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Abstract—The phase and elemental composition of the near-surface layer of nitrided ferrovanadium irradi-
ated with a high-power ion beam has been investigated by XRD and SEM methods. The impact of a powerful
beam of the Temp-4M setup with an energﬁy of carbon ions of 250 keV at a radiation pulse duration 107 s and
a power density of charged particles ¢; = 10 W/cm? causes melting of the Fe—VN composite and partial evap-
oration of elements with a high vapor pressure from the surface layer. High-speed solidification of the melt
on the surface of the Fe—VN target leads to the formation of highly dispersed vanadium nitride and tetragonal
carbide Fe,;C in the modified layer. After irradiation of Fe—VN with a high-power beam with ¢; = 107 W/cm?
at a dose of ~ 10> cm™2, a violation of the translational invariance of the distribution of intercalated carbon
atoms, a structural redistribution of Fe and V atoms, and the formation of X-ray amorphous microliquations

of Fe—V and gas—carbon complexes are observed in the modified layer.
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INTRODUCTION

The action of powerful beams of charged particles
on a condensed medium with specified properties is
determined by the particle energy E;, the power den-
sity g on the target surface, and the radiation pulse dura-
tion T [1—4]. The energy range of charged particles of
powerful beams used to modify the properties of the sur-
face layer is in the range from several tens of keV to several
hundred keV [1, 5—11]. When a substance is irradiated
with a powerful ion beam (PIB), in contrast to the
action of powerful electron beam (PEB), the initial
medium turns into a solution or a multiphase material,
where the introduced impurities are both the compo-
nents of the beam and the atoms of the atmosphere of
the working chamber. The substances formed during
the interaction of the PIB with the material always
depend on the type of ions of the powerful beam.

The study of structural-phase transformations in
processed materials under the influence of PIB (with-
out taking into account shock-wave effects) is a very
important task for clarifying the details of the pro-

cesses occurring in the surface layer of a substance
when it is doped with the fluence of carbon ions #;
with power density of ¢, = 10°—10% W/cm? and kinetic
energy of particles up to 1 MeV, causing heating, melt-
ing, and evaporation of the irradiated material. From
the viewpoint of technology, for processing PIB prod-
ucts, it is important to know both the melting point 7,
of the irradiated surface layer of the material and the
value of the corresponding ion fluence n; and the
power density of the beam on the target surface g,.

The study of the effect of PIB on composite mate-
rials makes it possible to evaluate the efficiency of
simultaneous irradiation of different components of
the material and their interaction with each other. Pre-
viously, such studies were carried out only on homo-
geneous metals and alloys [8, 10—16].

MATERIALS AND METHODS

Samples for research were cut from a composite
material Fe—VN obtained using the SHS process with
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Table 1. Elemental composition of the original sample

POTEMKIN et al.

Mass fraction, %

base impurity content
Fe \% N C Si Mn Al As P S
44.4 47.08 9.8 0.18 1.0 1.6 0.2 0.01 0.07 0.02

VN grains 3—5 pum in size located in the o.-Fe matrix
[17]. The elemental composition of the sample is
shown in Table 1.

The experiments were carried out on a Temp-4M
accelerator operating in a two-pulse mode [18—20].
The samples were irradiated in a vacuum diode with a
focusing geometry of the ion flow with a dose of D =
30 pulses at an energy of singly charged ions E; = 250 keV.
The experiments were carried out at two different ion
fluences (Fig. 1): mode I—the maximum ion fluence
in the pulse is n,,, ~ 10" cm™2, the target in focus
(position 6), and mode II—the average ion fluence in
the pulse is ; = 1083 cm2, target out of focus (position 5).
The duration of the radiation pulse at half maximum
was T = 100 ns at a pulse repetition rate of 1 Hz. The
flow of charged particles extracted from the complex
plasma using a multi-aperture anode consisted of

atomic (mainly sz) and molecular cluster particles of

carbon C, and neutrals C, in the form of stable carbon
clusters with different numbers of atoms [21, 22].
According to the estimates of [ 19], the fraction of protons
in PIB did not exceed ~10%. For simplicity, further we

will assume that the PIB consists only of C}, ions. lon
flux power density ¢; for a TEMP-4M installation is in
the range of ¢, ~ E;n, /T~ 4 X 106—10° W/ecm?> g, of the
critical heat flux, which determines the threshold of
destruction of metals in the framework of the phenome-
nological model under the action of the PEB [1, 2].

