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a  b  s  t  r  a  c  t

A  next  nearest  neighbor  evaluation  procedure  of  atom  probe  tomography  data  provides  distributions  of
the  distances  between  atoms.  The  width  of  these  distributions  for metallic  glasses  studied  so  far  is  a  few
Angstrom  reflecting  the  spatial  resolution  of the  analytical  technique.  However,  fitting  Gaussian  distri-
butions  to  the  distribution  of atomic  distances  yields  average  distances  with  statistical  uncertainties  of
2 to  3 hundredth  of  an  Angstrom.  Fe40Ni40B20 metallic  glass  ribbons  are  characterized  this  way  in the
as  quenched  state  and  for a  state  heat  treated  at 350 ◦C  for  1 h revealing  a  change  in the  structure  on
the  sub-nanometer  scale.  By  applying  the  statistical  tool  of  the  �2 test  a slight  deviation  from  a  random
distribution  of  B-atoms  in the  as  quenched  sample  is  perceived,  whereas  a pronounced  elemental  inho-
mogeneity  of  boron  is  detected  for  the  annealed  state.  In addition,  the distance  distribution  of  the  first
hort range ordering fifteen  atomic  neighbors  is  determined  by  using  this  algorithm  for both  annealed  and  as  quenched  states.
The  next  neighbor  evaluation  algorithm  evinces  a steric  periodicity  of  the atoms  when  the  next neigh-
bor  distances  are  normalized  by  the  first  next  neighbor  distance.  A  comparison  of  the  nearest  neighbor
atomic  distribution  for  as  quenched  and  annealed  state  shows  accumulation  of  Ni  and  B.  Moreover,  it
also  reveals  the  tendency  of Fe  and  B to  move  slightly  away  from  each  other,  an  incipient  step  to Ni  rich
boride  formation.
. Introduction

The characterization of sub nano-scale transformations, more
recisely, short range ordering in metallic glasses was limited
ecause of the resolution limits of many characterization tech-
iques in the past decades. Lewis has though enunciated that the
lloys that crystallize initially to a bcc phase e.g. Fe-based alloys,
r to an hexagonal close packed (hcp) phase, e.g. Co-based alloys
nd Ti based metallic glasses, embrittle prior to crystallization
1]. Thus, slight short range rearrangements to incipient bcc or
espective groupings may  occur in the glassy state, giving rise to
mbrittlement. For alloys containing high metalloid concentrations
egregation of the metalloid(s) may  occur, perhaps leading also
o the establishment of incipient metal-metalloid groups and/or

egions of high concentrations of metalloid(s) which render the
lloy brittle. Further, since the metalloid content of glassy alloys
learly determines the mode of crystallization, high metalloid

∗ Corresponding author at: FhG Center Nanoelectronic Technologies, Koenigs-
ruecker Strasse 180, D-01099 Dresden, Germany. Tel.: +49 351 2607 3060;
ax: +49 351 2607 3005.

E-mail address: ahmed.shariq@cnt.fraunhofer.de (A. Shariq).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.09.079
© 2011 Elsevier B.V. All rights reserved.

concentrations leading to eutectic or polymorphic crystallization,
an alloy of high metalloid content may  form incipient groupings
involving brittle boride phases that lead to embrittlement.

Different variants of Fe–Ni–B metallic glasses have been stud-
ied intensively in the past decades owing to their excellent soft
magnetic properties; leading to a number of industrial applications
[2]. In addition to their good magnetic properties, a reasonable
amount of research is also devoted to mechanical properties of
these alloys. Prime interest develops because even slight partial
crystallization may  end the useful life of the material: palpable loss
in high permeability and low coercivity [3,4]. Albeit there is sub-
sequent loss in magnetic properties after annealing, ductile-brittle
transition is also reported even for annealing below crystallization
temperatures [5–7].

