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Abstract: Local structure and tracer diffusion mechanism in amorphous Fe and FegoB,¢ solids is
studied using the statistic relaxation (SR) model containing 2x10° atoms. It was found a large
number of bubbles which could break-up and leads to diffusion. A bubble diffusion mechanism is
proposed and the diffusion coefficient determined in term of this mechanism is in reasonable
agreement with experimental data. The decrease in diffusion coefficient upon thermal annealing
observed experimentally for most amorphous Fe-based alloys is interpreted as a result of reduced
number of bubbles in system.
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1. Introduction

Amorphous Fe-based alloy (AFbA) is a material of much technological relevance and has
important implications in material science and geophysics [1-9]. It is found many specific
properties of diffusion in AFbA compared to crystal counterpart. For example, the tracer-
diffusivity in well-relaxed specimen is much slower than one in as-quenched sample [10-12].
This relaxation effect commonly is interpreted by the reduction of quasi-vacancies in super-
saturation until the relaxation is over. In well-relaxed state, conversely, the tracer atoms diffuse
via collective movement of a group of neighboring atoms. However, the experimental data in ref.
[13,14] are in contradiction to that the diffusion mechanism just described predicted. Simulation,
on other hand reveals unstableness of vacancies in amorphous matrix. Several works found a
continuous spectrum of spherical voids in AFbA, but their size is less than atomic radius [15-17].
The free volume model is also employed to interpret the diffusion behavior of AFbA, but it can
not properly describe the diffusivity in AFbA such as Fe-Ni-B which show the cooperative
activated movement more like diffusivity in solid state than in liquid [13,18,19]. In ref. [20],
Sietsma et al. analyzed different types of holes in amorphous alloy and found that the number of
holes surrounding by ten or more atoms decreases strongly in well-relaxed sample. Furthermore,
he argues the importance of big holes for atomic diffusivity. Previous study shows that the atomic
cage like bubble functions as diffusion vehicle for amorphous alloys. The bubble represents a
spherical void with five or more atoms lied on its surface [21]. However, the analysis of this
study bases only on amorphous FegyB,y alloy. Therefore, a systematic study of all types of
bubbles in AFbA has been done in present papers in order to clarify the importance of bubbles for
atomic diffusivity in AFbA.

2. Calculation method

The simulation has been conducted for the model consisting of 2x10° atoms in a cubic box with
periodic boundary conditions. We use the Pak-Doyama potential [17] and the density is taken
from real AFbA. This potential has following formula

o(r,)=a(r,+b) +e(r, +d) +e 1y < g (1)
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r;7 1s the distance between the ith and jth atoms, the parameters a, b, ¢, d and e are given in Tab.1.
This work we employ SR method [17] which provides the structure of AFbA similar to that the
low-temperature structure of real AFbA. Accordingly, each atom moves by a length dr in the
direction of the force acting on it from all remaining atoms. The length dr is equal to 0.02 or 0.4
A. This movement is repeated many times until the system reaches an equilibrium state.

Table 1. The parameters of the inter-atomic potential (1).

Pairs a (eV/ A% b (A) c (eV/ A% d(A) e (eV) Feuor (A)
Fe-Fe -0.18892 - 1.82709 1.70192 -0.50849 -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

Initial configuration is generated by randomly placing all atoms in a simulation box. Then the
model is relaxed over 10° steps until the system attains the equilibrium, e.g., the energy of system
fluctuates around a constant value and the pressure is equal to zero. The model M; (Fe) and M;
(FesoB2o) is constructed by relaxing with dr = 0.4 A over 200 SR steps and then is treated with dr
=0.02 A by 10° SR steps. To investigate the relaxation effect three additional models (model M,
M, and Ms) are prepared with the same density as the model M; or M3, but their potential energy
is lower (see Tab.2). Lower energy model (model M,, M4 and Ms) can be constructed by many
times relaxing the model M, or M3 with dr = 0.4 A and then they are again relaxed with dr = 0.02
A until the system reaches a new equilibrium.

As in the previous work [21], we consider four neighboring atoms forming a tetrahedron and a
circum-sphere of this tetrahedron (CS), e.g. CS's surface passes through vertices of the
tetrahedron. We consider only the CS not containing any atom inside. Let Rp be the radii of CS
and 7z be the number of atoms located from CS center at distance Rz + 0.1 A. Hereafter we call it
ng-simplex with radius Rp. Several types of ng-simplex detected in AFbA are shown in Fig.1. If
np or Rpis enough large, then nz-simplex form an atomic cage like a bubbles, e.g. a large group
of atoms gathered around a large void. The bubble is unstable and it may break up leading to
diffusion. Therefore, it is interesting to clarify which one among nz-simplexes is bubble and how
bubbles break up.

