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Abstract Nanocrystalline FeggNijg alloys were synthe-
sized by mechanical alloying, starting from a powder mix-
ture of elemental Fe and Ni. The phase evolution and mag-
netic properties were investigated, as a function of milling
time, using the X-ray diffraction (XRD), the vibrating sam-
ple magnetometer (VSM), and the 3'Fe Mossbauer spec-
troscopy. From XRD results, we concluded the formation,
after 13 h of milling, of a disordered phase «a-Fe(Ni) (bcc).
It has been shown that the increase of milling time decreases
the crystallites size and increases the microstrains and the
lattice parameter. When the crystallites size decreases, the
coercive field, H., decreases first, then increases and finally
reaches a constant value of about 26 Oe. During the peri-
ode of the alloy formation, the saturation magnetization,
My, increases with decreasing crystallite size and reaches
the highest value of 212 emu/g after 27 h of milling, then,
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M remains constant up to 48 h of milling. The adjustment
of Mossbauer spectra revealed that the fraction of the (bcc)
a-Fe(Ni) phase increased with milling time. After 13 h of
milling, only the (bcc) a-Fe(Ni) phase is observed.
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1 Introduction

Iron-based alloys have received appreciable attention due
to their remarkable soft magnetic properties, such as high
saturation magnetization and high permeability [1]. Most
recently, research interest in nanocrystalline materials has
dramatically increased because of their attractive properties
especially magnetic ones often superior to those of conven-
tional polycrystalline materials [2]. Those properties arise
from the small crystallite size and a significantly large vol-
ume of crystallite boundary [3]. Among different iron-based
nanocrystalline soft ferromagnetic alloys, the Fe-Ni sys-
tem has been studied for a long time due to its excellent
soft magnetic performances that make them of potential
use in various applications such as in catalysis, sensors,
disk drive components, and absorbing materials [4-10]. A
variety of processing techniques has been developed for
the production of nanocrystalline Fe-Ni including chemical
processing, sol-gel methods, rapid solidification, electrode-
position, and ball milling [11-19]. Mechanical alloying
(MA) is a solid-state powder processing technique that can
be used to synthesize a wide variety of nanocrystalline
phases from elementary powders [20, 21]. During MA, the
powder particles are continuously subjected to severe plas-
tic deformations and fractures, leading to the incorporation
of lattice defects and to a continuous refinement of the
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initial structure [22]. It was generally demonstrated that
the magnetic properties of mechanically alloyed materi-
als can be notably improved when the crystallite size is
reduced into the nanometer scale [23, 24]. In the last
years, many studies have focused on the Fe-Ni powders
obtained by MA. It has been shown that different struc-
tures were formed, depending on chemical composition of
this alloy. In this regard, S.D. Kaloshkin et al. [25] inves-
tigated by MA the phase formation in Fe 19o— »Ni , alloys
(10 < x < 90 at.%). They reported that for the concentra-
tions lower than 20 at.%, only single cubic-centered (bcc)
phase is present. Increasing the concentration of Ni up to
28 at.% leads to the formation of both cubic-centered (bcc)
and face-centered cubic (fcc) phases. Only (fcc) phase has
been evidenced in the samples when the concentrations of
Ni is higher to 28 at.%. J. Liu et al. [26] concluded the
formation of the single (fcc) NiFe phase in Fe—40 wt.%Ni
alloy after 160 h of milling. A. Guittoum et al. [27] and
Kh. Gheisari et al. [28] obtained nanocrystalline (fcc) phase
by MA of Fe-50 at.%Ni powders. On the other hand, the
magnetic properties of mechanically alloyed Fe—Ni alloys
presented a great interest for researchers. The basic premise
has been that the magnetic behavior is intimately related
to the structure but not notably affected by the milling
conditions. For example, R. Hamzaoui et al. [17] showed
that the saturation magnetization, Mg, of the nanocrystalline
FegoNijg and FeggNizg (wt.%) alloys prepared by high-
energy ball milling is not modified by the milling mode
process; nevertheless, M is appreciably improved by the
decrease of the crystallite size and the increase of the lat-
tice parameter. More recently, R.R. Rodriguez et al. [19]
have investigated, by means of X-ray diffraction (XRD)
and Mossbauer spectroscopy (MS) at low temperature,
the structural and hyperfine properties of nanostructured
FegsNiss alloys. The same authors [19] reported that the
XRD results showed the coexistence of one (bcc) and two
(fcc) phases. According to MS results, the (bcc) phase was
identified as a ferromagnetic-disordered Fe(Ni) phase rich
in Fe, while the (fcc) phases were attributed, respectively,
to the ferromagnetic-disordered phase rich in Ni and to the
paramagnetic one rich in Fe.

