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The effect of irradiation with an intense pulsed ion beam of hydrogen (30%) and carbon (70%) at accelerating
voltage of 250 kV and an energy density of 0,6 and 1,6 J/cm? with a single pulse of 100 ns duration on the
surface condition, structure, phase composition, elastoplastic and tribomechanical properties of carbon steel 65
was studied. Atomic force and scanning electron microscopy revealed smoothing of the surface relief and the
formation of craters on it, while the average surface roughness decreases by 2-3 times compared to the initial
one, and an increase in energy density leads to an increase in the average diameter of craters from 4 to 6 pm and
their surface density from 2x108 to 8x10® m™. X-ray diffraction studies conducted in the grazing incidence
diffraction geometry and Bragg-Brentano identified a change in the predominant orientation of crystallites in the
near-surface layer, comparable in magnitude to the projective range of ions, and to a change in the phase
composition in a wider layer, significantly exceeding it: the appearance of new phases and an increase in their
volume fraction with increasing energy density. Instrumental indentation revealed changes in hardness and
elastic-plastic characteristics of the near-surface layer of the samples. After IPIB exposure the friction coefficient
decreased by 1.5 times. The observed changes are caused by rapid heating, melting, and solidification of the
near-surface layer of the target and are caused by the processes of redistribution of elements, accumulation of
defects, the course of structural and phase transformations, and the local stresses growth in the modified layer.

duration and number of pulses. In the case of a mixed beam (carbon ions
+ hydrogen ions), the main energy release occurs closer to the target

1. Introduction

Currently, for surface modification of metals and alloys, methods
using concentrated energy flows of charged particles are often preferred
[1-10]. The application of intense pulsed ion beams (IPIB) with power
densities of 10°-10° W/cm2 due to its high performance, lower energy
consumption and environmental friendliness is a more effective method
for modifying the near-surface layer of steels compared to traditional
methods of their treatment — thermomechanical [11], thermochemical
[12] and others. Such a range of power densities causes high-speed
heating, up to melting, and ultrafast cooling of the near-surface layer
of the target [2-4,6].

During IPIB irradiation, impurity atoms both included in the beam
and in the atmosphere of the working chamber are implanted into the
target; this is superimposed on the generation of shock waves, thermal
fields, and thermomechanical stresses [4,5,13,14]. This leads to the
creation of a modified layer at depths exceeding the projective ion run
(long-range effect) [15]. The depth of the modified layer and the degree
of change in properties depend on the IPIB parameters — energy density,

surface, which is due to the fact that the path of carbon ions is much
smaller than that of hydrogen ions.

Under the action of IPIB, point defects and their complexes are
formed in metals and alloys [5,16], the composition and structure of the
near-surface layer change [4,5,17,18], phase transformations occur
[16-19], surface morphology changes with relief smoothing [4,20,21]
and crater formation [16,19,22-24], which leads to changes in their
functional properties [1,2,4-6,14,21].

Earlier studies on the effect of IPIB on the structure and properties of
a-Fe and steels of different classes and various applications have been
carried out [4-6,18,19,21,25-28]. It should be noted that in some cases
IPIB exposure can also lead to negative changes [27,28], which should
be taken into account to achieve an optimal result.

Carbon steel 65 due to its low cost and good combination of me-
chanical properties (high strength, ductility, toughness and weldability),
is used in mechanical engineering, petrochemical industry and nuclear
power engineering for the manufacture of parts operated in quite harsh
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conditions, so there is a need to reduce the roughness of their surface in
order to effectively reduce the coefficient of friction [29]. Note that the
surface of such parts should be not only hard enough to resist plastic
deformation, but also elastic during load application. To ensure the best
performance under external influences, it is necessary to select the
optimal combination of elastic modulus and hardness. Instrumental
indentation is an informative method for studying near-surface layers,
which allows obtaining a wide range of elastic-plastic and mechanical
characteristics [8,9,30]. It should be noted that there are not enough
works devoted to studying the influence of IPIB on elastic-plastic and
tribomechanical properties of steel 65 and similar steel compositions.

