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Abstract: In this study, the FeB nanoparticle (NP) consisting of 5,000 particles (4,500 Fe atoms
and 500 B atoms) was investigated by means of molecular dynamics (MD) simulation. When the
amorphous FeB nanoparticle is annealed at the temperature of 900 K for a long time, it is
crystallized into a bee crystalline structure. The simulation shows that the sample undergoes
crystallization via the nucleation mechanism. During the crystallization, B atoms diffuse to the
boundary region of Fe crystal. The crystal growth proceeds when this boundary region attains
specific properties which are defined by the fraction of B atoms and the energies of AB-atoms and
CB-atoms. The study further indicates that the crystalline and mixed FeB nanoparticle consists of
three distinct parts including Fe crystalline and two FeB amorphous parts (B-poor and B-rich
amorphous parts). The different polymorphs of FeB nanoparticle differ in the local structure, size
of Fe crystal and energies of different type atoms.
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1. Introduction

The understanding of physical properties of nanomaterials of amorphous and crystalline nature is
the goal of huge research activity during last decades [1-5]. The nanomaterials can be obtained in
different shapes and polymorphic structures depending on production methods [3, 6-9]. Since in 1911,
Fe precipitates were already obtained by the chemical procedures [7]. More recently, the NP has been
synthesized by chemical reduction synthesis [8] which enables to produce not only particles with a
simple set-up, but also to obtain metallic glasses. Regarding magnetic materials, it is easy to see the
interest provoked by so-called "nanocomposite” systems [2] which consist of two or more different
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phases. These systems at the nanometer scale give rise to surprising effects. For examples, spherical
Co NP with shell/core structure allows beating the super-paramagnetic limit. The shell/core M-B NP
(M= Fe, Co) with amorphous, mixed amorphous and bcc Fe were obtained using the chemical
reduction of metallic salts by sodium borohydride [10,11]. The structural arrangement of atoms is
analyzed through EXANES and EXAFS. It was shown that the presence of a number of bcc crystals
increases the particle coercively. More detail about the structure and physical properties of the
materials can be obtained from simulations [12-19]. Molecular dynamics simulation is a powerful tool
to explore the local structure and the atomistic behavior of interfaces between different phases
coexisted in the system. Hence, the present work is devoted to investigate the local structure of FeB
NP polymorphs included the amorphous, crystalline and mixed samples.

Amorphous state of NP generally is unstable, and amorphous NP will be crystallized upon
appropriate annealing. The stability of amorphous NPs against crystallization plays an important role
because of this related to their working ability in practice. The crystallization of amorphous NPs is
studied intensively by experiments [20-26]. It was shown that the crystallization in NP proceeds via
the nucleation, but exhibits certain specific features comparing to the bulk counterpart. However, the
crystallization mechanism at the atomic level in this material has remained unclear yet. So the interest
of present work is twofold: to clarify the local structure of NP polymorphs, and secondary, to observe
how the crystallization happens in FeB NPs. Especially, the role of B atoms that prevent the formation
and growth of crystal, is also the goal of present work. For this, we have prepared amorphous FeB
sample at 300 K and 900 K. The specific annealing procedures have done to obtain the crystalline and
mixed samples.

2. Calculation procedure

To obtain proper result from MD simulation, the choice of inter-atom potentials is most important.
It is interesting that the simple potential proposed by Pak and Doyama long time ago, well describes
thermodynamics and structure properties of Fe and Fe-alloys materials. MD simulations carried out by
various researchers and using Pak-Doyama potential confirmed these points [27-34]. Therefore, in the
present work, we conduct the MD simulation using Pak-Doyama type potentials to describe the
interaction between atoms in NP samples. The form of this potential is given follow [31-34]:

a(r+b)*+c(r+d)*+e, 0<r<r
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wherer is the inter-atomic distance and in A, U(r) is in eV. The parameters of potentials (1) are
given in Table 1.