In a perspective of developing more detailed study on
Fe—Ni system, we have performed this research work which
treats the structural and magnetic properties of FeggNijg
nanostructured powders elaborated by high-energy ball
milling for different milling times (up to 48 h). In order
to well characterize the elaborated FeggNijg samples, many
methods have been used in this work: the X-ray diffrac-
tion (XRD) followed by the Rietveld refinement to study
the microstructural change occurring after different milling
times, the vibrating sample magnetometry (VSM) which
allows us to study the behavior of the saturation magneti-
zation and the coercive field with the crystallite size, and
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finally the Mdssbauer spectroscopy (MS) which enables us
to follow the structural changes at an hyperfine level.

2 Experimental Procedures
2.1 Elaboration of FeggNij¢g Nanostructured Powders

The starting elemental powders of Fe and Ni (purity
>99.9 %, average particle size <100 um) were weighed
and mixed to give the composition of FeggNijg (at.%).
The mechanical alloying experiments were performed using
a vario-planetary high-energy ball mill (Fritsch P4). The
advantage of the Fritsch P4 remains in the possibility of
choosing the milling mode, i.e., the rotational speeds of
the disk (w) and the vials (2) are independent. In order
to ensure that the milling will be performed in an inert
atmosphere (no oxidation during the milling), the starting
powders with five (05) stainless steel balls, having 12 mm in
diameter, were sealed in atmosphere of argon in a stainless
steel vial. The ball to powder weight ratio was fixed to 15:1,
and the milling process was carried out with a sequence
of 30 min of milling following by 15 min of pause. The
rotation speeds of disc and vials were 250 and 500 rpm,
respectively, and were maintained for the different milling
times ranging from 4 to 48 h.

2.2 Samples Characterization

The X-ray diffraction experiments were performed with a
Philips X Pert Pro diffractometer working with the Bragg—
Brentano geometry using CuKe radiation. The XRD pat-
terns were collected in the 26 angular range from 20° to
110° with a step size of 0.02°. The MAUD software (version
2.33), based on the Rietveld method combined with Fourier
analysis [29-31], was used to refine the microstructural
parameters of nanostructured powders. The instrumental
resolution of the X-ray diffraction equipment was deter-
mined with a standard sample of silicon (Si) free from
defects. The background of each X-ray pattern was fitted by
a polynomial function, and the microstructural parameters
such as crystallite size and microstrain were obtained after
the adjustment of the spectra by applying the Delf isotropic
model [32]. To do so, the observed lines profiles are adjusted
with a pseudo-Voigt function, based on Caglioti formulas
(see Egs. (1) and (2)), and which is used by the most popular
Rietveld refinement programs [32-35]. In this function, the
full width at half maximum (FWHM) of the Gaussian (Hg)
and Lorentzian (Hr,) components of the line profile have an
angular dependence given by

HE = U.tan®6 + V.tand + W + P /cos*6 (1
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Here, U, V, W, X, and Y are refinable parameters, which
depend on FWHM. Because the parameters in Egs. (1) and
(2) are depending of FWHM, they should be converted
into integral breadth profile according to conversion factors
given by Langford [36]. After removing the instrumental
contribution, the integral breadths Bp (microstrains effect)
and fBs (size effect) can be related to mean values of the
crystallite size, <D>, and the root mean square (r.m.s) of

1
the microstrains, <02)2 , according the following equations
[36—-40]:

Dy — K.A 3

(D) = Bs cosO )
2y Pp 2

) = 4tanf V& @

Here, A is the X-ray wavelength in nanometer (nm), 6
is Bragg’s diffraction angle, and K is a constant which
depends on the crystallite shape.

The Mossbauer spectra were collected at room tem-
perature (RT) using a Wissel instrument in the constant
acceleration mode, using a radioactive >’Co source diffused
into a rhodium matrix. Metallic iron was used for energy
calibration and also as a reference for isomer shift. The
adjustment of Mossbauer spectra was done with the Recoil
software using the Voigt-based hyperfine field distribution
method (HFD-VB-F) [41]. The hysteresis loops of the pow-
der samples were measured at room temperature with a
LakeShore 7400 vibrating scanning magnetometer (VSM)
in a maximum applied magnetic field, H, of 20 kOe.

