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Influence of a strong beam on structure and properties of plasma coatings

The effect of electron irradiation on the structure and properties of plasma coatings is studied. The coatings
were obtained by vacuum spraying of Fe-Al and 12X18H10T cathodes. The microstructure, microhardness
and friction coefficients before and after irradiation by electrons were studied. After irradiation, all the
characteristics of the coatings change. Taking into account the surface tension at the interface, leads to a
significant change in the kinetics of the formation of coatings. The greater the surface tension, the lower the
dissipation rate of the free energy. This means that most of the energy supplied goes to the formation of the
coating. In this case, as a rule, cellular nanostructures with increased hardness are formed. Methods of deter-
mination are proposed and the melting and recrystallization temperatures of plasma coatings are estimated. It
is established that the melting temperature of coatings obtained in argon is higher than for coatings obtained
in a nitrogen medium. It was shown experimentally that 12X18HIOT + Al, 12X18H10T + Fe-Al and
12X18H10T + Cu coatings obtained in argon medium have higher melting and recrystallization temperatures.
This means that the latter can be used as a heat-resistant coating on steel parts. It is shown that the surface
tension of coatings obtained in a nitrogen medium is lower than for coatings obtained in argon. Hence, the
formation of nitride phases leads to a decrease in the surface energy of the coatings. It is shown that the great-
er the surface tension of the coating, the higher its corrosion resistance. It is established that the corrosion re-
sistance of most of the coatings studied is not inferior to the most corrosion-resistant steels.

Keywords: plasma coating, electron irradiation, surface energy, microhardness, friction, wear resistance,
destruction, heat resistance.

Introduction

Recent years are characterized by a heightened interest in multi-element coatings. They already form
the basis for obtaining functional materials for mechanical engineering, aviation equipment and much more.
A feature of these materials is the possibility of changing their properties over a wide range by changing
technological parameters [1-3]. You can change the composition of the coating, the parameters of coatings,
the parameters of external influences.

More recently, binary (TiN, ZrN, etc.) systems have been used for coating. Then there was a transition
to ternary systems and then to multi-element systems.

Among the multielement alloys and coatings, high-entropy alloys (VES) and coatings are distinguished
as a separate class [4-7]. VES are alloys which contain not less than 5 elements, and the quantity of each of
them should not exceed 35 at.%. For such alloys, the values of S, mixing entropy are higher than in tradi-
tional multicomponent alloys. A high value of entropy leads to the formation of single-phase structures of
bee or fee type. For VEC, each element has an equal opportunity to occupy the crystal lattice site, if chemical
ordering is not taken into account. Since the dimensions of the atoms can be very different, the lattice is
highly distorted, which leads to high elastic stresses and to the braking of dislocations. This effect is con-
firmed by the superhigh strength of the bcc windfarm.
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In this paper we investigate the effect of electron irradiation on the structure and properties of a
multielement plasma coating.

Experimental method

In the present work we used cathodes of the composition Fe-Al, which were obtained by induction
melting, and cathodes made of steel 12Cr18N10T. Coatings were applied to steel samples by the ion-plasma
method on a vacuum installation of NNV-6.611 while simultaneously spraying the cathodes mentioned
above. The obtained samples were irradiated by electrons on a vacuum pulsed electron-beam installation of
the CO-LO ISE SB RAS (Tomsk) using the procedure detailed in [8].

Electron microscopy was performed on a scanning electron microscope MIRA 3 from TESCAN. The
investigations were carried out at an accelerating voltage of 20 kV and an operating distance of about
15 mm. For each sample, 4 images were taken from 4 surface points at different magnifications: 245 times,
1060 times, 4500 times and 14600 times. And also an energy-dispersive analysis was carried out at 4 points
of the surface of each sample.

The optical microstructure was studied with the Epikvant metallographic microscope, and at the nanoscale
with the NT-206 atomic force microscope. Investigation of microhardness of coatings was carried out on a mi-
crohardness meter HVS-1000A. Tribological studies were carried out on the installation described in [9].