3. Result and discussion

Structural factors (SF) in AFbA have been studied both by the neutron and x-ray
diffraction techniques. Our simulation can be compared to these experiments and
therefore allowed us to test the reliability of model. As shown in Fig.2, compared to
experimental data in ref. [22,23] the SF is good agreement with simulation result. For partial
radial distribution functions (PRDFs) it is clearly seen the splitting of second peak which is
thought to be a typical feature for metalloid-metal alloys (see Fig.3). As shown in Fig.3 the
PRDFs of M;, M, and M3, M4, Ms models are similar. This result indicates the relaxation degree
almost does not affect on PRDFs, but it is reflected by the concentration of simplex which will be
shown later.

Tab.2 shows that the number np atoms increases the number of corresponding nz-simplexes
significantly decreases. Compared to iron model the amount of 7-, 8- and 9-simplex in FegyBoy
model is much bigger. It indicates that the structure of FegoB,p model is more inhomogeneous
than iron model. As shown in Tab.2, the amount of simplexes strongly decreases with increasing
their radius Rp. Furthermore, the number of large simplexes detected in FegyB,o model (R bigger
than 1.9 A) is significantly bigger than one for iron model. This evidences the structure of FegoBag
model is more inhomogeneous than iron model.
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As mention above the relaxation degree characterized by mean of energy per atom (see Tab.2)
decreases in the following order: M;, M, for iron model and M3, M4, M5 for FegoB,o model. From
data in Tab.2 it follows that the simplexes with large np or radius Rp are annihilated upon
relaxation. Note that the shortest distance between two atoms Fe in the structure of considered
model is near 1.9 A. It means that the free volume inside simplex with Rz > 1.9 A is enough large
such that one can place one iron atom in it. Therefore, such simplex resembles the crystalline
vacancy on base of geometrical consideration.

Table 2. The characteristics of models and nz-simplexes: Here & is the mean potential energy per an

atom; 7 is the number atoms on simplex; Rz (A) is the radius of simplex.

MOdelS M1 M2 M3 M4 M5
£ (eV) -1.384 -1.394 -1.459 -1.489 -1.519
ng=>5 0.24 x 10° 0.23 x 10° 1.03 x 10° 1.00 x 10° 0.97 x 10°
np=6 1.13 x 102 1.08 x 102 1.76 x 10™ 1.58 x 10! 1.51 x 10"
ng="17 8.51 x 107 0 8.23 x 107 8.79 x 107 5.46 x 107
ng =28 0 0 0.64 x 10 0.67 x 107 0.08 x 107
ng=9 0 0 0.09 x 10 0.01 x 107 0
Rpy=1.8 0.740 0.718 0.298 0.292 0.284
Ry=1.9 0.082 0.064 0.067 0.053 0.04
Ry =2.0 0.032 0.021 0.027 0.021 0.01
Ry=2.1 0.008 0.004 0.009 0.007 0.002
Rp=2.2 0.002 0.001 0.002 0.001 0
Rp=2.3 0.010 x 107 0 0.070 x 107 0.008 x 107 0.001 x 107
Rp=24 0.001x 107 0 0.020 x 107 0.009 x 107 0.002x 107

As shown in ref. [20], big holes which are surrounding by ten or more atoms can break up and
lead to tracer diffusion. In our simulation the number nj is correlated with radius Rz. Hence large
simplex has large R or large number np and simplex is to be regarded like "big hole". In order to
clarify how the bubble breaks up, for every simplex we determined the potential energy variation
of neighboring atom as it moves step by step on a line connecting their initial position with the
simplex center. The potential energy profiles (PEPs) for atom moving into simplex are shown in
Fig.4. There are two types of PEP. First one corresponding to curve B monotonously increases
with the distance. The potential barrier in this case is too high such that atom can not do jump.
Second one corresponding to curve A has a maximum and the potential barrier lies in the interval
from 0.6 to 3.2 eV. It means that the jump can be realized and this simplex could break up by the
jump of one neighboring atom. This simplex is called a bubble. Based on the analyzing PEPs for
all simplexes the number of bubbles is calculated and presented in Tab.3. For bubbles the radius
Rp and number 7z is found to be larger than 1.9 A and 6 respectively. There are two types of
bubbles which correspond to the type of jumping atom (iron or boron). Furthermore, the number
of bubbles also monotonously decreases with relaxation degree. The distribution of potential
barrier for bubbles is shown in Fig.5 and it can be fitted by the expression

f(sba,)=Aexp{—(%%;%jz} )

Where ¢,, is averaged barrier height, ¢ is the width of f(e,,), 4 is normalizing constant. The
parameter o, &,, are equal to 0.46, 1.63 for FegoByo and 0.71, 1.65 eV for Fe model, respectively.
As shown in Fig.5, the distribution of potential barrier is Gauss function both of Fe and Fe-B
models. Compared to iron model the distribution of potential barrier in FegoByo is higher and
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narrower. Fig.6 shows bubble's distribution in AFbA. It can be seen some clusters of bubbles
where several bubbles gather at one place. This place obviously has low local density compared
to the mean density of the system. Therefore, the inhomogeneity in AFbA structure is
characterized by bubbles and their clusters. The more the system relaxes, the less the
concentration of bubbles and bubbles clusters.