3.1 Microstructural Study

Figure 1 shows the XRD spectra obtained for different
milling times. The XRD spectrum of the unmilled powder is
also presented as a reference. For the unmilled sample, the
XRD spectrum reveals the presence of both (bcc) a-Fe and
(fcc) Ni in their elemental forms. The Ni (111) and Ni (222)
peaks overlap with Fe (110) and Fe (220), respectively.
After 4 h of milling, the intensities of Ni peaks intensely
decreased indicating that the solid-state reaction starts in
this step of milling process. The Rietveld refinement has
been performed for all the XRD spectra of the milled pow-
ders. In Fig. 2, we have presented an example of refinement
for the powder milled at 13 h. We have shown that, after
13 h of milling, no reflections corresponding to (fcc) Ni and
(bce) a-Fe exist, and that only the (bec) a-Fe(Ni) phase with
a space group Im3m is present. This result agrees well with
the previous one reported by E. Jartych et al. [42], where
a (bcc) a-Fe(Ni) solid solution was evidenced after 20 h of
milling. Moreover, in addition to the complete disappear-
ance of Ni peaks, a slight shift towards the lower angles
which is accompanied with a broadening of a-Fe peaks
have been observed (see Fig. 1). This behavior has been
shown in different Fe—Nibased alloys and it has been indi-
cated that the slightly angular shift is due to the relaxation
of first-order internal stress during milling [27]. In fact, the
first-order internal stresses acts at the macroscopic level by
modifying the lattice parameter and consequently produce
an angular shift of the XRD peaks [43]. On the other hand,
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Fig. 2 Rietveld refinement of XRD patterns corresponding to the
sample milled for 13 h

the broadening of the peaks is attributed to the reduction in
crystallite size and the increase in internal microstrains [44].

Figure 3 illustrates the variation of the lattice parame-
ter, a(nm), of FegoNijo powders as a function of milling
time. We remark that a(nm) increases slightly from its ini-
tial value of 0.2866 + 0.0002 (corresponding to that of pure
(bee) a-Fe) to 0.2871 + 0.0002 nm after 13 h of milling
which corresponds to 0.17 % of lattice parameter expansion.
With prolonging the milling time above 13 h, where only the
(bce) a-Fe(Ni) phase exists, the lattice parameter remains
constant. The value of a(nm) obtained in this work agrees
well with that reported in the literature for the ball milled
FegoNijg (wt.%) alloy, where the lattice parameter value
obtained after 60 h of milling was 0.28695 + 0.00005 nm
[17]. During MA, the increase/decrease of a(nm) is gener-
ally attributed to the size mismatch between the solvent and
solute atoms. However, for the Fe—Ni alloys, the difference
between the atomic radii of Ni (Rnj = 0.125 nm) and Fe
(Rpe = 0.124 nm) is very small. Then, we believe that, in our
case, the increase of lattice parameter is not due solely to the
diffusion of the Ni atoms into the «-Fe lattice. The lattice
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0.28694 [
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0.28674

Lattice parameter, a, (nm)

0.28664 o
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Fig. 3 Evolution of lattice parameter, a, as a function of milling time
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parameter expansion may be due also to the high density of
defects induced by the ball milling process in the interfaces
[45, 46].

Figure 4 presents the variation of the average crystal-
lite size, <D>(nm), and the root mean square (r.m.s.) of

1
the microstrains, <02)2, which have been deduced from
the Rietveld refinement of XRD spectra. The estimation of

1
errors in <D> and (02)? is governed by the precisions in
the determination of integral breadths (8s and Sp) and the
angular position of the diffraction peaks [47, 48]. These

errors in <D> and (02>% are given by the program Maud
after performing a good fit (quality factor of fit, GoF, close
to 1).

From Fig. 4, one can see that <D> decreases sharply
in the early stages of milling (0-13 h) and tends to sat-
urate after 13 h at about 31 + 2 nm. It is interesting to
note that the value of <D> achieved in this work is high-
est to that obtained by R. Hamzaoui et al. [49] and lowest
to the one found by R. Koohkan et al. [50]. The reduc-
tion of <D> is accompanied by a monotonic increase of

1
(02>2 from its initial value of 0.05 = 0.03 to 0.47 + 0.03 %
after 18 h of milling. With further milling time, it can be

