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A Study of Dislocation Loops Growth in Zr—Sn Alloys under
Neutron Irradiation by Rate Theory Modelling
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We extend reaction rate theory to study dislocation loops growth and associ-
ated radiation growth in binary Zr—Sn alloys under neutron irradiation at
reactor conditions. A model to describe experimental data for loops’ number
density is proposed. We discuss dose dependences of dislocation loop radii,
their densities and growth strains and analyse an influence of irradiation
temperature and sinks’ strengths on statistical properties of loops. A compe-
tition between the interstitial and vacancy <a>-type loops is studied. Local
loops distribution inside grains is analysed. Estimation of hardening of ma-
terial is provided. Obtained results are compared with experimental observa-
tions.

Key words: zirconium alloys, defects, dislocation loops, growth strains,
hardening.

Y3araibHEeHO TeOpilo ITBUAKOCTU PeaKIii AJA BUBUEHHS POCTY MMCIOKAITiii-
HUX IIeTeJb i 0B’ A3aH0T0 3 UM PafidIiiiHOT0 PO3NyXaHHA B OiHAPHUX CTO-
max Zr—Sn, OoMpoMiHeHNX HEHTPOHAMU B PeaKTOPHUX YMOBaX. 3allPOIOHOBA-
HO MOJeJIb IJIsI OINCY eKCIEPUMEHTAILHNX JAHUX CTOCOBHO I'YCTHUHH JUCJO-
Kamifiaux metesb. OGroBOPIOIOTHCS A030Bi 3aJI€KHOCTI paitociB qUCIOKAITii-
HUX TeTeJib, iIXHiX TI'ycTHMH i pocToBUX nedopMarliiii, a TaKOMXK aHaJIi3yeThCA
BILIUB TeMIIEpPaTypu OMPOMiHEHHS Ta IOTYyKHOCTeH CTOKiB Ha CTATHUCTUYHI
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BJIACTHUBOCTI IIeTeJib. BUBUA€THCSI KOHKYPEHIIiA MisK MisKBY3JIOBUMHU Ta BaKaH-
ciiHMU meTaaAMUu <a>-Tuily. IIpoaHa/risoBaHO PO3MOJiJ JOKAJBLHUX IIeTesb
BcepenuHi 3epeH. 3pobJieHO OI[IHKY TBEpAOCTU MaTepisany. Omep:kaHi pesyib-
TaTU TOPiBHAHO 3 eKCIIePUMEHTAJIbHUMU JaHUMMU.

KarouoBi cioBa: MUpKOHitioBi cTonu, nedexkTH, TUCIOKAIIHHI meTai, pocToBi
nedopmartii, 3MinTHEeHHA.

(Received July 22,2022 )

1. INTRODUCTION

As known, zirconium-based alloys used in modern reactors as cladding
materials contain less than 2% of alloying elements such as tin, niobi-
um, and others to improve mechanical properties and corrosion re-
sistance of these materials [1, 2]. High-energy (> 1 MeV) neutron irra-
diation of these materials induces a development of dislocation struc-
ture resulting in a dimensional change of materials without applied
stress known as radiation growth. This phenomenon is controlled by
fluence, temperature, and material microstructure [3—7].

As usual, at neutron irradiation under reactor conditions (with tem-
perature range (530—-570) K and dose rate 107" dpa/s) the size of <a>-
type loops (of interstitial and vacancy character with the Burgers vec-
tor 1 /3 <1120 >) is around 10 nm. They emerge and grow from point
defect clusters at extremely small doses ~ 1072 dpa (displacements per
atom). Loops of <c>-type lying in basal plane with Burgers vectors
1/2<0001> or 1/6 <2023 > are of vacancy character. They emerge
after critical dose of 3 dpa from two-dimensional vacancy platelets as
loops precursors when their size overcomes a critical value [8]. These
platelets have been observed in very particular conditions. It is possi-
ble that small impurity clusters are the form of basal platelets can act
as nucleation sites for these loops [9, 10]. As was pointed out in [5]
<c>-type loops appear as straight-line segments, they nucleate in colli-
sion cascades [11]. A size of these loops can exceed 200 nm. The num-
ber density of <c¢>-type loops is around 10'® cm™ that is of one order
less than one observes for <a>-type loops [3, 5].

