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In the method of nitriding elements, various methods of their thermal heating are used. The simplest heating
method in ion-plasma nitriding is heating by bombarding the surface first with low-energy gas ions and then with
metal ions with energies up to several kiloelectronvolt. Elements exposed to ion bombardment have a well-
developed surface that is free from contaminants and facilitates the diffusion of nitrogen into the depth of the metal
during nitriding. The paper studies the effect of various preliminary heating methods on the nitriding depth in the
complex ion-plasma hardening technology of 25CrMoVA steel. A JSM 7000-1F scanning electron microscope
equipped with an X-ray spectral energy dispersive microanalysis attachment was used to diagnose changes
occurring on the surface of the samples and at depth; the hardness was measured using a Nanoindentor G200 device.
The preliminary heating of the samples was carried out both with the use of bombardment with Ti or Mo ions, and
without its direct effect on the heated surface. In the experiment, differences in the depth of hardening of the nitrided
layer of steel are observed when it is heated in different ways. When bombarded with Mo ions, the greatest depths of
hardening were obtained in comparison with other preliminary heating conditions. It is shown that these differences
are associated with the features of the morphology of the steel surface formed as a result of sputtering processes.
The formation of nitride compounds in its surface layer can serve as a barrier that slows down the penetration of
nitrogen into the metal. It is shown that with complex treatment in the process of deposition of a nitride coating on

the surface of nitrided steel, an additional increase in the depth of hardening of the nitrided layer occurs.

INTRODUCTION

The technology of complex ion-plasma hardening
consists of several stages of surface modification in
order to increase the protective characteristics of
elements [1, 2]. Complex ion-plasma hardening of the
surface, including the stages of ion-plasma nitriding
(IPN) and deposition of vacuum-arc coatings, provides a
fairly thick (100...300 um) hardened layer of steel, as
well as a nitride coating that increases its surface wear
resistance [3]. Such complex treatment is used, in
particular, to increase the strength, erosion-resistant and
other service characteristics of the working surfaces of
the elements of the steam distribution and turbine
control mechanisms in order to increase their resource
[4].

With IPN, used in complex technology, obtaining
large depths of hardening (up to 300 pum), which, as a
rule, are consistent with the depths of nitrogen
penetration [4], is quite a feasible task. In comparison
with traditional “furnace” nitriding, the IPN process is
more efficient. The high performance of such nitriding
is due to the special state of nitrogen, prepared before it
penetrates into the steel. Thus, in the atmosphere of a
gas two-stage vacuum-arc discharge [5], activated
nitrogen is used, which is in an ionized and excited
state. The rather high energy of diffusing nitrogen ions
(up to ~0.8keV), in this case, determines the
accelerating voltage applied to the product. The
described IPN conditions are decisive for the occurrence
of more efficient high-speed processes of surface
saturation.

In addition, with IPN the process of nitriding the
surfaces of the element takes place not under

atmospheric conditions, as is the case in the case of
“furnace” nitriding, but under conditions of high
(5-10%...5-10™* Torr) vacuum. This factor practically
excludes the formation of oxides and other “random”
compounds with iron and other steel alloying metals
during processing. Thus, conditions are created on the
surface modified by IPN for obtaining good adhesion
with the protective nitride coating deposited in the
complex technology.

During the IPN process, the main energy costs are
associated with heating the element to the optimal
temperature. The simplest way to achieve this heating is
to use preliminary ion bombardment, first with low-
energy gas ions and then with metal ions with energies
up to several kiloelectronvolt. The influence of ion
bombardment on the morphology of the steel surface, as
well as the influence of the latter on the increase in
nitriding depths, has been little studied.

The aim of this work is to study the influence of
various methods of preliminary heating of elements on
the depth of nitriding with a complex ion-plasma
hardening technology.

MATERIALS AND METHODS
OF RESEARCH

The “Support” element was chosen as a model for
the experiments, which is operated in the friction pair of
the steam distribution mechanism of the K-325 turbine
[4].