The phase composition and structure of the surface
layers of the irradiated samples were investigated using
a Shimadzu XRD 7000S diffractometer in Cu K radi-

[ NN
9

Fig. 1. Diagram of the setup for irradiation of specimens
with power ion beam: (/) potential electrode; (2) grounded
electrode; (3) interelectrode distance; (4) focal length;
(5) target position out of the focus (mode II); (6) target
position in the focus (mode I).
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ation in Bragg-Brentano geometry at 40 kV and 30 mA.
Diffraction measurements were carried out in the
grazing incidence geometry at an angle of 3°.

The surface morphology and composition of the
modified layer of the sample were studied using a
Philips SEM 515 scanning electron microscope with
an EDAX energy dispersive attachment, as well as an
FEI Quanta 600 microscope with an EDAX spec-
trometer (with an EDX resolution 0f 0.2% on Be).

RESULTS AND DISCUSSION

An idea of the spatiotemporal evolution of the state
of the material can be obtained by considering the pro-
cess of action of a single pulse of a powerful ion beam
on the surface of an irradiated target.

As is known, the impact of PIB on condensed
media is a set of nonlinear processes associated with
both high-speed heating of the target [1—4] and with
the introduction of impurities into the surface layer in
the form of particles that make up the beam and, pos-
sibly, atoms of the atmosphere of the working cham-
ber. The specific energy stored in the bulk of an irradi-
ated material per one pulse is much higher than in the
case of irradiation with electrons at the same parame-
ters (energy, current, pulse duration) of the particle
beam. The threshold energy of the formation of lattice
defects for light ions is E4 < 10? €V, while for electrons
it is in the range from 10% to 10° eV [5, 23, 24].

The interaction of ions with a condensed medium
can be geometrically described using the parameters
characterizing the range of ions: the effective range
R*= R, + AR,, the mean projective (longitudinal)
range R,, the root-mean-square deviation in the lon-
gitudinal direction AR,, and the root-mean-square
deviation of the ions in the transverse direction (trans-
verse range) AY[5,9, 24, 25]. A layer of substance with
a thickness equal to the depth of the effective range R*
of the C1+2 ion of given energy, we will call the running
layer. Table 2 shows geometric characteristics of the
interaction of C}, ions with energy of 250 keV with a
Fe—VN target.

Accelerated ions create cascades of atomic colli-
sions in the target material with the density of the

released energy in a single cascade in the range of 10—3—
10 eV/atom, and the number of atomic collisions on

the path length of one ion reaches N, = 10°—107 5, 9,
23, 24]. A cascade of collisions forms a typical spatial
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region with an outer shell of interstitial atoms and an
inner core enriched in vacancies. Frenkel pairs (vacan-
cies and interstitial atoms) diffuse along the lattice
until absorption at the boundaries between phases and
grains and at other imperfections of the structure.
Irradiation of the target with powerful beam of light
ions (from carbon and higher) with energy of hundreds
of keV leads to the spatiotemporal overlap of dense
collision cascades, while some of the atoms are dis-
placed from the lattice sites (/N generations of dis-
placed atoms), and the others transition into an
excited state with large vibration amplitudes relative to
the equilibrium position [3, 23, 24]. In this case, the
crystal lattice of the material turns out to be com-
pletely or partially destroyed. The mixing of the cas-
cades leads to the formation of a zone in the surface
layer of the target, in which free energy of atoms and
entropy are much higher than in the rest of the heated
target [5, 26, 27].

In a phenomenological description of the processes
occurring during a PIB pulse, the rate of phase trans-
formations in the surface layer depends on the fraction
of energy consumed on local heating of the layer, the
thickness R* of which is equal to the effective range of
a carbon ion of a given energy in the material, and on
the transfer of heat due to thermal conductivity from
the running layer to the target volume.

High particle flux density on the target surface and
short pulse duration create favorable conditions for
disordering and amorphization of the material under
the action of PIB. Under these conditions, “dynamic”
melting (when the Lindemann condition is satisfied)
precedes thermal melting [28]. During PIB irradiation
of a condensed medium, thermal conductivity in the
layer of the target material significantly decreases
owing to the scattering of phonons and conduction
electrons on surface and bulk defects generated by the
ion beam and a corresponding decrease in their mean
free path [29].