From results of jointly conducted experimental and theoretic stud-
ies it was stated that radiation growth depends not only on irradiation
conditions, but also on microstructure parameters: texture, grain size,
point defect traps, defect mobility their diffusion anisotropy, and in-
tra-granular effect (see review [7] and citations therein). A study of
this phenomenon remains actual during several decades to predict a
behaviour of cladding materials at different irradiation conditions.

As usual, in corresponding theoretical modelling one uses data ob-
tained at different hierarchical levels allowing to capture main mecha-
nisms, governing studied phenomenon and provide multi-scale or hy-
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brid simulations including several methods operating on different lev-
els of description. In order to get energetic parameters governing in-
teraction of point defects and clusters with alloying elements and ex-
tended defects (dislocation lines, loops, grain boundaries) one usually
exploits calculations from first principles [14—20]. Molecular dynam-
ics and object kinetic Monte Carlo (OKMC) simulations (extending the
time and length scale of molecular dynamics) give information about
primary radiation damages and properties of defect clustering at ele-
vated temperatures [21-26]. Cluster dynamics is used to receive data
for cluster number density dynamics, mean cluster size and cluster
growth speed at different irradiation regimes [27—-29]. Phase field
modelling allows one to describe defects rearrangement and phase sta-
bility based on thermodynamic approaches and reaction rate theory [6,
25, 30—-38].

However, despite a progress in studying radiation growth, there are
some discrepancies between experimental data and results coming
from growth prediction models [7]. Mostly it is related to mean field
approximation by neglecting some microstructural properties and sta-
tistical correlations between micro- and macrostructures. Moreover,
most of the results were obtained for single crystals, whilst real mate-
rials are poly-crystalline and loops can be locally arranged inside
grains due to grain boundary effect on migrating defects. Additional-
ly, it was shown recently that both kinds of point defects in zirconium-
based alloys manifest diffusion anisotropy that results in continuous
development of this approach to get more accurate results predicting
materials behaviour [36, 37, 39].

In this paper, we focus our attention on a further development of the
rate theory by studying dynamics of dislocation loop and radiation
growth in Zr—Sn systems under neutron irradiation at reactor condi-
tions. We generalize the rate theory for radiation damages in Zr—Sn
alloys based on previously derived models [6, 35—37, 40, 41]. The nov-
elty of the model is in the using a continuous dynamic of both <a>- and
<c>-type loop number densities by exploiting main mechanisms of
cluster dynamics [27—-29] with verification of obtained results. Com-
paring to previously used approach [35, 36] the proposed model admits
a continuous change of growth rates of loop number densities by in-
cluding physically based mechanisms and experimental data. Moreo-
ver, a small set of fitting parameters can be used to relate experimen-
tally observed data with results of modelling at different irradiation
conditions. Here we take into account production biased model and ef-
fect of domains inside grains resulting in loops growth rate change to-
gether with local description of loop increase inside grains. The pro-
posed model allows one to describe local distribution of growth strains
inside grains at different irradiation conditions and sink strengths. It
will be shown that both interstitial and vacancy <a>-type loops com-



1080 L. WU, T. XIN, D. KHARCHENKO et al.

pete with each other and govern growth strains dynamics. By using ob-
tained data, we study dose and parametric dependences of the radia-
tion-induced hardening.

The paper is organized in the following manner. In Section 2, we de-
scribe generalized mathematical model for loop radii and growth
strains dynamics. In Section 3, we discuss dose dependences of main
studied quantities and provide comparison with experimental data.
We conclude in Section 4.

2. MODEL
2.1. Rate Equations

We start from the standard model describing point defects dynamics
discussed in [40], where for time-dependent point defect concentra-
tions we use a notation c;,, where subscripts i and v relate to intersti-
tials and vacancies, respectively. As far as tin atoms serve as traps for
vacancies, next we introduce cyr as a concentration of trapped vacan-
cies. In our study, we take into account that defect clusters can emerge
simultaneously together with Frenkel pairs. Concentration interstitial
and vacancy clusters we denote by cé +4» Where g={i, v}, j is the crystal-
lographic direction (j={m, ¢}, m={al, a2, a3}). Generally, these clus-
ters can be sessile and glissile and are able to emit point defects. Such
clusters are embryos of loops and can govern dynamics of their growth.
We admit that an efficiency of absorbing clusters by grain boundaries
depends on a distance between clusters and grain boundaries. Rate
theory equations for point defect concentrations should be accompa-
nied by equations describing dynamics of glissile cluster concentration
as follows [6, 40]:

o,c, = K, - Dikf’(ci —¢,) —o.cc + K

e(i) cl?
2 T
o, =K, —-DE(c, —c,)—o.cc +K +K

rov-i e(v)cl?
_ 2 2 T
atcv'r - kavTcV - DikiTcinT - Ke ’ 0

j Keg i Qi i
ath d = - Dq CISq cl(l)cq el Keq cl®
q q

Here, K,=K(1 —¢,) relates to production rate of the corresponding
point defects due to irradiation, where K = Knrr(1 — &), Knrr is the dose
rate defined according to the NRT standard [42], & relates to cascade
recombination efficiency, (1 —¢,) denotes the fraction of free (unclus-
tered) point defects, ¢, =¢&f +¢;, € and ¢, are efficiencies of genera-
tion of glissile and sessile clusters, respectively. The second terms in
first two equations are responsible for point defects annihilation at
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sinks of strength k>, D, corresponds to defect diffusivity, cq denotes
the equilibrium defect concentration, as usual. Processes of defects
recombination are governed by the rate constant o.=4nro(D;+ Dy)/Q,
where ro and Q are recombination radius of point defects and atomic
volume, respectively. In the equation for trapped vacancies, one con-
siders their production when vacancies find traps (the first term), re-
combination with free interstitials (second term) and emission of free
vacancies from traps with the rate K] (the last term). Such emission
increases a number of free vacancies (see the fourth term in equation
for c,). Quantities k% and k2 describe the corresponding trap sink
strengths. In the equation for clusters d, is the number of directions
along which i/v-clusters can be formed; n, is the number of defects in
the corresponding cascade-produced mobile cluster; D’ 4 relates to dif-
fusivity of clusters; S; (/) is the corresponding sink strength depend-
ing on a distance from the grain boundary, l. Terms K, = ZKe’q o
describe contribution from defects due to their emission from clusters.

We assume that all sinks are smeared over the whole system, not lo-
calized. For sink strengths one can write: kj =K\ + ko + kfl’T + kjL.
The quantity k% = ZjZéNp{\I is related to network line dislocations
with the density py in’'each crystallographic direction j and efficiency
Z!y =Z, of dislocations to absorb defects of each sort. The sink
strength k2, = Zn Z, os /M o describes an effect of grain bounda-
ries, where A, qs 1$ the grain size in one of three Cartesian directions
n=(x, y, z). Bias coefficient Z;, is taken according to the definition
noted in Refs. [6, 36, 43]. Next, for simplicity, we assume A, gs=Acs
resulting to Z/ ., = Z, .. Sinks strengths k) and k2, are taken from
[44]: K., = Z 47N, ; the corresponding bias coefficients take the
form: ZT =c,f /(1 /B + 1), Zyp =cy(L=F)/[1+(ry / b)® - f], where
traps are assumed as spherical substances with mean capture radius rr
comparable with the Burgers vector value b, Nz, is the atomic number
density of zirconium (as matrix element), f=cyr/cr is the trap occupa-
tion probability. As assumed, vacancy relax the accumulated energy at
the trap and hence, they are captured with a binding energy E;.
Thermal emission of vacancies is defined through the rate:
K' =D,E.B[f /A~ )]exp(-E} / T), By=7.0 is the geometric factor
[40, 44]. As shown, the upper limit for the trap occupation probability
for Zr—1.5% Sn can be obtained if at least ~6% of traps are occupied
with concentration of solute-trap complexes ~0.1% [40]. As far as Sn
atoms serve as traps it means that one relates concentration of Tin, cg,
to the concentration of traps cr as cr=0.06cs,. Sinks strengths k2 and
k?, are related to dislocation loops of different type. We take into ac-
count that interstitial loops are possible only in m ={al, a2, a3} direc-
tions, whereas vacancy loops can be observed in all j =4 crystallograph-
ic directions. Moreover, <c>-type vacancy loops are possible only at
doses exceeding 3 dpa. For these sink strengths one can write
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k= (Zypy + : py) + Z:py,. For loop densities one has the stand-

ard définition pIV = ZnRI’ i, where R}, and N/, denote the corre-

sponding loop radius and loop number density, respectively. In the

considered model we use functional dependences of bias factors
"(Ry) according to [6, 45, 46], where Y={I,V},

ZnGB >>Z”‘>Z’ >Zh>7Zl, >Z >7' , Z =1.1, Z! =1.0.

