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Abstract: The paper presents the results of changes in the structural characteristics, and the degree of
texturing of FeNi nanostructures close in composition to permalloy compounds as a result of directed
modification by gamma radiation with an energy of 1.35 MeV and doses from 100 to 500 kGy. The
choices of energy and radiation doses were due to the need to modify the structural properties, which
consisted of annealing the point defects that occurred during the synthesis along the entire length
of the nanotubes. The initial FeNi nanostructures were polycrystalline nanotubes of anisotropic
crystallite orientation, obtained by electrochemical deposition. The study found that exposure to
gamma rays led to fewer defects in the structure, and reorientation of crystallites, and at doses
above 300 kGy, the presence of one selected texture direction (111) in the structure. During tests of
the corrosion resistance of synthesized and modified nanostructures in a PBS solution at various
temperatures, it was found that exposure to gamma rays led to a significant decrease in the rate of
degradation of nanotubes and an increase in the potential life of up to 20 days. It was established
that at the first stage of testing, the degradation of nanostructures is accompanied by the formation
of oxide inclusions, which subsequently lead to the formation of pitting corrosion and subsequent
partial or complete destruction of the nanostructures. It is shown that gamma radiation is promising
not only for targeted modification of nanostructures and increasing resistance to degradation, but
also for increasing the rate of catalytic reactions of the PNA-PPD type.
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1. Introduction

As is known, there is not much data on the stability and resistance to external influences of
nanostructured materials, and most of what exists is from scattered studies related to studying the effects
of external factors on certain properties of nanomaterials [1–3]. Moreover, almost all nanostructured
materials obtained by various methods are, to one degree or another, nonequilibrium structures with
nonequilibrium phases; strong distortions and deformations of the structure; and high porosity or
degree of disorder [4,5]. The nonequilibrium structure of a nanomaterial sometimes leads to significant
limitations on its applicability in view of the low resistance to external influences. One way to increase
the stability of a nanostructure is via directed modification in order to reduce the density of point
defects in the structure, and the relaxation of nonequilibrium phases. The most common methods of
directional modification are thermal annealing of defects in various media, and the use of irradiation
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of nanostructures with various types of ionizing radiation [5–10]. In this case, in the case of thermal
annealing, the processes of annihilation of defects as a result of changes in the thermal vibrations of
atoms and the subsequent recrystallization of nanostructures, as a rule, at high annealing temperatures
lead not only to annealing of defects, but also to processes of phase transformations, which lead not only
to a change in the structure, but also in the conductive and magnetic properties of nanomaterials [11–13].
In turn, a change in the phase composition for iron-containing nanostructures can be accompanied
by oxidation and the formation of oxide phases, which in most cases plays a dual role and leads to
enlargement or an increase in the size of a nanostructure. In contrast to thermal annealing, regarding
exposure to various types of radiation, in particular, electrons or gamma-quanta, which are small in
size, all structural changes are associated with the impacts on the electronic structures of nanomaterials
and point defects that arise during production [14,15]. Moreover, high energies of electrons or gamma
rays (more than 1–5 MeV) lead to the formation of electronic cascades in the structure, which can lead to
a significant change in the electron density of nanostructures, which leads to ordering of the structure
and a change in the orientation of texture planes. At the same time, when irradiated with electronic
and gamma radiation, the probability of an increase in the geometric dimensions of nanostructures
is extremely small, which indicates the great promise of these types of radiation for directional
modification and reduction of the disequilibrium of structural parameters in nanomaterials [16–20].
The absence of oxidation processes as a result of phase transformations upon irradiation with electrons or
gamma rays opens up wide possibilities for using these types of radiation for the directed modification
of iron-nickel or iron-containing nanostructures, for which oxidation processes are accompanied by
phase transformations and changes in properties [21–25]. Permalloy compounds, which have high
magnetic permeability, low coercivity and magnetostriction, which classifies them as soft magnetic
materials, are some of the most promising materials among iron-containing nanostructures [26–30].
Nanostructures based on permalloy compounds have established themselves as the most promising
materials not only in microelectronics, catalysis and data storage devices, but also in biological areas
related to targeted delivery of drugs, etc. [31–34]. At the same time, a decrease in the defectiveness of
the crystal structure, and a change in the degree of texturing of permalloy nanostructures, open up
even greater possibilities for their practical applications, efficiency and working capacity.

