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a b s t r a c t

This paper focuses on the magnetic, structural and microstructural studies of amorphous/nanocrystalline
Ni63Fe13Mo4Nb20 powders prepared by mechanical alloying. The ball-milling of Ni, Fe, Mo and Nb pow-
ders leads to alloying the element powders, the nanocrystalline and an amorphization matrix with Mo
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element up to 120 h followed by the strain and thermal-induced nucleation of a single nanocrystalline
Ni-based phase from the amorphous matrix at 190 h. The results showed that the saturation magnetiza-
tion decreases as a result of the electronic interactions between magnetic and non-magnetic elements
and finally increases by the partial crystallization of the amorphous matrix. The coercive force increases
as the milling time increases and finally decreases due to sub-grains formation.
agnetic measurements
-ray diffraction

. Introduction

Almost all magnetic alloys contain at least one of the iron, cobalt
nd nickel elements. By alloying these metals, the magnetic sub-
tances with different magnetic and electrical properties can be
btained. Ni–Fe-based alloys are commonly used as the magnetic
aterials exhibiting high permeability, low coercivity, high elec-

rical resistivity and low magnetostriction [1–4]. By alloying the
i–Fe alloys with ternary elements, such as Mo and changing the

eal structure from crystallite to the amorphous state, various kinds
f magnetic, electrical and structural properties can be achieved
5,6].

The amorphous magnetic alloys can be prepared by mechan-
cal alloying (MA) via solid-state transformations. The process of

echanical alloying consists of the intimate mixing and mechanical
orking of the elemental powders in a high-energy ball mill. Com-
ared to the preparation of amorphous alloys by other methods
uch as rapid cooling, the application of the solid-state amorphiza-
ion reaction has a number of advantages, including the production

f the bulk amorphous materials, composite metal powders, homo-
eneously alloyed powders and dispersion-strengthened super
lloys for jet engine parts, as well as the alloying of the metals
ith different melting temperatures [7,8]. Amorphous alloys can
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be formed by milling in two ways: one is to use elemental crys-
talline powders or amorphous powders and another is to utilize
the crystalline alloy [9]. As a result, during the milling there will be
a competition between the tendency to go to the thermodynami-
cally stable situation and the tendency to increase the enthalpy due
to the energy transferred from the balls to the milling material.

It is the aim of the present paper to survey the preparation of
amorphous/nanocrystalline Ni63Fe13Mo4Nb20 magnetic powders
by mechanical alloying using elemental crystalline Ni, Fe, Mo and
Nb powders. It would be worth mentioning that as compared with
the literature in this field, this paper has paid special attention to
the amorphization of Ni79Fe16Mo5 commercial alloy by the 20 at%
Nb element using the MA method.

The reason for the use of amorphous alloy in the applications
of electronics, telecommunications and computers is due to the
lower magnetic losses and higher electrical resistivity compared
with other magnetic materials.

2. Experimental details

The nickel, iron, molybdenum and niobium powders with the chemical com-
position of Ni63Fe13Mo4Nb20 in atomic percentage were obtained from Merck with
average particle sizes 10, 10, 3 and 3 �m, respectively. Mechanical alloying was car-

ried out in a planetary ball mill on the powders loaded in the vial under argon
at a running speed of 350 rpm, together with a blend of steel balls (ϕ = 10 mm,
mass = 4.11 g and ϕ = 20 mm, mass = 32.60 g) and with a ball to powder weight ratio
of 15:1. Prior to milling, about 0.2 wt% of ethanol was added to the powders as
a process control agent (PCA). The rotational direction of the instrument changed
counterclockwise/clockwise after each 1 h to increase the efficiency. The particles

dx.doi.org/10.1016/j.jallcom.2011.03.060
http://www.sciencedirect.com/science/journal/09258388
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orphology was studied by scanning electron microscopy (Cam Scan MV2300) and
icrostructural properties were evaluated by XRD (Shimatzu x2) using Cu K� in

he 2� range from 30◦ to 100◦ . The crystallite size and lattice strain were estimated
sing the Williamson–Hall method [10]:

cos � = 2ε sin � + 0.94
�

d
(1)

here B is the peak integral width, � is the Bragg angle, d is the grain size, ε is
he lattice distortion, and � is the X-ray wave length. The peak positions in the
RD patterns were determined using three near angle width by fitting the peaks

o the Fityk software and the error bars were determined based on three different
easurements. The broadening factors that are not induced by MA were taken out

y the following equation [10]:

2 = B2
M − B2

S (2)

here BS and BM are the peak integral widths of the initial and the as-received pow-
ers, respectively. The lattice parameter of the solid solution alloys was calculated
rom the XRD patterns using Bragg’s law. The amount of amorphous phase was cal-

ulated from the internal standard method based on the diffraction pattern from the
omposite sample. In other words, a diffraction line from the amorphous phase is
ompared with a line from the standard substance i.e. the tungsten powder which
s mixed with the sample and has known proportions [11].