Different rationales include excess free volume that anneals out
during annealing thereby making plastic deformation even more
difficult alongside the structural relaxation phenomenon upon
annealing [8].  Structural relaxation causes a topological change in
short range order, i.e., changes in bond distances and bond angles

as well as change in chemical short range order, i.e., exchange in
chemically different neighbors.

Atom probe tomography provides information in real space on
chemical heterogeneities at the atomic scale [9–12]. A specimen

dx.doi.org/10.1016/j.jallcom.2011.09.079
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. Schematic presentation of the next neighbor evaluation (NNE) procedure.
Distances di between B-atoms are monitored starting with the A-atom marked with

the investigated Fe40Ni40B20 metallic glass are shown in Fig. 3.
A comparison shows no palpable difference in the heat release
of both samples and both DSC scans reveal a pronounced single
A. Shariq et al. / Journal of Alloys

n the form of a sharp needle is held at cryogenic temperatures
n an ultra-high vacuum chamber. Atoms removed as ions from
he apex of the specimen by field evaporation are projected onto a
osition-sensitive detector (PSD). These ions are chemically identi-
ed using time-of-flight mass spectrometry. Spatial distribution of
ifferent species is revealed from PSD with sub-nanometer lateral
esolution, and atomic resolution in depth. Conventionally, differ-
nt algorithms are applied directly to the 3D reconstructed data
o glean direct information about clustering or ordering [13–15].

oreover, some approaches exclusively deal with pulling out the
nformation about the atomic distance between neighboring atoms
f different species [16–18].  In the present study average distances
nd chemical nature of the next neighbors of all selected atoms are
etermined for the Fe40Ni40B20 metallic glasses in the annealed and

n the as prepared state. Using a next nearest neighbor evaluation
NNE) procedure [16], APT experiments divulge all the possible cor-
elations for different elements of the Fe40Ni40B20 metallic glasses
oth for the as quenched state and heat treated state below the
rystallization temperature.

. Methods

The Fe40Ni40B20 glassy ribbons are produced by melt spinning in vacuum with a
hickness of 30 �m.  Sharp needle shape samples for APT studies were produced by
rst  mechanical polishing of the melt spun and heat treated ribbons (1 h at 350 ◦C)
o  square shape rods, followed by the electropolishing in a solution of 10% perchloric
cid in ethanol. The three dimensional atom probe investigations were performed
ith a PSD detector [19,20]. During APT analyses, pulse fraction of 20% of the stand-

ng voltage were used with a pulse repetition rate of 2000 Hz at a temperature of
0  K. Transmission electron micrographs were utilized to access the details of sample
pex geometry for data reconstruction.

The crystallization kinetics was measured by differential scanning calorimetry
DSC) using Perkin Elmer Pyris DSC 7 at a heating rate of 0.33 K/s under an argon gas
ow.  The diffraction measurements were carried out by X’pert MRD (Philips) with
oK�  X-ray source.

.1. APT data evaluation

�2-test was utilized to check homogeneity of the atom probe data, where the
nalyzed volume is divided into small boxes within which the concentration of the
lloying elements is determined. The concentration range of a certain element is
plit into N appropriate classes and �2 is evaluated by the following equation:

2 =
N∑

n=o

[F(n) − B(n)]2

B(n)
(1)

here F(n) is the concentration of an element in class n and B(n) is the corresponding
alue of the binominal distribution. Then according to Eq. (1),  �2 is a measure of
he deviation of experimentally determined concentration distributions from the
inomial or homogeneous one. If this deviation is smaller than values tabulated for

 certain significance parameter ˛, the distribution is called homogeneous. In the
resent work,  ̨ = 0.05 was chosen, i.e., for �2 > �2

˛ the distribution is considered to
e  homogeneous with an uncertainty of 5%.