In that vein, systematic studies on the applicability of ionizing radiation for the directed
modification of structural characteristics, and increasing the resistance to degradation and productivity
of nanostructures are not only fundamental, but also play an important role in the applied and
practical field of the application of nanostructures [35–37]. New data on the possibility of using
ionizing radiation for directed modification in the future will make it possible to make a significant
contribution to the theory of radiation stability of nanomaterials and significantly expand the scope of
their application.

2. Experimental Part

Nanostructures were obtained using the method of electrochemical reduction of metal ions from
an electrolyte solution under the influence of an electric current. As the electrolyte solution, we used
iron and nickel salts—FeSO4 · 7H2O and NiSO4 · 7H2O in a molar ratio of 1:10. Using this ratio
of dissolved components and the applied potential difference of 1.5 V makes it possible to obtain
two-component nanostructures close in composition to permalloy compounds. The use of boric
(H3BO3) and ascorbic (C6H8O6) acids was to achieve the required pH of the solution equal to 3 and to
accelerate the nucleation process along the walls of the matrix tracks [38,39]. This method allows one to
obtain nanostructures of a given geometry, which is controlled by dielectric template matrices based on
polymers or alumina, and a multicomponent composition by using electrolyte solutions with various
metal salts dissolved. The use of polymer dielectric matrices of a given geometry, and the standard
procedure for sputtering a conductive layer on one side of a matrix with a thickness of 20–30 nm, leads
to the formation of a conductive layer at the edges of the tracks in the matrix, which later serve as
centers for activation of the nucleation processes of nanostructures, and high the potential difference
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leads to the accelerated formation of nanostructures along the walls of the matrix track, followed by
the growth of nanostructures in the form of cylindrical nanotubes with a wall thickness not exceeding
100 nm, a total diameter of 400 nm and a height of 12 µm (See Figure 1a). The geometric dimensions of
12 µm in length and 400 nm in diameter correspond to the geometry of the tracks of template matrices
based on polyethylene terephthalate obtained by the ion-track technology [40–42].

Figure 1. (a) SEM—image of arrays of nanostructures; (b) EDA spectrum of the studied nanostructures;
(c) mapping results; results of changes in the morphology and elemental composition of nanostructures.

The morphological features and the elemental composition of the synthesized nanostructures
were studied using the scanning electron microscopy method performed using the “Hitachi TM3030”
scanning electron microscope (Hitachi Ltd., Chiyoda, Tokyo, Japan). Shooting mode—LEI, current—
20 µA, accelerating voltage—2 kV, WD = 8 mm. The study of the elemental composition, and the
mapping of the structures under study in order to determine the equiprobable distribution of elements
in the structure, was carried out using the energy dispersive analysis method performed using the EDA
Bruker Flash MAN SVE installation (Bruker, Karlsruhe, Germany), at an accelerating voltage of 15 kV.
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The influence of the ratio of the components of the electrolyte solution and the difference in the
applied potentials on the elemental composition and isotropy of the distribution of the components in
the structure of the nanotubes was determined using the energy dispersive analysis method by taking
10 spectra from different sections of the synthesized nanostructures, and mapping the elements along
the entire length. After taking 10 spectra from different sections of the nanostructures, we calculated
the average values of both components, and determined the magnitude of the error, which was no
more than 2 at. %. The results are presented in Figure 1b,c.

As can be seen from the data presented, the elemental ratio of the components of iron and nickel
in the structure is close to that of permalloy compounds, which are characterized by the ratio of the
components Fe:Ni = 20:80. A slight deviation of this ratio for the synthesized nanostructures may
be due to nucleation processes that occur during the preparation of nanostructures. According to
the mapping data, the distribution of iron in nickel is equally probable over the entire length of the
nanostructures, which indicates the isotropy of the growth rate of nanostructures and the same rate of
reduction of metal ions from electrolyte solutions during synthesis.