The as-milled powders for TEM characterization were immersed into pure
thanol and dispersed using an ultrasonic vibrator for about 5 min. 200 mesh copper

Fig. 1. SEM micrographs of mixed and alloy
d Compounds 509 (2011) 6571–6577

formvar/carbon grids were then used to hold the dispersed powders. A small amount
of dispersed powder is dropped on a modified grid using PEI as glue in order not to
remove the powder particles in the next two times washing with pure ethanol. The
powders were examined using a JEOL 2010 at 200 kV.

The saturation magnetization (MS), coercive field (HC) and hysteresis loss were
measured as a function of the applied magnetic field in a vibrating sample magne-
tometer at room temperature between 0 and 10 kOe and the instrumental error is
equal to 2%.

3. Results and discussion

3.1. Morphology study

Continuous deformation, cold welding and re-welding occur
during the milling. Fig. 1 exhibits the morphological evolution of
mixed powder as a function of milling time (0, 8, 48, 96, 120 h). From

this figure, it is obvious that different morphologies are present.
After 8 h of milling time, the powders flattened with a layered
structure due to the introduction of the compressive forces into the
particles generated by the ball–powder–ball collisions (Fig. 1b). As
a result of intensive fracture and cold welding, composite particles

ed powders at different milling times.
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ere formed after 48 h of milling. The prolonged milling results in
narrower distribution of particle sizes when a balance between

he fractures and welding processes is maintained [10] (Fig. 1d and
). In other words, the agglomerated powders are near-spherical
nes with high specific and smooth surfaces without any layered-
tructure morphology. This morphology with the disappearance of
he contrast feature can be the characteristic of a typical amorphous
owder synthesized by MA [12,13]. Fig. 1f shows the TEM obser-
ation bright field of the particle with an average diameter around
�m.

.2. XRD observation

.2.1. Phase identification
Fig. 2 shows a sequence of the XRD patterns regarding the Fe, Ni,

o and Nb powder mixture milled for various times. The evolution
f the X-ray diffraction patterns shows that the mechanical alloying
rocess occurs at three steps:

a) First, up to 48 h of milling, there is a coexistence of the elemental
Fe, Mo, Nb and Ni in the X-ray diffraction patterns. From the XRD
spectrum, as the milling time increases, the Fe and Nb lines van-
ish completely, the Mo main line disappears partially and the Ni
peaks shift to the lower 2� angle and the main Ni peak broaden
due to the reduction of the particle size and introduction of lat-
tice strain [10]. These results indicate the formation of the fcc
Ni (Fe, Nb, Mo) solid solution due to the complete diffusion of
Fe, Nb and partially diffusion of Mo into the Ni lattice.

b) Second, after 48 h, a broad scattering peak with a small amount
of Mo crystalline phase and a peak position shifting observed,
indicating the start of the glassy phase formation. As the milling
time increases, the amorphous structure and glassy phase
become visible up to120 h of milling.

c) Third, for longer milling time, 190 h, the single broad peak
becomes sharper and the small Mo peak disappears. On the

other hand, a sharp crystalline peak superimposed to the main
halo is observed, implying that the powders have a partially
amorphous structure. The observed behavior relates to the
mechanical and thermal crystallization of amorphous alloys due
to the local pressure and local temperature [14,15], respectively.

Fig. 2. XRD patterns of as-received and
Milling Time(h)

Fig. 3. Lattice parameter vs. milling time.

3.2.2. Lattice parameter
The plot of the lattice parameter vs. the milling time (Fig. 3) indi-

cates that the lattice parameter decreases and then increases with
milling time as diffusion progresses until the maximal allowable
solute is consumed to form the solid solution. At first, the lattice
parameters decrease when the milling time increases. The reason
may be due to the high energy transferred in the collisions allow-
ing for shortening the distance between the atoms in the solid
[16], and/or as a result of poor oxidation phenomena at the new
particle surfaces formed by comminution during the milling and
subsequent trapping of the small quantity of oxygen in the vial
[17].