Table 3. The mean square displacement and number of bubbles in amorphous Fe-based alloys: Here
<xp. >, <xz>, mp, and mgare the mean square displacement and number of bubbles of Fe and B atoms,
respectively.

4 4 Iron Boron
Models mp, (<107 mp(x107) <xFe2 >, Fe <x123 > A2 <xFez > A2 <x12; > A2
M, 0.65 - 7.791 - - -
M, 0.31 - 5.817 - - -
M; 4.72 7.72 7.140 0.508 0.613 4.092
M, 2.34 6.27 6.482 0.251 0.758 4.478
M; 0.28 3.82 5.664 0.321 0.447 4.171

Table 4. The diffusion coefficient of amorphous Fe-based alloys at 570-640 K.

Systems Dr., m’s”! Dy, m’s”! Reference
Model M, 1.5x10"7-2.0x 10" —— This work
Model M, 26x10%2-1.2x%x10% 82 x10%2-8.8x 107 This work
FesoBao 22x107-52x%10% —— [14]
Fe4oNisBao 47 %102 -8.8x 107 1.7 x 10— 1.4x10™" [2]

Important quantity used to estimate the diffusion coefficient is the mean square displacement of
atoms upon breaking up the bubbles. To calculate this quantity we select the atom which can
realize the jump and move it into the bubbles. Then the system is relaxed until reach the
equilibrium. Result is presented in Tab. 3. The mean square displacement of all atoms is equal to
<XF62 >+ <x,g2 > It is clear that the breaking up bubble leads to collective movement of all atoms
located nearby bubble. The value of <xF62 > and <x32 > for less relaxed sample (model M; and
M3) is bigger than ones for more fully relaxed sample (model M,, M4 and M5).

After breaking up the bubble it is interesting to examine the total number of bubble in the system.
The result shows that unlike the vacancy movement in crystalline lattice the present bubble
disappears, but sometime new bubbles are created in the system. Combined these results a tracer
diffusion mechanism is proposed as follows: AFbA contains a number of bubbles which weakly
depends on temperature, but very sensitive to the relaxation degree. The bubble is enough large
such that one can place an atom inside. The breaking up bubble leads to collective movement of
atoms located nearby the present bubble. The number of bubbles decreases upon relaxation, but
their full annihilation is completed only when the AFbA crystallizes. However, we can turn on to
estimate the diffusion coefficient Dy of suggested mechanism by the expression

1
Dy = ,uf_U[mFe <Xp, > My <X, >S:| 3)

atom

Where S is denoted to Fe or B, u is the geometrical correlation factor, 74y, is the number of
atoms in simulation box, f'is the correlation factor for consecutive hops. Taking the free energy
for atomic jump to consist of the potential barrier &, and the migration entropy As,, of the
jumping frequency becomes
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Where v, is the attempt frequency (~10'’s™'"); ks is the Boltzmann constant and 7T is the
temperature. Assuming u = 1/6, exp(As,/k) = 1 and f= 1 and using data from Tab.3 and equation
(3), the diffusion coefficient is calculated and presented in Tab.4 and Fig.7. For the temperature
interval of 570-640 K the calculation result is in reasonable agreement with experimental data for
AFDbA with close chemical composition. The diffusion coefficient based on bubble mechanism is
found to obey the Arrehenius law as shown in Fig.7. Furthermore, from Tab.3 and equation (3)
show that decreasing the diffusion coefficient related to the reduction of number of bubbles with
increasing the relaxation degree.

4. Conclusion

We investigated the tracer diffusion in AFbA model using statistic relaxation method. Our
simulation shows that the most of models contain a number of large np-simplexes which like the
bubble in the amorphous matrix. Compared to iron model, FegyB,o model contains much larger
amount of large simplexes indicating its more inhomogeneous structure. The bubble is enough
large such that one can place one atom inside. Furthermore, they can break up and such lead to
diffusion. It is found that the simplex with nz > 6 or Rz > 1.9 A could be bubbles. A diffusion
mechanism is suggested that the bubble breaks up by jump of neighboring atom and then
collective movement of atoms located nearby occurs. The number of bubbles weakly depends on
the temperature, but is sensitive to the relaxation. The result shows that the diffusion coefficient
determined in term of the suggested mechanism is good agreement with experiment data and
Arrhenius law. The relaxation effect concerning the reduction of diffusion coefficient upon
thermal annealing is interpreted as result of annihilation of bubbles.
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Fig.1. The snapshot of typical simplexes detected in the Fe-based alloys. Blue and red
211 spheres indicate iron and boron atoms, respectively.
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Fig.2. The structure factor Fe (left) and Feg B, (right) amorphous model
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