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Nanocrystalline Fe-35 wt%Ni-20 wt%Co has been prepared by using a high-energy planetary ball mill with increasing milling time from 4 to
36 h. Microstructural characterisations showed the development of an face-centred cubic nanostructured Fe-35 wt%Ni-20 wt%Co alloy with
an average crystallite size of 8 nm. The magnetic investigation revealed that the nanostructures obtained from a milling time of 36 h have the
highest magnetic saturation and the lowest coercive field. In addition, the hardness and the electromagnetic absorption of the Fe-35 wt%Ni-
20 wt%Co alloy were found to increase with the milling time. These evolutions could be attributed to the crystallite size and the strain
variations in the samples during milling.
1. Introduction: Nanocrystalline materials, iron-based alloys have
received remarkable attention due to their excellent soft magnetic
properties such as high saturation magnetisation (MS), high
permeability and good absorption properties. These characteristics
result from the refinement of the crystallite size up to the nanoscale
and the large fraction of the atoms residing in the grain boundaries.
They are very sensitive to the microstructure of the alloy formation
and the effects of elementary additions on the microstructures [1].
There are different methods for producing iron-based magnetic
alloys. Mechanical alloying (MA) is one among these methods
which is a simple method of processing to produce a large variety
and large quantities of nanomaterials at the solid state [2]. The
nickel–iron (Ni–Fe) alloys possess the highest permeability and
exhibit the least amount of flux density. It is known that Fe–Ni
alloys are kinds of important soft magnetic materials, which have
wide application in the field of electronic devices and industry.
Fe–cobalt (Co) alloys soft magnetic materials have the highest
saturation MS, as well as high Curie temperatures, making these
alloys suitable materials for high-temperature application [3].
Properties vary over composition range; optimum composition
must be selected for a particular application.

The soft magnetic property of Fe–Ni alloys change with Ni%:
lower coercive field (about 80 wt% Ni), and higher MS (about
50 wt% Ni) and the Fe–Co magnetic alloys with compositions of
25–50 wt% Co have the highest moment per unit mass and the
maximum (Ms) occurs at 35 wt% Co, and of 65 wt% the smallest
coefficient of reflection and maximum absorption [4, 5].

Furthermore, Co–Fe–Ni ternary alloys exhibit good soft
magnetic properties that suggest several applications, for instance,
write head core materials in hard-disk drives [6, 7]. However,
there are only a few works available on the detailed investigation
of the effect of substitution elements on the evolution of nanocrys-
talline microstructure and the resulting magnetic properties of
FeCoNi alloy powders with%Co more than%Ni≤20% of Fe [7, 8].

In the present Letter, we have further clarified the effect of MA
on both microstructure and magnetic properties of the Fe-35 wt%
Ni-20wt%Co the system at various milling times. The concentra-
tions ∼of 50 wt% Co and ∼of 80 wt% Ni which have not reserved
much investigation in the literature.

2. Experimental details: The present Letter carries out the struc-
ture study and magnetic properties of MA (45 wt% Fe-35wt%
974
& The Institution of Engineering and Technology 2018
Ni-20wt%Co) powders. Elemental powders with high purity
(Fe (∼50 μm, 99.9%), Ni (∼5 μm, 99.98%) and Co (∼30 μm,
99.9%) have been used as starting materials and mixed at the
desired composition. The milling process was performed under
inert atmosphere (high purity argon 99.9% purity) using a planetary
high-energy ball mill. The weight ratio between the balls and the
powders was maintained at 20:1. The milling powder ball was
carried out using a sequence of 30 min milling and 15 min
resting. The milling time sequence was chosen to avoid contamin-
ation from the friction and the impacts between the balls and the
walls of the vials. The milling times were 4, 8, 12, 18 and 36 h.
To avoid oxidation, powders were introduced under argon atmos-
phere, into a cylindrical steel container (vial) with 40 steel balls
(Ø, 20 mm; mass, 32 g) and 250 rpm rotation speed.

To check crystal structure and to determine the effective
grain size, we used X-ray diffraction (XRD) measurements
(Siemens D500 diffract meter) using Cu Kα radiation
(λ= 1.5406 Å) in the 2θ range from 30° to 110°. For each milling
times, three measurements were done. The crystallite size and
lattice strain were estimated by Williamson–Hall method, and the
phase identification was determined by using HighScore Plus soft-
ware (Version 3.0d).

Morphology and particle size were observed via scanning elec-
tron microscopy (SEM) model (XL 30S FEG) coupled with
energy dispersive X-ray spectroscopy. The average magnetic prop-
erties were measured at room temperature using a MICROSENS
EV9 Vibrating Sample Magnetometer. To further understand the
alloying mechanism during MA, available powders were mixed
with a resins epoxy to get bulk samples, and then prepared for
microhardness tests by polishing.