Generally, an increase in the lattice parameter has been found,
leading to the solid solution or the amorphous phase formation
[18]. From the view point of solution, the atomic radii of the
solute atoms of iron, molybdenum and niobium (RFe = 0.126 nm,
RMo = 0.139 nm, RNb = 0.146 nm) are larger than that of the nickel
(RNi = 0.124 nm). The value of the lattice parameter increases from
0.352 to 0.358 nm as the milling time increases from 8 to 72 h and
then remains constant between 72 and 120 h when the steady-
state conditions of milling have been provided and amorphization
is completed. Further milling up to 190 h, a slight decrease of lattice
parameter is obtained as a result of the partial crystallization from
the amorphous state.
3.2.3. Crystallite size
During the milling the mean crystallite size is calculated from

the Ni {1 1 1} reflection (Fig. 4), decreases rapidly to an equilib-
rium value of about 2.5 nm, then remains approximately constant

milled powders vs. milling time.
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Fig. 4. Average cryst

p to 120 h corresponding to the width of the diffraction peak of the
btained amorphous alloy and finally increases slightly because of
he partial crystallization from the amorphous phase.

It should be mentioned that that for severely deformed mate-
ials, the average crystallite size determined by XRD analysis is
sually lower than the grain size observed in TEM [19]. The grains in
everely deformed materials contain sub-grains or dislocation cells
hich are separated by low-angle grain boundaries. The crystal-

ite size obtained from XRD is equal to the average size of domains
hich scatter X-rays coherently. As a result, XRD makes a difference

etween sub-grains or dislocation cells even if the misorientations
re very small [19].

As the milling time increases, the volume fraction of grain
oundaries led to the domination of the amorphous character and
he increase of the grain boundary fraction. The grain boundary
raction is in inverse proportion to grain size and can be written as
20,21]:

gb = 1 − 3d(D − d)2

D3
(3)
here d is the effective grain boundary and is approximately 2–3
tomic layers.
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Fig. 5. Variation of lattice strain as a function of milling time.
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size vs. milling time.

3.2.4. Micro-strain
Fig. 5 depicts the variation of lattice strain as a function of milling

time. From this figure, the three regions can be discussed. Region
I: the increase in lattice strain has a microstructure source and
is due to the size mismatch between the constituents. Region II:
the increase in the lattice strain relates to the increasing the grain
boundary fraction, mechanical deformation and dislocation density
as a result of severe plastic deformation [22]. Because the bonding
in amorphous alloys is of primarily metallic character, strain can
be readily accommodated at the atomic level through the changes
in the neighborhood and the atomic bonds can be broken and
reformed on the atomic scale without substantial concern for, e.g.
the rigidity of bond angles as in a covalent solid, or the balance of
charges as in an ionic solid [23].

Region III: The main reason for decreasing the micro-strain is
high defect concentration sub-grain formation, partial crystal for-
mation and temperature rising [22]. Unlike amorphous alloys the
crystal dislocations in new crystal allow for changes in the atomic
neighborhood at low energies.

3.3. TEM observation

The amorphous structure of the obtained powder is confirmed
from the TEM images. Fig. 6 shows the TEM bright field image and
the corresponding selected area diffraction (SAD) analysis of the
powder that was milled for 96 h. Fig. 6a shows the high resolu-
tion TEM image of the milled Ni63Fe13Mo4Nb20 powder showing
a predominantly amorphous microstructure with a few isolated
nanometer (<5 nm) crystalline grains. This value is consistent with
that obtained from the XRD results (Fig. 2). Fig. 6b depicts the SAD
pattern of the alloyed powder showing the amorphous as well as
nanocrystalline grains with a few bright spots due to some coarse
crystalline grains, such as the Mo particle or milling contamina-
tions. It is obvious that the orientation of the crystallites is quite
random and the grain size is small as demonstrated by the unifor-
mity of the diffraction rings.

3.4. Glass forming ability

The glass forming ability (GFA) is quantified in terms of the

milling time required to form the glassy phase. Three empirical
rules that were considered in great detail by Inoue are defined for
the bulk amorphous alloy systems, namely, (a) the requirement
of three or more elements; (b) the difference in atomic size ratios
among the three main constituent elements and (c) the negative
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Fig. 6. High resolution image and se

Table 1
Variation of peak position, inter-atomic distance and amorphous content with
milling time.