The crystallographic characteristics of nanostructures before and after directed modification
were studied using a D8 Advance Eco powder X-ray diffractometer (Bruker, Karlsruhe, Germany).
Conditions for recording diffractograms: 2θ = 35–80◦, step 0.01◦, Bragg–Brentano geometry, spectrum
acquisition time 3 s, sample table rotation speed 20 rpm, X-ray radiation Cu-Kα, λ = 1.54 Å. For X-ray
diffraction, all samples before and after modification were in a polymer matrix, which was mounted
on the sample holder perpendicular to the X-ray beam. The rotation of the sample table was carried
out to minimize the effect of the differences in texture at different shooting angles. An analysis of the
structural characteristics and the phase composition was carried out using TOPAS v.5.0 software based
on the Rietveld method.

The degree of crystallinity or structural ordering was determined by approximating the diffraction
lines by the required number of pseudo-Voigt symmetric functions, and also by measuring the widths of
the recorded lines at half their height (FWHM). The pseudo-Voigt functions were used to approximate
the X-ray peak profile in the Diffractogram (1) [43,44]:

PV(x, x0, η, bL, bG, A) = A[(1− η) ·G(x, x0, bG) + η · L(x, x0, bL)],

G(x, x0, bG) = exp
[
−

(x−x0)
2

2b2
G

]
,

L(x, x0, bL) =
1

1+
(

x−x0
bL

)2

(1)

where x is the variable corresponding to the angle of reflection 2θ; x0 sets the position of the maximum
of the function; η is the specific fraction of the Lorentz function; A is the normalizing factor; bG and bL
are the parameters of the Gauss functions G(x, x0, bG) and Lorentz L(x, x0, bL).

An analysis of the angular dependence of physical broadening allows one to evaluate the influences
of factors, such as the size effect associated with crushing or recrystallization of crystallites as a result
of external influences, and a distorting factor depending on the degree of deformation of the crystal
structure and its change as a result of external influences. To assess an impact, the Williamson–Hall
method was used, which is based on Equation (2) [45]:

β2 = W2
size + W2

strain,

W2
size =

(
λ

D· cos(θ)

)2
,

W2
strain = (4·ε· tan(θ))2

(2)

where β is physical broadening of the diffraction maximum, λ is the X-ray wavelength (1.54 Å), D is the
crystallite size, θ is the Bragg diffraction angle and ε is the magnitude of microstresses in the grating.
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Macrostrain was estimated based on an analysis of the displacement of diffraction peaks calculated
according to Equation (3):

macrostrain =
dirr − dpristine

dpristine
(3)

where dpristine and dirr are the interplanar distances before and after irradiation.
The densities of the studied nanostructures were calculated using the Equation (4):

p
1.6602

∑
AZ

V0
(4)

where V0 is the volume of the crystal cell, Z is the number of atoms in the crystal cell and A is the
atomic weight of atoms.

The degree of disorder of the crystal lattice or the so-called integral porosity of the samples under
study was found according to Equation (5):

Pdil =

(
1−

p
p0

)
· 100% (5)

where p0 is the density of the reference sample.
Using the X-ray diffraction method, it was found that the obtained nanotubes were polycrystalline

structures with the face-centered FeNi3 phase characteristic of permalloy compounds; the broadening
and the distortion of diffraction lines indicate the presence of point defects in the structures of the
nanotubes that appeared during the synthesis [46,47].

