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Abstract: Iron-based amorphous metallic alloys (AMAs) of several compositions were exposed to
neutron irradiation with fluences of up to 1019 n/cm2. These materials exhibit excellent magnetic
properties which predetermine them for use in electronic devices operated also in radiation-exposed
environments. Response of the studied AMAs to neutron irradiation is followed by Mössbauer
spectrometry which probes the local microstructure. Neutron irradiation leads to rearrangement of
constituent atoms, their clustering, and formation of stress centers. The observed modifications of
topological short-range order result in changes of spectral parameters including average hyperfine
magnetic field, 〈B〉, standard deviation of the distribution of hyperfine fields, and position of the net
magnetic moment. After irradiation, especially differences in 〈B〉-values develop in two opposite
directions. This apparent controversy can be explained by formation of specific atomic pairs with
different exchange interactions, which depend on the composition of the samples. Part II of this
paper will be devoted to radiation effects caused in Fe-based AMAs by ion irradiation.

Keywords: Mössbauer spectrometry; amorphous metallic alloys; structural modifications; neutron
irradiation; hyperfine interactions; short-range order

1. Introduction

New demands of the market as well as developing ecological attitudes of the society
require the use of advanced materials [1]. Along with (poly)crystalline steels, other types
of metallic materials, namely amorphous metallic alloys (AMAs), are widely used also
in industry. They feature disordered structure and that is why they are also referred to
as metallic glasses (MGs) and these two terms are used as synonyms. Especially iron-
based AMAs exhibit excellent magnetic properties [2,3], which result in a number of
applications (e.g., magnetic shielding, transformers cores, and magnetic sensors) [4,5].
Combination of enhanced corrosion resistance and high neutron absorption capacity makes
namely chromium- and boron-containing AMAs [6] perspective materials for the use in
the nuclear power industry. Possible applications comprise surface coatings of storage
containers for spent nuclear fuel [7]. Selected AMAs are considered for construction of
magnetic cores of accelerator radio frequency cavities [8] due to advantageous magnetic
performance. In this particular application, they could be exposed to lost primary ions
and/or subsequently formed neutrons. Accordingly, they are considered as appropriate
materials in radiation-exposed environments. Microstructure of materials is sensitive
to any external modification which, consequently, affects also their resulting physical
properties. The long-term reliability of structural nuclear materials operating under harsh
conditions of intense radiation, high temperature and in the presence of corrosion agents is
an important technologic, economic and environmental demand, and it raises a number
of challenges [9]. Recently their use in remediation of copper contaminated soil [10] and
biomedical applications [11] were reported.
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Considerable worldwide research effort is dedicated to the design, production, and
prediction of resulting properties of new materials that are supposed to be used in extreme
environments including harsh conditions of enhanced radiation. Among them, AMAs
constitute an interesting class of perspective materials. Though they were invented sev-
eral decades ago, their structure-to-properties relationship is still not fully understood.
Question of their structural arrangement and transformations are solved by the help of
atomistic simulations [12]. Continuing experimental effort to describe their unique physical
properties is demonstrated by the most recent studies. Along with well-known compo-
sitions [13–15], also novel types of AMAs [16,17] are studied with the aim to describe
microstructural arrangement and its impact upon the resulting physical properties. In
addition, structural transformations into nanocrystalline alloys featuring nanoglass and
nanocrystalline regions after heating and deformation were recently reviewed [18].

Knowledge of microstructural arrangement of any materials is crucial as it affects
the resulting macroscopic properties. Especially if local structural variations caused by
irradiation are considered. Consequently, due attention is paid to the radiation damage
which might affect the performance even of such materials, as, for example, steels that are
used for construction of reactor pressure vessels [19]. However, unlike the well-defined
long-range order in crystalline materials, the atomic arrangement in disordered AMAs
is still not sufficiently understood. Thus, their characterization at the atomic level repre-
sents an ambitious mission requiring application of advanced experimental techniques.
Responses of namely Fe-based AMAs to various kinds of irradiation are widely examined.
Examples of such studies include irradiation with gamma photons [20], lasers [21], electron
beams with low [22] and high [23] doses, light [24] and heavy [25] ions as well as neutrons
which are treated to more details in this work. Consequently, it is inevitable to study the
impact of neutron irradiation on their structural as well as magnetic characteristics.

Originally, it was expected that AMAs should be unaffected by radiation damage
due to their homogeneous disordered structure, which should accommodate the induced
defects. Indeed, as reported by Violet et al. [26], the effects of neutron irradiation on
magnetic properties of Fe-Ni-Zr were small, suggesting a good resistance against radiation
damage up to fluences of 1017 n/cm2. It should be noted; however, that the irradiation was
performed with 14 MeV neutrons obtained from a neutron generator (i.e., fast neutrons
which penetrate relatively easily through thin AMAs ribbons). Nevertheless, the results
obtained during the last three decades pointed out that irradiation by neutrons not only
results in post irradiation activity [27], but can induce changes in microstructure of AMAs,
with a consequent impact upon their magnetic [28–35] and mechanical properties [36,37].