Results of the experiment

The 45-layer substrate was coated with Fe-Al + 12Cr18N10T coating in argon gas for 40 minutes. In
Figuer 1 shows the REM image of the coating, XPS and elemental composition before irradiation by elec-
trons, and in Figure 2 - after irradiation with electrons. In Figure 3 shows an AFM image before and after
irradiation by electrons.

SEM HV: 20.0 kV WD: 12.21 mm
View field: 13.8 pm Det: SE
Date(midly): 07/21/15

Fe

o Element The weight,%
C 4.07
& Si 0.36
Cr 25.35
Mn 5.09
Fe 62.37
Ni 2.00
Cu 0.75
Sum 100.00
c)

Figure 1. SEM image of the coating (a), XPS (b) and elemental composition (c) before irradiation with electrons
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3nekTpoHHoe n3obpaxenune 1

a)
Element The weight,%

C 5.03
o 6.41
Al 1.11
Si 0.49
Ca 0.13
Ti 2.10
Cr 21.86
Mn 6.15
Fe 54.93
Ni 1.12
Cu 0.68

Sum 100.00

b) c)

Figure 2. SEM image of the coating (a), XPS (b) and elemental composition (c) after irradiation with electrons

Figure 3. AFM-image of the coating before irradiation (a) and after irradiation with electrons (b)

Table 1 presents the microhardness values of the coating, and Table 2 shows the friction coefficients be-
fore and after electron irradiation.
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Table 1
Microhardness of the 12Cr18N10T + coating (Fe-Al) in argon medium
at different deposition times (before and after irradiation)
Microhardness, MPa 10 min 20 min 30 min 40 min
Before irradiation 416,2 428,6 464.,2 273.5
After irradiation 502,4 534,6 542.,4 564,7
Table 2

Coefficients of friction before and after irradiation

Coefficients of friction
Before irradiation 0,426
After irradiation 0,130
Discussion

The electron microscopic images in Figure 1 and 2 show the presence of large inclusions of chromium,
which are slightly dispersed after irradiation with electrons (Fig. 2, 4).

This is clearly seen from the analysis of spectrum 3 (Fig. 2a). The mapping of the elements along the
surface of the coating showed that, with a step of 30 um, the distribution of all the elements in the samples is
uniform, with the exception of chromium. The brightness, contrast and number of displayed points corre-
spond to the mass content of the element in the specified area of the study.

Irradiation of the coating with electrons leads to fragmentation and dispersion of its structure. This is
particularly clearly seen from the AFM measurements (Fig. 3), which shows a sharp decrease in the rough-
ness of the coating. This effect was also observed for other coatings [8, 10, 11].

This leads to an increase in the microhardness of the coating (Table 1) and to a significant (more than
3-fold) decrease in the coefficient of friction (Table 2).

Element The weight,%

C 5.66
O 4.85
Al 0.32
Si 0.30
Ca 2.53
Ti 28.60
Cr 4.30
Mn 52.16
Fe 1.29
Ni 5.66
Cu 4.85
Sum 100.00
b) ¢)

Figure 4. Of the XPS (b) and elemental composition (c)

In the process of electronic treatment of coatings and during cooling, tensile states are formed in the lat-
ter, which can be sources of multiplication of dislocations throughout the volume of the deposited coating.
The increase in the microhardness of the formed film observed in this process is a consequence of the dislo-
cation hardening of the coating material.

Let us consider this question with the use of a model of a YaDC dislocation structure. Plastic defor-
mation of crystals (and coatings) is accompanied by the formation of a deformation relief on their surface
that reflects the process of localization of deformations in the crystal at the meso-, micro- and nanoscale lev-
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els. The YaDC begins to form in the deformable crystal at the end of the second beginning of the third stage
of the strain hardening curve of metals and ends at the end of the third stage (see [12] and the bibliography
therein).

With further deformation, a fragmented dislocation structure-FDC (in the fourth and fifth stages of the
strain hardening curve) is formed in the material. It is believed that YaDC is a process of self-organization of
dislocations under conditions of multiple slip. For its occurrence, it is necessary to fulfill a certain criterion
linking the coefficients of multiplication, immobilization, and annihilation of dislocations. The YaDC
modeled in [12] is shown in Figure 5.