A  schematic representation for the next nearest neighbor evaluation (NNE) is
resented in Fig. 1 for a binary A–B alloy. An arbitrary A-atom is picked as a center
tom and distances to the next d1, second next d2, and third next A-atom d3 and
o  on up to the fifteen next A-atom d15 are determined. Then the following A-atom
s  chosen as the center atom and its distances to the fifteen next A-neighbors are
valuated. After all A-atoms have been chosen as center atoms a distribution of the
arious A–A distances is obtained as shown for five neighbors in Fig. 2 for the glassy
d–Cu–P alloy [16]. Analogously, pair distributions of B–B and A–B distances are
valuated. The distributions of atomic distances determined from APT data are con-
olutions of the resolution function of the atom probe and the actual distributions
temming from the amorphous structure of the samples.

In the context of this paper we are mainly interested in the average values of
1, d2, d3, etc. which will be labeled NN1, NN2, NN3, etc. These average values are

etermined in this study by fitting Gaussian distributions to the APT data. Thus the
ean value of the Gaussian is evaluated and error bars are obtained for this quantity.

or all the distributions shown in Fig. 2 and the ones measured in this study the error
ars ±0.02 to ±0.03 Å which is about one hundred times less than the width of the
istributions.
a  cross. First, second, third, . . . A-neighbors have the distance d1, d2, d3 and so on.
The  same procedure is applied for B-atoms and B-neighbors and B-atoms and A-
neighbors.

3. Results

The DSC scans of both as quenched and 1 h annealed states of
Fig. 2. Histograms calculated using the NNE algorithm for Pd–Cu–P bulk amorphous
alloy showing the distance distribution for the first five next neighbors of the Cu–Cu
correlation [16].
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ig. 3. Comparison of the DSC traces of Fe40Ni40B20 metallic glass for as quenched
nd 1 h annealed at 350 ◦C, taken at a heating rate of 0.33 K/s.

rystallization peak (Tx) at 440 ◦C. The DSC scans suggests that
here is no major difference in the structure of the as quenched
nd annealed state. The XRD patterns both for the as quenched and
nnealed states in Fig. 4 reveal no different results than deduced
rom the DSC scans. Albeit, first order and second order humps
re evident in both patterns, no additional crystallization peaks are
eatured for the annealed state.

The three dimensional atomic reconstructions of as quenched
e40Ni40B20 glassy ribbon and annealed ribbon are presented in
ig. 5. Visually, both samples exhibit a single homogeneous ran-
omly distributed phase. Fig. 6 represents the three dimensional
tomic reconstruction of the individual elements in order to elab-
rate the stereological representation of atoms for the heat treated
amples.

The statistical �2 test has been processed to check the homo-
eneity in both samples. A comparison of the frequency distribution
f the experimental data and that from a binomial distribution with
he same mean concentration for each constituent of as quenched
e40Ni40B20 glassy ribbons is shown in Fig. 7. For the as quenched
ample both the binomial and experimental frequency distribu-
ions for Fe and Ni are in general agreement within experimental
rror. However, very slight hints of deviation between the exper-
mental and binomial distributions of the element boron may  be
resent.

A comparison of the �2 values calculated for each constituent
lement via Eq. (1) and the �2 alpha values with 0.05 significance
evel of alpha, for both as quenched and annealed samples is pre-
ented in Table 1. It is evident that the calculated �2 values for

e and Ni are reasonably smaller than �2 alpha values, indicating
hat the Fe and Ni are distributed homogeneously with a proba-
ility of 95%. However, for B the calculated �2 value exceeds the

ig. 4. XRD pattern of as quenched sample and sample annealed for 1 h at 350 ◦C
e40Ni40B20 metallic glass. Both curves show first order and second order humps
ypical for amorphous structures.
ompounds 512 (2012) 270– 277

�2 alpha value and therefore, some inhomogeneity may be present
for the B distribution. Fig. 8 illustrates a similar comparison of the
experimental and binomial distributions for the annealed sample.
Subsequent �2, �2-alpha values and degree of freedom, i.e., N-1 (cf.
Eq. (1)) are also reported in Table 1. The �2 values for all elements
for the annealed sample exceeds the reference �2 alpha values, sug-
gesting inhomogeneous distribution of the constituent elements,
especially for the B-distribution for which a pronounced difference
is recorded between the two  values.