Milling time (h) 0 8 24 48 72 96 120 190
2� (◦) 44.46 44.51 44.30 44.04 43.74 43.78 43.71 43.76

h
I
a
(
(

a
s
t
t
i
N
e
c
s
h

and magnetic susceptibility of the milled powder for 72 and 120 h
dm (nm) – – – 2.516 2.544 2.546 2.545 2.542
Amorphous
content (%)

– – – 29.0 75.8 76.8 75.0 36.5

eats of mixing among the three main constituent elements [7,8].
n other words, the same conditions are true of our experiments
s well. Also, the mixing enthalpies have negative �Hmix (KJ/mol)
Ni–Fe) ∼ −5, �Hmix (KJ/mol) (Ni–Mo) ∼ −0.5 and �Hmix (KJ/mol)
Ni–Nb) ∼ −10 [24].

Table 1 lists the variation of the 2� values, amorphous content
nd inter-atomic distance (topological/disorder instability) corre-
ponding to the (1 1 1) Ni peak as a function of milling time. During
he initial period of milling, the 2� increases slightly from 8 to 72
he 2� value corresponding to the (1 1 1) Ni peak decreases, indicat-
ng the lattice expansion. This can be related to the formation of the
i-base solid solution and the dissolution of all the larger metallic

lements, including Nb, Fe and Mo substitutionally. However, on
ontinued milling, the 2� value corresponding to the diffuse peak
hifts to higher values, suggesting that a slight lattice contraction
as occurred during glass formation. The period of time of 96 h
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Fig. 7. Hysteresis loops of different mill
lected area diffraction at 96 h.

relates to the maximum of the amorphous phase [25].
It is known that the diffraction angle for the first maximum in

the XRD spectrum as an instability factor is related to the largest
inter-atomic distance [25]. Using the relationship 1.23� = 2dmsin�
[25,13,26] (where � is the wavelength of the X-radiation used,
dm is the distance between the neighboring atoms, � is the peak
position and 1.23 is the correction factor used for liquid and amor-
phous solids), it is possible to determine the distance between the
nearest-neighbor atoms from the � values observed. The value of
dm or instability factor means the volumetric strain or topological
instability.

3.5. Magnetic studies

Fig. 7 illustrates the hysteresis loop and magnetization curve
of Ni63Fe13Mo4Nb20 powders at different milling times and room
temperature. From this figure, it is obvious that the hysteresis loop
distorts under mechanical stress. The increase in magnetization
and magnetic susceptibility up to 8 h confirms the solubility Fe
(2.2�B) in the Ni (0.6�B) lattice [27]. The decrease of magnetization
reveals a high disorder/defect structure, a relatively large inter-
atomic distance between magnetic atoms and the presence of the
Nb paramagnetic atom. These variations are accompanied by an
increase in saturation magnetization and magnetic susceptibility

00 4000 6000 8000 10000

0

8

72

120

190

ed powders at room temperature.
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ig. 8. Magnetic coercivity as a function of milling time for two different composi-
ions at room temperature.

s a result of a reduction in micro-strain and a small crystallization
rom the amorphous matrix.

.5.1. Coercivity
Magnetic coercivity is highly structural-sensitive and strongly

epends on the real structure of the material, but its intrinsic part
epends on magnetic anisotropy. Fig. 8 illustrates the variation
f the HC with milling time. At the early stages up to 24 h, the
xtrinsic parameters including micro-strain and especially grain
ize are dominant (HC ∝ d−1) and act as pinning sites, consequently
he magnetic coercivity increases. Over a period of 24 h the grain
ize approaches the critical value (∼15 nm), causing the Herzer
odel to act [10] and consequently the coercivity maximizes. At
illing times between 24 and 72 h, the grain size decreases notice-

bly from 10 to 3 nm. In this region, below the critical grain size,
he coercivity theoretically relates to the grain size by a power
6 (HC ∝ d6), consequently HC decreases. After 72 h, the grain size

emains approximately in a constant level. In this region the micro-
train is a dominant factor and leads to an increases in coercivity
Eq. (4)). Micro-strain can be related to the HC by the following
inear equation [27]:

C ∝ �s�sıw

�0 Ms
(4)

here ıw is the wall thickness, �s is the magnetostriction coeffi-
ient, and �� is the internal stress. With increasing the milling
ime between 120 and 190 h the magnetic coercivity decreases and
his behavior can be expressed by the following points:
. The noticeable decrease in micro-strain as illustrated in Fig. 5.