Modification of magnetic parameters of AMAs caused by neutron irradiation repre-
sents an important concern of the research groups. A relatively large value of high-field sus-
ceptibility of a neutron-irradiated Fe74Ni25B18Si10 AMA was ascribed to inhomogeneities
introduced in the amorphous structure, which also caused a decrease in ac susceptibility
and an increase in coercivity [29]. These studies were conducted by conventional magnetic
measurements using induction magnetometer and AC bridge of mutual inductance. The
obtained results were in agreement with the conclusions derived from ferromagnetic res-
onance experiments performed upon the same samples [30]. A decrease in the value of
exchange constant after neutron irradiation of Fe80B20 amorphous ribbons was attributed
to atomic rearrangements towards disordering [31]. The same mechanism was thought
to cause a decrease of Curie temperature and the spin-wave stiffness constant in neutron-
irradiated Fe30Ni48-xCrxMo2Si5B15 (x = 4, 10, 12) MG [32]. Possible irradiation-induced
effects of structural and chemical changes in the investigated AMAs were suggested. Never-
theless, the findings obtained from (macroscopic) magnetic measurements by temperature
dependencies of spontaneous magnetization and low-field AC susceptibility were not able
to unveil subtle structural modifications that took place on an atomic level. These can be
effectively revealed by Mössbauer spectrometry.

Another important consequence of neutron irradiation concerns mechanical prop-
erties of AMAs exposed to radiation damage. They behave differently from crystalline
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alloys, where irradiation-caused embrittlement was found. Some AMAs became even
more ductile after neutron irradiation [36]. Majority of the irradiation-induced defect
structure was; however, eventually recovered after suitable prolonged heat treatment at
temperatures well below the onset of crystallization [37]. In the so-called nanocrystalline
alloys (NCAs), which are prepared by appropriately controlled crystallization of AMAs
featuring specific composition and consist of amorphous and (nano)crystalline regions [38],
neutron irradiation had a different impact upon both types of structures. While thermally
embrittled amorphous samples were able to regain complete ductility after neutron irra-
diation, their nanocrystalline counterparts have shown the same level of brittleness as
before the irradiation [39,40]. On the other hand, neutron irradiation of NCAs has led to
partial re-amorphization. In both states of the investigated samples (i.e., amorphous and
nanocrystalline), deterioration of their magnetic properties occurred after irradiation with
sufficiently high neutron fluences of about 1018–1019 n/cm2. The observed changes were
less significant in the nanocrystalline samples [39,40].

Determination of structural arrangement and hyperfine interactions between the
nucleus and the electron shell of iron atoms can be readily obtained by means of 57Fe
Mössbauer spectrometry. Because iron is the basic constituent element of a broad family of
AMAs, namely these systems are especially suited for detailed characterization by this tech-
nique, which provides simultaneous information on short-range order (SRO) and magnetic
microstructure. It also gives distributions of particular hyperfine parameters. Indeed, the
first Mössbauer spectrometry investigations of neutron-irradiated AMAs [41,42] appeared
soon after the impact of neutrons on their magnetic properties was reported [29,30].

As it turned out later [43–46], it can be effectively used in the investigation of neutron-
irradiated MGs. At the same time, Mössbauer spectrometry is a powerful analytical tool
also for characterization of NCAs where several structurally different regions exist, which
can be readily identified from the recorded spectra [47,48]. That is why it is not surpris-
ing that this technique was successfully applied to investigations of neutron-irradiation-
induced modifications of several types of NCAs [49–54] too. The author’s contribution to
the field of neutron-irradiated AMAs can be found elsewhere [55–61].

In fact, there are not too many experimental studies devoted to the investigation
of the effect of neutron irradiation on AMAs. We can only speculate that it is due to
technical and safety restrictions associated with the necessity to employ a rather intensive
source of neutrons (usually nuclear reactor) and manipulation with radioactive specimens,
respectively. Nevertheless, interest in this topic has increased lately, as documented by
recently published papers. As examples, the works of Yang et al. [62] and Brechtl et al. [63]
can be mentioned. A series of experimental measurements and theoretical simulations were
applied to unveil structural responses of ZrCu metallic glass to neutron irradiation [62].
Multiple mechanical property and structural characterization techniques revealed that
irradiation of bulk metallic glass Zr52.5Cu17.9Ni14.6Al10Ti5 with neutrons to a fluence of
1.4 × 1020 n/cm2 has led to softening and reduced Young’s modulus, while opposite
effects were found after annealing at 300–325 ◦C [63]. A new trend in this field makes
use of numerical calculations to assess microstructural evolution of MGs under neutron
irradiation [64]. However, the wider use of Mössbauer spectrometry in this area of research
still does not sufficiently match its potential.

The main purpose of this study rests with identification of microstructural modifi-
cations caused by neutron irradiation in Fe-based AMAs prepared by rapid quenching
method. Its task is to demonstrate radiation effects using selected examples of AMAs with
different chemical compositions. Because they exhibit suitable magnetic parameters, influ-
ence of neutron irradiation upon variations of hyperfine interactions will be highlighted
too. In doing so, results obtained by employing 57Fe Mössbauer spectrometry are reviewed
with emphasis on own investigations. It should be noted that nanocrystalline alloys, which
are often prepared from AMAs’ precursors by suitable heat treatment, are beyond the scope
of the present communication and that is why they are mentioned only briefly. Extension
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of this work towards radiation effects in AMAs caused by ion irradiation will follow in
Part II of this work.