This work will allow us to obtain new experimental results on
changes in surface morphology, texture coefficients, the structure of
phase interfaces in a modified layer of steel 65, as well as elastoplastic
characteristics (hardness, elastoplastic properties and friction coeffi-
cient). This will contribute to a deeper understanding of the effect of IPIB
on the structure and functional characteristics of 65 steel products in
order to ensure their durability in harsh operating conditions.

2. Materials and methods
2.1. Materials and samples

Pre-eutectoid carbon steel 65 with 0.65 wt. % C content was inves-
tigated in this work. The chemical composition of samples was as fol-
lows: 0.62-0.70% C, 0.50-0.80% Mn, 0,17-0,37% Si, Cr < 0,25 %, S <
0.035%, P < 0.035% by weight and Fe is base. The samples in the form
of plates measuring (10x10x3) mm? after exposure at a temperature of
830 °C for 30 minutes were tempered in water, then mechanically pol-
ished from one side on sandpaper to a mirror shine. The standard heat
treatment regime for steel 65 is quenching from 830 °C into oil and
tempering at 470 °C. Quenching in water was chosen to increase the
cooling rate in order to preserve the increased concentration of point
defects [31].

Irradiation was carried on TEMP-4 accelerator by Tomsk Polytechnic
University [6] by a beam of hydrogen (30%) and carbon (70%). In IPIB
experiment, the peak value of accelerating voltage, pulse duration
(FHWM) and number of irradiation, residual gas pressure in the cham-
ber were 250 kV, 100 ns and 1 pulse, (2-5)x1072 Pa, respectively. Pulse
power density was ~1.5:10” W/cm?, the ion current density — 25 and 65
A/cm?, the energy density — 0.6 and 1.6 J/cm?, respectively.

The simulations irradiation of carbon and hydrogen ions in carbon
steel 65 were performed using SRIM-2013 in full-cascade mode [32]. In
these simulations, displacement energies of 25 eV for iron, manganese,
chrome and of 28 eV for carbon were employed, along with a material
density of 7.85 g/cm>. The concentrations of implanted ions and the
displacement per atom (dpa) was converted considering the beam
composition (H:C=3:7) into using equations (1) and (2) respectively:

cm® | cm?
= x 100%, (@)

N(M M) x ¢ (ions/cm?)
C
p (atoms/cm?3)

vac 8
dpa— ion (A) x 10

p (atoms/cm?3)

x ¢ (ions / cm?), )

where ¢ - the ion fluence, p - the atomic density of carbon steel
(8.689x 1022 atoms/cm®) and vac/ion is the vacancy per ion ratio from
SRIM. For ion current density J =25 A/cm? the fluence of hydrogen and
carbon ions amounted to 0.5x10'% and 1.1x10'% ecm™, for J = 65 A/cm?
— 1.2x10'3 and 2.9x10'® cm?, respectively.

2.2. Sample testing

The surface topography of the samples and profiles of craters was
studied using an atomic force microscope (AFM) Solver P47 Pro (NT-
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MDT). The surface roughness values of the Sa and Sq samples were
averaged over 5 different sites with the same sample area. The surface
morphology was studied using a scanning electron microscope (SEM)
LEO-1455 VP (Carl Zeiss) with secondary and backscattered electron
detectors. The images were obtained at an accelerating voltage of 20 kV.
The SEM images were obtained using the secondary electron mode (SE),
which allows observing the surface relief, and the backscattered electron
mode (BSD), when a phase contrast can be seen on the image of the
sample surface. The elemental composition of the samples was deter-
mined by energy dispersive X-ray (EDX) microanalysis using an Aztec
Energy Advanced X-Max 80 (Oxford Instruments) spectrometer. The
Versa 3D DualBeam SEM (FEI Company) with an electron backscatter
diffraction (EBSD) attachment was used to study the cross sections of the
samples.