The element is made of heat-resistant steel
25CrMoVA. The chemical composition of steel
according to State Standard No. 20072-74 is presented
in Table 1.
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Table 1

Chemical composition of steel 25CrMoVA in mass

C Si Mn Ni S p Cr Mo Vv Cu
up to up to up to
0.22...0.29 |0.17...0.37 | 0.4...0.7 0.3 0.025 0.03 1.5...1.8 | 0.6...0.8 | 0.15...0.3 upto 0.2

Some difficulties for the processes of ion-plasma
modification may arise due to the massiveness of this
element due to the need to achieve the required
temperature level (up to 600 °C) during hardening. The
element weight was ~ 6 kg. The study of the processes
of ion-plasma modification was carried out using local
samples fixed in the body of a massive model of the
element called “Support” (Fig. 1) (hereinafter referred
to as model). Samples with a size of 20x10x6 mm were
tightly fixed in the grooves made in the body of the
model, and their surfaces, on which the coatings were
deposited, were flush with the surface of the model.
This ensured that the temperatures of the samples and
the model of the element were consistent.

Fig. 1. Images of the model of the element on the
substrate holder and samples at its end

To measure the hardness and thickness of the
hardened layers, a Nanoindentor G200 was used, while
the thickness of the nitriding hardened layer was
determined from metallographic  sections. The
indentation was carried out in a step-by-step mode with
an interval of 10 um at a nanoindentor penetration depth
of 500 nm. With these parameters of nanoindentation,
the surface hardness of 25CrMoVA steel samples was
measured, which was ~ 4 GPa.

The study of the morphology of the surface of steel
samples modified under various conditions by ion-
plasma treatment, as well as its elemental composition,
was carried out on a JSM 7000-1F scanning electron
microscope (SEM) equipped with an X-ray spectral
device. The study of the phase composition of the
modified surface was carried out on a X-ray
diffractometer in cobalt Co-Ka radiation using a Fe
selectively absorbing filter. Diffracted radiation was
detected by a scintillation detector. Quantitative phase
analysis and determination of the phase lattice
parameters were carried out using the Rietveld method.

The process of complex ion-plasma hardening of
samples from steel 25CrMoVA consisted of several
technological stages:

1 — heating the model of the element to the nitriding
temperature (< 600 °C) under various conditions of ion-
plasma treatment of the surface of the samples;

2 — IPN of samples. Potential applied to the
substrate, Uy, = -600 V;

3 — deposition of vacuum-arc coating MoN.

As alternative methods of preparing the model
before nitriding, the following were used: heating by
bombarding the surface with metal ions and indirect
heating without modifying the surface of the samples
(“thermal heating”).

To heat the surface by ion bombardment, we used
Mo or Ti ions accelerated by the potential Upi,s =
-1.2 kV.

During "thermal heating”, the model of the element
was heated by ion bombardment to the operating
temperature of nitriding without the direct effect of
accelerated ions on the surface of the sample. For this,
for the heating period, the surface of the sample, fixed
in the groove of the model, was screened with a shutter,
which was opened during the nitriding process. Thus,
the sample surface was not exposed to ion sputtering
and was in the input polishing state. Heating of the
samples located behind the shutter, as well as samples
treated by different types of ions (Ti and Mo), was
carried out to the same nitriding temperature.

Unspecified processing modes of steel samples at
the stages of IPN and deposition of a vacuum-arc
coating in all experiments were maintained the same.

RESULTS AND ITS DISCUSSION

The view of the input (untreated) surface of the
25CrMoVA steel sample is presented in Fig. 2.
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Fig. 2. SEM image of the surface of a 25CrMoVA steel
sample

Grinding marks are visible on the sample surface
shown in this figure. The value of the roughness
parameter Ra (the arithmetic mean deviation of the
profile) of the original surface does not exceed 0.8 pum,
which corresponds to the 7th class of cleanliness.