Table 1. The parameters of potential

Pairs a (eV/IAY) b (A) c (eV/ A? d (A) c (eV) Feutof (A)
Fe-Fe -0.18892 -1.82709 1.70192 - 2.50849 -0.19829 3.44
Fe-B - 0.22407 - 1.47709 2.01855 - 2.15849 - 0.23519 3.09
B-B -0.08772 -2.17709 0.79028 - 2.85849 - 0.09208 3.79

The MD simulation is performed for a system containing 5000 atoms with free boundary
conditions. The equations of motion were solved numerically using the Verlet algorithm. The MD step
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is equal to 0.46 fs. Initially, all atoms including 4500 Fe atoms and 500 B atoms, are randomly placed
in a sphere with radii of 28.5 A. Then the statistical relaxation is carried out until the system reached
the equilibrium. This sample was heated to 300 K. The obtained sample then has relaxed isothermally
(annealing) by 8x107 steps to prepare the amorphous NP sample. By this way, FeB NP sample which
contains 10% B atoms has been constructed. This well-equilibrated sample is called FeB 300-sample.
To study the crystallization we have prepared 900-sample by heating the 300-sample to 900 K and
then relaxing isothermally over 107 steps. To analyze the atomistic arrangement of Fe atoms in NP we
determine the pair radial distribution function (PRDF) for Fe-Fe pair using the procedure reported in
the previous work [27,34].

In Fig.1 schematically illustrates a mixed sample of NP. There is a crystal cluster inside the
amorphous matrix. For the convenience, the atoms belonging to amorphous and crystalline phases are
called Am-atom and Cr-atom, respectively. During the annealing Am-atoms and Cr-atoms may be
transited from one to another type. In following we denote NamandNc: to the number of Am-atoms and
Cr-atoms, respectively. There is a boundary region between amorphous and crystalline phases. The
Am-atoms, Cr-atoms in this region are called AB-atom, CB-atom, respectively. The Am-atoms and
Cr-atoms located outside the boundary region are called AV-atom and CV-atom, respectively. We
denote Nag, Nav, Ncg and Ncv to the number of AV-atoms, AB-atoms, CB-atoms and CV-atoms,
respectively. Obviously Ncr= Ncg + Ncv;Nam= Nav + Nag. To determine a particular atom be Cr-atom
or Am-atom, a following criterion was applied. That is, the Fe atom was identified as having the bcc
configuration if it satisfies two conditions: (i) having 14 Fe neighbors; (ii) six among these neighbors
have 4 neighbors and remaining ones have 6 neighbors in common with the given atom. The cutoff
radius to determine the neighboring atom is equal to 3.35 A. Such Fe atom and its 14 neighbors belong
to Cr-atoms and form a basic nucleus of bce crystal. Two basic nuclei are linking if they have at least a
common Cr-atom. A crystal cluster consists of basic nuclei that each nucleus links at least to another
nucleus of the cluster.
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Fig. 1. Schematic illustration of a mixed sample of NP: blue, black, grey and red circles represent AB-atom,
CB-atom, AV-atom and CV-atoms, respectively.
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3. Results and discussion

It is still interesting that although the crystallization of Feio.xBx NPs, where x = 0, 2, 4, 5 and 10
have been studies in the previous works [32-34], we still have not been considered the role of the B
atoms preventing the formation and growth of crystal in FegBio NP, as well as how are the
amorphous, crystalline and mixed phases formed?. This is also main purpose of the present work. In
this paper, the nucleation and crystal growth have been identified through the time evolution of crystal
cluster forming in NP and mean potential energy per atom. In Fig.2 we show the number of Cr-atoms
Ncr for 900-samples as a function of times. The process can be divided into three periods. In the first
period there are only fewer nuclei which form and dissolve quickly. Ncr detected within this period is
close to zero. Meanwhile, in the second period Ncr significantly increases indicating that a crystal
cluster forms and it substantially grows with times. In the third period, Nc fluctuates around a
saturation value and the crystal growth completes.
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Fig. 2. The time dependence of the number of Cr-atoms.