X-ray diffraction (XRD) studies of the samples were carried out on an
Ultima IV (Rigaku) diffractometer. X-ray patterns were taken in CuKo
radiation (wavelength A = 0.15418 nm) in 0.05 degree increments in the
grazing incidence X-ray diffraction (GIXRD) at 1 degree of incidence and
Bragg-Brentano geometry within 20 angle range 30-120 degree at room
temperature. XRD analysis was carried out with the use of the database
of the Joint Committee on Powder Diffraction Standard (JCPDS). The
parameters of the a-Fe(a) and o’-Fe (g, c) crystal lattice were determined
from the angular positions of the diffraction lines (211) and (112) -
(211), respectively. The accuracy of determining the lattice parameters
Aa/a was £0.0017.

The size of the regions of coherent scattering of X-rays L and
magnitude of microstrain %‘1 were calculated using formulas (3) [18] and
(4) respectively:

0,91
= 5 cost; M) )

Ad B

d 4 xig0, )

where ; and f, - the full width at half maximum (FWHM) of the X-ray
diffraction peaks (110) and (211) respectively, 6; and 0, - of the cor-
responding the Bragg angles.

The texture coefficient TC ) of each reflex, which characterize the
orientation of the crystallites and allow us to estimate how much they
are oriented in a certain direction compared to a random orientation,
were determined by the method described in [33,34], using the
expression:

L)
Tohky)
TCha) = 1= To 5)
n i:llo(,,klJ

where Iy - the reflex intensity (hkl) of the studied samples, n is the
number of reflexes. The intensity values from JCPDS-00-006-0696 were
used as the intensity values of the sample without texture I (-

The mechanical characteristics of the specimens were determined by
instrumental indentation. Instrumental indentation measurements were
performed according to ISO 14577-1 [30] on a DUH-202 instrument
(Shimadzu) at room temperature. The load on the Berkovich diamond
indenter was 0.294 N and the loading rate was 0.070 N/s, the dwell time
under load was 10 s and the number of measurements was 10. Tribo-
logical tests were carried out on the tribometer UIPT-1 according to the
scheme “finger-plane” at reciprocating motion of the specimen under
conditions of dry friction at room temperature and air humidity of
40-50%. The load on the indenter made of tungsten carbide alloy was
0.49 N, its average speed was 2x 107> m/s, the stroke length was 5x107>
m, and the friction path was 5 m.



N. Poliak and V. Anishchik

3. Results and discussion
3.1. Study of surface morphology and topography

Figures 1-5 show the results of studying the surface of the samples
before and after exposure to ion beam. AFM and SEM images of its
typical sections are shown in Figs. 1, 3. It can be seen that the processing
significantly affects the condition of the surface of the samples: a
decrease in its roughness is observed (Fig. 2) and the appearance of
volumetric defects — craters (Fig. 3b, c).

The surface of the original sample (Fig. 3a) has microscratches that
occurred during its preliminary mechanical preparation. After irradia-
tion with an energy density of 0.6 J/cm?, their traces become smaller
(Fig. 3b), with an increase in energy density to 1.6 J/em?, they practi-
cally disappear (Fig. 3c), i.e. microscratches can be a kind of indicator of
changes in the state of the surface layer when exposed to IPIB and
indicate erosion and/or melting. As a result of irradiation, the average
surface roughness Ra and the standard deviation Rq decrease by 2-3
times compared to the initial value (Figs. 1, 2), which correlates well
with the SEM data (Fig. 3).