The conditions influencing the increase in the depth
of the layer hardened by nitriding may include various
methods of ion-plasma preparation of the model used to




heat it before the nitriding process. As noted above, Mo
and Ti ions were used to heat the surfaces of the model
and samples by bombardment. Fig. 3 shows images of
the surface of steel samples after bombardment with Mo
and Ti ions accelerated by the potential Uy = -1.2 KV,
It can be seen from the figure that on the surface of
the samples treated with these ions, no scratches are
observed that remained after grinding (see Fig. 2). At
the same time, the structure of the surfaces shown in
Fig. 3 (1) and (2) is noticeably different from each
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other. On the surface treated with Mo ions
(see Fig. 3 (2)), one can see structural formations with a
closed complex contour, inside which substructure

elements are present. Their size and shape correlate with
the size and shape of grains of steel. In contrast to the
surface treated with Mo ions, after bombardment with
Ti ions (see Fig. 3 (1)), a smoother steel surface is
observed and with formations of a different nature not
related to the shape and size of the grains. The elements
of the substructure are absent.

Fig. 3. Surface morphology of samples treated with Ti (1) and Mo (2) ions, indicating the locations of elemental
analysis

Thus from the above, we can conclude that the
considered in Figs. 2 and 3 the differences in surface
morphology are associated with the different sputtering
ability of the bombarding ions used.

To explain these differences, their elemental
composition was determined in typical regions the

measurement locations of which are indicated in the
images in Fig. 3. Measurements of the elemental
composition of the surface of the samples were carried
out without taking into account the carbon content in the
steel and the results are presented in Table 2.

Table 2

Comparative elemental composition of the surface of the input steel samples
and steel samples treated with Mo and Ti ions

Composition, at.%
Component Mo bombardment Ti bombardment
Input surface
spectrum 1 | spectrum?2 | spectruml | spectrum 2
Si 0.92 0.76 0.74 0.99 0.49
\% 0.81 - - - —
Ti — 4.03 0.79
Cr 1.36 1.88 2.11 2.09 2.75
Mn 0.47 0.60 0.68 0.70 0.59
Fe 95.25 95.62 94.91 91.81 95.08
Ni 0.23 0.21 0.25 0.18 0.11
Mo 0.96 0.93 1.31 0.19 0.18
Total 100.00 100.00 100.00 100.00 100.00

Comparison of the data given in the Table 2
indicates the formation of a Ti film on the steel surface,
and titanium is not uniformly distributed on it. When the
surface is bombarded with Mo ions the input
composition of the steel practically does not change.

Thus when the surface is bombarded with Ti ions
under the experimental conditions, where the model was

heated to the nitriding temperature, a non-continuous Ti
film was formed.

In Fig. 4 shows the images of the surfaces of
samples heated in different ways, which were obtained
before and after the IPN process when scanning on an
SEM at an angle of 40° to their surface.



BT T T SR
s , -

Sy : o Q
oA d

thermal heating

heating byTi ions

heating by Mo ions

Fig. 4. Surface morphology of steel samples heated in different ways: behind the shutter (1, 4), bombardment with
Ti ions (2, 5), and Mo ions (3, 6). Magnification x 5000

The differences observed in images 1, 2, and 3 (see
Fig. 4) indicate a different degree of development of the
steel surface relief. The most developed is the surface
sputtered with Mo ions (see Fig. 4 (3)). At the same
time, in Fig. 4 (2) a stair is observed between the
surfaces of the steel and the formed film. As seen at the
face plane it has a nano-sized granular structure. The
thickness of this film is about 1 um. Such a modified
layer can be formed during ion bombardment as a result
of the processes of sputtering and mixing of bombarding
ions with the substrate material. The sputtering ability
of Mo ions is higher than that of Ti ions due to their
higher kinetic energy (E, = 58.9 eV against 149 eV [6]),
acquired when leaving the cathode spot, and due to the
higher average charge of these ions (z = 3.1 against 2.1
[6]). According to the formula E; = zeU, the energies of
these ions E; increase in the Debye layer near the
sputtered surface, to which a negative potential Uy,s =
-1.2 kV was applied.

Thus, the ion bombardment of the surface by a flow
of lower-energy Ti ions, in comparison with the flow of
higher-energy Mo ions, is characterized by a lower
efficiency of self-sputtering processes; therefore, part of
the titanium during ion mixing takes part in the
formation of the surface film.

