized Fe60Ni40
(Rwp = 18.41 %, Gof = 1.159) and Fe60Ni30Cr10 (Rwp = 19.48 %,
Gof = 1.169) powders. Experimental (blue line) and calculated (pink
line) patterns are shown. The difference is given

observation of two structures bcc and fcc at room tempera-
ture is in good agreement with some results reported in the
literature [22–24].

For Fe60Ni30Cr10 and Fe50Ni40Cr10 powder mixtures,
the mechanical alloying leads to the formation of α-Fe and
γ -Ni solid solutions due to (i) the diffusion of Cr and/or
Ni into Fe crystal lattice and (ii) Fe and/or Cr into Ni
crystal lattice, respectively (Fig. 2). However, Enayati et
al. [17] reported only the formation of a nanostructured
single-phase bcc solid solution (α) in mechanically alloyed
Fe–18Cr–8Ni and Fe–15Cr–15Ni powders.

According to the thermodynamic data, Fe and Cr ele-
ments are insoluble at room temperature adding to the small
heat of the mixing of Fe–Cr (�Hmix = −1 kJ/mol atoms);
the diffusion of Cr into Fe crystal lattice suggests that
the local temperature increases during milling may also be
responsible for solid-state reactions. Indeed, it was argued
that the large plastic deformations that take place during
the mechanical alloying process induce local melting at an
atomic scale leading to the formation of new alloys [25].

From Table 1, one can see that the crystallite sizes
decrease after 7 h of milling to 12.06 and 13.66 nm for
bcc Fe(Ni, Cr) and fcc Ni(Fe, Cr) phases, respectively. This
later is similar to that reported by Hadef et al. [26] in MA
Fe50Ni40Al10 powders. On the other hand, the crystallite
sizes of fcc phases are higher than those corresponding to
bcc ones. Valderruten et al. [27] 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.

The oxidation of mechanically alloyed powder mixtures
leads to the formation of new phases due to the reaction
of elemental powders with oxygen present in air. Hence, in
addition to bcc-Fe (or fcc-Ni) solid solutions, all the XRD
patterns show the presence of three oxides: NiO, α-Fe2O3,
and NiFe2O4 phases (Fig. 3). From the Rietveld refinement
results, it is observed that the lattice parameter of NiFe2O4

structure increases with increasing Ni content and is slowly

higher to that of pure crystalline NiFe2O4 (a = 8.339 ´̊A;
ICDD PDF #44-1485). The difference may be due to (i)

the partial substitution of Fe3+ (0.55 ´̊A) by Cr3+ (0.62 ´̊A)
since the preference of Cr3+ for octahedral environment is
due to the favorable fit of the charge distribution of this
ion in the crystal field at an octahedral site [28] and/or (ii)
the redistribution of cations among the tetrahedral and octa-
hedral interstices [29]. It was reported that if some of the

oxygen vacancies (ionic radius of O−2 = 1.38 ´̊A) are filled

by the smaller Ni2+ ions (ionic radius = 0.78 ´̊A) from tetra-
hedral sites, the ferrite lattice may show contraction during
milling [30]. It has been reported that the ball-milled NiO
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Fig. 4 SEM micrographs and EDS spectrum for MA Fe-Ni and Fe-Ni-Cr powder mixtures for 7 h
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Table 2 Evolution of chemical composition of MA Fe-Ni and Fe-Ni-
Cr powder mixtures

Compositions Elements Theoretical/ Experimental Error/%

wt. % analysis/wt. %

Fe60Ni40 Fe 60 63.34 1.6

Ni 40 36.66 1.0

Fe70Ni30 Fe 70 68.86 1.8

Ni 30 31.14 0.8

Fe50Ni40Cr10 Fe 50 49.68 1.3

Ni 40 40.07 1.0

Cr 10 10.26 0.3

Fe60Ni30Cr10 Fe 60 60.92 1.5

Ni 30 29.79 0.8

Cr 10 09.29 0.3

and Fe2O3 powder mixtures in P5 ball mill lead to the for-
mation of spinel structure NiFe2O4 after 1 h of milling with

a lattice parameter of about 8.375 ´̊A [31].

3.2 Microstructural Observations

Mechanical alloying causes drastic changes in the morphol-
ogy of the powders that undergo severe plastic deformation.
The SEM micrographs of FeNi and FeNiCr powders after 7
h of milling show different morphologies and distribution of
particle sizes (Fig. 4). Due to the collision of the balls, the
ductile powders are flattened by the compressive forces and
hence the increase of surface area for contact leads to inti-
mate contact between both flattened and un-flattened layers
of particles. The severe deformation and work hardening
lead to the disintegration of the agglomerated powders into
fragments, giving rise to a bimodal distribution of particles
size (see inset in Fig. 4). As an example, Fe70Ni30 powders
show a lower bound average particle size of 64 μ m and
an upper bound average of 172 μ m. The qualitative anal-
ysis, by EDS spectroscopy, shows the presence of the two
elements Fe and Ni in MA Fe-Ni samples or three elements
Fe, Ni, and Cr in MA Fe-Ni-Cr ones (Fig. 4). After 7 h
of milling, the chemical composition varies slightly, almost
close to the nominal composition of the samples as reported
in Fig. 4 and Table 2.