Craters are randomly distributed on the surface, they have different
sizes, shapes and depths, while their profile predominantly is symmet-
rical in the depth of the target (Figs. 3b, ¢, 4 and 5). After treatment with
Q = 1.6 J/cm?, microcracks appear in the craters (Fig. 5c, d). With
increasing energy density, the size distribution of craters and their
number per unit area change markedly: the average diameter and sur-
face density increase from 4 to 6 pm (Fig. 4a, b) and from 2x108 to
8x10% m2 (Fig. 4c), respectively. EDX analysis of these regions showed
an increased manganese content (Fig. 5c-d), their chemical composition
is close to MC carbides. Considering that manganese is a more active
carbide-forming element than iron, it can be assumed that complex
carbides (FeMn)C are formed. The formation of microcracks in craters
indicates increasing stresses in the near-surface layer. Hydrogen atoms,
located mainly along grain boundaries, can also contribute to this
process.

3.2. Study of the structure and phase composition

Fig. 6 shows the distributions of carbon, hydrogen ions and of dpa in
the target from SRIM simulations. The dpa curves have two peaks, which
are localized at 250 and 1050 nm and are caused by carbon and
hydrogen ions. It can be seen that the amount of dpa produced by carbon
ions significantly exceeds the amount of dpa caused by hydrogen ions,
which is due to the difference in ion masses. The hydrogen concentration
in the surface layer of the target also increases.

The results of the XRD analysis are shown in Figs. 7-9 diffractograms
were taken in the geometries of a GIXRD (Figs. 7a-c) and Bregg-Brentano
(Fig. 7d-f), which made it possible to analyze the structure and phase
composition at different depths. In our case, the thickness of the layer
studied using a GIXRD is about 1 pm, which is comparable to the average
projected path Rp of carbon and hydrogen ions, equal to 0.27 and 1.1 pm
(Fig. 6), respectively. When using by Bregg-Brentano geometry, a wider

original

Z(nm)

X (um)”
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layer is analyzed. On X-ray patterns taken in the GIXRD geometry, in
contrast to the Bregg-Brentano survey, a redistribution of the integral
intensity of the diffraction lines is observed (Fig. 7a-c), which indicates a
change in the predominant orientation of the crystallites (texture) in the
modified layer. The results of the evaluation of the effect of IPIB pro-
cessing on the change in texture coefficients TC ) shown in Fig. 8.

It can be seen that with an increase in the energy density in the pulse
from 0.6 to 1.6 J/cm?, the intensity of texture maxima is redistributed,
which means that in the near-surface layer, comparable in magnitude to
the projective range of ions, the predominant orientation of crystallites
changes. A change in the texture of the surface layer of steel, nickel,
copper, and aluminum under the influence of IPIB with modes similar to
ours was observed earlier in [21,35].

Qualitative phase analysis showed (Fig. 7a-c) that reflections of
ferrite and martensite are present on the XRD patterns of the initial
sample. Martensite corresponds to double lines - "tetragonal doublets"
(they determine the c/a ratio and carbon concentration) and they are
located near to the lines (110), (200), (211) and (220) ferrite. The
separation of the reflections of (211) ferrite and the "tetragonal doublet"
(112)-(211) martensite in the range of angles 20 = 78.8-84.2 degree is
shown in Fig. 9, the parameters of the crystal lattice of the identified
phases are shown in Table 1. As can be seen from Table 1, the ferrite
lattice parameter practically does not change as a result of irradiation,
the insignificant increases in the size of the coherent scattering regions L
and the decrease in the magnitude of microstrain %‘”. The reflex (211) of
martensite (Fig. 9), by which the lattice parameter a is determined, shifts
slightly, while reflex (112) (lattice parameter c) first noticeably shifts
towards large angles, and then assumes its initial position, therefore, the
carbon concentration in martensite first decreases and then increases
(Table 1).