1
seen that (02>7 tends to be balanced around this value. This
result agrees with that found by R. Hamzaoui et al. [49]
for the FeggNijg (wt.%) compound prepared by mechanical

alloying. The decrease of <D> and the increase of <02)%
can be explained by the fact that, during high-energy ball
milling, the powder particle are continuously subjected to
severe plastic deformation and fracturing that results in the
refinement of crystallite size as well as increase of the lattice
microstrains [22].
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Fig. 4 Evolution of the average crystallite size, <D>(nm), and root

1
mean square (r.m.s.) of the microstrains, (02) 2 as a function of milling
time for FeggNijo powders
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3.2 VSM Measurement

Figure 5 shows the room temperature hysteresis loops (M —
—H) of FeggNijg powders for the different milling times.
From these curves, the values of saturation magnetization,
Mg, and coercivity, H., have been computed. All the sam-
ples are ferromagnetic with a value of the coercivity, H,
below 30 Oe for all the samples then, we can consider these
alloys as soft magnetic materials.

The evolution of H, as a function of crystallite size is
shown in Fig. 6. As can be seen, H, does not follow a clear
trend with the crystallite size. Indeed, we remark that at
the first stage corresponding for milling time up to 13 h,
H. decreases with decreasing crystallite size from 49 Oe
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Fig. 6 Evolution of the coercive field, H., as a function of the
crystallite size

(D =154 nm)to 13.5 Oe (for D = 32 nm). Similar behav-
ior was observed for nanocrystalline alloys elaborated by
MA [51]. This decrease of coercivity when the crystallite
size decreases can be due to the predominance of size effect
compared to that of microstrains [51]. For the second stage
(the milling time between 13 and 18 h) and for practically
the same crystallite size value of around 31 nm, we remark
that H, increases brutally and reaches a value of 26 Oe. The
increase of H. may be due to the microstrain effect which
seems to dominate in this range of the crystallite size [2].

With prolonging milling time up to 48 h, we observed
that H. remains constant for the same values of <D> (see
Fig. 6). We believe that this behavior may be due to the fact
that the balance between the two effects, i.e., the crystal-
lite size decreases which tends to decrease coercivity and
the effect of microstrains which tends to increase coercivity,
has been achieved. Indeed, it was reported (see Section 3.1)
that in this stage of milling, the mechanical alloying equi-
librium and the complete formation of the alloy have been
attained.

It is important to note, for comparison, that for FeggNijq
compound, R. Koohkan et al. [50] observed a behavior of
H_ different from that found in this work. The same authors
[50] reported that the coercivity increases monotonically
with decreasing crystallite size as a consequence of con-
siderable introduction of internal strains into the material.
Moreover, the same authors have obtained values of H,
higher than those mentioned in the present study. We believe
that such difference could be attributed to the conditions of
preparation of samples.

Figure 7 shows the variation of the saturation magne-
tization as a function of crystallite size. It is observed a
monotonic increase of Mg, from 193 to 206 emu/g, when

215
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Fig. 7 Evolution of saturation magnetization, M, as a function of
crystallite size
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Table 1 Hyperfine parameters values of FeggNijo powders for different milling times
Milling time (h) Assigned phase (s)
(bee) a-Fe (bee) a-Fe(Ni)

<Hp>%0.02 <IS> +0.001 A (%) <Hp>+0.02 <IS> +0.001 A (%)

(M (mm/s) (M (mm/s)

32.97 0.001 88.05 34.34 0.004 11.95
9 32.96 0.001 19.00 33.64 0.014 81.00
13 33.09 0.001 4.30 33.77 0.019 95.70
18 32.82 0.001 1.50 33.81 0.021 98.50
27 - - 0 3379 0.023 100
36 - - 0 33.77 0.025 100
48 - - 0 33.78 0.025 100

1.S. isomer shift (values are given relative to (bcc) a-Fe at room temperature, Hps mean hyperfine field of the component, A relative area of the

component

the crystallite size decreases from 154 to 31 nm. For 13 h
of milling and for a constant value of crystallite size, we
noted a sharp increase in Mg which lasts up to 36 h. The
maximum value achieved by M; is equal to 212 emu/g. A
similar behavior was observed by many authors in the case
of Fe—Ni alloys prepared by mechanical alloying [4, 49].
Generally, the increase of Mj is attributed to the formation
of (bcc) a-Fe (Ni) solid solution and also to the charge trans-
fer between Fe and Ni atoms [1]. Moreover, the increase of
M can be also due to the diminishing of magnetocrystalline
anisotropy as a result of the crystallite size decreasing, giv-
ing rise to an easier motion of the magnetization [7]. The
value of M, obtained in this work is very close to that
reported by J. Ding et al. [4] for the same composition but
after 36 h of milling time.
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Fig. 9 Mossbauer relative areas of the (bcc) «-Fe and (bcc) a-Fe (Ni)
as a function milling time