We take into account that the s1nk strength of defect clusters Zé
depends on the distance [ from the grain boundary as follows [6, 41]:

cl(l) 2(mr; clpq/2) pq p’ + 2(mr, G IChes — D)7,

where rqa is the capture radius of loops for mobile clusters,
p’ =pl +pl +p], with p; =0 (no interstitial loops are possible in basal
plane).

To obtain dynamical equations for interstitial/vacancy (I/V)-loop
size R|, one uses the standard technique [6] and gets

b"o RI’” =g/'[Z{D,c,-ZD (c, —c7) +

K(TET‘ 01) Eig g _ b" R 0 NIm]s
2 asm() d,Sr',(0)) 2Ny
b"0,R" = g'[Z"D,(c, —c") - ZnDic, + (2)
+ K(TU"V 01)2ﬁm 8Vg gig meV a ]
2 d s" (1) dSl”;(l) 2N vy
K(nr,4)'pe,, bRy

b°0, Ry = gylZ5, D, (c, —c;) - Z5 Dic; +

o,N¢].
ZdVS§d(l) 2N¢ ! v

For concentration of vacancies, which are in equilibrium with va-
cancy- and interstitial-type loops, one exploits the standard definition
[6].

In equations for loop radii, we introduce growth scaling functions
grv(t) to take into account a transformation of evolving dislocation
loops into a low-energy cellular dislocation structure according to dis-
cussions given in [47]. As known, this structure forms domains of the
size L, = L)(p))"?, where L0 C,C.(n/f()?, Ca=3, Cp=1,
f(v) = (1 -V / 2) /(1 -v) [48]. For growth scaling functions one admits
iy =1- 2R, (pi )" / L}. It is able to prevent loop size growth up to
sizes exceeding domain size. It allows one to describe processes of loops
annihilation with dislocation network of cellular structure by delaying
corresponding dynamics.

To get a close loop system one needs to know an equation for the loop
number density N1, v modelling loop nucleation processes. To this end,
one can use the experimental observation for nucleation of loops. As
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known, <a>-loops nucleate from beginning of irradiation and reach
typical values ~ 106 cm= after several dpa, whereas vacancy <e¢>-loops
nucleate above a critical dose ~ 3 dpa and attain density ~ 10'° cm™[49,
50-52]. A simplest model for evolution of the loop number density was
proposed in [35]. Its modification by fitting experimental data from
OSIRIS reactor was done in [36]. The simplest model can adequately
explain experimental data for loops nucleation but cannot describe
temperature dependences of measured quantities.

In our approach, we use a dynamical model based on propositions
discussed in [47]. To describe the loop number densities in <a>-
directions one can use an equation of the form:

onn . EOT,K) NP J2D¢}  b"D.c, Ny
t= 1 nbm(RIm(0))2 T;n 2Q5/3 < RI > QZ/3 °

(3)

Here, first two terms are responsible for short time dynamics. The
first one is related to cluster production in cascades with initial cluster
size R/"(0) = (n,Q /mb,)"?, where ni is the number of defects in the
cluster at loop creation. The function ®(T, K) gives temperature and
dose rate fit of experimental data and is responsible for maximal val-
ues of N[*. As was shown in [53] the temperature dependence of loop
number density for zirconium alloys can be described as ®(T, K)=
=No(K)/(1+7.2-10%exp(—Q./RT)), where Q.= 55320 cal/mol is the ac-
tivation energy for self-diffusion, No(K) is the fitting parameter de-
pending on the dose rate. The second term corresponds to the cluster
life-time 1" = L / 2v/", where the cluster growth speed is defined in
the standard way as v;* =(Z;D,c;, - Z_D,c,)/b". By considering so-
called relaxation regime one gets D c, ~ K_/ kj that leads to approxi-
mation:

v, =
LObRZ,y,

. K2 {1 K, 7} 7y k}
K, Zy Z k;

where Z;’I is calculated for the clusters of the size R/*(0). In this re-
gime one can consider dislocations as main sinks of point defects, i.e.,
one can put py >> p;*. Last two terms in Eq. (3) are responsible for long
time dynamics: creation of clusters by interaction of interstitials and
loss of loops due to absorption of vacancies, where the mean loop radius
is 3< R, >= Zm R". This formalism can be used to describe vacancy
cluster formation in m direction. Next, we put N* = Ni for simplici-
ty.