According to the transmission line theory, the reflection loss
(RL) of electromagnetic radiation Re (dB) which has been
measured using a metallic waveguide (PM 7001X) in the X-band
frequency at 9.5 GHz, under normal incidence of the electromag-
netic field.

3. Results and discussion
3.1. Structure: The evolution of XRD patterns with milling
time is shown in Fig. 1a, where the diffraction of the powders
Fe45Ni35Co20 showed the presence of [body-centred cubic
(BCC)] Fe, hexagonal close-packed and face-centred cubic (FCC)
cobalt and nickel. Co and Ni peaks disappeared after 4 and 8 h of
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Fig. 1 Evolution of XRD patterns with milling time
a X-ray patterns for various milling times
b Evolution of average crystallite size and lattice parameter
c Microstrain during MA

Fig. 2 Quantitative analysis spectra of the Fe45Ni35Co20
a 4 h milling
b 36 h milling
milling, respectively, indicating the formation of new phase BCC
Fe(Co–Ni) and FCC Fe(Ni–Co) solid solution due to the
penetration of Co and Ni atoms into Fe lattice. The energy
and the time of milling have a complex effect on the final
structure of the alloy. The increase in milling energy has impact
through two main physical parameters: the different types of
structure defect and the milling process average temperature.
Dissolution sequence (DS) of elements during MA depends on
several factors including intrinsic properties of elements (such
as melting points, bonding energies and mechanical properties)
and solute content.
Therefore, based on the melting point, the DS can be determined

as Ni→Co→Fe [4, 6]. A possible explanation for the reverse
tendency between Co and Ni was proposed with mechanical
disintegration and solute content, the amount of Ni was about
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1.75 times the Co content in this system associated with the progres-
sive mutual dissolution of the elemental Co and Ni powders giving
rise to the formation of two FCC solid solution Ni(Co) and Co(Ni).
Indeed, it is well established that the diffusivity of Co into Ni is
larger than that of Ni in Co [9, 10]. Moreover, an increase of the
milling temperature (energy of milling) will stabilise and destabilise
FCC and BCC structures, respectively, as mentioned according to
the Fe–Ni phase diagram [11]. An increase of the milling intensity
will extend the FCC concentration range and narrow the BCC con-
centration range (Fig. 1a). The structure defects caused by the MA,
lead to a lesser destabilisation of the FCC phase than of the BCC
phase [9]. The evolution of crystallite size and lattice strain as a
function of milling time is shown in Fig. 1b. The average crystallite
size decreased rapidly up to 12 h of milling due to the formation of
solid solution and then attained a saturated value. In fact, when the
grain size reaches a saturation value, further milling will not
produce more dislocations due to the difficulty of generating dis-
locations at small grain sizes, though existing dislocations will
be rearranged and some will be annihilated [12]. Also, we have
noted that the lattice parameter increases with increasing milling
time, which is due to the heavily cold worked and plastically
deformed powders and by defects introduced in interfaces. At the
same time, we observe both a considerable decrease in the grain
size and increase in the volume fraction of grain boundaries. The
grain-boundary affects the movement of dislocation and strain hard-
ening significantly. On the basis of the coherent polycrystalline
model [7], the volume fraction of the grain boundaries fgb was esti-
mated by the formula

fgb = 1− fg (1)

where fg denotes the volume fraction of the grains given by

fg =
(D− d)3

D3
(2)

Moreover, D is the crystallite size, d is the effective grain-boundary
thickness. In most of the nanostructured alloys, the estimated
thickness of the interfaces was roughly found at 2–3 atomic
layers [5, 7].

The elemental analysis data are shown in Fig. 2 showed that
the Fe–Co ratios evaluated for 4 h (1.91) and 36 h (2.53) milling
times are very close to the starting nominal composition 2.25.
One concludes that the contamination by the constituents (Cr) of
the steel from both vials and balls can be neglected and the
absence of oxygen indicates the non-oxidation of elements.

3.2. Morphology: The evolution of particle’s morphology as a
function of milling time is shown in Fig. 3. We observed that
different morphologies are presented during the MA stages.