The NNE algorithm is processed to elucidate the fine details
related to the short range ordering for both as quenched and
annealed Fe40Ni40B20 glassy ribbons. The algorithm was processed
for a 10 nm × 10 nm × 10 nm volume chosen from the center of
the analyzed volume for both as quenched and annealed ribbons.
The Gaussian function was fitted for each distribution of NNs.
The distances of the first fifteen NNs for each elemental combi-
nation, calculated by processing the aforementioned algorithm on
the APT data of as quenched Fe40Ni40B20 glassy ribbons are shown
in Table 2. The widths obtained were again 2–4 Å and the error bars
for the mean distances were in between 0.02 and 0.03 Å. As seen
in Table 2 the average distances between an atom and its first, sec-
ond, third, etc. neighbor of a certain component obey the following
relation for all fifteen neighbors

Fe–Fe < Ni–Ni < Fe–Ni < Ni–B < B–B < Fe–B

Annealing for 1 h at 350 ◦C does not affect this trend as shown
in elemental distribution of NNs for annealed Fe40Ni40B20 glassy
ribbon in Table 3.

4. Discussion

The focus of the present work was  utilization of a special algo-
rithm on the APT data to glean out fine details of the atomic
structure of a Fe–Ni–B alloy prior to crystallization. Albeit DSC and
XRD measurements show no structural differences present in as
quenched and annealed Fe40Ni40B20 glassy ribbons, APT results
depict a change in the structure on the very fine sub-nanometer
scale: differences revealed by both �2 test and NNE module.

In the as quenched state the �2 test reveals a homogeneous
distribution of Fe and Ni, whereas the �2 value for B is slightly
higher than the �2 alpha value suggesting that there may  be some
inhomogeneity present. Nevertheless, this inhomogeneity is more
pronounced for the annealed state for B distribution, where a slight
deviation from homogeneity is also present for the other con-
stituent elements. This reveals some rearrangement of atoms: an
incipient state for the precipitation of a new phase with a different
composition when compared with the as prepared alloy.

The NNE module provides information about the atomic dis-
tances of the next neighbors for both as quenched and annealed
states (Tables 2 and 3). For the as quenched state, the distance
of immediate neighboring Fe–Fe, Ni–Ni and B–B pairs are 2.27 Å,
2.56 Å and 2.7 Å, respectively. These values are compared in Table 4
with atomic and covalent diameters (in Å) of each element as
reported in the literature. For Fe–Fe and Ni–Ni next neighbors their
distances are in same range as atomic and covalent diameters sug-
gesting that these atoms are in mutual contact with each other.
However, the separation of B-pairs is much larger than the corre-
sponding diameters and, therefore, suggesting that these atoms are
not in contact but separated by either Fe- or Ni-atoms. These val-
ues and conclusions are in agreement with the pioneering results

obtained by Lamparter and Steeb using neutron scattering for
binary amorphous Fe80B20 and Ni80B20 alloys [21]. A more detailed
comparison with diffraction data is provided in the following
section.
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Fig. 5. Three dimensional elemental atomic reconstruction for (a) as quenched and (b) sample annealed for 1 h at 350 ◦C of the Fe40Ni40B20 glassy ribbons. Each dot represents
an  atomic position of the relative element distinguished by different colors.

Fig. 6. Three dimensional atomic reconstruction for individual elements for a sample annealed for 1 h at 350 ◦C of the Fe40Ni40B20 glassy ribbons. Each dot represents the
atomic position of an alloying element distinguished by different colors.

Table 1
Summary of the calculated �2 values for both as quenched and annealed Fe40Ni40B20 glassy ribbons. The value of �2-alpha for the stated degree of freedom is also given for
comparison, with 0.05 significance level of alpha.