2. Materials and Methods
2.1. Mössbauer Spectrometry

An effective way of microstructural analysis, which becomes especially important
when we are interested in radiation damage, is possible through subtle changes in the
positions of the nuclear energetic levels. Nuclei of 57Fe in the investigated material are
exposed to electric and magnetic fields created by the electrons of the atom itself and by
other atoms in its neighborhood. These fields generally interact with the electric charge
distribution and the magnetic dipole moment of the nucleus and perturb its nuclear
energy states. This perturbation, the so-called nuclear hyperfine interaction, may shift
the nuclear energy levels, as is the case in the electric monopole interaction, or split
degenerate states, as afforded by the electric quadrupole interaction and the magnetic
dipole interaction. All these three kinds of interactions can be effectively characterized by
Mössbauer spectroscopy (MS) through the corresponding hyperfine interactions between
the nucleus and the electron shell via particular spectral parameters [65].

MS is particularly suited for investigation of iron-containing materials and for the
determination and characterization of their microstructure and magnetic ordering [66]. It
can also distinguish non-magnetic and magnetic phases as well as valence state, chemical
bond, spin state, internal magnetic field, electric field gradient, lattice vibrations, etc.
Diagnostic potential of MS can be effectively used in the study of materials featuring
different structural arrangements. Along with crystalline structures—steels with well-
defined long-range order [67]—and amorphous structures, investigations of the so-called
quasicrystals, which exhibit structural features between these two arrangements, is also
possible [68]. Very recently, a new era in the use of the Mössbauer effect has begun,
when synchrotron radiation was widely introduced into nuclear resonance scattering
experiments [69]. Thus, on-line measurements performed in real time for the study of
intermediates during chemical reactions [70] and/or in situ observations of crystallization
processes in MGs [71] became feasible.

MS allows unambiguous identification of crystallographic sites in crystalline phases
along with distributions of hyperfine interactions between the nuclei and the electron shells
in amorphous (i.e., disordered structures), as demonstrated in Figure 1.

Figure 1. Simulated 57Fe Mössbauer spectra of: (a) Crystalline material; (b) disordered or amorphous
material; (c) corresponding hyperfine parameters including quadrupole splitting, ∆, and hyperfine
magnetic field, B, together with their distributions P(∆) and P(B), respectively.
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Crystalline materials exhibit a long-range order translation symmetry due to crystallo-
graphic arrangement of the atoms featuring well defined positions, and that is why their
Mössbauer spectra consist of narrow lines, the number of which depends upon magnetic
states of the 57Fe resonant nuclei, as seen in Figure 1a. The corresponding hyperfine pa-
rameters are discrete values comprising quadrupole splitting, ∆, and hyperfine magnetic
field, B, for non-magnetic and magnetic samples, respectively. Together with isomer shift,
δ, which represents electric monopole interactions, they serve as fingerprints for the iden-
tification of the particular crystalline phases. The obtained Mössbauer spectrum shows
doublet and sextet of spectral lines, correspondingly, thus information on their magnetic
states and relative amounts is also readily available. Detailed description of the individual
spectral parameters can be found elsewhere [65].

The situation is quite different when disordered or amorphous materials are analyzed.
Here, non-equivalent atomic sites imply that only a short-range order exists in the local
atomic arrangement of the resonance atoms. Consequently, the resulting spectral lines
are significantly broadened (Figure 1b) and provide distributions of the corresponding
hyperfine parameters P(∆) and P(B) (Figure 1c).

For the sake of the upcoming discussion, let us also mention that the sextets of
Mössbauer lines convey information on the orientation of the net magnetic moment of
the inspected sample [72] via mutual ratio of their intensities, which are quantified by the
angle Θ. The latter can be derived from the expression b = (4sin2Θ)/(1 + cos2Θ), where b
represents relative intensity (area) of the second and/or the fifth spectral line with respect
to the first, sixth and the third, fourth lines (I1:I2:I3:I4:I5:I6 = 3:b:1:1:b:3). The parameter b can
be obtained directly from a spectrum by its evaluation. As shown in Figure 2, Θ is an angle
between the vector of net magnetization, M, and the propagation direction of the γ-rays
in a Mössbauer effect experiment. It can vary between 0◦ and 90◦, which corresponds to
b = 0 and b = 4, respectively. In a common experimental set-up, γ-rays coming from the
Mössbauer radioactive source are (usually) normal to the plane of the absorber (sample).
The value Θ = 90◦ means that all atomic spins remain within the ribbon plane and so does
the net magnetic moment of the sample, while Θ = 0◦ indicates that the individual spins
are perpendicular to the ribbon plane. In case of randomly oriented spins (e.g., in powder),
Θ = 54.7◦, the so-called magic angle and b = 2.

Figure 2. To the explanation of mutual relation between lines intensities of Mössbauer sextet and
position of the net magnetic moment of the investigated sample, M, characterized by angle Θ between
the sample’s plane and direction of gamma rays, γ, from the Mössbauer source.
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All Mössbauer effect experiments reported here were accomplished with standard
spectrometers equipped with a 57Co/Rh radioactive source moving with constant accelera-
tion. The absorbers consisted of ~1 cm long ribbons that were stacked side-by-side to cover
an area of about 1.5 cm2. Number of the ribbons depended on their width. Mössbauer
spectra were recorded at room temperature and evaluated by NORMOS [73] software.
Velocity scale was calibrated with respect to a room-temperature Mössbauer spectrum of a
12.5 µm thick α-Fe foil.

Broad and overlapping experimental Mössbauer spectra of neutron-irradiated AMAs
were fitted to theoretical curves constructed by a histogram method using up to 33 sub-
spectra with a fixed linewidth (value taken from the corresponding calibration spectrum of
α-Fe foil). Spectrum asymmetries were covered by introducing correlations between the
isomer shift and the hyperfine magnetic and quadrupole interactions, respectively [73]. In
this way, distributions of hyperfine magnetic fields, P(B), and quadrupole splittings, P(∆),
were obtained.