It should be noted that, after nitriding,
microroughnesses on the surface of samples heated by
various methods (see Fig. 4 (4-6)) are smoothed out
(the development of the relief decreases). The leaving of
the microroughness profile also occurs due to the action
of the sputtering and ionic mixing processes, since
during the IPN process, a high negative potential
(-600 V) is applied to the substrate.

Fig. 5 shows the results of measuring the hardness
in depth from the surface for three samples, nitrided
under the same conditions of this process, but under
different conditions of preliminary heating.

It can be seen from the graph that all samples in the
near-surface region (0...50 um) have the hardness of
nitrided steel (8...10 GPa), which at a distance of more
than 90 um from the surface decreases exponentially
and at a distance of more than 200 um corresponds to
the level of hardness of the input steel (~ 4.5 GPa). The
sloped sections of curves 1 and 2 are superimposed on
each other, which indicate the same depths of hardening
of steel samples when using preliminary thermal heating
and heating with Ti ions.
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Fig. 5. Profiles of hardness in depth in ion nitriding
processes: 1 — after heating with Ti ions;
2 — after thermal heating;
3 — after heating with Mo ions




The inclined curve piece 3 is located to the right at
35...40 um, which indicates greater (by ~ 30%) depths
of hardening of the nitrided sample irradiated with Mo
ions as compared to other preliminary heating
conditions. It was shown in [4] that the behavior of the
hardness curves depending on the nitriding depth
correlates with the course of the curves demonstrating
the distribution of the nitrogen concentration
incorporated into the steel.

Fig. 6 shows the results of the distribution of
hardness in depth from the surface for samples that
underwent complex treatment with the deposition of a
Mo,N coating upon preliminary heating with Ti and Mo
ions.
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Fig. 6. Profiles of hardness in depth in complex
processes after preliminary heating:
1-Tiions; 2— Mo ions

Fig. 6 shows that the depth of samples hardening in
the complex process after preliminary heating of the
surface with Mo ions is greater than after heating with
Ti ions. This result is in full agreement with the result
obtained on the samples after nitriding (see Fig. 5).
When comparing the results shown in Figs. 5 and 6 it
also follows that in the process of complex processing at
the stage of deposition of the nitride coating, an
additional increase in the depth of hardening of the
nitrided layer occurs. As shown [7], this effect is
realized due to the processes of nitrogen redistribution
from the surface of nitrided steel into its depth.

Thus, in order to obtain the greatest depths of
hardening as a result of complex ion-plasma treatment,
all other conditions being equal, for preliminary heating
of the surface, it is advisable to use bombardment with
heavy metal ions, for example, molybdenum ions.

lon-plasma treatment processes are characterized by
certain disequilibrium energy impact on a surface and
may lead, particularly when using heavy ions Mo, a
sufficiently large temperature gradient between the
modifiable surface and subsurface layers of steel. Such
an impact can affect the phase changes of the surface
layer, which, in turn, determines the efficiency of the
nitriding process.

For this aim, the phase composition of steel samples
irradiated with different ions, as well as nitrided
samples previously prepared by these various surface

treatments, was studied, for which the method of X-ray
structural analysis was used.

In these studies, it was shown that on the surface of
nitrided samples of steel 25CrMoVA, in comparison
with non-nitrided samples, the o-Fe lines are
significantly weakened and shifted towards smaller
angles, which indicates an increase in the lattice period
associated with the formation of a solid solution of
nitrogen in the iron lattice.

Table 3
Phase composition of the surface of the studied
samples
Sample Weight,
No. Treatment type Phase WE%
1 Without ow-Fe | 100
treatment
Thermal heating o-Fe 451
2 + nitriding FesN 7.5
FesN 47.4
3 Ti bombardment | —%¢ —
a-Ti —
Ti bombardment | —%-¢ 47.9
4 + nitriding FesN 31.9
Fe,N 20.2
5 Mo bombardment a-Fe 100
g |Mo bombardment |(:X-F|s| ‘11(7)3
+ nitriding €3 :
Fe;N 42.2

The results X-ray structural studies of the phase
composition are presented in Table 3. It can be seen
from these data that the formation of the a-Ti phase is
observed on the surface of the sample, preliminary
bombarded with titanium ions (sample No. 3). This
confirms the conclusion about the formation of a Ti
film, already drawn from the results of the elemental
analysis of the surface of steel samples treated with Mo
and Ti ions (see Table 2). The determination of the
quantitative content of the o-Ti phase by the X-ray
structural method is difficult due to the low
concentration of titanium in the film formed on the steel
surface.