Fe40Ni40B20 As quenched 1 h @350 ◦C

Elements Fe Ni B Fe Ni B

�2 (Eq. (1)) 27 23 72.4 64.4 84 393.2
�2-alpha 45 41 41 45 43 41
DOF  (N-1) 31 28 28 31 29 28

Table 2
Summary of the average distances of the first fifteen next neighbor atoms for different correlations as calculated by processing the NNE algorithm to APT data for the as
quenched Fe40Ni40B20 glassy ribbon. The distances are in Å and error bars are between 0.02 and 0.03 Å.

NNi Fe–Fe Ni–Ni Fe–Ni Ni–B B–B Fe–B

NN1 2.27 2.56 2.57 2.65 2.7 2.75
NN2  3.04 3.44 3.45 3.53 3.66 3.67
NN3  3.56 4.02 4.05 4.11 4.29 4.3
NN4  3.96 4.49 4.5 4.58 4.79 4.79
NN5  4.29 4.88 4.89 4.97 5.21 5.21
NN6  4.59 5.22 5.23 5.31 5.57 5.57
NN7  4.85 5.52 5.53 5.61 5.9 5.89
NN8  5.09 5.8 5.8 5.88 6.19 6.18
NN9  5.3 6.05 6.06 6.13 6.47 6.45
NN10  5.51 6.28 6.29 6.37 6.72 6.7
NN11  5.7 6.5 6.51 6.59 6.95 6.93
NN12 5.87  6.7 6.72 6.79 7.17 7.15
NN13  6.04 6.9 6.91 6.99 7.38 7.36
NN14 6.21  7.09 7.1 7.17 7.57 7.56
NN15  6.36 7.26 7.28 7.35 7.76 7.75



274 A. Shariq et al. / Journal of Alloys and Compounds 512 (2012) 270– 277

Fig. 7. Comparison of the experimental frequency distribution to the binomial distribution of the same concentration for as quenched Fe40Ni40B20 glassy ribbon sample. The
illustrated distributions are for all the constituent elements, i.e., (a) Fe, (b) Ni and (c) B.

Fig. 8. Comparison of the experimental frequency distribution to the binomial distribution of the same concentration for Fe40Ni40B20 glassy ribbon annealed 1 h at 350 ◦C.
The  illustrated distributions are for all the constituent elements, i.e., (a) Fe, (b) Ni and (c) B.
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Table 3
Summary of the average distances of the first fifteen next neighbor atoms for different correlations as calculated by processing the NNE algorithm to TAP data for the
Fe40Ni40B20 glassy ribbon annealed for 1 h at 350 ◦C. The distances are in Å and error bars are between 0.02 and 0.03 Å.

NNi Fe–Fe Ni–Ni Fe–Ni Ni–B B–B Fe–B

NN1 2.18 2.5 2.52 2.55 2.68 2.79
NN2 2.92  3.37 3.39 3.42 3.65 3.7
NN3  3.42 3.95 3.97 4.02 4.28 4.33
NN4 3.82  4.41 4.43 4.48 4.77 4.83
NN5  4.14 4.79 4.8 4.86 5.19 5.24
NN6  4.43 5.12 5.13 5.19 5.54 5.59
NN7  4.68 5.42 5.43 5.48 5.86 5.91
NN8 4.91  5.69 5.69 5.76 6.15 6.2
NN9  5.12 5.93 5.94 6 6.42 6.46
NN10 5.31  6.16 6.16 6.23 6.68 6.71
NN11  5.49 6.38 6.38 6.44 6.91 6.95
NN12  5.66 6.58 6.58 6.65 7.14 7.17
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NN13  5.82 6.77 

NN14 5.98  6.95 

NN15 6.12  7.12 

.1. Comparison with earlier investigations

Sietsma and Thijsse published for the Fe40Ni40B20 metallic glass
hree partial reduced radial distribution functions as obtained by
eutron diffraction experiments [22]. The three partial RDFs were
alculated by applying isotopic substitution from Fe40Ni40