2.2. Investigated Materials

Iron-based amorphous metallic alloys for neutron irradiation experiments were pro-
duced by the method of planar flow casting at the Institute of Physics, Slovak Academy
of Sciences in Bratislava (courtesy of late P. Duhaj). They were in a form of ribbons with
chemical compositions and physical dimensions as compiled in Table 1. The reason for
choosing these particular compositions was twofold: (1) They should contain sufficiently
high boron content, and (2) they should contain varying amounts of Ni and Cr to assess
their role in radiation effects. In addition, chemical composition, which is suitable for
formation of NCAs, viz. Fe73.5Nb3Cu1Si13.5B9, was also considered. On the other hand,
Co-containing AMAs were excluded because of potential risk associated with formation of
a long-lived 60Co radionuclide after neutron irradiation.

Table 1. Amorphous metallic alloys for neutron irradiation experiments.

Composition Thickness (µm) Width (mm)

Fe80Cr2Si4B14 ~30 10
Fe84B16 ~30 6

Fe30Ni48-xCrxMo2Si5B15 (x = 0, 2, 4, 6, 8) 16–27 6
Fe73.5Nb3Cu1Si13.5B9 27 10

Fe80-xNixB20 (x = 10, 20, 30, 40) ~30 5

Neutron irradiation was performed in a nuclear research reactor by a whole neutron
spectrum to the total fluences of 1014 to 1019 n/cm2. Ratio of fast to thermal neutrons was
nearly 1:1 (contribution of fast neutrons varied in different irradiation experiments between
0.9 and 1.2). Before the irradiation, several approximately 2 cm long pieces of the samples’
ribbons were wrapped into an aluminum foil. Temperature during the irradiation did not
exceeded 70 ◦C. After the irradiation, the samples were checked for residual activity and,
eventually, corresponding gamma spectra were collected [27,61]. Presence of long-lived
radionuclides in the samples activated by thermal neutrons had to be considered during
preparation and handling the absorbers for Mössbauer effect experiments in order to follow
the safety procedures.

3. Results

Modifications of microstructure can be best documented by MS. Representative exam-
ples are shown in Figure 3 by Mössbauer spectra of Fe80Cr2Si14B14 AMA. Experimental
points (black squares) are overlaid with theoretically calculated red and blue solid curves
in the left-hand part of Figure 3a,b, respectively. In the right-hand side, the corresponding
distributions of hyperfine magnetic fields, P(B), are shown. It should be noted that both
patterns have the same scales on their respective y-axes.
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Figure 3. Mössbauer spectra (left) of the Fe80Cr2Si14B14 amorphous metallic alloy with corresponding
distributions of hyperfine magnetic fields, P(B), (right): (a) Non-irradiated sample; (b) after neutron
irradiation with a fluence of 1019 n/cm2; (c) differences between P(B) distributions.

Changes in P(B) distributions between the non-irradiated and irradiated specimens are
highlighted in Figure 3c. Positions of zero differences are denoted by straight dashed lines.
Positive differences mean that P(B) of non-irradiated sample prevail that of the irradiated
one and vice versa. We have introduced this concept for the sake of better visualization
of neutron-irradiation-induced deviations in the whole range hyperfine magnetic fields.
Another possibility of assessment of the effects of neutron irradiation rests with inspection
of the individual spectral parameters as a function of neutron fluence.

Average hyperfine magnetic field values, 〈B〉, and standard deviations of P(B) distri-
butions, σ, are plotted against neutron fluence in Figure 4a,b, respectively. Along with the
data for Fe80Cr2Si14B14 AMA also those of Fe84B16 MG (i.e., without Cr and Si) are plotted
for comparison. Mössbauer spectra of Fe84B16 resemble very much those of Fe80Cr2Si14B14
and that is why they are not provided here.

Figure 4. Parameters of distributions of hyperfine magnetic fields, P(B), obtained from Mössbauer
spectra of Fe80Cr2Si14B14 and Fe84B16, plotted against the neutron fluence: (a) Average hyperfine
magnetic field, 〈B〉; (b) standard deviation, σ.

Positions of the net magnetic moment, that are characterized by an angle Θ, can be
derived from line intensities of the Mössbauer spectra (see also Figure 2). In Figure 5,
Θ-values obtained from the evaluation of spectra corresponding to Fe80Cr2Si14B14 and
Fe84B16 AMAs are plotted against the neutron fluence. Random spin orientations are
indicated by a green dashed line marking the magic angle of 54.7◦.
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Figure 5. Positions of net magnetic moments characterized by the angle Θ of the Fe80Cr2Si14B14 and
Fe84B16 plotted against neutron fluence. The green dashed line represents the magic angle (54.7◦),
which corresponds to random orientation of spins.

A combined effect of chemical composition and neutron irradiation is documented in
Figure 6, where Mössbauer spectra of Fe30Ni48-xCrxMo2Si5B15 AMA are shown for varying
contents of Cr, x, both before and after irradiation with 1019 n/cm2. The scales of the y-axes
of 2% apply for spectra corresponding to x = 0 up to x = 8 before irradiation and 4% belongs
to spectra from x = 8 after irradiation onwards. As it can be seen, namely this spectrum
exhibits pronounced change in both its shape and intensity after neutron irradiation.