Figure 5. Cellular dislocation structure in the axonometric projection [12]

Let us consider qualitatively the micromechanism of friction of metals with coatings. It consists mainly
of their two mechanisms: the destruction of contacts of contacting bodies and the intermolecular interaction
of bodies. The sliding friction in the case of a molecular mechanism can be represented in the form [13]:

F,, :chlch, (D
L

where o is the surface tension of a solid; L is the length of the path traversed by the slip.

Work A4 (J), spent on the destruction of contacts (particles) is proportional to the newly formed surface
of contacts (particles):

A=yAS =K ,D?, 2)
where y time resistance to compression (Nm/m?); AS — area of newly formed surface (m?); Kz — coefficient
of proportionality (Nm/m?); D is the characteristic dimension of the piece (m).

Equation (2) corresponds to the Rittinger hypothesis (1867) [14]. If the energy is expended mainly on
the deformation of the volume when the cubic particle is destroyed, then the work done is directly propor-
tional to the change in its initial volume and is determined by the Kirpichev-Kick formula:

A=KAV =K,.D’, 3)
where K and Kj are the proportionality coefficients (Nm/m’);

AV — deformed volume (m’).
P.A. Rebinder (1941) combined both hypotheses and in this case the total work of destruction is equal to:
A=K, D’ +K,D’. 4)

According to the Bond hypothesis (1950), the total work of destruction is proportional to the geometric

mean between the volume and surface area of the particle:

A=K~ND'D’ =K,D>. 5)
All formulas (2)—(5) differ by the proportionality coefficients and the exponents of the particle diame-
ter. However, it is rather difficult to determine experimentally these coefficients.
The work to break the contact in a pair of friction can be represented as the energy of dispersion [13]:
A=c-S=F,, L. (6)
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All formulas (2)—(5) differ by the proportionality of the coefficients and the exponents of the particle
diameter. However, it is rather difficult to determine experimentally these coefficients.

The work to break the contact in a pair of frictions can be represented as the energy of dispersion [13]:
A=c-I’'+c-S=o(L’ +5). N

From equation (7) it follows that the work of friction forces is determined, basically, by the surface ten-
sion of a solid body.

Surface tension is the main characteristic of processes associated with the participation of surfaces or
interfaces. Surface tension determines the free energy (work) that must be expended to form a unit of surface
area or phase separation.

The presence of surface tension is due to the fact that atoms on the surface of a liquid or solid have a
greater potential energy than the atoms or ions inside them, therefore the surface energy is usually treated as
an excess of energy per unit area.

Taking into account the surface tension at the phase interface leads to a significant change in the kinet-
ics of the formation of coatings.

Taking into account that the formation of coatings is well described by the theory of dislocations, it is
possible to choose two control parameters-the dislocation density and surface tension. In this case, the pro-
cess of coating formation can be considered from the point of view of catastrophe theory. Catastrophes are
called spasmodic changes in the form of a sudden response of the system to a smooth change in external
conditions [15]. The theory of catastrophes can be used in technical problems for mathematical modeling of
processes in which catastrophes can be observed. The growth of the coating film (a first-order phase transi-
tion) is also a catastrophe. For mathematical modeling, it is possible to consider three objects:

— purpose of functioning;

—one or two coordinates of the process of functioning;

— one or several control parameters, changing which we control the progress of the process.

In our consideration, the purpose of the functioning is the formation of the coating, and by the coor-
dinate of this process we take the rate of dissipation of the free energy F, due to the formation of a film of
N >> 1 clusters or islands. As control parameters, we take the dislocation density p and the surface tension c.

For one coordinate and two control parameters in catastrophe theory, there is only one standard, canoni-
cal dependence for recording the dependence of the goal function:

F(N)=0,25N*-0,5pN* -GN, ®)
where F' (N) is the potential function, which is the energy of formation of N clusters.

A catastrophe having such a potential function is called a catastrophe of the «assembly» type [15]. The
assembly has in the subcritical region one stable equilibrium state (one pit of the potential function), and in the
supercritical region there are two stable and one unstable equilibrium states (ie, two pits separated by a hill).