11B20,
e40

60Ni40
11B20, Fe40

62Ni40
11B20 samples [23]. Moreover, for the

alculations it was assumed that the following relation for the
e–Fe and Ni–Ni structure factor is obeyed SFeFe (Q) = SNiNi (Q). Peak
ositions of the coordination shells for three partial reduced radial
istribution functions, i.e., for Fe–Fe, Ni–Ni (denoted as MM),  Fe–Ni,
nd Fe–B, Ni–B (denoted as MB)  from Sietsma’s work [22] and the
esults from the present study (as quenched state) are summarized
n Table 5. The plausible methodology adapted for a comparison

ith the reduced radial distribution function calculated from the
cattering techniques, is to take the average of NNs having the same
istance range as that of the corresponding coordination peak/sub
eak. For example, for Fe–Ni correlation, only NN1 has compara-
le distance to that of the first peak in the corresponding PRDF (r1

1)
22], hence considered. Subsequently, NN2–NN4 corresponds to the
ub-peak1 of the second peak in the corresponding PRDF (i.e., r1

2)
nd hence averaged.

Deduced values PRDF estimates from the present study corrobo-
ate reasonably with the results from Sietsma and Thijsse. It should
e noted that they found for the transition metal-metalloid (Fe–B,
i–B) correlation a first coordination peak with two  sub peaks.
owever, the present NNE results do not show a metal–metalloid
istance corresponding to the first sub peak but lie in the range of
he second sub-peak. It is worth mentioning that utilizing APT, it is
ossible to reveal all different elemental correlations regardless of
he number of the constituent elements which is quite improbable
o be evaluated unambiguously from diffraction data.

.2. Comparison between quenched and annealed states
To elaborate changing atom distances between the as quenched
nd annealed states of the Fe40Ni40B20 glassy ribbon, differences
etween corresponding elemental correlations are presented in

able 4
ext neighbor distances NN1 for the as quenched state and atomic and covalent
iameters of the corresponding elements.

Pair of
elements

Next neighbor
distance NN1 (Å)

Atomic diameter
(Å)

Covalent diameter
(Å)

Fe–Fe 2.27 2.52 2.34
Ni–Ni 2.56 2.48 2.30
B–B  2.7 1.96 1.64
 6.84 7.35 7.37
 7.02 7.54 7.57
 7.19 7.73 7.76

Table 6. For all correlations except that of Fe–B positive values were
obtained corresponding to a decrease of the distances between
all atoms. This is in agreement with the expectation, because the
annealed samples are believed to represent a more relaxed struc-
ture with decreased atomic distances. It should be noted that these
differences are equal or larger than the error bars of the mean value
of fitted Gaussians.

The magnitude of changes for different elemental correlations
upon annealing follows the sequence as under:

Fe–B < B–B < Ni–Ni < Fe–Ni < Ni–B < Fe–Fe

It shows that for the annealed state Fe–B has a slight tendency
to move away from each other, contrary to the Ni–B which are
attracted to each other. It evinces that the Ni boride is more favor-
able than Fe boride. Gibb’s free energies of both borides at 327 ◦C
are considered and given as under

Ni4B3 −397.87 kJ/mol [24]
NiB −123.25 kJ/mol [24]
FeB −98.73 kJ/mol [25]

Lucidly, the Gibbs free energy for Nickel boride formation being
more negative than that of the Iron boride gives a plausible expla-
nation for the tendency of B to move towards the Ni.

Different stages of crystallization had earlier been investigated
by Mitra et al. X-ray diffraction data from their study revealed early
stages (though at higher temperature, i.e., 457 ◦C) of crystallization
of a solid solution of FeNi alongside the compounds Fe4.5Ni18.5B6
and Ni4B3 [26]. Further crystallization leads to the formation of
Ni4B3, Fe4.5Ni18.5B6 and Fe3Ni3B borides.