Figure 6. Mössbauer spectra and corresponding P(B) distributions of the Fe30Ni48-xCrxMo2Si5B15 for
the indicated chromium contents, x: (a) In non-irradiated state; (b) after neutron irradiation with a
fluence of 1019 n/cm2.
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Average values of hyperfine magnetic fields, 〈B〉, which were derived from P(B)
distributions corresponding to Mössbauer spectra from Figure 6 are plotted in Figure 7 as a
function of Cr concentration, x. In the irradiated samples, 〈B〉-values for x > 6 represent in
fact quadrupole splitting values of the corresponding doublets, which are only expressed
in units of Tesla for the sake of mutual comparison. Before irradiation, the same situation
applies for x > 8.

Figure 7. Average hyperfine magnetic fields of P(B) distributions, 〈B〉 plotted against Cr content, x, as
obtained from Mössbauer spectra of the Fe30Ni48-xCrxMo2Si5B15 amorphous metallic alloy measured
before (violet squares) and after (pink circles) neutron irradiation with the fluence of 1019 n/cm2.

Comparison of 〈B〉 values derived from Mössbauer spectra of Fe30Ni48-xCrxMo2Si5B15
AMAs for all Cr concentrations and all neutron fluences is shown in Figure 8 as differences,
〈B〉 = 〈Bnon−irr〉 − 〈Birr〉, between non-irradiated samples and the corresponding ones
after irradiation with the particular neutron fluence. The range of experimental errors is
depicted by dashed lines. While the x = 0 sample exhibits a tendency of slight increase in
〈B〉 towards higher fluences, an opposite and even more pronounced behavior is seen for
x = 6 and 8. Note that samples with x = 10 and x = 12 exhibit only pure electric quadrupole
interactions and that is why they are not presented in the figure.

Figure 8. Differences of average hyperfine magnetic fields, ∆〈B〉, between non-irradiated and
irradiate Fe30Ni48-xCrxMo2Si5B15 plotted against the neutron fluence for the indicated Cr contents.
Solid lines are only guides to an eye, dashed lines represent the error margin.
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Mössbauer spectra of the next investigated system Fe73.5Nb3Cu1Si13.5B9 are shown in
Figure 9 together with corresponding P(B) distributions. This FINEMET composition [74]
is suitable for preparation of NCA. That is why this sample was measured both in the
original, amorphous state, as well as in nanocrystalline state. The latter was ensured by
annealing the original precursor at 540 ◦C for 1 h in vacuum. Neutron irradiation was
accomplished to the total fluence of 3.1017 n/cm2. Mössbauer spectra of NCAs were fitted
with one distribution of hyperfine magnetic fields, P(B), and four individual sextets. The
former represents the amorphous residual phase, which is also plotted in Figure 9, whereas
the latter is ascribed to the particular sites of DO3-Fe(Si) crystalline phase [75].

Figure 9. Mössbauer spectra of the Fe73.5Nb3Cu1Si13.5B9 amorphous metallic alloy with corresponding distributions of
hyperfine magnetic fields, P(B): (a) Non-irradiated amorphous sample; (b) amorphous sample after neutron irradiation;
(c) non-irradiated nanocrystalline sample; (d) nanocrystalline sample after neutron irradiation; (e) differences between
P(B) distributions of amorphous samples; (f) differences between P(B) distributions of nanocrystalline samples. Spectral
components representing the amorphous residual phase in nanocrystalline samples are plotted in (c,d).

After neutron irradiation, similar effects as in the previous cases are observed. In
the as-quenched AMA, 〈B〉 increases from 20.5 to 21.0 T, which is only slightly above the
experimental error of ±0.3 T, and the same holds for σ-values of 4.7 and 4.9 T, respectively.
Again, a strong tendency of the net magnetic moment to rotate out of the ribbon plane (by
~7◦) can be seen in the respective Mössbauer spectra in Figure 9a,b.

As far as the amorphous residual phase of the NCA sample is concerned, its relative
area increases after irradiation from ~52% to ~58%, 〈B〉 is almost unchanged, 18.4 T versus
18.8 T, and so is σ, providing the values of 6.3 and 6.6 T, respectively.

Finally, let us mention the behavior of Fe80-xNixB20 (x = 10, 20, 30, 40) after neutron
irradiation. This particular composition is characterized by well-developed ferromagnetic
structure which provides sextets of Mössbauer lines (not shown), similar to those in
Figure 3. Quantification of their corresponding P(B) distributions is presented in Figure 10
by the help of differences in average hyperfine fields, ∆〈B〉, and standard deviations,
∆σ. Again, both were calculated by subtracting the individual values obtained from the
irradiated samples from those which belong to the original, non-irradiated AMA.
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Figure 10. Differences of parameters of distributions of hyperfine magnetic fields, P(B), obtained
from Mössbauer spectra of the Fe80-xNixB20 amorphous metallic alloy, plotted against neutron fluence
for the indicated Ni contents: (a) Average hyperfine magnetic field, ∆〈B〉; (b) standard deviation, ∆σ.
Solid lines are only guides to an eye, dashed lines represent the error margins.

As for average hyperfine magnetic field, a tendency of its increase with neutron
fluence is observed only for the lowest Ni-content (x = 10). The other compositions exhibit
notable resistance to radiation damage. This is underlined by minute variations in standard
deviation over all concentrations and neutron fluences in Figure 10b. It should be noted
that the differences in 〈B〉 and σ fluctuate almost exclusively within their respective error
margins which are indicated in both figures by the dashed lines. Thus, in this particular
AMA, nickel stabilizes the structure against neutron irradiation.