Microstructure formation during MA is administrated by a com-
petition between the cold welding and a fracture of powder particles
under the repetitive events of impact [13].
975
& The Institution of Engineering and Technology 2018



Fig. 3 Morphology of Fe45Ni35Co20 alloy
a 4 h of milling time
b 8 h of milling time
c 12 h of milling time
d 18 h of milling time
e 36 h of milling time
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It is well known that during the milling of ductile–ductile
systems, the powders become flattened, cold welded, fracture and
rewelded. In the early stages of milling of ductile materials,
the morphology changes significantly after few hours of milling
(8 h, Fig. 3b) the powders are crushed and changed into flake
shape with different sizes (these different sizes of particles are com-
monly seen in early stages). The powder particles are flattened by
the energy induced by the contacts between (ball–powder–ball)
and/or (ball–powder–bottle). This leads to the changing of mor-
phology and an increase in particle size (though some small
particles are produced). For the milling time at 12 h, the mean par-
ticle size increased because the propensity of cold welding domi-
nates the milling process. At this stage, the powders tend to turn
to an irregular shape and size (Fig. 3b), a large distribution of
particles sizes is observed. With continued deformation up to
18 h (Fig. 3c), fracturing becomes dominant because the particles
get work harder and fracture by a fatigue failure mechanism [14,
15]. Therefore, in Fig. 3d, the particle shape becomes more
regular, spherical and smaller particle size is observed, this can
be attributed to the balance between the fracturing and the
welding processes. However, the formation of an irregular distribu-
tion of particle sizes at 36 h of milling (Fig. 3e) reveals that the step
of balance between the fracturing and the welding processes is
exceeded.

The mechanical behaviour of the alloy was studied by measuring
the microhardness Vickers ‘Hv’ at the room (Fig. 4). No micro-
cracking was observed from the corners or sides of the Vickers in-
dentation, indicating a rather high fracture resistance of the material.
When the dissolved atoms are dissolved in the solid solution, this
tends to increase the hardness (the powder becomes more regular)
[16]. The accumulation of strain energy during MA (by increasing
milling times) tends to increase the microhardness value [3, 17].
The behaviour of the dislocation is inversely related to the macro-
scopic grain size. The grains in severely deformed materials are
divided into sub-grains or dislocation cells, which are separated
from each other by grain boundaries. As the deformation continues,
these dislocation walls finally transform into grain boundaries.
The grain-boundary affects the movement of dislocation and
strain hardening significantly, as well as, the strength and ductility
of materials.

Magnetic properties (were measured at room temperature)
might be affected by changes as well as in the structure as in the
milling times, particularly coercivity field (Hc), and the saturation
Ms which remain important parameters [12]. Hc is often affected
by grain size and most types of structural defects, precipitates,
dislocations, grain boundaries and non-magnetic particle distribu-
tion. Additionally, in the mechanical alloy, the evolution of Hc is
Fig. 4 Average microhardness as a function of milling times
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Fig. 5 Evolution of average Ms and Hc functions of milling time

Fig. 6 RLs according to the milling times
due to the internal nanostructure, impurities, pores and defects
that are introduced during milling. The maximum Hc is obtained
at 4 h milling with the presence of BCC FeCoNi, after that
the Hc decreases down, suggests the formation of FCC FeNiCo
(Fig. 5).
The important reduction of the crystallites size and each grain

behaves as a magnetic domain (mono-domain grain) thus reduce
the influence of block’s partitions, which leads to an easier rotation
of the domain walls than the Ms increase when milling time is
increased. In fact, this leads to the reduction in magnetocrystalline
anisotropy and also charge transferring between the ferromagnetic
atoms [18, 19].
The microwave properties of the alloy depend on both

characteristics of the particles and their microstructures such as
particle size, powder morphology, texture, saturation MS and
magnetic anisotropy field [8]. The variations of the RLs according
to the milling times at 9.5 GHz are represented in Fig. 6. This
evolution of RL is due to the presence of defects generated
during intensive milling and the volume fraction of the grain bound-
aries [13]; these parameters create multiple reflections and inter-
facial polarisations making possible to improve the absorbing
property of microwaves and evolution of the thickness
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when the volume fraction changes. It is clear enough that the
FeNiCo alloy becomes more absorbing with milling time
increasing.

4. Conclusion: A nanostructured Fe45Ni35Co20 alloy was
obtained by MA. The evolution of microstructure and magnetic
properties of the powders during milling was investigated
using XRD, SEM and vibrating sample magnetometer. The
morphologies of the powder at different milling times are
governed by the fracturing and welding processes. The formation
of platelet particles due to the dominance of cold welding and
second the fracturing process leads to spherical particles. In
addition, the shape of the particle becomes more regular and
spherically smaller when the balance between fracturing and
welding processes is reached. During the milling for 4 h leads to
the formation of two BCC and FCC, the predominate phases
(FeCoNi and FeNiCo) coexist, as milling times increasing the
phase FCC (FeNiCo) became the covering of solid solution.
On the basis of XRD evolution, DS was determined as
Co→Ni→Fe. The increase of the microhardness value is mainly
attributed to the accumulation of strain energy and relation to the
higher-volume fraction of grain boundaries. The evaluation of
coercive field Hc, RLs and crystallite size reveals that there is a
regular and a similar diminution. On the other hand, the MS
increases when the milling time is increased.
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