The results of the present study reveal the tendency of the incip-
ient grouping of Ni and B that may  be either directly to yield the
aforementioned Ni rich boride, i.e., Ni4B3 or a step towards the for-
mation of ternary Ni-rich Fe4.5Ni18.5B6. For the formation of the
Fe4.5Ni18.5B6, boron atoms have to move away from the Fe and
towards the Ni to meet the required stoichiometry. It also cor-
roborates the theory proposed by Lewis that slight short range
rearrangements for alloys containing high metalloid concentra-
tions may  occur by segregation of the metalloid(s), perhaps leading
also to the establishment of incipient metal–metalloid groups
and/or regions of high concentrations of metalloid(s) which render
the alloy brittle.

4.3. Steric periodicity of atomic distribution
To elaborate any structural periodicity, the distance of the each
NN is divided by the first NN of the corresponding correlation
and compiled in Table 7. The normalized distances of each cor-
relation seem to be independent of the chemical identity. For a
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Table 5
Summary of the distances of the first (r1) and second (r2) peak position of the coordination shells of the partial reduced radial distribution functions for Fe40Ni40B20 metallic
glasses [22] and a comparison with the results of the present study by applying the NNE module for the as quenched state. Distances are given in Å and subpeaks are denoted
by  subscripts.

Fe40Ni40B20 (Sietsma and Thijsse [22]) Fe40Ni40B20 (Present work)

M–M Fe–Ni M–B  Fe–Fe Ni–Ni Fe–Ni Ni–B Fe–B

r1
1 2.52 2.53 2.15 2.66 2.56 2.57 2.65 2.75

r1
2 2.83

r2
1 4.23 4.18 4.34 4.1 3.98 4 4.3 4.25

r2
2 4.85 4.85 4.97 5.05 5.06

Table 6
Differences in Å for the average distances of first fifteen next neighbor atoms between the as quenched and annealed states of Fe40Ni40B20 glassy ribbons (q denotes as
quenched and a denotes annealed state).

Fe–B B–B Fe–Ni Ni–Ni Fe–Fe Ni–B

NN1q–NN1a −0.04 0.02 0.05 0.06 0.09 0.1
NN2q–NN2a −0.03 0.01 0.06 0.07 0.12 0.11
NN3q–NN3a −0.03 0.01 0.08 0.07 0.14 0.09
NN4q–NN4a −0.04 0.02 0.07 0.08 0.14 0.1
NN5q–NN5a −0.03 0.02 0.09 0.09 0.15 0.11
NN6q–NN6a −0.02 0.03 0.1 0.1 0.16 0.12
NN7q–NN7a −0.02 0.04 0.1 0.1 0.17 0.13
NN8q–NN8a −0.02 0.04 0.11 0.11 0.18 0.12
NN9q–NN9a −0.01 0.05 0.12 0.12 0.18 0.13
NN10q–NN10a −0.01 0.04 0.13 0.12 0.2 0.14
NN11q–NN11a −0.02 0.04 0.13 0.12 0.21 0.15
NN12q–NN12a −0.02 0.03 0.14 0.12 0.21 0.14
NN13q–NN13a −0.01 0.03 0.14 0.13 0.22 0.15
NN14q–NN14a −0.01 0.03 0.15 0.14 0.23 0.15
NN15q–NN15a −0.01 0.03 0.16 0.14 0.24 0.16

Table 7
The ratio for different elemental correlations after normalizing the average distances of the first fifteen next neighbors by the average distance of first neighboring atom for
the  as quenched state. Averaged normalized ratios for the annealed state are also given for a comparison. The distances are in Å.