For the number of vacancy loops in <c¢>-direction one can use a mod-
el described in [35]. Generally, the model for <c>-type loop number
density is quite complicated, here one can issue several stages in its
dynamics: incubation stage at doses up to 3 dpa, growth stage and qua-
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si-stationary stage. From the other hand, one can use experimental da-
ta to get a dose-fitting curve. Some simplification of that model can be
done by using so-called dose-response (DoseResp) curve with variable
hill-slope (belonging to a set of logistic type functions) allowing to fit
experimental data for <¢>-type loops number density at different dos-
es and irradiation conditions. By using standard definition of this
function, one can get dynamical equation of the form

Ne™(T)K  expl(9,, — ) /"]
¢ (1 +exp[(9, —0) /¢ ]*’

where ¢ = Kt/(1 — &) is the accumulated dose, ¢, is the dose related to
the centre of the slope, ¢* defines the hill slope, Ny ™™ (T) controls the
maximal value of the loop number density. This model gives good ap-
proximation for experimental data [54].

To compute strains associated with loop growth in all directions we
calculate the climb velocity as a function of the net flux of defects ar-
riving at dislocations [35, 36] and use the Orowan relation to get equa-
tions for strain rates in each crystallographic directions in the form:

o,N; = (4)

atem = ( j Z n GB GZB [Dv (cv - COV) - Dici] - pz [Z\ranDv(cv - COV) -
-Z5xDie1-p1'[Z];D,(c, —c)— Z7D,c;1-py[Z,D,(c, —¢c,.)—Z5Dc], (5)
C KSV - C
0,e" = rashas[ Do (€, = ) = Die1= pRIZixD, (e, = ¢,) =

—Z° Die.1-p5[Z5, D, (e, —c,.) — Z5Die, .

The derived formalism for loop radii dynamics and growth strains
calculations generalizes approaches discussed in works [35, 36, 55] for
calculation radiation growth in zirconium based alloys by taking into
account bias coefficients for each kind of loops, grain boundaries and
distance from the grain boundaries. By using formalism described in
[35, 36] one gets strains and dislocation densities in Cartesian axes.

Dislocations, dislocation loops, grain boundaries act as obstacles to
dislocation motion resulting in dispersed-barrier hardening of irradi-
ated materials. The change in shear stress At required to unpin dislo-
cations from obstacles defines the yield strength Acy = Mz.Atit, Where
Mgz, = 3.5 is the Taylor factor [56]. The total hardening from all obsta-
cles is described by the change in the shear stress [57]:
At = (Z At?)'?, where the sum is taken over all obstacles: network
of dislocations (o =N), grain boundaries (c = GB), dislocation loops of
both <a>- and <c¢>-types (c = L{,c = L;,,c = L}).

A contribution from network of dislocation is [57]
Aty = a,ub (Py)"?, where py = (b’ /b*)?pl, is the total dislocation
density, pu is the shear modulu s, and 0q=0.2 is the dislocation-
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dislocation interaction parameter that determines the strength of the
barrier to dislocation motion. Grain boundaries effect is expressed as
follows [56]: Aty = (Cy, / M, )hy?, where Cz: =200 MPa-um'? is tak-
en for pure zirconium [58]. Dislocation loops hardening is described by
the dispersed-barrier hardening model [59]:
AT, = Lm“bm(2<Rr > N*)2, At =ajub’(2 < R, > N°)"?,  where
computatlons are prov1ded by considering mean dlslocatlon radius
< R’} > . The corresponding barrier strengths o, and o] are loop size
dependent functions as was discussed in [59]. Here we consider a mixed
case of screw and edge dislocations.

2.2. Assumptions Used at Modelling

In this study we assume that traps are immobile (Sn atom is oversized
comparing to atom of matrix) and diffusion of point defect is described
mostly by diffusivities of point defects in pure Zr with corrections
caused by traps presence. Therefore, further, without loss of generali-
ty, one can assume D, = Din’ and for the vacancy diffusivity, we use
formula obtained in [63]:

cSn

D, = Din 1- R
Cg, —Cyo +€xXp(=E, /T)

where for vacancy-solute complex dissociation energy we put E, ~ E;.