After exposure to IPIB in the range of angles 20 = 42.8-46.2 degree, a
change in the intensity of the overall profile of the line is observed,
which is associated with the formation of carbides (Fe;C (JCPDS-00-
036-1249), Fe;C3 (JCPDS-00-017-0333), FesCy (JCPDS-00-051-0997),
Fe3C (JCPDS-00-034-0001)) and y-Fe (JCPDS-01-071-4649). The re-
flexes of the phases synthesized during treatment with Q = 0.6 J/cm?
have a very low intensity (Fig. 10), which indicates their low volume
fraction. After treatment with Q = 1.6 J/cm?, their intensity becomes
noticeably higher, and their volume fraction increases accordingly. It
should be noted that the small volume fractions of the formed phases
and the presence of the most intense reflexes (110) ferrite and (101) -
(110) martensite in the specified angular range does not allow us to
unambiguously separate the reflexes of carbides, ferrite and martensite
(Fig. 10).

3.3. Study of elastoplastic and tribomechanical properties

Fig. 11 shows typical “load-displacement” curves for samples before
and after IPIB and results of friction coefficient measurement. The
analysis shows that for the irradiated specimens the indenter penetra-
tion depth hpqy after holding under the maximum load, the depth of the
residual print hy after load removal and the elastic stiffness of the
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Fig. 1. AFM images of surface of the samples before and after exposure to an IPIB.
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Fig. 4. Size distribution of craters for Q = 0,6 J/em? (a) and Q = 1,6 J/cm? (b), histogram of changes in their size and density on the surface of samples (c).

material in the indenter print (slope of the initial section of the
unloading branch) S = dF/dh differ significantly from the corresponding
data of the original specimen. The action of IPIB leads to the improve-
ment of friction characteristics. As can be seen from Fig. 11b, e, h, for all
samples, the coefficient of friction y initially increases and then remains
approximately constant. Thus, for the unirradiated specimen, initially
there is a sharp increase of u up to 0.70 (0.3 m), then its value is about
0.62. For the treated specimens, an increase in y is observed at the initial
stage to 0.47 and 0,50 for a friction path of 1.5 m and 1.0 m, then its
values are 0.42 and 0.45, respectively for Q = 0.6 and 1.6 J/cm?.

3.4. Discussion

It is known [1-5] that concentrated energy flows create conditions
leading to melting and crystallization of the molten layer, while it is
possible to change the surface relief. In [20], two mechanisms of surface

smoothing were proposed: solid—phase and hydrodynamic. The mech-
anism of solid-phase smoothing during irradiation of a target with a
rough surface is caused by the appearance of additional stress and strain
fields in the surface layer of the target, contributing to a decrease in
roughness, and operates up to the moment of melting. The hydrody-
namic smoothing mechanism is activated after melting. As a result of the
interaction of surface interaction forces, inertia forces caused by the
accelerated movement of the surface layer of the target, and viscous
forces, the amplitude of surface roughness decreases (Figs. 1-3). The
removal of grinding marks during processing with an energy density of
1.6 J/cm? indicates that when exposed to IPIB, the target surface melts
and its subsequent solidification occurs.

The formation of craters (Figs. 3-5) is a fairly common phenomenon
in the surface treatment of metals and alloys of IPIB and may be asso-
ciated with melting of the layer with evaporation of the target material
[4]. In addition, the inhomogeneity of the ion density in the beam can
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Fig. 6. SRIM simulations distribution of implanted hydrogen and carbon ions and distribution of displacement per atom (dpa) in the carbon steel 65.

also lead to the formation of areas of local melting and stress, which
strongly affects crater formation. The presence of foreign inclusions and
gas bubbles in the target volume is also an important factor in the for-
mation of craters [36]. It should be noted that the presence of hydrogen
in the ion beam increases the concentration of gas bubbles, which will be
displaced to the surface during crystallization. It is noted in [19] that
when IPIB is exposed to the surface of AISI 321 steel with an irradiation
regime similar to ours, craters are formed, and sulfide or
titanium-carbosulfide inclusions are preferred places for this. In our
case, the EDX showed an increased content of carbon and manganese
atoms in the craters (Fig. 5), as well as the presence of traces of sulfur in
inclusions with manganese and chromium for the samples. The stresses
formed in the target are maximal under the crater, which explains the

observed localization of structural changes [24] and the appearance of
microcracks.