The equation (8) specifies a static model for the formation of the coating. For us, the dependence of the rate
of dissipation of free energy on the surface tension ¢ is important. It follows from equation (8) that the greater the
surface tension, the lower the dissipation rate of the free energy. This means that most of the energy supplied goes
to the formation of the coating. In this case, as a rule, cellular nanostructures with increased hardness are formed.

We shall use the general thermodynamic approach described in [15]. In this paper, on the basis of
nonequilibrium quantum thermodynamics, an expression is obtained for the function @ of the response of the sub-
system to an external action, which has the form:
oA g o

C G

where A4 is the work (energy) of the external field; T is the temperature; & is the Boltzmann constant; G is the

=

Gibbs potential of a massive sample; N the average number of elementary excitation carriers; C is a con-
stant.

In the case of metals, the Gibbs potential coincides with the chemical potential (G” = w). If the friction
coefficient is taken as the response function, then we get:

A —
k,,=C-T-—-N. (10)
vl
For pure metals, the chemical potential coincides with the Fermi energy.

In Table 3, these values are given for some metals [16].
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Table 3
Fermi energy of some metals [16]
Metall Fermi energy, eV Metall Fermi energy, eV
Cu 7,00 Zn 9,39
Ag 5,48 Al 11,63
Au 5,51 Pb 9,37
Mg 7,13 Sn 10,03
Sr 3.95 Ca 4,68

From equation (10) it follows that the coefficient of dry friction is the smaller, the greater the chemical
potential (the Fermi energy).

Another important property of coatings is their heat resistance.

Heat resistance is the ability of metals and alloys to resist gas corrosion at high temperatures for a long
time.

If the product works in an oxidizing atmosphere at a temperature of (500-550) °C without heavy loads,
it is sufficient that they are only heat resistant (for example, parts of heating furnaces).

To improve the heat resistance, steel elements are introduced into the steel composition, which form ox-
ides with a dense structure of the crystal lattice (chromium, silicon, aluminum). High-temperature resistance
is possessed by the silchromes, nickel-based alloys, nichrome, steel 08X17T, 36X18H25C2, 15X6CIO.

The destruction of metals in the supply of thermal energy is accompanied by the accumulation of
thermoelastic stresses, which lead to an increase in the density of dislocations, various defects (dilatonons,
frustrons, etc.).

If we take the heat resistance as the response function in formula (9), then we get:

¢=C-o. (11)

Since, as noted above, the surface tension of the metal is proportional to its melting point, it follows that
the heat resistance, in the first place, depends on the melting point of the metal. The higher the melting point
of a metal, the higher its recrystallization temperature. Between the named temperatures, there is the follow-
ing relationship:

r,=K-T,, (12)

where K = 0.3 ... 0.4 for technically pure metals, K = 0.6 ... 0.8 for alloys.

The surface energy of the coatings studied, as measured by the method of [17], is: 6 = 1.684 J / m* (be-
fore irradiation) and 6 = 1.980 J / m® (after irradiation).

Since the work to destroy the coating A = o ¢ S (S is the coverage area), the results presented above
show an increase in wear resistance after irradiation with an electron beam.

The melting temperature of the coating can be estimated from the formula proposed in [18]:

0, =1,4-10°-c.
Then we get: T,, = 2537.6°C (before irradiation) and T,, = 2772.0°C (after irradiation). Since the melt-

ing point of the coating characterizes its heat resistance, it follows that irradiation with electrons leads to an
increase in the heat resistance of the coating.

Conclusion

Irradiation with electrons leads to dispersion of the structure of the coating and changes in physico-
mechanical properties.

Taking into account the surface tension at the phase interface leads to a significant change in the kinet-
ics of the formation of coatings. Since the formation of coatings is well described by the dislocation theory, it
is possible to choose two control parameters-the dislocation density and the surface tension. In this case, the
process of coating formation can be considered from the point of view of catastrophe theory.