As known, the point defects diffuse anisotropically in pure Zr and in
Zr-based alloys [15, 39, 60, 61, 63, 64]. The significance of the diffu-
sion anisotropy was confirmed by OKMC simulations [39] to describe
radiation growth. At the same time, a question about anisotropic dif-
fusion of point defects remains debatable in literature and the most of
theoretic reaction rate models incorporates assumptions of isotropic
vacancy diffusion and anisotropic interstitials diffusion.

In our approach, we use so-called Diffusional Anisotropy Difference
(DAD) model [60], which is still popular within the scientific commu-
nity probably because of its simplicity and its explanatory capacity. It
allows us to relate our results to previously published [35, 36]. Their
accuracy depends of course on a set of other microscopic parameters
(defect clustering efficiencies), fitting parameters and limitation of
model when one considers defect cluster concentration instead of in-
troducing dynamics of di-, tri-, tetra-, and, at least, penta-defect clus-
ters. The main idea here is to capture main results able to describe lo-
cality of loops distribution inside grains by using data for loop number
densities from experiments.

Generally, one can consider the mean diffusion coefficient for point
defects as D" = ([DX T Dfr)l/ ®, where D and D} are diffusion coef-
ficients along a and ¢ axis [65, 21, 22]. Followmg DAD model [28, 60]
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TABLE 1. Material parameters used in simulation.

Parameter ‘ Value ‘Dimension‘Ref .
Lattice parameters for Zr (a, ¢) (38.2,5.13)-10°8 cm
Atomic volume (Q) 3.32:1028 cm3
Equilibrium vacancy concentration (cyo) 0.54¢718V/ksT at. fract. [66]
Equilibrium interstitial concentration o 400V /ksT at. fract. [40]

(ci0)
Thermal diffusivity of vacancies (D”) 2.2-10%¢ *®V/%"  c¢m?/s [28]

Diffusivity of interstitials in c-direction 4.7 .10 ¢ 0156V /hsT

(D™) cm?/s  [28]
Diffusivity of 1nt(zr5;cr1‘)clals in a-direction 3.5.101 ¢ 0-06eV/ksT em?/s  [28]
Trap-vacancy binding energy (E;) 0.3 eV [40]
Stacking fault energy (yv%.,v::) 9.05-10%%, eV/em? [67]
Vs> Vs 1.242.10"
Maximal number density (Ny™*™) 8-10% cm
Fitting parameter No (Knrr= 107" dpa/s) 5.6-10*
Fitting parameters (¢m, ¢*) 1.9,15.0
diffusivity ani py will be measured by the correction factor

Z'=(@+u?J3+u®)/3 with u= (D / D¥)"°, where in further cal-
culations we put Z; =Z/Z", Z! =Z/ Z", and drop asterisk for con-
venience (to get more accurate description one can use vacancy diffu-
sivity anisotropy in a manner similar to interstitial diffusion anisotro-
py)-

In further calculations, we consider an Zr—1.5% Sn alloy as the main
object to study. We vary irradiation temperature, sink strengths, and
consider local loops distribution inside grains. The model parameters
are taken from a fitting of experimental data of neutron irradiation of
Zy-2 discussed in [36, 54]. Material parameters and fitting constants
used in simulations are shown in Table 1. In further computation we
put &= 0.95 and use following values of defect clustering efficiencies:
e =0.5, ¢f =0.17, & =0.55, ¢ =0.05 [34-36, 40, 63]. We take ex-
perimental value for network dislocation density equals to dislocation
number density (0.1-1.0)-10'° cm 2 in each crystallographic direction.
The grain radius Ags we vary from 4 um up to 10 um. A distance from
grain boundary is measured in dimensionless units 6=1/ Ags. Irradia-
tion temperature varies in the interval 540-570 K. For the damage
rate at irradiation by neutrons we take value Kxrr= 10" dpa/s accord-
ing to experimental data [54].
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3. RESULTS
3.1. Dose Dependences Analysis

We start from dose dependences of loop number densities in both <a>-
and <c>-directions obtained from the experimental data fitting shown
in Fig. 1 (it is assumed that N;* = N{'). It follows those curves for both
<a>- and <c>-type loop densities manifest saturation behaviour with a
dose accumulation and relate well to experimental data [53, 54, 69].
Here one needs to note that data shown in [53, 69] correspond to the to-
tal loop number density, whereas in our case one gets the loop number
density in one of equivalent directions as one-third of the total loop
number density. Moreover, corrections caused by temperature increase
result in a decrease in the number of <a>-type loops. By considering a
case of negligibly small amount of <c>-type loops one finds that ob-
tained dependences are comparable with those discussed in [34—36]: a
transition to saturation regime for <a>-type loops occurs at doses
around 4 dpa, whilst for <c>-type loops one has the transient behaviour
at doses around 15 dpa with growth of Ny, from the critical dose of 3 dpa
[5]; the difference only in values of both N; and Ny, dictated by experi-
mental observations [54].