To reduce the structural imperfections, and the reorientation of crystallites, gamma radiation
with energy of 1.35 MeV was obtained using an ELV-4 linear accelerator. The radiation doses were
100–500 kGy in increments of 100 kGy. The radiation dose was controlled by using film detectors that
were placed near the samples and behind the film samples of the nanotubes in order to determine
the dose accumulated during the irradiation. Placing film detectors in two places made it possible
to compare the accumulated doses of both the nanostructures themselves and the detector without
them. The measurement error of the dose was not more than 2–3%. The use of gamma rays with
such energy in interaction with the electromagnetic fields of target atoms can lead to the formation of
electron–positron pairs with subsequent transformation of the energy of gamma rays into the kinetic
energy of the resulting particles. The formation of electron–positron pairs can lead to partial annealing
of point defects, a change in the orientation of crystallites and a decrease in the degree of disordering
of the structure of a nanotube.

Investigation of the resistance to degradation as a result of external influences was carried out by
constructing kinetic curves of degradation reactions, followed by determining the rate of degradation
in a PBS solution containing sodium chloride and hydrogen phosphate, chloride and potassium
dihydrogen phosphate (used in most experiments to simulate a medium comparable in level of acidity
to the internal environments of biological organisms). Stability tests were carried out in order to
determine the rates of degradation and changes in structural characteristics during the interactions
of solutions over a long period of time: from 1 to 20 days and at different temperatures: 25, 36 and
40 ◦C. The choices of temperature conditions and test environment were made taking into account the
potential use of these nanostructures as the basis for targeted delivery of drugs.

The applicability of targeted modification of nanostructures by irradiation with gamma radiation
in order to increase the rate of catalytic activity was evaluated using the reaction of the para-nitroaniline
(PNA) reducing agent to para-phenyldiamine (PPD). The reaction was carried out by dispersing
nanostructures (0.1 mg) in an aqueous solution of a mixture of PNA (10−4 M) and NaBH4 (6 × 10−2 M).
Evaluation of the catalytic reduction ability was carried out on a UV spectrometer at room temperature
in the time range of 3–30 min in increments of 3 min. Based on the obtained UV spectra, the reaction
rate constant was calculated [48]. Obtaining UV spectra and assessing changes in the catalytic activities
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of the studied structures were carried out by the in situ method. Samples in a volume of 10 µL were
taken after 3 min of measurements and placed in a spectrometer to record UV spectra, based on which
the reaction rate constant was calculated.

3. Results and Discussion

3.1. Study of Structural Changes Due to Irradiation

Figure 2 presents X-ray diffraction patterns of nanotubes before and after irradiation. It should
be noted that X-ray diffraction of nanostructures was carried out in polymer matrices, in which the
orientation of the nanostructures is preserved. As can be seen from the data presented for the initial
nanostructures, broadening of diffraction peaks was observed, and two low-intensity peaks with
Miller indices (200) and (220) are present, which indicates the presence of crystallites oriented in
these directions in the structure. The asymmetric broadened shape of diffraction peaks for the initial
nanotubes indicates the influence of both the size factor and the deformation factor on the change in
structural properties [49,50].

Figure 2. X-ray diffraction patterns of the studied samples before and after irradiation.

For irradiated samples, a change in the intensities of diffraction maxima was observed with a
complete dominance of the (111) diffraction maximum at an irradiation doses of 300 kGy and higher,
while the intensity of diffraction maxima (200) and (220) for irradiated samples with a dose above
300 kGy is comparable with the background intensity radiation. Changes in the intensities of the
diffraction peaks indicate a reorientation of the texture, and a change in the orientation of the crystallites.
In this case, the absence of new diffraction maxima for the irradiated samples indicates the absence
of processes associated with phase transformations or transitions under the action of irradiation. In
contrast to electron exposure at high energies, which can lead to phase rearrangements of the crystal
structure, gamma radiation affects the crystal structure only by completely absorbing energy with the
formation of electron–positron pairs, the further migration of which leads to partial annihilation of
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point defects, which leads to ordering of the structure [51]. A decrease in the deformation of the crystal
structure as a result of annealing of defects is evidenced by a change in the shape of diffraction maxima,
and changes in the size and deformation contribute to a change in the shape of diffraction maxima.
Figure 3a shows the dynamics of changes in the size of crystallites and micro-distortions depending on
the radiation dose, according to which it is seen that, as a result of irradiation, the increase in crystallite
sizes associated with reorientation and partial crystallization occurs only two times, while the change
in the magnitude of micro-distortions associated with deformation of interplanar spacings and crystal
lattice with an increase in fluence up to 500 kGy decreases by more than four times. This change
indicates that upon the irradiation of nanostructures with gamma radiation, structural ordering occurs,
associated with partial relaxation of distortions and strains of the crystal lattice. The structural ordering
is also evidenced by an increase in the density of nanostructures and a decrease in the concentration of
defects, the change of which is shown in Figure 3b.