The redistribution of the integral intensity of the diffraction lines
with an increase in the density of the ion current in the pulse indicates
that in the near-surface layer, comparable in magnitude to the projective
range of ions, the predominant orientation of the crystallites changes
(Fig. 7), and may be due to the dependence of the rate of crystallization
and recrystallization processes on the crystallographic direction in the
target grains, the local distribution of temperature fields of complex
configuration and the associated thermomechanical stresses.

The change in the phase composition of the near-surface layer
(Figs. 7, 9, 10) under pulsed ion irradiation with a power density greater
than 10’ W/cm? is associated with a number of processes: heating,
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Fig. 7. X-ray patterns of steel specimens before (a, d) and after IPIB treatment (b, c, e, f) with different current densities obtained in GIXRD (a-c) and Bregg-Brentano

(d-f) geometries.

melting of the surface layer of the target, its cooling at very high speeds
(~10° K/s), excitation of stress waves (deformations), mixing the
components of the molten layer. The observed change in the uniformity
of the chemical composition is caused by convective and advective
mixing of the melt.

The high concentration of vacancies formed during high-speed
cooling accelerates the diffusion of carbon and manganese impurity
atoms, which leads to their enrichment of the near-surface layer and the
formation of new phases (Fig. 10), in addition, the processes of mixing
(and displacement of impurities) in the molten layer can also contribute.
High cooling rates during crystallization can cause structural and phase
transformations with the formation of a supersaturated solid solution
and its decomposition with the release of metastable phases [3].

In steels, as shown in [37], carbide transformations can occur
without changing the size and shape of particles in the following

sequence: Fe;C3—FesCo—FesC, therefore, their formation during sur-
face treatment of IPIB is quite natural. However, it should be noted that
the presence of manganese, hydrogen, oxygen and the imbalance of the
process can change this sequence.

The combined effect of high temperature and stresses arising in the
target under the action of IPIB is complex [3] and can affect changes in
the characteristics of the fine structure. Minor changes in the phase
lattice parameter, the insignificant increases in the size of the coherent
scattering regions L and the decrease in the magnitude of microstrain 44
(Table 1) may be the result of repeated quenching during cooling of the
molten surface layer. Similar changes in the structure and phase
composition in steels treated with pulsed beams of charged particles
were observed in [8-10]. For example, the authors of [10] did not detect
changes in composition in the sample using EDX, however, studies
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Table 1
Structural characteristics of the phases of steel treated with IPIB: lattice pa-
rameters a and c, size of the coherent scattering regions L, magnitude of

. . Ad - . .
microstrain ?, concentration carbon in martensite C.

Phase, space group Structure Processing modes
parameters .
original Q=0.61J/ Q=161J/
cm? cm?
Ferrite Im3m (229) a (nm) 0.2866 0.2864 0.2865
L (nm) 19 21 22
A?d «10° 3.3 2.9 2.7
Martensite I4/mmm a (nm) 0.2840 0.2845 0.2837
(139) ¢ (nm) 0.2917 0.2888 0.2913
c/a 1.027 1.015 1.027
C (wt. %) 0.65 0.25 0.65

conducted using transmission electron microscopy revealed nanoscale
carbide particles in the near-surface layer, the appearance of which the
authors associate with crystallization, accompanied by the release of
phases other than those that existed before irradiation.