At the same time, from Table 3, it follows that the
iron nitride Fe4;N phase is predominantly formed on the
nitrided surface pretreated with Mo ions (sample No. 6),
while on the nitrided surface treated with Ti ions
(sample No. 4), on the contrary, a higher content of the
FesN phase is observed, which is more nitrogenated
than the first. That is, the presence of a titanium film on
the surface before nitriding leads to the formation of
nitride phases with higher nitrogen content on the
nitrided surface. Apparently, the formation of such
phases is activated by titanium, for which nitrogen has a
high affinity. Table 3 also shows that the phase
composition of nitrided surfaces both thermally heated
(sample No. 2) and treated with Mo ions (sample No. 6)
is practically the same.

Thus, the presence of titanium on the surface during
nitriding leads to the formation of lower iron nitrides,
while nitrogen is “retained” in the near-surface layers of
steel and, on the contrary, a “clean” developed surface



sputtered with Mo ions increases the efficiency of
diffusion penetration of nitrogen into the depth of the
steel which leads to an increase in the depth of
hardening of the nitrided layer. In this case, the
formation of other nitride compounds of metals alloying
steel is quite possible in the near-surface layers. The
formation of nitride compounds can be confirmed by the
fact that after nitriding such a sample acquires the color
of TiyN compounds. In this case, a nitride layer forms
on the surface, which is a barrier to nitrogen
penetration, since nitrogen is characterized by low
mobility in nitride compounds [8].

The phase composition of the surface of steel
samples with preliminary heat treatment and heated by
Mo ions, neither before nor after nitriding, practically
do not differ from each other. Hence, it follows that the
phase modification, which occurs due to the temperature
heating of the surface layer of the steel as a result of a
more energetic action by molybdenum, does not occur.
Significant differences in the phase composition of
nitrided steel occur only in the case of preliminary
surface modification with titanium as a result of ion
bombardment.

One more factor should be noted, which is important
when choosing a method for preliminary surface
preparation to obtain maximum nitriding depths. In the
case of ion bombardment of both Ti and Mo as a result
of sputtering on the steel surface, besides the relief
morphology, also “pit” formations are observed in the
places where dislocations emerge on the surface, [9].
However, when bombarded with heavy Mo ions, such
“pits” are ~ 2 times larger than when bombarded with Ti
ions, which, apparently, enhances the efficiency of
nitrogen diffusion through dislocations and leads to
increased nitriding depths.

CONCLUSIONS

1. The influence of the ion-plasma modification of
the surface during its bombardment with Ti and Mo
ions, used for heating elements, on the depth of the steel
hardened layer by nitriding has been determined.

2. The more developed relief morphology, created
by bombarding Mo ions, and its pit formations,
contribute to an increase in the efficiency of nitrogen
penetration and, accordingly, increase the depth of the
hardened layer by nitriding by about 30%.

3. Titanium, which is located on the surface of steel
after ion bombardment, performs functions that restrict
the movement of nitrogen diffusing directionally into
the depth: retaining nitrogen due to saturation of the
surface layers of steel, as well as blocking its
penetration through the formation of nitride compounds
of the Ti,N type.

4. To obtain the greatest depths of hardening as a
result of complex ion-plasma treatment of samples for

preliminary heating of the surface, it is advisable to use
bombardment with heavy metal ions such as Mo ions.
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BJIMSIHUE NTPEJIBAPUTEJIBHOI'O HATPEBA TIOBEPXHOCTH
HA IJIYBUHY A30TUPOBAHUS CTAJIA 25X1M1®
IMPU KOMILIEKCHO HOHHO-ILIASMEHHOM OBPABOTKE