The distribution of energy losses over depth for C;,
carbon ions and protons is characterized by the pres-
ence of a rather extended region of slow dose growth
with increasing depth and ends with a sharp Bragg
peak [25, 30], whose amplitude in the energy range up
to 1 MeV by a factor of 6—13 exceeds the energy loss of
ions on the surface.

The volume of interaction of a homogeneous
monochromatic ion beam with a target is limited by
the beam size on the target and the effective path of
ions R*. Within the framework of the phenomenolog-
ical description of the interaction of a particle beam
with a target, the depth of the material layer heated up
during the pulse duration 7T is L = (t)'/?, where a =
A/pc is the thermal diffusivity, A is the thermal con-
ductivity, p is the density, and c is the heat capacity of
unirradiated material [1, 2]. When a target is exposed
to PIB, the values of A, p, and ¢ depend not only on
temperature [1, 2, 4] but also on the chemical compo-
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Table 2. Geometric parameters of interaction of C}, ions
with substance

Parameter/element | R,, Wm | AR, um |AY, um| L*, um
Fe 0.243 0.065 0.076 1.5
VN 0.286 0.077 0.089 —

* Depth of the layer heated up during the action of one pulse.

sition of the running layer, which changes during irra-
diation with ions, which is fundamentally different
from the case of irradiation with an electron beam.
The use of thermal parameters of an undisturbed
medium to estimate the thickness of the heated layer,
as under the action of a powerful electron beam (PEB)
or laser radiation (LR), for PIB gives, at best, upper
limit of this value and leads to significant overestima-
tion of the thickness of this layer. However, at depths
significantly exceeding the thickness of the modified
layer R* + L, the use of thermal parameters of an
undisturbed medium is quite acceptable for thermal
calculations.

During the radiation pulse, the total number of dis-
placed and excited target atoms N* in the zone of
effective ion path can be determined as N* = N,
which is much larger than the number of atoms in the
path N, = SRn,, where n, is the atomic concentration
of'the substance and S'is the surface area. At normal inci-
dence of PIB on the surface, a disk-shaped heat source
with a thickness of ~2AR,, enhanced by the Bragg effect,
is created inside the target at a depth of ~R,,.

For ions with energies up to 1 MeV, the thickness of
the melt formed on the target surface under the action
of PIP is determined by the beam power density ¢; and
the duration of the radiation pulse 1. At a pulse repeti-
tion rate of 1 Hz, the surface layer of the target does
not have time to cool down to the initial temperature
before the arrival of the next pulse; in this case, each
subsequent pulse increases the lifetime of the melt and
the depth of the heat-affected zone until dynamic
equilibrium is established between the heat input from
the beam and heat losses in the running layer.

The energy required for evaporation of the sub-
stance can be estimated as E, = V|pc(T,, — Ty) +
AH,, + pc(T, — T,) + AHg], where T, = 20°C is the
initial temperature of the sample in the chamber; V is
the volume of the heated material; 7,, and AH,, are the
temperature and the specific heat of fusion; and 7, and
AHjy are the temperature and the specific heat of
vaporization, respectively [1, 2]. The thermal parame-
ters of the elements and compounds that make up the
nitrided ferrovanadium, as well as the elemental com-
position of the Fe—VN surface, are given in Table 3.

A rapid increase in the power density of the ion
beam, corresponding to the leading edge of the PIB
radiation pulse [18—20], leads to redistribution of the

12
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Table 3. Thermal characteristics of elements and compounds composing the target material

Element | p, ke/m’ T, °C AH, Kl/ke | AH,Ml/kg | P,** Pa | qm¥s | T,**,°C
Fe 7870 1538 277 6.3 10! 20.9 1170
\% 6120 1917 452 9.5 10-! 10.2 1540
C 2266* subl. 3652 27900 59 104 * 3.6 1890
Mn 7470 1244 266 4.2 1 2.14 780
Si 2330 1415 177 12.6 10! 1090
VN 6102 2050* 376 * 1.3% 5.9 *

* Decomposition temperature of VN is close to 7, also in vapor over vanadium nitride V/N ~ 0.06—0.04; that is, nitrogen also evaporates,

and vanadium remains in the melt [31, 32].
** Saturated vapor pressure P, (Pa) at melting point 7.

ok Tempzerature T, (°C) at which vapor pressure P, of the substance becomes equal to the initial pressure in the working chamber of

~107“ Pa.

beam energy in the material, which is scattered due to
thermal conductivity Q, = Vlpe(T,, — Ty) + AH,, +
pc(T, — T,)] and consumed for defect formation and
evaporation of the irradiated material O, = VAH. The
transition of the near-surface layer of the irradiated
material from the stage of defect formation and heat-
ing to evaporation leads to the formation of two mov-
able interfaces: solid—liquid and liquid—vapor.