Figure 3. (a) The dynamics of changes in the size of crystallites and micro-distortions depending on the
dose of radiation (the refinement of sizes and microstresses was carried out using the Williamson–Hall
method); (b) graph of changes in the density and porosity of the studied nanostructures before and
after irradiation.

It can be seen that an increase in the radiation dose from 100 to 400 kGy leads to a monotonic
ordering of the structure and an increase in density, while an increase in the radiation dose to 500 kGy
leads to a sharp increase in density by 1.2% and a decrease in the defect concentration by more than three
times. A sharp decrease in the concentration of defects is due to an increase in the annihilation of point
defects at high radiation doses. Table 1 presents the data on the changes in the main crystallographic
parameters, the dynamics of which indicate the structural ordering and the positive effect of gamma
radiation on the change in structural characteristics.

Table 1. Data on changes in crystallographic characteristics.

Sample Lattice
Parameter, Å

Interplanar
Distance

Degree of
Structural
Ordering

Full Width at Half
Maximum of Peak

(111) (FWHM)

The Ratio of the 111 to the
200 Peak

(Intensity (111)/Intensity (200))

Initial 3.5492 ± 0.0013 2.04781 86.4 1.494 6.11

100 kGy 3.5415 ± 0.0016 2.04318 87.3 1.246 6.15

200 kGy 3.5381 ± 0.0021 2.04087 91.1 0.917 6.21

300 kGy 3.5367 ± 0.0015 2.04085 93.5 0.820 10.56

400 kGy 3.5353 ± 0.0011 2.04071 94.1 0.812 16.32

500 kGy 3.5221 ± 0.0017 2.03632 94.5 0.745 21.74
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The change in the orientation of crystallites was evaluated by assessing the change in the intensity
for diffraction reflections, and determining the texture coefficients, the values of which show a
distinguished direction of orientation. In this case, the use of the rotation of the sample in measuring
the diffraction pattern allows us to remove questions about the azimuthal variation of the intensity
with respect to the position of the angle ϕ. In this shooting mode, the intensities of the diffraction
peaks are isotropic relative to the position of the angle ϕ, but their ratio allows us to estimate the
contribution to the preferred orientation of the crystallites.

Moreover, for irradiated samples, a decrease in the intensity of (200) and (220) diffraction reflections
is observed while maintaining isotropy with respect to ϕ, which leads to a change in the values of
texture coefficients, the values of which are presented in Table 2, reflecting the preferred orientation
of crystallites in the structure of nanotubes. Texture coefficients were calculated using the Harris
Formula (6):

TC(hkl) =

I(hkl)
I0(hkl)

1
n
∑ I(hkl)

I0(hkl)

(6)

where I(hkl) is the experimentally obtained relative intensity; I0(hkl) is relative intensity corresponding
to a given plane according to the PDF-2 database; n—the number of planes.

Table 2. Texture coefficient data.