B.A. Benoyc, I0.A. 3adouenposckuit, H.C. /[omnuy

B TexHOMOrMU a30THPOBAHUS JCTANCH UCIOIB3YIOT Pa3IMIHbIC CIIOCOOBI HX TepMHUUECKOro Harpesa. Hanbomee
MPOCTBIM CIIOcOOOM HarpeBa MpH HOHHO-TUIA3MEHHOM a30THPOBAHHH SBJIIETCS HATPeB C IIOMOIIBI0 O0MOAapANPOBKU
MOBEPXHOCTU CHAayaja ra30BbIMM MOHAMU HU3KHUX SHEPIrUil, a 3aTEM MOHAMU METAJIJIOB C SHEPTUSAMU A0 HECKOJIBKUX
KHAJIOAJIEKTPOHBOIBT. JleTanmy, MoABeprHyThle MOHHOW OOMOapIMpOBKE, MMEIOT OYWIICHHYIO OT 3arps3HCHHH U
Pa3BUTYIO TTOBEPXHOCTH, CIIOCOOCTBYIOIIYIO TU(QY3UN a30Ta B ITyOMHY MeTaila IpH a30THpOBaHWU. B pabore
WCCIICIOBAaHO BJIHMSHHEC Pa3INYHBIX CIIOCOOOB IMPEIBApUTEIFHOTO HAarpeBa Ha TIIyOWHY a30THPOBAHHS IIPH
KOMIUIEKCHOW HMOHHO-TUTa3MEHHOM TEXHOJOTHH YHpouyHeHus ctanu 25X1IMI1®. Jlns AMarHOCTUKU H3MEHEHU,
MPOUCXOJAININX Ha TIOBEPXHOCTH OOpPa3sllOB M HA pACCTOSHUU OT Hee B TIIyOMHY MeTalia, MNPUMCHSIIH
CKaHUPYIONUI 3NIeKTPOHHBIN Mukpockon JSM 7000-1F, ocHaleHHBIN MPUCTABKOW PEHTTCHOCICKTPAILHOTO
9HEPrOJUCIIEPCHOHHOT0 MUKPOAHAIN3a, M MPOU3BOIUIIN U3MEPEHHS TBEPAOCTH ¢ momolibio mpubdopa Nanoindentor
G200. IIpenBaputenbHBIA HarpeB 0OPa3IOB OCYMICCTBISIICSA KaK C HCIOJIb30BAHUEM OOMOApIUPOBKH HOHAMHU Ti
wii Mo, Tak ¥ 0e3 ee HEMOCPEACTBEHHOTO BO3JCHCTBHSA Ha HArpeBaeMyl IOBEPXHOCTh. B skcmepuMmeHTe
HAOJIOMAOTCSl Pa3NUuMs MO TIIyOWHE YNPOYHEHHS a30THPOBAHHOTO CIIOS CTajll TPU €€ HarpeBe pa3sHBIMHU
cnocobamu. Ilpu GombapmupoBke moHaMu MO TOJIy4eHBI HAHMOOJNBIINE TIYOMHBI YIPOYHEHHS MO CPaBHEHHIO C
IPYTAMH YCIOBHSAMHU TIPEIBAapUTEIFHOTO HarpeBa. [loka3aHO, YTO 3TH pa3iWyUsd CBS3aHBI C OCOOCHHOCTSMH
MOp(OJIOTHH TIOBEPXHOCTH CTaNd, CHOPMUPOBAHHOW B PE3yNbTaTe PaCHBUIMTENHFHBIX mIporeccoB. OOpa3oBaHUe
HUTPHUIHBIX COCOMHCHUI B €€ MOBEPXHOCTHOM CJIOC MOJKET CIIYKUTh OaphepoM, 3aMEIISIONIUM MPOHHUKHOBEHHE
azoTa B MeTaul. [lokazaHo, YTO TpH KOMIUIEKCHOH 00paboTKe B IMpolecce OCaXICHUsI HATPUIHOTO ITOKPHITHS Ha
MOBEPXHOCTh A30THUPOBAHHOW CTald MPOUCXOJUT JOMOJHUTENbHOE YBEJIHMYEHHUE TIYOHHBI YIPOYHEHHUS
A30THPOBAHHOTI'O CJIOA.