3.3 Mossbauer Spectroscopy

Mbossbauer spectroscopy is one of the most suitable meth-
ods which can be used to follow the phase evolution during
the MA process. The room-temperature Mossbauer spectra
of FeggNijg milled powders and their corresponding hyper-
fine field distributions (HFDs) are shown in Fig. 8. All the
hyperfine parameters resulting from the adjustment of the
Mossbauer spectra are presented in Table 1. It is noted that,
for 4 h of milling time, the HFD is characterized by a nar-
row peak with a small shoulder in the region of higher
hyperfine magnetic fields (higher than 33 T corresponding
to pure Fe). For this sample, the Mossbauer spectrum was
fitted with one sextet containing two components. The first
component having a mean hyperfine field value, <Hyr>,
of 32.97 T is a characteristic of the starting Fe powder
where the Fe atoms are surrounded, preferentially, by Fe
atoms as first nearest neighbors. The second component
with <Hpe> equal to 34.34 T is attributed to the forma-
tion of a disordered (bcc) «-Fe (Ni) phase as a result of the
substitution of Fe atoms by Ni ones. This result correlates
well with that found by XRD diffraction where the for-
mation of the disordered (bcc) a-Fe(Ni) phase was clearly
proved by the drastic diminution of the diffraction peaks
intensity of (fcc) Ni phase after 4 h of MA (see Section 3.1).
With increasing milling time until 9 h, one can see that
the HFD presents a clear asymmetry. Indeed, the shoul-
der corresponding to the second component (bcc «-Fe (Ni))
becomes more intense and the intensity of the narrow pick
corresponding to the first component (bcc «-Fe) has con-
siderably decreased (see Fig. 8). For this sample, the value
of < Hps> obtained for the first and the second component
are 32.96 and 33.64 T, respectively. After 13 h of milling,
we note that the HFD is highly symmetric, indicating that
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the sample presents a more homogeneous composition. For
this sample, the spectrum was also adjusted with two com-
ponents and the obtained < Hpe> values were 33.09 and
33.75 T, respectively. No change was noted in the shape
of the HFD when the milling time increased until 48 h.
Indeed, the Mdssbauer spectra consist only of one compo-
nent characteristic of the disordered (bcc) a-Fe(Ni) phase
where < Hy¢> is equal to 33.81, 33.79 T, 33.77, and 33.78 T
for 18, 27, 36, and 48 h of milling, respectively.

The evolution of the relative areas of the two compo-
nents as a function of milling time is shown in Fig. 9. As
the milling time increases, the relative area of the (bcc) a-Fe
(N1i) phase gradually increases in relation with the progres-
sive formation of the solid solution. The increase of the
(bee) a-Fe (Ni) relative area is accompanied with a decrease
of that of (bcc) a-Fe. It is clearly observed that after 13 h of
milling, the relative intensity of this contribution has con-
siderably reduced (less than 5 %). One can conclude that the
(bce) a-Fe (Ni) solid solution is formed by the diffusion of
Ni atoms into the Fe lattice.

4 Conclusion

In the present work, we have prepared nanostructured
FeggNijg (at.%) powders using high-energy ball milling for
different milling times up to 48 h. The samples were inves-
tigated by X-ray diffraction XRD, Mossbauer spectroscopy,
and magnetic measurements. The XRD patterns reveal that
the (bce) a-Fe(Ni) solid solution is formed by the grad-
ual diffusion of Ni atoms into (bcc) «-Fe. After 13 h of
milling, only the (bcc) «-Fe(Ni) phase is detected. With
increasing milling time, we noted that the lattice param-
eter increases slightly from its initial value corresponding
to that of (bcc) a-Fe to its final value of 0.2871 nm. In
addition, we recorded that the alloy formation was accom-
panied with a decrease of the crystallite size accompanied
by an increase in microstrains, and the final values achieved
are 31 nm and 0.47 %, respectively. As the crystallite size
decreases, the saturation magnetization increased up to 27 h
to reach a maximum value of 212 emu/g and then remained
constant. The coercive field, H., decreases first when the
crystallite size decreases, then increases and reaches finally
a constant value of 26 Oe. From Mossbauer results, we con-
cluded that the alloy starts to form during the first hours of
milling; however, after 13 h of milling, only the component
corresponding to (bcc) a-Fe(Ni) phase is present.
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