TChkl 111 200 220

Initial 1.875 * 0.643 0.482

100 kGy 1.942 0.743 0.315

200 kGy 1.964 0.664 0.372

300 kGy 2.353 0.364 0.283

400 kGy 2.553 0.231 0.216

500 kGy 2.734 0.153 0.113

* Coefficients greater than one are shown in italics

3.2. Studies of the Rate of Degradation of Nanostructures

One of the applications of directional modification is to increase the resistance of nanostructures to
external influences, such as aggressive media, various acid or alkaline solutions and biological media
with which nanostructures can come into contact during operation. Moreover, the rate of degradation
and corrosion mechanisms can significantly reduce the life of a nanostructure in various industries.
The most common promising application of iron-containing or permalloy nanostructures is targeted
drug delivery [52,53]. This application idea is based on the use of nanostructures as a container for
binding a drug on the surface of nanostructures and its further transportation in the body by varying
the external magnetic field to control the trajectory of the nanostructures and collecting the drug
by magnetostriction. Along those lines, permalloy structures with the most suitable structural and
magnetic properties, along with oxide forms of iron, are considered as the most promising candidates
for this industry [54,55]. At the same time, one of the most significant limitations on the applicability
of nanostructures for this area is their resistance to the biological environment of the body in which
they will be located during the delivery of drugs. In this connection, obtaining new data on the
corrosion resistance of nanostructures in various media is very important for determining the time
interval of applicability, and evaluating the decay products as a result of degradation. As a model
medium that allows one to simulate with high accuracy the internal environment of a biological
organism, as a rule, a PBS solution containing sodium chloride and sodium hydrogen phosphate,
chloride and potassium dihydrogen phosphate and used in most experiments related to biological
media is used [56,57]. Figure 4 shows the kinetic curves—degradation anamorphoses characterizing
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the corrosion rate of nanostructures in the medium. Kinetic curves are a collection of data on changes
in the elemental composition and mass of samples during oxidation and degradation, obtained using
methods of energy dispersive analysis, X-ray phase analysis and by weighing samples before and after
corrosion tests. Stability tests were conducted to determine the rate of degradation over a long period
of time from 1 to 20 days and at various temperatures of 25, 36 and 40 ◦C.

Figure 4. Dynamics of changes in the rate of degradation of nanostructures in a PBS solution (dots
indicate experimental data, red lines indicate approximations of the results obtained, necessary to
determine the rate of degradation reaction): (a) at a test temperature of 25 ◦C; (b) at a test temperature
of 36 ◦C; (c) at a test temperature of 40 ◦C.

As can be seen from the data presented, an increase in the irradiation fluence leads to a decrease
in the rate of degradation of nanostructures under various conditions of temperature tests. However,
in the case of an increase in the temperature of the medium, an increase in the rate of degradation of
nanostructures is observed, which is associated with an increase in the mobility of ions and cations of
the medium and their large interaction with the outer surface of nanotubes. Moreover, an increase in
test time leads to an uneven change in the anamorphosis curve of degradation, which indicates an
increase in the degradation of nanostructures and a change in the nature of corrosion. Figures 5 and 6
show SEM images of the initial and modified nanostructures after corrosion tests.
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Figure 5. SEM images of the stages of degradation of the initial nanostructures: (a) 3 days of testing;
(b) 5 days of testing; (c) 10 days of testing; (d) 20 days of testing. (e) Diagram of degradation
of nanostructures.
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Figure 6. SEM images of the stages of degradation of nanostructures irradiated with a dose of 500 kGy:
(a) 3 days of testing; (b) 5 days of testing; (c) 10 days of testing; (d) 15 days of testing; (e) 20 days of
testing. (f) Diagram of degradation of irradiated nanostructures.

As can be seen in the presented SEM images, the degradation of nanostructures occurs in several
stages. The first stage consists of the partial or complete oxidation of the surface layer of a nanostructure
due to the introduction of oxygen ions at the grain boundaries. Moreover, for irradiated samples, which
are characterized by a decrease in the concentration of defects and grain boundaries, the introduction
of oxygen occurs pointwise, with the formation of a low concentration of regions containing oxygen.
Typically, surface layer oxidation occurs on day 3–5 of testing. Moreover, for the irradiated samples,
the further introduction of oxygen leads not only to passivation of the surface, butthe formation of
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oxide growths, which serve as a protective film and reduce the rate of degradation. The second stage
of degradation is associated with the formation of large oxide inclusions containing a sufficiently
large amount of embedded oxygen that can lead not only to the breaking of chemical and crystalline
bonds, but also to the formation of oxide phases. The appearance of oxide phases, which are unstable
compounds, leads to the formation of pitting corrosion and the appearance of ulcerative inclusions
and microcracks in the structures of nanotubes. The further development of degradation for the initial
and modified nanostructures is somewhat different and has different time frames.