Table 4 shows the data of X-ray microanalysis of
the surface of nitrided ferrovanadium before irradia-
tion. As one can see, within the sensitivity of the
method at the electron probe energy of 30 keV, grains
of vanadium nitride are clearly observed in the surface
layer of the iron matrix with no carbon and oxygen in
the matrix. Almost all impurities of the nitrided ferro-
vanadium obtained by the SHS method are concen-
trated in the o.-Fe matrix [17, 31].

The process of phase transitions with melting and
evaporation fronts that move inside the target accord-
ing to the direction of the heat flow until the melting
front stops completely is usually considered as a non-
linear nonstationary Stefan problem with two moving
boundaries. For an open dissipative system (melt)
exchanging energy and matter with the external
medium (powerful beam of ions), stopping of the
melting front is a bifurcation point. At this point, the
dissipative system (melt) in the process of rapid solid-
ification loses the properties of uniqueness and stabil-
ity. At the same time, microstructures both related to

Table 4. Elemental composition of the initial sample of
Fe—VN composite material

Element VN grains, at % Fe bunch, at %
Fe 7.1 42.6
\Y% 59.5 29.8
N 30.2 18.4
Si 1.7 4.4
Mn 1.5 4.9

INORGANIC MATERIALS: APPLIED RESEARCH  Vol. 12

the initial one and fundamentally different from it start
to grow [27, 33, 34].
Doping of the melt to a depth greater than R* due

to diffusion of C}, ions is determined by the lifetime of
the liquid film on the surface of the irradiated material
and the rate of its cooling on a solid crystallizer (target
thickness is d > R* + L) [35, 36].

At athermal implantation, when ¢, X 10—10> W/cm?
[7, 9, 25], a profile of the distribution of implanted
atoms with a maximum near R* is formed in con-
densed media, which is quite different in the case of
fluence of ions bombarding the target n; X 1083 cm~2
[25, 32]. For a homogeneous monochromatic ion
beam and a homogeneous target, in this case, transla-
tional invariance of the profile of implanted impurity
atoms is always observed in the entire volume of the
running layer [7, 9, 25].

The results of the impact of PIB on the irradiated
material substantially depend on the power density g;
and dose D at constant energy of carbon ions. In the
peripheral zone of exposure of the beam, where ¢g; <
10 W/cm? and n; < 10" cm~? (mode 11), where the
edge inhomogeneity of the beam power density is
noticeable, selective evaporation of the a- Fe matrix is
observed at insignificant melting of the VN grain sur-
face (Fig. 2).

In this case, differences in the thermal properties of
the components that make up the nitrided ferrovana-
dium are manifested, and the specific energy of the
beam released in the irradiated layer is higher than the
specific heat of vaporization of iron AH,, but insuffi-
cient for vaporization of vanadium nitride (Table 3).
The low-melting o.-Fe matrix with impurities evapo-
rates, and refractory VN grains form a “scattered cob-
blestone” relief (Fig. 2). Figure 2 also shows protrud-
ing grains of slightly melted VN, similar in size to the
original unirradiated grains. The cavities between the
grains indicate a fairly large amount of evaporated
iron, which is quite consistent with the difference in
thermal parameters of VN and o-Fe.
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Fig. 2. Surface of the composite irradiated with ions in mode I1.

Cracks are clearly visible on the solidified surface of
many VN grains after irradiation in this mode (Fig. 3).
Obviously, strong internal stresses arise in the vana-
dium nitride grains partially melted from the top, lead-
ing to the appearance of cracks, which is typical of
materials with a wide temperature range of solidifica-
tion [34].