SEM micrographs of the oxidized samples reveal the
traces of oxide on the surface of particles (Fig. 5). This is
expected as the powder particles are prone to oxidation and
since high energy is imparted to the particles during milling,
and the surface area increases which causes faster reac-
tion with the environment at high temperature. Elemental
analysis of the oxidized powders was performed by X-ray

energy-dispersive spectroscopy (EDS). The measurements
were performed on several zones of the powders. The anal-
ysis of EDS spectra shows the presence of Fe, Ni, Cr, and
O elements where the dominant element is oxygen. Table 3
shows the chemical composition (at.%) of the elements as
identified by EDS analysis of samples oxidized for 24 h at
1000 ◦C in ambient air at atmospheric pressure. SEM and
EDS analyses reveal the presence of three different zones:
(i) zone 1 shows the presence of O and Fe, the ratio of
oxygen and iron is around 3 to 2, which suggests the pres-
ence of Fe2O3 phase; (ii) zone 2 consists essentially of the
spinel phase NiFe2O4, the Ni/Fe/O ratio in this zone being
1/2/4; and (iii) zone 3 showing the presence of Ni and O
with a 1/1 ratio which suggests the presence of NiO phase.
These results are in good agreement and confirm the results
obtained by X-ray Rietveld analysis. For FeNiCr samples,
similarly, EDS analysis reveals the presence of three zones;
the presence of oxygen is likely to form Fe2O3, NiFe2O4,
and NiO oxides. No Cr oxides have been observed.

3.3 Magnetic Properties

A simultaneous occurrence of fcc and bcc phases, between
22.5 and 40 at.% Ni, was reported for milled Fe–Ni alloys,
where the bcc phase shows a ferromagnetic character in
contrast to the fcc phase which exhibits both the param-
agnetic and ferromagnetic behaviors [32, 33]. Men’shikov
et al. [34] had established qualitatively the ternary magnetic
phase diagram of the Fe-Ni-Cr system through bulk mag-
netization and small-angle neutron scattering experiments.
A.K. Majumdar et al. [35] studied the magnetic phase dia-
gram of Fe80−xNixCr (10 ≤ x ≤ 30) and found that
the system went through a compositional phase transition
from long-range antiferromagnetic phase to a long-range
ferromagnetic phase with a higher x value [18].

The saturation magnetization is generally regarded as
independent of the microstructure and strongly depends on
the chemical composition. Unlike the Hc, Ms is structurally
insensitive. Remanence (Mr) is another magnetic property
that also depends on the evolution of the microstructure of
the sample. Mr is an indicative parameter of the amount
of magnetization that the alloy or material is capable to
store after a magnetic field was applied and withdrawn. The
squareness ratio is given by the ratio of (Mr/Ms) and is
essentially a measure of how square is the hysteresis loop
(M–H) and is related to the level of intergrain interactions;
it is seen to increase as the grain size decreases [36, 37].

Magnetic hysteresis (M–H) loops at room temperature
of as-milled and oxidized powders are shown in Fig. 6. It
can be seen that the sigmoidal hysteresis loops were narrow,
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Fig. 5 SEM micrographs of the
oxidized Fe-Ni and Fe-Ni-Cr
powder mixtures

Fe60Ni40 Fe70Ni30

with a typical geometry of soft magnetic alloy hystere-
sis. After oxidation, the hysteresis loop becomes flattened.
The values of Ms, Hc, Mr, and squareness ratio (Mr/Ms)
obtained from loops are given in Table 4.

For MA powders, the Ms values are significantly lower
than that of pure iron (220 emu/g). This may be attributed to
the introduction of structural defects as well as microstrain
in the sample during the milling process. Such defects cause
volume expansion and consequently changes in geometry
of the atomic arrangement and interatomic distances which
have an effect on the exchange interaction and hence the
mode of spin alignment. Since the magnetization is created
by domain wall movement and spin rotation, it can thus be
affected by the induced structural defects which serve as
a pinning center for the domain wall motion. Furthermore,
Ms is found to decrease with increasing Ni content and con-
sequently to the increase of fcc phase amount [38]. It has
been reported that the MA FeNi alloys with 22–28 % Ni
are paramagnetic at room temperature due to the increase of
fcc phase concentration [39]. On the other hand, it has long
been known that in the fcc phase of Fe-Ni alloys, the Fe-
Fe magnetic coupling could be antiferromagnetic for small
Fe-Fe nearest-neighbor distance [40].