The greater the surface tension, the lower the dissipation rate of the free energy. This means that most
of the energy supplied goes to the formation of the coating. In this case, as a rule, cellular nanostructures
with increased hardness are formed.
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[Mn1a3Ma KaMBLIFBUIAPBIHBIH KYPbLUIBIMBI MEH KACHETTepiHe
JKOFapbIaFbIM/IbI HIOKTHIH dcepi

Makanaza 3JIeKTPOHIBIK COYJICJICHYAIH IUIa3MalblK >kaObIHAAPABIH KYPbUIBIMBI MEH KacueTTepiHe ocepi
seprrenni. Kanramamap Fe-Al sxome 12X18H10T xkaroarapslH BakyyMIBIK OYpKY apKbUIBI AaibIHBL
DNeKTpOHIapABIH CayJIeleHyiHe AeHiHTi )oHe KeHiHTT MHKPOKYPHUIBIMBI, MHUKPOKATTHUIBIFEI )KOHE YHKeEITic
koap¢unuentrepi 3eprrenni. CoyneneHreHHeH KeifiH skaOBIHIApABIH OGapiibIK CHUIIaTTaMalaphl e3repicke
ymsipansl.  VHTepdelic  OeTiHmeri KepHEyHi ecKepe OTBHIPBIN, KanTaMalapiblH  KaJbIITacybIHBIH
KUHETHKAChIHBIH aWTapibIKTail e3repici OalikanraHbl Tipkenui. berTik kepHey HerypibiM Kem 0oica,
COFYPJIBIM €PKiH SHEPrUAHbIH JUCCHITALMS JKbULIAMIBIFbI TOMEHACHI. Byl ®KeTKi3ineTiH SHeprusHbIH 6achiM
Geuiri >xkaObIHHBIH TNaiina OomybiHa OaitmanbpicTel. OChl JKaFdaiiia KaTTBUIBIK JOPEKECI IKOFapbIYSIIbI
HaHOKYPBUIBIMIAp Maiaa Gonajabl. AHBIKTAY XKoHE Oaranay oiCTepi apKbUIbI IUIa3MalbIK jKaObIHIApABI epyi
JKOHE KalTa KpHCTalJlaHy OpBIHAANABL. A30T opTa mieHOepiHe >KaOBIHIAp YIIiH JKOFapbl aproH aJbIHFaH,
TOM-remneparypa Oanky sxaObmpeirap Kypeuigsl. Ox 12X18H10T+Fe-Al »xone apron acTelHIa
nmanerganran 12X18H10T+Cu, -Lea BO 6anky TemmepaTypachl >KOFaphl JKoHE KalTa KpHCTalnaHy Oap
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xabbiH 12X 18H10T+Al men sKkcriepuMEHTTIK Typle KepceTiireH. byt COHFbI JkacanFan OeJIeKTep bICTHIKKA
Te3iMAi kaOblH peTiHae KOJJAJaHBUTYbl MYMKIH eKeHiH Oinmipeai. A30T oprajga ayiblHFaH >KaObIHIAPABIH
OeTTiKk Kepiiyi, aproHiarsl anblHFaH kaObIHIApFa KaparaHjaa, TOMeH eKeHiH kepcerTi. O GeTTik sHeprus
JKaOBIHAAPAEl TOMEHAEYiHe HHUTPUATIK (hasasap HOTIDKENEpiH KaJbITacTHIPYBIH onennaeini. JKaObrHbr
YJIKeH OeTiHiH MIMeNIeHICI >KOFapbl KOPPO3WsFa TO3IMIIINIrI Jen KepceTinreH. 3epTTeNreH >kaObIHIapibly
KOIIIITIriHIH KOppo3usFa Te3iMai, faT bacyra Te3IMIUIT 00JaTTaH KeM eMeC eKeHMIIr aHbIKTAJIbL.

Kinm ce30ep: mna3ma >kaOBIHBI, JJIEKTPOHJBI COyJeleHy, OCTIHIH JHEPrHsCH, MHUKPOKATTBUIBIK, YHKeIIiC,
TO3yFa TO3IMLIIK, OY3bUTy, JKbUTyFa TO3IMILIITI.