When the surface of nitrided ferrovanadium is irra-
diated with a beam of carbon ions with a fluence of
n; < 108 cm=2 and ¢, < 10® W/cm? (mode II), in the
peripheral zone of the beam, where its edge inhomo-
geneity is manifested, linear traces of selective evapo-
ration are observed in the form of sequentially con-
nected o-Fe depressions, craters, and cracks on the
melted surface of VN grains (Fig. 4). In this case, a
branched network is formed on the solidified surface
of the irradiated material in the form of chains consist-
ing of depressions in the region of existence of o-Fe
and craters and cracks on VN grains.

At maximum fluence 7,,,, and g, > 10® W/cm?
(mode I), when the thickness of the molten layer of
the composite material is comparable to the grain size
of VN, cracking of grains after solidification is weak,
since VN grains are covered with a multicomponent
quasi-amorphous alloy (Figs. 5—8). After irradiation
in mode I, a continuous liquid film is formed on the
sample surface, since the target material melts to the
depth of the thermal influence L, = R* + L, which is
different for a-Fe and VN grains. In this case, specific
energy € released by the beam in the irradiated layer of
the substance exceeds the latent heat of evaporation
AH, of both o-Fe and vanadium nitride (Table 3). At
the maximum power density of the ion beam g¢,,,, in
mode I, differences in thermal properties of VN and
o-Fe in the irradiated material are leveled, and a con-
tinuous liquid film of a complex chemical composi-
tion is formed on the surface (Fig. 5). All impurity ele-
ments with high values of vapor pressure (Mn, Si, Al,
etc.) are removed from the irradiated layer (Table 4).

INORGANIC MATERIALS: APPLIED RESEARCH  Vol. 12

Images: (a) in secondary electrons; (b) in reflected electrons.

In addition to atomic and molecular carbon ions,
the Temp-4M installation contains a significant
amount of neutral particles consisting of some carbon
atoms and isolated hydrogen atoms. All these carbon
particles and hydrogen atoms can form volatile com-
pounds with metal atoms in a liquid or vapor state (for
example, VC, VC,, VC,, etc.), which naturally reduces
the concentration of carbon atoms in the modified
layer. However, all this does not significantly affect the
nature of the spatial distribution of carbon in this layer.

At the initial stage of irradiation, before the target
surface layer melts, the spatial redistribution of Fe, V,
and N atoms and intercalated carbon and oxygen
atoms occurs owing to cascade processes and radia-
tion-induced segregation that is controlled by the
fluxes of Frenkel defects [23, 24, 26]. Further action of
PIB on the surface of the sample leads to melting of
the running layer and implementation of hydrody-
namic mechanisms of heat and mass transfer in it.
Temperature and carbon concentration gradients aris-

Fig. 3. SEM images in reflected electrons of the cracks on
the solidified Fe—VN surface.
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Fig. 4. SEM images in secondary (a) and reflected (b) electrons of the target surfaces irradiated in mode I1.
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Fig. 5. SEM image of Fe—VN surface irradiated in mode I (a) and elemental composition near the surface layer of solidified melt (b).

ing between the internal heat source located at the
depth R* and the free surface of the liquid lead to the
initiation of a complex process of heat and mass trans-
fer. The final stage of structural-phase transformations
occurring under the action of PIB is high-speed
quenching of the melt of the surface layer of the irradiated
sample from the Fe—VN composite [27, 28, 33, 34].

The mechanisms of heat and mass transfer in the
liquid layer during the beam action have not been
determined [27, 32, 35, 36]. After passing the time
point of bifurcation in the volume of the solidifying
melt under conditions of locally nonequilibrium solid-
ification, a structure with a locally nonequilibrium
chemical composition is formed. Depending on the
propagation rate of the heat front, a transition to the
mechanism of diffusionless, that is, chemically nonse-
lective, solidification is possible. Figures 5—7 show
data on the appearance of X-ray amorphous com-
plexes of the metal—gas type (Me,Me,G,G,) (Figs. 5, 7),

INORGANIC MATERIALS: APPLIED RESEARCH  Vol. 12

gas—carbon (Figs. 6¢, 6d) and Fe—V (Figs. 6a, 6b)
compounds in the solidified layer.

The distribution of chemical elements in the mate-
rial after irradiation at q,,,, (Figs. 5—8) differs signifi-
cantly from the initial one (Fig. 3), while clear bound-
aries between the VN grains and the o-Fe bond are not
observed (Figs. 5, 6).

