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Synthesis and structural characterization of nanocrystalline Fe-Ni-Zr-B alloy
prepared by powder metallurgy
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Abstract: The present study reports on the formation of nanocrystalline Fe-Ni-Zr-B alloy using the mechanical
alloying technique. Morphological, microstructural, structural and thermal characterizations of the powders milled
several times were investigated by scanning electron microscopy, X-ray diffraction and differential scanning
calorimetry. The patterns obtained were analyzed using the Rietveld refinement. The final products of the
mechanically alloying process were a duplex nanostructure of Fe(Ni,Zr,B) and Fe,B type boride nanocrystals. The
increase of mechanical milling induced a continuous decrease in the crystallite sizes and an increase in the lattice
strains. Recovery, recrystallization and ferro-paramagnetic transition at Curie temperature are revealed in the thermal

analysis in the temperature range 35-700 °C.

Keywords: Fe-Ni-Zr-B alloy; X-ray methods; Nanostructures; High energy ball milling.

INTRODUCTION

Nanocrystalline (NC) materials have
received increasing attention in recent research
due to their attractive potential for application
in a wide range of technological areas,
including electronics, ceramics and industrial
catalysts. These materials are characterized by
a number of physical, mechanical, and
magnetic properties that are superior to those
of their conventional coarse-grained
polycrystalline counterparts [1]. Various
techniques have been developed over the past
decades for the synthesis of NC materials,
including mechanical alloying (MA). It is
a solid-state powder processing technique that
involves the mechanical milling or mixing of
particles in ball milling equipments for the
preparation of alloyed powders [1-3]. During
ball milling, powders undergo a severe plastic
deformation, which introduces a number of
defects (dislocations, grain boundaries,
vacancies, and interstitials) into the material.

The constituents that favor the formation of a
metastable structure can then “self assemble”
into nanoscale grains. Additionally, since MA
processing is carried out in the solid state,
phase diagram restrictions do not seem to
apply to the phases produced by the technique
[1, 4, 5]. During the milling process, the
repeated fracturing and cold welding of the
powder particles lead to reactions between the
solid components of the initial mixture. The
mechanically stored enthalpy caused by
internal strains due to the high density of
dislocations and large fraction of grain
boundaries can serve as a driving force for the
formation of nanocrystalline and/or amorphous
structures [1,6]. The interfacial components of
the neighbouring atoms located at the grain
boundaries can, therefore, contribute to
improve the mechanical, physical, and
magnetic properties of the milled material [7-
9]. Knowledge of ternary additions to BCC
alloy systems is one of the key points in
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understanding and controlling the mechanical
properties of these materials and is critical to
alloy design. Besides, the additions of
transition metals (Ni, Zr, Cu, Ti, Cr, V, and
Zr) have a significant influence on the final
structure as well as on the crystallization of Fe
-Al system [14-18]. Also, it has been reported
that the addition of a small amount of B results
in an improvement of soft magnetic properties
[19]. In the present work, Fe NijZr;, and B
powders were ball milled up to 42 hours. The
structure evolution and thermal stability of the
powders during ball milling were reported,
aiming at clarifying the nanocrystallization
process of the Fe-Ni-Zr-B alloy by MA
method.

MATERIALS AND METHODS

The starting materials were pure Fe
(purity of 99.7%, particle size of 20 pm),
Ni;Zr; (purity of 99.7%, particle size of 50
pm), and amorphous B (purity of 99.9%,
particle size of 10 pum). These powders were
mixed with the composition of Feg
(Ni7()ZI'30)1()B1() (at%) Mechanical alloying
was carried out in a planetary ball mill (Fritsh
P7) under an argon atmosphere. To prevent
heating and sticking of the powder to container
walls and the balls, and powder agglomeration
during milling, the milling sequence was
selected such as 10 min of milling followed by
5 min of idle period. Samples were collected
from the vials after regular time intervals
during milling for further investigations. The
experiments were carried out in a hardened
steel vial with five steel balls. The ball-to-
powder ratio and the rotational speed were 5:1
and 700 rpm, respectively. A total of 10 g
powder with process control agent was used in
all MA runs. The morphological changes of
the powder particles during the milling process
were observed via scanning electron
microscopy (SEM) using DSMO960A Zeiss
equipment. The mean powder particles size
was estimated from SEM images of powder
particles by image tool software. Phase
identification, microstructural and structural
evolutions were investigated by X-ray

&
e

diffraction (XRD) with a Bruker D8 Advance
diffractometer using (0-2 0) Bragg Brentano
geometry and Cu-K; radiation (A ¢, = 0.15406
nm). Structural parameters were determined
through the Rietveld refinement of XRD
patterns using the MAUD program [20].
Thermal analyses were performed by means of
differential scanning calorimetry (DSC)
instrument with a heating rate of 20 K/min up
to 700 °C under constant Ar flow.