4. Discussion

Mössbauer spectra in Figure 3 are characteristic for ferromagnetic AMAs and exhibit
broadened and overlapped sextets of absorption lines. Nevertheless, it is possible to derive
information on the average hyperfine magnetic field, its standard deviation, as well as on
the position of the net magnetic moment of the samples, which correlates with intensities of
the second and the fifth lines. As it can be seen from Figure 3a,b, after neutron irradiation,
a significant decrease of the latter is observed. At the same time, P(B) is shifted toward
higher values of the magnetic field.

Notable increase in 〈B〉 is observed in Figure 4 for both AMAs at fluences higher than
1017 n/cm2. Standard deviation, σ, of P(B), which is a measure of “disordering”, remains
practically unchanged (i.e., within the limits of its experimental errors) for Fe80Cr2Si14B14
AMA, whereas, in case of Fe84B16, a slight increase is observed just after irradiation and a
tendency to drop to smaller values is revealed at the fluences of 1017 n/cm2 and higher.

In Fe80Cr2Si14B14 AMA, remarkable re-alignment of spins occurs only after irradiation
with neutron fluence higher than 1018 n/cm2 (Figure 5). Spins are rotated from their
original positions (Θ ~ 65◦) through random orientations, which are marked by a green
dashed line, towards slightly out-of-plane arrangements (Θ ~ 53◦). A change of more than
12◦ is observed after neutron irradiation with the fluence of 1019 n/cm2.

In Fe84B16 AMA, a tendency of spin rotation starts after neutron irradiation even with
the lowest fluency and finishes almost at the same position as in Fe80Cr2Si14B14. Both
systems exhibit similar behavior despite different chemical compositions. Comparable
effects were observed also in Fe73.5Nb3Cu1Si13.5B9 AMA in as-quenched state exposed to
neutron irradiation with only 3 × 1017 n/cm2. However, presence of Cr in Fe80Cr2Si14B14
seems to stabilize the structure against radiation damage, as seen from negligible deviations
of its standard deviation in Figure 4b. In another composition—Si-free Fe79Cu1Nb7B13—
the net magnetic moment rotates after irradiation with fast neutrons in an opposite way
(i.e., towards the ribbon plane) [76].

Shapes of Mössbauer spectra in Figure 6 before and after neutron irradiation exhibit
remarkable changes. Progressive disappearance of exchange interactions with increasing
chromium content is visible in non-irradiated specimens in Figure 6a. Originally magneti-
cally split spectrum for x = 0 (characterized by a sextet) gradually vanishes and transforms



Metals 2021, 11, 845 12 of 18

into a doublet-like spectral shape for x = 8. Electric quadrupole interactions of the latter
start to prevail and the V-shaped spectrum looks quite different. The transformation from
partially ferromagnetic to fully paramagnetic state, as observed in this sample, is caused
by structural modifications initiated by neutron irradiation. Samples x = 10 and x = 12 are
fully paramagnetic even before the neutron irradiation and their Mössbauer spectra exhibit
broadened doublets. This effect is on account of differences in chemical composition of
these particular AMAs.

In case of low Cr concentrations, differences in spectral shapes before and after neutron
irradiation are not so pronounced. Conversion of spectral shapes in the neutron-irradiated
AMAs is clearly visible in Figure 6b for x = 6 onwards and, eventually, it develops into
a well-established doublet for x = 8. Here, only pure electric quadrupole interactions
exist and this sample becomes fully paramagnetic after neutron irradiation (compare also
simulated spectra in Figure 1). Thus, structural rearrangement of atoms induced by neutron
irradiation has caused collapse of ferromagnetic exchange interactions at this particular
chemical composition of the Fe30Ni48-xCrxMo2Si5B15 AMA. This is a nice example of how
magnetic microstructure can be tailored with a suitable chemical composition and/or
neutron irradiation induced structural modification.

Quantification of the above mentioned phenomena is shown in Figure 7 by evolution
of average hyperfine magnetic fields, 〈B〉, with Cr concentration, x, before and after neutron
irradiation of the Fe30Ni48-xCrxMo2Si5B15 AMA with the highest neutron fluence. Up to
x = 4, 〈B〉 values do not differ one from another within the error range. For higher Cr
concentrations, hyperfine magnetic fields of the irradiated samples decrease more rapidly
than in the non-irradiated ones, with a complete collapse of hyperfine magnetic fields (i.e.,
〈B〉 = 0 T for x = 8). One could expect complete transformation after neutron irradiation
from (partially magnetic) into pure paramagnetic state takes place somewhere between
Cr-content of 6 and 8. However, because such composition was not available, this part of
the curve in Figure 7 is simply connected by a straight line. Preparation of sample with
intermediate composition would shed more light upon compositional- and irradiation-
induced magnetic transition in this AMA.

Modifications of microstructure with neutron irradiation result in deviations in 〈B〉-
values as demonstrated by the help of differences between original non-irradiated sample
and the ones after irradiation which are shown in Figure 8. Clear distinctions in ∆〈B〉-
values can be seen with respect to the chemical composition of the studied samples. While
for x = 0 the hyperfine fields slightly increase, completely opposite behavior is found for
x = 6 and beyond.