For the initial nanostructures, the appearance of microcracks and ulcerative inclusions leads to
a sharp deterioration in structural characteristics, and the formation of a large number of unstable
oxide inclusions, which lead to partial or complete destruction of the crystal structure of nanotubes
and their degradation by days 17–20. The presence of oxide growths, and a smaller number of grain
boundaries, which are not only sinks of defects, but also centers through which oxygen ions penetrate
into the structure of nanotubes, leads to a decrease in the rate of degradation and less damage to the
structures of nanotubes. Moreover, according to the data obtained, for irradiated nanostructures on
days 17–20, the degradation processes are limited to the onset of nucleation of amorphous inclusions
and partial degradation of the surface layer, while for the initial nanostructures in this time period,
complete destruction of the structure due to the formation of a large number of ulcerative inclusions
and defective areas is observed.

Figure 7 shows the results of changes in mass loss during degradation. According to the data
obtained, the change in mass occurs in two stages. The first stage is described by a positive weight gain,
which is due to the formation of an oxide film on the surface of the nanotubes. In this case, an increase
in the radiation dose, and consequently, a change in the structural characteristics of nanotubes leads to
an increase in the number of days at which a positive change in mass is observed, which indicates that
the formed oxide film reduces the rate of degradation of nanotubes. The second stage of the change is
characteristic of a negative weight gain, which is caused by the processes of degradation and partial
destruction of the structure of nanotubes with the dissolution of oxide inclusions and the formation of
ulcerative pores. It should be noted that an increase in the test temperature leads to a sharper drop in
the mass loss coefficient, which indicates an increase in the corrosion rate of nanotubes.

According to the data of X-ray phase analysis, the degradation processes are associated with
the formation of oxide and hydroxide phases in the structures of nanotubes, the presence of which
leads not only to a deterioration in structural characteristics, but also with an increase in the test time
to partial amorphization and degradation of nanotubes. Figure 8 presents data on changes in the
concentration of impurity oxide inclusions in the structure of nanotubes.

Figure 7. Cont.
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Figure 7. Dynamics of mass loss due to corrosion: (a) at a test temperature of 25 ◦C; (b) at a test
temperature of 36 ◦C; (c) at a test temperature of 40 ◦C.

Figure 8. Graph of the change in the concentration of oxide phases in the structure of nanotubes: (a) at
a test temperature of 25 ◦C; (b) at a test temperature of 36 ◦C; (c) at a test temperature of 40 ◦C.

As is known, the degradation of iron-containing nanostructures occurs by the following
mechanisms:

Fe(s) +1/2 O2(g)→ FeO(s)

Fe(s) + 2H2O + O2→ 2Fe(OH)2(s)

Fe(s)+2H+
→ Fe2+(I)+H2(g)

Degradation by nickel oxidation occurs as a result of the loss of electrons in the interaction with
the medium and the transition to nickel (II) oxide:
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Ni0 − 2e = Ni2+.

The nickel (II) oxide formed refers to bertollides with oxygen stoichiometry. With a large amount
of oxygen in the structure, it transforms into nickel (III) oxide Ni2O3·H2O or NiOOH. In this case,
nickel ions are completely oxidized:

Ni2+
− 1e = Ni3+.

But since the oxidation state of +3 is not characteristic of nickel, compounds with this valence are
unstable; therefore, hydrated forms of nickel (II) oxide fall apart with the elimination of oxygen, which
leads to the destruction of crystalline and chemical bonds.

Thus, in the course of corrosion tests, the prospects of using gamma radiation to reduce the rate of
degradation of nanostructures in biological media at different ambient temperatures were established.