Hamzaoui et al. [41] have reported in binary Fe-Ni alloys
a high magnetization saturation, and is close to Ms = 227
(Am2/kg), and Ms = 219 (Am2/kg), for MA Fe-10 %Ni and
Fe-20 % Ni powders, respectively. A value of Ms = 189

(Am2/kg) for (Fe–10 % Ni) 4 % Mo has been reported in
ternary Fe-Ni-Mo alloys [42]. These values are much higher
than those reported in this investigation.

The oxidation of milled powders leads to the (i) shift of
loops to negative fields, (ii) increase of Hc, and (iii) decrease
of Ms. The shift in hysteresis loop is expected when the
field is applied in the reverse direction due to the presence
of exchange anisotropy [43, 44] irrespective of the fact that
the powder contains antiferromagnetic (or paramagnetic)
phases. This shows that the oxide particles are separated
from the ferromagnetic particles (FM) and may be in the
form of a core shell structure as it is observed in SEM micro-
graphs. The increase of Hc may arise because of the surface
random anisotropy induced due to the presence of an anti-
ferromagnetic oxide (AFM) in it. So the magnetic coupling
of FM nanoparticles with AFM oxides provides a source
of an effective additional anisotropy. The saturation mag-
netization is reduced from that of MA powders which can
be explained by the presence of AFM oxide (NiO and α-
Fe2O3) as is evident from structural analysis. On the other
hand, since the NiFe2O4 ferrimagnetic phase is dominant
after oxidation (>50 %), the obtained values of Ms can be
thus compared to that measured for the multidomain bulk
NiFe2O4 (55 emu/g) [45]. Additionally, the lower value of
Ms may be explained in terms of the core shell morphology
of the nanoparticles consisting of ferrimagnetically aligned
core spins and spin-glass-like surface layer.
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Table 3 Evolution of chemical
composition of MA Fe-Ni and
Fe-Ni-Cr powder mixtures
milled for 7 h and oxidized at
1000 ◦C

Compositions Elements Zone 1 Zone 2 Zone 3

Atom % Error % Atom % Error % Atom % Error %

Fe60Ni40 Fe 38.31 1.7 26.68 1.1 09.36 0.4

Ni 00.47 0.0 12.69 0.6 38.95 1.6

O 61.23 3.2 60.62 3.1 51.69 0.4

Fe70Ni30 Fe 40.91 2.1 14.94 0.6 04.34 0.2

Ni 00.28 0.0 30.01 1.3 51.18 2.3

O 58.81 3.1 55.80 2.8 44.48 1.9

Fe50Ni40Cr10 Fe 55.35 2.0 38.35 1.4 03.64 0.2

Ni 05.98 0.2 15.50 0.6 39.31 1.5

Cr 01.78 0.1 01.03 0.1 07.34 0.3

O 37.27 1.7 45.12 2.1 49.71 2.2

Fe60Ni30Cr10 Fe 22.94 1.1 22.32 1.1 04.87 0.2

Ni 09.82 0.5 12.35 0.6 39.58 1.6

Cr 07.75 0.4 07.02 0.3 07.88 0.3

O 59.50 3.5 58.31 3.1 47.87 2.4

Fig. 6 Hysteresis loops of MA Fe-Ni and Fe-Ni-Cr powder mixtures
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Table 4 Magnetic data of MA
and oxidized Fe-Ni and
Fe-Ni-Cr powders

Compositions MA for 7 h MA for 7 h + oxidation

Hc/Oe Ms/emu/g Mr/emu/g Mr/Ms Hc/Oe Ms/emu/g Mr/emu/g Mr/Ms

Fe70Ni30 15.45 159.1 2.44 0.015 43.11 39.27 3.05 0.08

Fe60Ni40 15.28 147.0 1.77 0.01 47.36 20.96 2.55 0.12

Fe60Ni30Cr10 29.92 119.2 4.51 0.04 51.13 19.71 2.83 0.14

Fe50Ni40Cr10 17.13 109.8 2.60 0.02 44.94 33.70 2.52 0.07

4 Conclusion

Structural and microstructural evolution and thus changes
of magnetic properties of MA and oxidized Fe-Ni and Fe-
Ni-Cr powders have been investigated. The results show the
formation of two ferromagnetic solid solutions bcc and fcc
in mechanically alloyed samples After oxidation, Rietveld
refinement reveals the formation of three types of oxides on
the surface of particles: AFM NiO and α-Fe2O3 phases and
about 50 % of ferrimagnetic inverse spinel NiFe2O4 phase.
It has been found that the magnetic coupling between FM
cores and AFM shell leads to the decrease of Ms and the
increase of Hc.
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