RESULTS AND DISCUSSIONS
1. Morphology and microstructure

Fig. 1 shows the morphology of milled
samples obtained after different milling times.
The particle morphology was characterized
using a digital scanning electron microscope in
the secondary electron image mode. After 2 h
of milling the powder particles of mixed
powders were noted to be almost equiaxed
shape (Fig. 1a). After 12 h of milling, the
average particle size decreased from 400 pm
(at 2 h) to 320 um (Fig. 1b). The milled
powder particles became spherical shape
because of the strong plastic deformation
occurring at the very beginning of the milling
process. Other particles were noted to undergo

Fig. 1. Scanning electron micrographs (secondary
electron image mode) corresponding to mechanically
milled powders: (a) 2h, (b) 12h, (c¢) 18h and (d) 42h.
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a fracture and a decrease in size of ~ 35 um.
After 18 h of milling, those particles were
noted to undergo a fracture and a rapid
decrease in size (Fig. 1c). After 42 h of
milling, the particles were noted to exhibit a
more regular, almost spherical, shape and to
undergo a considerable increase in size
reaching up to 20 um (Fig. 1d). In addition,
further milling led to a matrix of randomly
welded thin layers of highly deformed
particles. The typical EDX spectrums of the
MA powders observed during 18 (Fig. 2cl)
and 42 h (Fig. 2d1) show the characteristic
peaks of powders milling (Fe, Ni and Zr).
After milling of 42 h, one can see an oxygen
peak, indicating the formation of metallic
oxides in milled samples. The reason for the
oxygen uptake can be related to oxygen
introduced in the vessel after interruption and
sampling. The non-apparent scaling of the
amount of oxygen taken after 18 h of milling
supports this explanation.

2. XRD analysis

Fig. 3 illustrates the XRD patterns of
milled Fego(NijoZr30)10B10 powder mixtures
after different milling times. The multiple
initial sharp peaks corresponded to the starting

6
Energy (KeV)

Fig. 2. Micrographs (c;) and (d1) are the zoom regions
of Fig.1c and 1d and the corresponding EDX spectrums.

constituents. The X-ray pattern of the unmilled
mixture powders is also presented for
comparison. The powder samples were noted
to undergo marked transformations during the
milling process. Before milling, all XRD peaks
related to Fe, Ni and Zr clements were
observed. The diffraction peaks of B are not
seen due its amorphous state. After 2 hours of
milling, the peaks specific to a-Fe phase
became less intense and their profiles became
asymmetric and started to broaden. Rietveld
refinement of the XRD patterns revealed BCC
a-Fe (space group Im-3m; a=0.2865 (2) nm),
cubic NiZr (space group Fm-3m; a=0.3529 (1)
nm) and tetragonal Fe,B (space group [4/mcm;
a=0.5058 (1) nm and ¢=0.4203 (1) nm) and
cubic Fe,3Bg (space group Fm-3m; a=1.076 (2)
nm) (Fig. 4a). According to the reduction of
the NiZr peak intensities, it seems that there
was only a crystallite size refinement.
Thereby, one can suppose that only the
reaction between Fe and B proceeds at this
stage of milling because of the negative
enthalpy of mixing (A H= -38 kJ/mol), their
great affinity and similar diffusion coefficient.
Different candidates are hold for this phase, as
its indexation is quite difficult since the peaks
are broad and have tiny intensities. A similar
phase has been found from Mdssbauer
spectroscopy during the crystallization of
FeZrB-based metallic glasses [21, 22]. The
formation of the metastable Fe(B) phases, after
2 h of milling, might be related to the fact that
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Fig. 3. X-ray diffraction patterns of mechanically alloyed
Fe-Ni-Zr-B powders as a function of the milling time.
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during MA the atomic diffusivity is enhanced
through the creation of a large amount of
structural defects. Consequently, metastable
phases may well be the first product of the
solid state reactions. The XRD patterns of the
powders milled for 12 h demonstrate the same
peaks. Accordingly, the Rietveld refinement
has been performed by the introduction of four
phases: bcc Fe rich phase with lattice
parameter a=0.2845 (2) nm and space group
Im-3m, cubic NiZr with unit cell a=0.3527 (1)
nm and space group Fm-3m, tetragonal Fe,B
a=0.5152(1) nm and ¢=0.4183 (2) nm and
space group I4/mcm and orthorhombic Fe;B
with space group Pbnm and unit cells
a=0.5372 (1) nm, b=0.6534 (1) nm and
¢=0.4307 (1) nm (Fig. 4b). The increase of the
main o-Fe diffraction peak intensity after 12 h
of milling (see the Fig. 3) as well as the
formation of the Fe;B type boride can be
correlated to the decomposition of the Fey;Bg
type boride through the following reaction:
Fey;Bg— SFe + 6Fe;B [23]. As the milling
process progresses up to 30 h, the diffraction
peaks of NiZr disappear completely while
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those of the other phases show considerable
broadening indicating the complete dissolution
of NiZr in the Fe matrix and the intense
refinement of the microstructure.