C.A. I'yuenko, E.H. Epemun, B.M. IOpog, B.U. Jlaypunac, C.C. Kaceimos, O.H. 3aBankas

Biusinue CHUIBHOTOYHOTO MyYKA HA CTPYKTYPY M CBOMCTBA MJIa3MEHHbIX MOKPbITHIA

B pabote uccnenoBaHo BAMSHHE OOTydEHUs 3NEKTPOHAMH Ha CTPYKTYPY M CBOWCTBA IIa3MEHHBIX MOKPHI-
T, I[ToKpBITHS MOTy4YeHB! IPH BaKyyMHOM pacnbuieHnH katonoB Fe-Al u 12X18H10T. HccnenoBans! MUK-
POCTPYKTYypa, MUKPOTBEPIOCTh M KOG PHUIIMEHTH TPEHHS 0 U Iociie o0irydeHus anekrponamu. Ilocne 06-
Jy4EHUs] U3MEHSIOTCS BCE XapaKTEPUCTUKU IOKPHITUH. YUeT MOBEPXHOCTHOTO HATSKCHUS Ha TPAHULIC pa3-
Jena (a3 IPUBOIUT K CYIIECTBCHHOMY M3MEHEHHIO KMHETHKH (POPMHPOBAHUS MOKPHITHH. Yem OoJble mo-
BEPXHOCTHOE HATSHKEHHE, TEM MEHbIIEe CKOPOCTh JHCCHMALMM CBOOOJHONW 3HEpruu. OTO O03HAYAET,
Y10 OOJIBIIAs YaCTh MOABOAUMON SHEPTUM MACT HA oOpa3oBaHue MOKpbITHA. [Ipu 3TOM, Kak mpasuio, ¢op-
MHPYIOTCS STYEUCThIE HAHOCTPYKTYpBI, 00JIaJaloIIne MOBBIIEHHONW TBepAOCThIO. [Ipennosxkensl MeToabl om-
peneneHns: M OCYIECTBIICHA OIEHKa TeMIepaTyp IUIaBIEHUS] U PEKPUCTAIIN3AIMH TUIA3MEHHBIX MOKPBITHH.
YcTaHOBIEHO, YTO TeMIepaTypa ILIABICHUS HMOKPBITHH, IOIy4EHHBIX B CPEAE aproHa, BBINIE, YeM JUIA IO-
KPBITHH, TOJIYYEHHBIX B Cpele a30Ta. OKCHEPHMEHTAIBHO IOKa3aHo, 4To MHokpeiTus 12X18H10T+AL
12X18H10T+Fe-Al u 12X18H10T+Cu, nosmy4eHHbIe B cpeie aproHa, UMEIOT 0ojiee BBICOKHE TeMIIepaTyphl
TUIABJICHUS ¥ PEKPUCTAIUIH3AMU. DTO O3HA4YaeT, YTO IOCIEAHIE MOTYT OBITh UCIIOIB30BAaHBI KaK KapocToii-
KHE TIOKPBITHS Ha CTalbHbIe JeTanu. Iloka3aHo, 4TO MOBEPXHOCTHOE HATSHKEHHUE MOKPBITHH, MONY4EeHHBIX
B CpEJie a30Ta, MEHbIIIE, YeM JUIS MOKPBITHIA, ONydeHHBIX B cpeje aprona. OTciona cnexyer, 4To oOpas3oBa-
HHE HUTPUIHBIX (Da3 MPHBOIUT K YMEHBILIEHHIO MOBEPXHOCTHOH 3Hepruu MokphITHil. JlokazaHO, UTO ueM
60JIbIIIE TTOBEPXHOCTHOE HATSHKEHHE MOKPBITHS, TEM BBIIIE €r0 KOPPO3UOHHAS! CTOMKOCTB. Y CTAHOBJIEHO, YTO KOp-
PO3HOHHAs CTOMKOCTH OOJIBIIEH YacTH MCCIICAOBAHHBIX TIOKPBITUI HE YCTyNaeT Hanbosee KOppO3HOHHO-CTONKNM
CTaJIIM.

Knrouegvie crnosa: nna3zMeHHOE TIOKPBITHC, O6Hy‘{eHI/Ie QJICKTpOHAaMH, IMOBEPXHOCTHAs SHEPrusi, MUKpPOTBEP-
JA0CTh, TPCHUE, I/I3HOCOCTOI>1KOCTI), pa3pyuieHue, )KapOCTOfIKOCTL.
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