Mechanical and elastoplastic characteristics calculated from the re-
sults of indentation (hardness H, elastic modulus E, elastic reverse
deformation work of indentation W, total mechanical work of inden-
tation Wiy, indentation relaxation R) and friction coefficient y of the
specimens are presented in Table 2. IPIB treatment leads to a decrease in
hardness H of the steel surface layer by 44 and 56 % for Q = 0.6 and 1.6
J/cm?, respectively. The character of elastic modul’s E, determined by
the Oliver-Farr method [38], changes under different conditions of IPIB
irradiation is similar to that of hardness H. The observed effect of
decreasing hardness and elastic modulus (Fig. 11a, d, g, Table 2) of the

samples with depth is associated with thermal effects, stresses in the
near-surface layer under conditions of rapid heating and cooling,
martensite decomposition and growth of the volume fraction of the
ferrite phase [28]. Noticeable changes in elastoplastic characteristics —
elastic modulus E, elastic strain work W, total work done during
indentation Wiy, elastic recovery R — can also be seen. The total work
of deformation Wiy = We + Wp done during indentation is spent
mainly on plastic deformation Wy, while IPIB exposure leads to an in-

crease in elastic work W,; and indentation relaxation R. IPIB treatment
hmax—ho

Pimax

leads to an increase in the elastic recovery R = of the specimens in

the indentation region (Table 2), thereby giving the near-surface layer
an elastic state.

Fig. 12 shows micrographs of oblique sections with a plane made at
an angle 3 degree, texture and reverse pole figures of phases (martensite
and ferrite) included in the samples before and after treatment with Q =
1.6 J/cm?. It can be seen that under the influence of treatment there is a
change in grain size, and at depths from h;~0.3 pm to hy~0.5 pm
(Fig. 12), corresponding to the maximum of radiation damage, a layer
consisting mainly of ferrite is formed. The hardness and modulus of
elasticity of samples after IPIB treatment decreases compared to the
initial value due to the decomposition of harder martensite and the
formation of a layer consisting mainly of softer ferrite, as noted in [28].

To quantify the resistance of modified layers to mechanical contact
effects, the H/E and H°/E? ratios are used, showing their resistance to
wear and plastic deformation [39], respectively. As shown in Table 2,
the value of H/E does not change noticeably, while H®/E? decreases
monotonically. The observed decrease in the friction coefficient after
IPIB is caused by the modification of the near-surface layer of the
samples as a result of changes in its structural-phase state. The abrasive
particles (wear products) formed in the process of friction have different
hardness, shape and size. Analysis of SEM-BSD images of wear tracks
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Table 2

Elastoplastic and tribomechanical properties of samples of carbon steel 65 treated with an IPIB.
Treatmend H (GPa) E (GPa) H/E H3/E? (GPa) W (mNxpm) Wiotar (N xpm) R (%) u
original 2.5+0.23 202+18 0.012 0.00038 36 313 12 0.62
Q= 0.6 J/cm? 1.4£0.13 101+9 0.014 0.00027 109 406 27 0.42
Q= 1.6 J/cm? 1.140.10 117+11 0.010 0.00010 61 422 18 0.45

demonstrates different wear mechanism (Fig. 11c, f, i): for the original recrystallization).

specimen an adhesive mechanism is observed, for the treated one with Q

=1.6 J/cm? — an abrasive one, and with Q = 0.6 J/cm? — a mixed one.

4. Conclusion

The prevailing physical phenomenon that affects the change in the

characteristics of the near-surface layer at irradiation with Q < 1 J/cm?
is the radiation-dynamic effect of IPIB (formation of defects, shock
waves), and at Q > 1 J/cm? - the thermal effect (melting and

Studies have shown that treating the surface of steel 65 with a
hydrogen (30%) and carbon (70%) at accelerating voltage of 250 kV and
an energy density of 0,6 and 1,6 J/cm? with a single pulse duration of
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100 ns leads to a change in the state of its surface: smoothing of the relief
(the average roughness of Ra decreases 2-3 times compared to the initial
value), the formation of craters, an increase in their average diameter
from 4 to 6 pm and surface density from 2.10% to 8108 m? with
increasing energy density; a change in the predominant orientation of
crystallites in the near-surface layer, comparable in magnitude to the
projective range of ions; formation of new phases and an increase in
their volume fraction with an increase in energy density. There is a
decrease in hardness, elastic modulus and a change in the wear character
of the near-surface layer. The coefficient of friction decreases by a factor
of 1.5.
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