The best Rietveld refinement of the
powders milled for 30 h was obtained with
three phases: bee-Fe(Ni,Zr,B) phase, Fe,B and
Fe;B type borides (Fig. 4c). Finally, after
milling for 42 h, the Rietveld refinement of the
XRD patterns demonstrates that the powder
consisted of bce-Fe(Ni,Zr,B) phase and Fe,B
type boride (Fig. 4c). The favourite formation
of the Fe,B type boride can be related to the
crystallite size refinement and the structural
defects. Indeed, since nanocrystalline materials
contain a very large fraction of atoms at the
grain boundaries, the numerous interfaces
provide a high density of short-circuit
diffusion paths and thus, they are expected to
exhibit an enhanced diffusivity. Consequently,
the diffusion through the grain boundaries
controls the rate of some precipitation
reactions in the solids [24, 25]. On the other
hand, the solid state disordering requires the
existence of a high level of defects (vacancies,
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Fig. 4. Rietveld refinement of the XRD patterns of the powders milled for (a) 2 h, (b) 12 h, (¢) 30 h and (d) 42 h.
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Fig. 5. Dependence of the calculated (a) crystallite sizes
and (b) lattice strains of the identified phases on the milling time.

interstitials, dislocations...). Accordingly, the
severe plastic deformation strongly distorts the
unit cell structures making them less
crystalline. The powder particles are subjected
to continuous defects that lead to a gradual
change in the free energy of the crystalline
phases above those of amorphous ones and
hence, to a disorder in atomic arrangement.
The decrease of the amplitude and the increase
of the broadening of the Bragg peaks with
milling time can be explained by the
contribution of the effective crystallite size and
an increase of the atomic level strain because
of heavy plastic deformation. Fig.5a shows the
dependence of the calculated crystallite sizes
and lattice strains on the milling time. One can
observe the sharp decrease of the crystallite
sizes of a-Fe and NiZr phases smaller than
100 nm after 2 h of milling. It is worth noting
that the character of nanocrystalline structure
under certain conditions of deformation is
dependent on the crystalline structure. For
nanocrystalline structures observed in BCC
metals, the final crystallite size is determined
by the evolution from dislocation cell structure
containing dislocation cells/low-angle
boundaries to a nearly uniform random
structure consisting of nanocrystals with high-
angle boundaries [26-28]. While, in the case of
FCC metals, the low crystallite size is
explained by the competition between the
levels of stress produced by a milling device,

and the large degree of dynamic recovery in
the milled material [26-29]. After 2 h of
milling, the measured crystallite size is 80.5
and 87.5 nm for Fe,B and Fe,;Bg, respectively.
After 30 h of milling, the crystallite size of
a-Fe, Fe,B and Fe;B (crystallized after 12 h
with a size of 55.5 nm) diminishes to about 25,
31.5 and 33.5, respectively. Then, after 42 h of
milling, the crystallite size of the bcc-Fe solid
solution and Fe,B phases decreases with
increasing milling time to about 14 and 21 nm,
respectively. In the same time, the lattice
strains of the bcc-Fe solid solution indicate a
gradual increase from about 0.02% (after 2 h
milling) to 0.95 % (after 42 milling) as
increasing milling time (Fig. 5b). In general,
lattice strains caused by MA are commonly
attributed to the generation and movement of
dislocations [30]. Fecht [31] claimed that the
generation and the movement of dislocations
could decrease grain size. Rawers and Cook
[32] showed that the strain on the nanograin
boundary could extend into nanograin,
expanding the lattice. In the case of the Fe,B
type boride the lattice strains values increases
up to 0.48 % for 42 h milling.