Radiation effects in Fe73.5Nb3Cu1Si13.5B9 in amorphous state are comparable with
those in Fe80Cr2Si14B14 AMA irradiated with lower fluences as far as 〈B〉, σ, and Θ pa-
rameters are concerned. Differences in P(B) in Figure 9e are notably smaller, too. Note
that neutron fluence of only 3.1017 n/cm2 was applied. Nanocrystalline counterpart of
this system exhibits remarkably smaller 〈B〉-values of the residual amorphous phase. This
might be caused by formation of regions enriched in Cu, Nb, and B because these elements
are poorly soluble in DO3-Fe(Si) structure. In addition, regions depleted in Fe and Si, which
form the nanocrystals, should be also considered. Consequently, P(B) in Figure 9c exhibits a
more complex shape than in fully amorphous sample (Figure 9a). Presence of nanocrystals
is indicated in Figure 9c,d by sharp absorption lines superimposed upon broad signal of
the residual amorphous phase.

After neutron irradiation, small increase in relative content of the amorphous residuum
is observed. This is presumably due to partial amorphization of the nanocrystalline phase.
Other spectral parameters associated with nanocrystals do not considerably change. In this
respect, it should be reminded that saturation magnetostriction of FINEMET drops from its
high positive value in amorphous state to almost zero after nanocrystallization [74]. Thus,
the neutron-irradiation-induced changes are not so pronounced [34].

Comparison of differences ∆〈B〉 and ∆σ as a function of neutron fluence are shown
in Figure 10 for various compositions of the Fe80-xNixB20 AMA. Again, weak dependence
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upon Ni-content can be seen showing slight increase of ∆〈B〉 for x = 10. Standard deviations
exhibit little deviations that are within the error range.

Summarizing the results obtained from neutron irradiation of AMAs with different
compositions, the radiation effects revealed by Mössbauer spectrometry comprise changes
in average hyperfine magnetic field, 〈B〉, orientation of net magnetic moment, quantified by
angle Θ, and standard deviation of hyperfine distribution, σ. All of them are closely related
to local SRO and have implications towards macroscopic—mainly magnetic—parameters.
It should be noted; however, that all of them depend upon chemical composition as well
as relative concentration of particular elements. Mainly this parameter is responsible
for whether the observed changes will be in one or the other direction, viz. increase
versus decrease.

During neutron irradiation, dynamic collective displacements of atoms takes place
which can be characterized by atomic-to-cluster structural changes as derived from nu-
merical calculations. Displacements can cause changes of the coordination numbers, atom
packing efficiency, cluster distribution and regularity [77]. Irradiation also causes energy
distribution among the atoms which eventually leads to thermal spikes when significant
increase in temperature occurs in regions ~10 nm in size [78]. Still, AMAs exhibit specific
structural responses to neutron irradiation featuring structural relaxation by rearrangement
of free volumes which strongly depends on constituent elements [79]. Thus, the main
radiation damage in metals is represented by amorphization, radiation hardening and em-
brittlement, increase in volume (swelling) and transmutation of radioactive nuclides [80].
All these effects are supposed to modify the local SRO which, in turn, alters also the
magnetic microstructure with consequences towards macroscopic (magnetic) parameters.

For example, decrease in Curie temperature TC obtained from ac susceptibility mea-
surements was observed after neutron irradiation in the same Fe30Ni48-xCrxMo2Si5B15
AMA as studied here [32,37,81]. It was attributed to neutron-irradiation-induced changes
in atomic SRO around the magnetic atoms which lead to changes in Fe-Fe, Fe-Ni, and
Fe-Cr correlations in the first peak of the radial distribution function. Increase in Fe-Cr
pairs on account of Fe-Ni ones is supposed to be responsible for the observed decrease
in TC [32]. Such situation occurs namely for x > 4, which also decreases the 〈B〉-values
(compare Figure 8). In his particular AMA, one can observe how Cr content affects its phase
transition of the second order (i.e., its magnetic microstructure). At certain Cr content (x~8),
the system becomes so sensitive that it switches from weak magnetic into paramagnetic
state after the influence of external factors like (e.g., neutron irradiation) (Figure 7).

The opposite behavior of the effect of neutron irradiation on 〈B〉 is observed in x = 0,
when its increasing value suggests rising importance of Fe-Fe and Fe-Ni pairs when no
Cr is present. Even more pronounced increase in 〈B〉-values is found in Fe80Cr2Si14B14
AMA, which contains some Cr but also higher amount of Fe (and no Ni). Chromium is
moved from its original positions, thus enabling Fe-Fe exchange interactions to become
more abundant, which favors the rise of 〈B〉. In Fe84B16 AMA, this effect is also seen and it
is even more pronounced (Figure 4a).

Another example of radiation-induced modifications of macroscopic magnetic param-
eters concerns hysteresis loops that were dramatically broadened after neutron irradiation
of Fe80Cr2Si14B14. Consequent increase in coercive field [59] worsens magnetic features of
this AMA. This macroscopic parameter is; thus, closely related to the local SRO too.

According to the results of molecular dynamic simulations performed upon ZrCu
alloys [82], free volumes, established in amorphous matrix by neutron irradiation, were
systematically self-recovered, thus showing excellent resistance to neutron irradiation.
In the case of boron-containing AMAs, the situation is different, as confirmed by our
experimental results. Here, 10B captures thermal neutrons and through nuclear reaction
10B(n, α)7Li produces high-energy α (1.4 MeV) and Li (0.9 MeV) particles. Both belong
to heavy particles (ions) and, together with fast neutrons, they are important sources of
radiation damage which cause displacements of atoms. It is noteworthy that no changes
of average isomer shift values were observed. Consequently, variations of SRO are not of
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chemical but topological origin. Indeed, the most pronounced increase in 〈B〉was observed
in the Fe84B16 AMA which underlines the contribution of boron to displacements of atoms
thorough the above-mentioned nuclear reaction.