Owing to high-speed solidification at the liquid—
solid interface, solid phase nuclei appear both by the
diffusion-free crystallization mechanism and as a
result of diffusion-controlled crystallization of highly
dispersed VN grains (Table 5) [27]. The speed of
advancement of the solidification front in the alloy on
the target surface has a significant effect on the forma-
tion of various quasicrystalline microstructures. Non-
equilibrium conditions arising at the interface also
lead to the appearance of metastable phases such as
Fe,;C¢ carbide with a face-centered tetragonal lattice
in the cooling melt. The high cooling rate of the melt
(~10° s71) promotes the formation of highly dispersed
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Fig. 6. Segregation of elements in the surface layer of a solidified melt of nitrided ferrovanadium irradiated in mode I: (a, c) SEM
images of the surface, points of analysis of the elemental composition are marked with a cross; (b, d) EDAX spectra and the con-

tent of elements at the analyzed points.

VN in the solidified layer of the material. Figure 8
shows diffraction patterns of the irradiated layer of
nitrided ferrovanadium before and after treatment of
the material with a beam in mode I.

The distribution of chemical elements in the mod-
ified layer of material after PIB irradiation is influ-
enced by the gaseous atmosphere of the working

chamber, the composition of which changes signifi-
cantly during the formation of carbon plasma [37, 38].
During the action of the plasma pulse, a pressure jump
occurs in the chamber of the Temp-4M installation,
since from the surface of a potential electrode made of
reactor graphite, along with carbon vapor (C,, C,, C;,
C,, Cs), hydrogen, oxygen, carbon monoxide, CH,

Table 5. Results of X-ray investigation of the samples irradiated in mode I

Content . Size of crystallites, | Microstresses,
Sample Phases of phases, vol % Lattice parameters, A am (Ad/d) x 103
Fe—VN a-Fe (BCC) 28.9 a=2.870 22 1.1
VN (FCC) 71.1 a=4.110 26 1.5
Fe—VN + C |o-Fe (BCC) 25.4 a=2.863 21 1.9
VN (FCC) 70.0 a=4.119 13 2.7
Fe, 9,Cy 45 (FCT) 4.6 a=12.856 39 0.9
c=2.954
INORGANIC MATERIALS: APPLIED RESEARCH Vol. 12 No.3 2021
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Fig. 7. SEM image of the solidified surface of nitrogenous ferrovanadium irradiated with PIB in regime I (a, ¢) and the effect of
power ion beam irradiation on the elemental composition of the modified layer (b, d).
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Fig. 8. Diffraction patterns of the ferrovanadium before (a) and after ion irradiation in mode I (b).

CN, etc., are released, the solubility of which is high in
the melt [32, 35, 36]. The oxygen concentration in the
solidified melt reaches tens of percent (Fig. 7), which
indicates a significant role of the process of saturation
of the melt with oxygen atoms, traces of which are
absent in the initial Fe—VN.

CONCLUSIONS

1. It has been shown that, to assess the effects of
PIB with energy of charged particles up to 1 MeV on
composite materials, it is impossible to use the phe-
nomenological approach without taking into account
the discrete structure of the substance and a nonlinear

INORGANIC MATERIALS: APPLIED RESEARCH  Vol. 12 No.3 2021
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nature of the interaction of a beam of bombarding par-
ticles with a condensed medium.

2. Itis also impossible to establish the melting point
of composite materials during PIB irradiation, since
before melting the irradiated layer of the substance
passes into an amorphous state.

3. Under the influence of PIB with high power
density of g,,,, > 10® W/cm?, the target material trans-
forms into a substance with a different composition and
structure, and at doses of more than 10" ions/cm?, in
the surface layer is formed a material with a broken
translational invariance of the distribution of carbon
atoms and microliquations from the atoms of chemical
elements of the irradiated material, beam ions, and
atoms of the atmosphere of the working chamber.

4. The formation of microliquations in the form of
X-ray amorphous complexes of ferrovanadium and
complexes consisting of carbon atoms (50—70 at %),
metal, and gases can be explained by the influence of
convective mixing and radiation-induced segregation.

5. During cooling of the melt of the irradiated PIB
material, the mechanisms of zero-diffusion and crys-
talline solidification are implemented.
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