The crystallization process can be viewed directly through the 3D-image of atomic arrangement.
Here we extract some representative snapshots of NP detected at different moments during the
process. As shown in Fig.3 shows the spatial distribution of CV-atoms recorded for different time
intervals during annealing process. Note that at present moment only small amount of CV-atoms
presented in Fig.3, is in the "state of Cr-atom", remaining ones in this state at early moment. For
initial stage of crystallization CV-atoms distribute uniformly in the NP. In the next time interval there
is a number of CV-atoms which located nearby. These atoms have life time much longer than other
CV-atoms. For the time interval shown in Fig.3E, most CV-atoms appear inside a small volume of NP.
It means that as a cluster with critical size appears, new CV-atoms appear most frequently in the
boundary region of crystal (BRC). In summary, the simulation result shows that small nuclei
frequently form and disappear at the initial stage of crystallization. After long annealing times the
structure of NP changes so that some CV-atoms have the life time much longer than other atoms. This
supports to forming a cluster with specific boundary. As shown in Fig.4, a crystal cluster containing
178 atoms is found at the step ni. After annealing by 5x10° steps this cluster grows to reach the size
Ncr = 278 atoms. Next 5x10° steps this cluster grows to reach the size Ncr = 424 atoms. Further
annealing increases Ncr to 628 atoms.
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Fig. 3. The spatial distribution of Cr-atoms in the FeB sample which are recorded for different time interval
under annealing. A, B, C) initial stage of formation of nuclei which are disappeared quickly; D) the nuclei form
nearby and a small cluster appears; E) a new crystal cluster is created and grows.

(B)

Fig.4. Snapshot of Cr-atom arrangement in the FeB sample at: (A) steps ni, Ncr=178; (B) steps ny + 5x10°,
Ncr=278; (C) steps ny + 1x10%, Nc=424; (D) steps ny + 1.5x106, N¢=627.
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Fig.5 shows the time dependence of number of atoms and the fraction of B atoms during n;=5x10°
steps. The number of bcc Fe crystal increases to 2300. The number of atoms in I- amorphous FeB
phase is larger than that in I1-amorphous FeB phase. This result is due to the different B atom fraction.
It means that B atom fraction significantly effects to crystallization process. Fig.6 shows the time
dependence of mean energy per atom for different type atoms of FeB sample. In the case of the large
cluster the mean potential energy per atom of CV-atoms and CB- atoms is much less than that of AV-
atoms. Hence, the transition from amorphous-atom to crystal-atom proceeds more frequently than the
transition from crystal-atom to amorphous-atom. As a result, the forming crystal cluster is stable and
tends to grow with time. It can be seen that the crystalline process is very close to classical
crystallization theory and Ostwald’s step rule.
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Fig.5. The time dependence of number of atoms and fraction of B atoms for FeBsample.
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Fig.6. The time dependence of mean energy per atom for different type atoms of FeB sample.
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4. Conclusion

In this paper, the annealing of FegBio NP at temperature of 900 K has been simulated. Several
results are demonstrated as follows

i) The crystallization happens when the FeqB1o NP is heated to 900 K and relaxed for long times.
During the crystallization, B atoms move out places where the crystal locates, and diffuse to the
boundary region. The crystalline process is very close to classical crystallization theory and Ostwald’s
step rule.

ii) Regarding the polymorphs of FeB NP, we have considered the amorphous, crystalline and
mixed NP samples. The result shows that the mixed and crystalline sample consists of three distinct
parts including a Fe bcc crystalline and two FeB amorphous parts (B-poor and B-rich amorphous
parts). We found that these parts for different polymorphs differ strongly in the local structure, the
concentration of B and energies of different type atoms. In there, the B atoms prevent the formation
and growth of crystal.
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