. The increase in MS leads to a reduction in HC based on the fol-
lowing formula [28].

HC ≈ 3	w/Jsd (5)

Fig. 9. Saturation magnetization as a function of milling tim
d Compounds 509 (2011) 6571–6577

where Js is the saturation polarization, 	w is the wall energy,
which is proportional to (K1)1/2, and K1 is the first order magneto-
crystalline anisotropy constant.

c. The complete solution of Mo results in decreasing the long-
range ordering [29] and then leads to the reduction in magnetic
anisotropy.

From Fig. 8, the effect of Nb content on the coercivity can be
followed. It is clear that, the sample with 20% Nb has a higher coer-
civity level in comparison with the other samples. The difference
in magnetic behavior relates to the higher stresses and defects as a
result of amorphization and the nature of Nb element. For the alloy
containing Nb the tendency is to the increase of the strength of
interaction between the unfilled 3d (Ni, Fe) and 4d (Nb) electronic
shells and magnetocrystalline anisotropy [27].

3.5.2. Magnetization saturation
Saturation magnetization is the property which refers to the

atomic origin of magnetism. It strongly depends on the chemical
composition of the local environment of atoms and their electronic
structure in bulk materials. It involves quantum phenomena, such
as exchange, crystal-field interaction, inter-atomic hopping and
spin-orbit coupling [26]. Fig. 9 displays the variation of saturation
magnetization with milling time for two different compositions.
For more effective discussions, this graph has been divided into
three regions.

Region I: The MS increases slightly at the early stage up to 8 h.
The moment of Ni–Fe based alloys originates from nearly exclu-
sively the partly filled 3d inner electron shells. At early stages, the
Fe (2.2�B) atoms are solved into Ni (0.6�B) lattice and increase the
MS. From the band theory of ferromagnetism, the density of the
states in the 3d shell of Ni may be very high at the top of the 3d ban
[26,27]. Fe atoms ([Ar]4s23d6) have two more vacancies in the 3d
shell than the Ni atoms (Ni: [Ar]4s23d8) in the matrix. Therefore, it
seems that an iron atom in the matrix should have two more Bohr
magnetons than the Ni atom.

Region II: From 8 to 120 h, MS decreases with milling time. This
falling can be attributed to the solution of Nb ([Kr]5s14d4) and
Mo ([Kr]5s14d5) in the lattice. The addition of non-ferromagnetic
elements of Mo and Nb decreases the proportion of nickel mag-
netic atoms, thereby reducing the density of the magnetic atom
interactions [26]. This reduction leads to the lower exchange inter-
action between Ni atoms and Ni–Fe and the suppression of the
Ni metal moment by the charge transfer to the d-band and by
the d–d hybridization which decreases the number of polariza-

tion d states. Furthermore, the presence of the Mo element slows
down the ordering kinetics and lowers slightly the magnetization
[28,29]. The strength of the d-electron bonding increases from 3d
to 4d [30,31], indicating that the stability of the pair bonds between
Ni–Nb and Mo should be higher than the iron series.

e for two different compositions at room temperature.
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Region III: From 120 up to 190 h, saturation magnetization
ncreases due to the partial crystallization (Fig. 2) and as a result of

decrease in the inter-atomic distance between magnetic atoms
Table 1).

. Conclusions

It is well known that both the magnetic and structural properties
f the metallic materials are influenced by crystal defects including
rain boundaries, solute atoms and dislocations. The mechanical
lloying of Ni, Fe, Mo and Nb powders was investigated. The process
eads to the alloying of the element powders, the nanocrystalline
nd an amorphization matrix with Mo element up to 120 h accom-
anied by the strain and thermal-induced nucleation of a single
anocrystalline Ni-based phase from amorphous matrix at 190 h.
he results revealed that the coercive force increases due to the
train-defect induction and complete solution of Nb. At last the
oercive force decreases due to the complete solution of Mo and
reduction in micro-strain. In addition, the saturation magnetiza-

ion decreases as a result of the electronic interactions between
agnetic and nonmagnetic elements and finally increases by the

artial crystallization of the amorphous matrix.
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