3.3. Study of the Catalytic Activity of Nanostructures

The most promising field of application for permalloy nanostructures is their use as various
catalysts and reducing agents. Moreover, the small size and the large area of the active surface,
significantly increase the rate of reduction reactions and reduce the energy consumption for the
preparation and use of catalysts. In recent decades, one of the important problems in catalysis has been
the processing of nitro aromatic compounds, which is associated with their reduction to simple amines
with subsequent disposal. One of the most common processing methods is the reduction reaction of
para-nitroaniline to para-phenylenediamine (PNA–PPD), which allows a sufficiently large number of
simple amines to be obtained for subsequent disposal. Figure 9 shows the UV absorption spectra of the
PNA–PPD reduction reaction for nanostructures before and after modification. Initial nanostructures
and those irradiated with respective doses of 100, 300 or 500 kGy, which were characterized by the
most pronounced structural changes, were taken as test samples.

Figure 9. UV–Vis absorption spectra for the reduction of PNA–PPD: (a) initial sample; (b) irradiated
with a dose of 100 kGy; (c) irradiated with a dose of 300 kGy; (d) irradiated with a dose of 500 kGy.
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According to published data, PNA and PPD compounds in aqueous solutions can exist in the
form of nitro groups, with absorption maxima of 380 nm for PNA and 270–300 nm and 220–240 nm for
PPD. Figure 10a,b show the dynamics of changes in the intensity of spectral maxima characteristic of
PNA and PPD compounds. As can be seen from the data presented, complete recovery is observed
only for modified samples with doses of 300 and 500 kGy, while for unirradiated samples and those
irradiated with a dose of 100 kGy, the recovery reaction does not end in the time allotted for testing.

Figure 10. Graphs of the dependence of the changes in CI/C0 (a) and LnCI/C0 (b) reflecting the catalytic
activity of the studied nanostructures. (c) PNA-PPD reaction scheme. (d) The graph of the change in
the rate of reaction constant (dots indicate experimental data; red lines indicate approximations of
the results).

As can be seen from the data presented, for the initial nanostructures, a partial restoration of the
PNA–PPD reaction is observed over the entire cycle time (see the diagram in Figure 10c), which indicates
a low rate of catalytic activity. In contrast to the initial nanostructures, the modified nanostructures
show a complete recovery of the PNA–PPD reaction, as evidenced by an increase in the reduction rate
(see the data in Figure 10d). The value of the reaction rate constant was calculated on the basis of data
on the changes in the concentration of PNA and PPD compounds, which were estimated from the
intensity values of the corresponding peaks in the spectra. As a result of the studies, it was found that
an increase in the degree of ordering of the crystal structure, and a decrease in defective inclusions,
leads to a sharp increase in the productivity of nanostructures for the PNA–PPD reduction reaction,
which indicates the promise of using gamma radiation to not only increase corrosion resistance, but
also the catalytic activities of nanostructures.
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4. Conclusions

The paper presents the results of changes in the structural characteristics, and the degree of
texturing of FeNi nanostructures close in composition to permalloy compounds as a result of directed
modification by gamma radiation with an energy of 1.35 MeV and doses from 100 to 500 kGy. The
choices of energy and radiation doses were due to the need to modify the structural properties of the
point defects that are annealed during the synthesis along the entire length of the nanotubes. The initial
FeNi nanostructures were polycrystalline nanotubes of anisotropic crystallite orientation, obtained by
electrochemical deposition. The study found that exposure to gamma rays leads to fewer defects in the
structure and reorientation of crystallites, and at doses above 300 kGy, the presence of one selected
texture direction (111) in the structure. In the course of corrosion tests, the prospects of using gamma
radiation to reduce the rate of degradation of nanostructures in biological media at various ambient
temperatures were established. It was found that the degradation of nanostructures was accompanied
at the first stage of testing by the formation of oxide inclusions, which subsequently led to the formation
of pitting corrosion and the subsequent partial or complete destruction of the nanostructures. The
prospects of using gamma radiation not only for directed modification of nanostructures and increasing
the resistance to degradation, but also increasing the rate of catalytic reactions of the PNA-PPD type,
are shown.
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