BILIMB MTONIEPEJHBOI'O HAT'PIBY IIOBEPXHI HA I'/IMBUHY A30TYBAHHSI CTAJII
25X1IM19 ITPUM KOMIIVIEKCHIN IOHHO-IIJIASMOBIN OBPOBIII

B.A. Binoyc, 10.0. 3aoninposcovkuii, 1.C. /lomuiu

B TexHouorii a30TyBaHHs JeTajell BUKOPUCTOBYIOTH pi3HI criocoOu 1x TepMiyHoro HarpiBy. HaiiGinbm npoctum
CHoCcoOOM HarpiBy NpH i0HHO-IUIA3MOBOMY a30TYBaHHI € HarpiB 3a JONOMOT0l0 60MOapIyBaHHs IIOBEPXHI CIIOYATKY
ra3oBMMHU 10HAMHM HH3bKHUX €HEPridd, a MOTiM iOHAaMHM METAJiB 3 EHEPrisiMH 10 JEKUIBKOX KiJIOEIEeKTPOHBOJIBT.
Jeradi, siki migmaBaiucs i10HHOMY O0MOapIyBaHHIO, MAIOTh OYHUIICHY BiJ 3a0pyIHCHb 1 PO3BHHEHY MOBEPXHIO, 110
crpuse audy3ii a30Ty BriMO MeTany mpu a30TyBaHHI. B po0OOTi 10CiiKeHO BIUTHB Pi3HUX CHIOCOOIB MONEPEAHBOTO
HarpiBy Ha INIMOWHU a30TYBaHHS IPU KOMILICKCHIH 10HHO-TUTa3MOBIH TexHOJIOTI{ 3MirHeHHs ctani 25X IM1®. dns
JIarHOCTUKHU 3MiH, IO BiMOYBAalOThCS Ha IOBEPXHi 3pa3KiB 1 Ha BiJcTaHi BiJ HEi BrIUO MeTady, 3aCTOCOBYBAIH
CKaHyIOUMid enekTpoHHU Mikpockornm JSM 7000-1F, ocHameHWid MPHUCTaBKOK PEHTTEHOCHEKTPAILHOTO
€HeproJUCIepCciiHOro MiKpoaHali3y, i IPOBOIUIN BUMIPIOBAHHS TBEPIOCTI 3a goromororo mpuiaay Nanoindentor
G200. IMomepenniit HarpiB 3pa3KiB 3MIMCHIOBABCS SK 3 BUKOPHCTaHHAM OomOapmyBaHHs ioHamu Ti a6o Mo, Tak i
0e3 #ioro Oe3mocepeTHFOTO BIUTUBY HA MOBEPXHIO, IO HarpiBayiacs. B ekcriepuMeHTi cCoCTepiratoThesl BIIMIHHOCTI
3a TIMOMHOIO 3MILHEHHSI a30TOBAaHOTO LIApy CTajii MpH ii HarpiBaHHi pisHUMHU criocobamu. Ilpu GombapayBaHHi
ioHaMu Mo oTpHMaHi HaiOUIbIII TIIMOMHY 3MILHEHHSI B OPIBHSAHHI 3 IHIIUMHA YMOBaMH MOIEPEIHHOTO HArpiBaHHsI.
[MTokazaHo, 1110 11i BIIMIHHOCTI HOB'sI3aHi 3 0COOIMBOCTIMHU Mopdoiorii moBepxHi craii, copMoBaHOT B pe3yJibTaTi
PO3IIIIOBAILHUX NPOLIECIB. Y TBOPEHHSI HITPUIHUX 3'€IHAHD B 11 IOBEPXHEBOMY IIapi MOXe CIYXKHUTH 0ap'epoMm, 10
YIOBUIBHIOE TPOHUKHEHHsI a30Ty B MeTan. [loka3aHo, 0 NpU KOMIUIEKCHIN 0OpoOLi B Mpoleci 0caKeHH:
HITPUIHUX TIOKPUTTIB HA MOBEPXHIO a30TOBAHOI CTali BiOYBA€THCS JOMATKOBE 30UIBIICHHS TJTHOWHU 3MIITHCHHS
A30TOBAHOTO IIapy.