3. Thermal stability

In order to study the thermal stabilities
of the nanostructured milled powders,
isothermal heating was carried out. Fig. 6
shows typical isothermal heating DSC traces
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Fig. 6. DSC scans of the MA Fe-Ni-Zr-B powders at
selected (at heating rate of 20 K/min).

for Fego(NijgZrs3p)10B1op alloy powders milled
for 12, 30 and 42 h. All DSC scans show
several reactions on heating. After 12 h of
milling, the low temperature exothermal
process (below 400° C) can be a signature of
recovery of stress, that is, mainly deformation
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energy stored during the milling process. At
high temperature, two overlapped exothermal
reactions occur in a wide range and
characteristic of structural transformations,
such as reordering or crystallization/
recrystallization. The same observations were
shown by Pilar et al. [33] and Sunol et al [34]
in the case of FegCoi9(NiyZry)isBis and
FeqoNij4ZrsBy, respectively. The late
processes have generally well defined
activation energy. On the contrary, recovery
may be modeled by use of a wide spectrum of
activation energies of the relaxation time [35].
As increasing the temperature, two or three
crystallization processes appear related with
the crystal growth and reordering of the
crystalline phases. Moreover, one can see a
slight change in temperature associated to the
decrease of the crystallite size with increasing
milling time. Furthermore, the DSC scan of
the powder milled for 42 h exhibits an
endothermic peak at T = 650 °C. This can be
related to the Curie temperature (Tc= 650 °C)
temperature of the identified disordered bcc-Fe
(Ni,Zr,B) phase. DSC detects the Curie

Table 1. Identified phases and the structural characteristics in the investigated FeNiZrB alloy as a function of milling

time.
Lattice
Milling time (h) phases Space Groupe parametter
(nm)
a b c
o-Fe Im-3m 0.2865
5 NiZr Fm-3m 0.3529
Fe23B6 Fm-3m 1.076
Fe2B 14/mcm 0.5058 0.5058 0.4203
a-Fe Im-3m 0.28645
B NiZr Fm-3m 0.3527
Fe2B 14/mem 0.5152 0.4183
Fe3B Pnma 0.53729 0.65341 0.43708
Fe- (Ni,Zr,B) Im-3m 0.28772 - -
30 Fe2B 14/mcm 0.5267 0.4141
Fe3B Pnma 0.53510 0. 65031 0. 4205
4 Fe-(Ni,Zr,B) Im-3m 0.2874 - -
Fe2B 14/mcm 0.5311 0.5311 0.4001
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temperature as a change in heat flow and due
to the small amount of energy associated with
this transition. An endothermic reaction occurs
just below the Curie temperature as energy
absorbed by the sample to induce
randomization of the magnetic dipoles. An
exothermic reaction occurs directly after the
Curie temperature since no further energy is
needed for randomization. This exothermic
event can be related to the crystallization
processes of the a-Fe(Ni,Zr,B) and Fe,B
highly disordered phases as detected by X-ray
diffraction. Moreover, new mechanically
alloyed compositions are under study to
analyze precursor influence in the MA process
and in the thermal stability of the alloys.

CONCLUSION

A nancrystalline Fe(Ni,Zr,B) alloy and
Fe-boride were revealed after milling of a
mixture of crystalline a-Fe, Ni;Zr; and
amorphous B powders up to 42 hours.
Structural evolution was followed by XRD
using Rietveld refinement. The increase of the
milling time favours the reduction of the
nanocrystalline size (about 18 nm) and an
increase of the lattice strains (0.48-0.95 %).
Several exothermic effects are associated with
the structural relaxation, grain growth and
recrystallization phenomena induced by
heating in the calorimeter.
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