In addition, elastic stress centers are produced during neutron irradiation [32] as a re-
sult of atom mixing. They originate in the free volume-rich regions produced during irradia-
tion by a rapid collapse of the vacancy-rich core of the displacement cascades [34]. Presence
of free volume and its increase after irradiation was confirmed in Fe30Ni48-xCrxMo2Si5B15
by positron annihilation spectroscopy [56]. Presumably, stress centers also contribute to
re-positioning of magnetic moments of the individual resonant nuclei so that the net mag-
netization vector tends to turn out from its original position. Because of shape anisotropy
and resulting domain structure [83,84] influenced by preparation conditions, the net mag-
netic moment in as-quenched ribbons acquires a close-to-plane orientation. Stress centers
can also cause the domain walls pinning as they originate mostly in free-volume regions
formed during irradiation in AMAs [61]. The manner in which the spins move from their
original position depends upon local stresses and magnetostriction of the sample. Positive
magnetostriction in combination with compressive stress implies out-of-plane movement
of the spins, while the negative one acts in an opposite way [85].

Modification of SRO can be quantified by the help of standard deviation, σ, of the
corresponding distributions of hyperfine magnetic fields, P(B). Alternations in σ are directly
related to changes in the local microstructure. Interestingly, even though the magnetic
microstructure is affected, in some cases almost no effects upon the overall ‘disorder’—
change in σ—are observed. This can be explained by rearrangement of atoms within
particular atomic pairs. While some exhibit enhanced exchange interactions (Fe-Fe, Fe-Ni),
others like Fe-Cr act in an opposite way. Therefore, while the averaged structural positions
do not significantly vary, the associated magnetic ordering does. It is noteworthy that the
observed changes in σ and 〈B〉 depend upon composition of the investigated alloys [79].
This can be understood in terms of atom mixing when individual atoms can change their
positions and, in this way, they modify the local SRO. Presence of free volume which
varies with composition of AMAs [27,57,86] should be also considered. This additionally
underlines the importance of combined effects of chemical composition and structural
modification, ensured by neutron irradiation upon magnetic microstructure of AMAs
in general.

5. Conclusions

Amorphous metallic alloys were considered to be resistant against neutron irradiation,
mainly because of their disordered structure that was thought to accommodate possible
defects caused by knock-off atoms. As we have demonstrated, rearrangements of atoms
even inside an amorphous structure can be effectively unveiled by local probe method
of Mössbauer spectrometry. Nevertheless, the extent of the neutron-irradiation-induced
modifications strongly depends upon several factors. Among them, chemical composition
of the irradiated AMA plays a crucial role. While some systems are rather resistant (e.g.,
Fe-Ni-B), others show notably pronounced changes in their magnetic microstructure. In
this respect it should be mentioned that, even though according to our results the Fe-Ni-B
AMA tolerates the neutron irradiation without significant modification of its structure
and/or magnetic ordering, its practical applications in radiation-exposed environments are
still pending. Especially sensitive are those which exhibit close-to-room magnetic ordering
temperature at ambient conditions. Such systems are close to their phase transition of
the second order (i.e., their magnetic microstructure is about to be changed as a response
to external factors such as temperature or atom mixing). They are, so to say, ‘at the
edge’ and, consequently, even the slightest deviation from normal steady state leads to
modification of their magnetic behavior. Thus, when such AMAs are exposed to neutron
irradiation, they sensitively react to such structural modifications. As an example, the
Fe30Ni48-xCrxMo2Si5B15 with particular content of Cr (x = 8) can be mentioned. There are
also other compositions (e.g., Fe76Mo8Cu1B15 [21]) which demonstrate the same sensitivity
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to external factors. Such specially designed AMAs are particularly suited for the study of
faint effects of radiation that might be hidden in others.

The next factor to be considered is related to the spectrum of neutrons as well as their
energy during irradiation. The same system reacts differently with respect to the total
neutron fluence used. Nevertheless, because investigations of neutron-induced effects in
AMAs are, in general, pretty rare, this particular point would deserve more attention. It is
understandable that access to a nuclear reactor for irradiating the samples is not an easy
task. Even when granted, it is quite demanding to ensure particular spectrum of neutrons
as well as their fluence. In this respect, alternative sources of neutrons comprising neutron
generators or accelerator-based production of (fast) neutrons could be employed.

In the future research of radiation effects in amorphous metallic alloys, which are
still the focus of many research groups, one should consider their appropriate chemical
composition as well as suitable sources of neutrons. In Part II of this paper, we will focus
on radiation effects in amorphous metallic alloys as revealed by Mössbauer spectrometry
after ion irradiation.
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51. Sitek, J.; Seberíni, M.; Tóth, I.; Degmová, J.; Uváčik, P. Neutron irradiation effect on amorphous and nanocrystalline FeZrB(Cu) at
low temperature. Mater. Sci. Eng. A 1997, 226–228, 574–576. [CrossRef]

52. Sitek, J.; Degmová, J. External influence on the FINEMET nanocrystals. Czech. J. Phys. 2001, 51, 727–733. [CrossRef]
53. Degmová, J.; Sitek, J.; Grenèche, J.-M. Some magnetic properties of nanoperm alloy after irradiation. Czech. J. Phys. 2001, 51,

703–710. [CrossRef]
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