Fe–Fe Ni–Ni Fe–Ni B–B Fe–B Ni–B Average as quenched Average annealed

NN2/NN1 1.34 1.35 1.34 1.36 1.33 1.34 1.34 ± 0.02 1.35 ± 0.02
NN3/NN1 1.57  1.58 1.57 1.6 1.56 1.56 1.56 ± 0.03 1.58 ± 0.03
NN4/NN1 1.75 1.76 1.75 1.78 1.74 1.74 1.74 ± 0.03 1.76 ± 0.03
NN5/NN1 1.89 1.91 1.9 1.94 1.89 1.88 1.88 ± 0.04 1.91 ± 0.04
NN6/NN1 2.02 2.04 2.03 2.07 2.02 2.02 2.02 ± 0.04 2.04 ± 0.05
NN7/NN1 2.14 2.16 2.15 2.19 2.14 2.13 2.13 ± 0.04 2.16 ± 0.05
NN8/NN1 2.24  2.27 2.26 2.3 2.24 2.23 2.23 ± 0.05 2.26 ± 0.05
NN9/NN1 2.34 2.37 2.36 2.4 2.34 2.33 2.33 ± 0.05 2.36 ± 0.05
NN10/NN1 2.43 2.46 2.45 2.5 2.43 2.42 2.42 ± 0.06 2.45 ± 0.05
NN11/NN1 2.51 2.55 2.53 2.58 2.51 2.5 2.5 ± 0.06 2.53 ± 0.06
NN12/NN1 2.59 2.63 2.61 2.66 2.59 2.58 2.58 ± 0.06 2.61 ± 0.06
NN13/NN1 2.66  2.71 2.69 2.74 2.67 2.65 2.65 ± 0.07 2.69 ± 0.07
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NN14/NN1 2.74 2.78 2.76 2.81 

NN15/NN1 2.8 2.85 2.83 2.88 

omparison, the average normalized ratios of the NNs of the
nnealed samples are also presented here. The resultant normal-
zed ratios are somewhat identical for all elemental correlations
ndependent of chemical nature. Such an atomic periodicity inde-
endent of the elemental correlation, reveals that the underlying
rinciple responsible for periodicity is rather steric: the arrange-
ent of atoms according to the constraint of filling the three

imensional space contrary to the one suggested by Häussler [27].
ntriguingly, the same findings have already been reported for Pd
ased amorphous alloys [16].

. Conclusions
XRD and DSC, the conventional characterization tools do not
how any structural transformation for 1 h annealed Fe40Ni40B20
etallic glass at 350 ◦C. APT results, however, depict a change in

he structure on the very fine sub-nanometer scale. Albeit, �2 test
.74 2.72 2.72 ± 0.07 2.76 ± 0.07

.81 2.79 2.79 ± 0.07 2.83 ± 0.07

reveals pronounced inhomogeneity for the annealed state, there
were slight hints of inhomogeneity for B distribution even for the
as quenched Fe40Ni40B20 glassy ribbon.

The NNE algorithm presented in this study successfully allows
the evaluation of the first fifteen next neighbors for both as
quenched and annealed states. The distances for the next neigh-
bors of different elemental correlations are in a good agreement
with the data available in the literature. The distance distributions
of next neighboring atoms show that Fe–Fe atoms have the highest
probability to be the next neighbors to each other. A steric period-
icity of the atoms is also depicted by normalizing the NN distances
by the first next neighbor distance NN1; yielding a ratio similar for
all elemental correlations proves that there exists a certain order

among the atoms, irrespective of their chemical nature. A compar-
ison of the NN atomic distribution for as quenched and annealed
states reveals accumulation of Ni and B. It also shows the tendency
of Fe and B to move slightly away from each other. These findings
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re in good agreement with the Gibbs free energies for Ni- and
e boride formation; a Ni rich boride formation is also enunciated
y Mitra et al. [26]. The tendency of incipient grouping corrobo-
ates Lewis’s postulate about the changes in short range ordering,

 primordial step to boride formation, which causes embrittlement
f the Fe40Ni40B20 metallic glass even before the crystallization
emperature.
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