1
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Fig. 1. Loop number densities in both <a>- and <c¢>-directions (solid, dashed
and dash-dot curves) and experimental data ([53, 69] filled and empty squares
for <a>-type loops and [54] empty diamonds for <c¢>-type loops).
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Computed values of loop radii in each direction are shown in Fig. 2,
a. It follows that interstitial loops emerge together with vacancy loops
in <a>-direction (cf. solid and dash curves), whilst <c¢>-type loops
grow above the critical dose 3 dpa from a cluster of the size not less
than 5 nm.

At small doses (see insertion in Fig. 2, a) interstitial loops emerge
first, vacancy loops appear after some incubation dose and grow faster
than interstitial ones. At further dose accumulation one observes de-
creasing dynamics of <a>-type vacancy loop radius meaning metasta-
bility of these loops, interstitial loop size manifests increasing charac-
ter only. A local decrease of <c>-type loops size is observed at doses re-
lated to transient regime of N (see Fig. 1). The same behaviour of
<c>-type loop radius was observed in previous theoretical studies,
where different model for loop number density was used [34—37]. It
follows that <a>-type loop size does not exceed value of 5 nm at doses
up to 1 dpa that relates well to the most of studies of Zr-based alloys at
neutron irradiation at the same temperatures (see [5, 53]). A coexist-
ence of vacancy and interstitial loops relates well to experimental ob-
servations (see [7, 8, 53, 69, 73]). By comparing <a>-type loop size at
different doses one finds a difference in values up to 2—3 times, but the
order of loop sizes is the same. The same is observed for <c>-type loop
size. One needs to note that our model describes loop sizes in the same
range as experiments. It relates mostly to different alloy compositions
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Fig. 2. Dose dependences of dislocation loop radii (a) and loop densities (b) (sol-
id, dashed and dash-dot curves) and experimental data from [54, 69, 70-72]
(empty and semi-empty markers). Recalculated data from experimental obser-
vations from [54] are shown with crosses and snowflakes. Square markers be-
long to <a>-type loops, diamond markers correspond to <¢>-type loops. Re-
sults are obtained at csn=1.5%, T=570K, Agz=7 pm, pj =0.7-10" cm?,
8=0.5.
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and processing history, and possible synergetic effects of minor pro-
cesses, which we neglect: emission of defects by loops, formation of de-
fect complexes, their mobility, etc. The analogous situation is realized
by considering values for loop densities shown in Fig. 2, b. Here, we
obtain loop densities by using the standard definition p’ = 2nR/Ny.

In experiments (see empty markers from [54]), loop size, loop densi-
ty and loop number density were measured that leads to differences in
computed and measured values (see cross and snowflake markers in
Fig. 2, b). This evidence is well seen by computing loop density by using
experimental values for both loop size and loop number density. It re-
sults in a good correspondence with values obtained by our modelling.
At the same time, obtained values for loop densities relate well to ex-
perimental data from [71].

Next, let us consider dose dependences of growth strains shown in
Fig. 3. It follows that growth speeds in all Cartesian directions and val-
ues of e*¥? is practically the same that predicts volume conservation.
Generally obtained dependences relate well to data shown in [36]. In the
top inset, one can observe that growth strains in X (Y) and Z directions
differ at small doses. This effect is strongly related to an emergence of
<a>-type vacancy loops, promoting deformation in Z direction. A strain
induced by traps was computed as follows e, = (3Q2 —2AV ) / 6Q, where
AV, is relaxation volume [40]. The corresponding dose dependence is
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Fig. 3. Dose dependences of growth strains (experimental data are taken from

[74]).
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shown in the right inset in Fig. 3. It follows that effect of traps is negli-
gibly small comparing to other mechanisms governing radiation growth
phenomena. Values of growth strains are higher by absolute value than
experimental data for single crystals [74]. This difference is caused by
the presence of <a>-type vacancy loops giving a contribution to growth
strains from one hand and grain boundaries effect resulting in addition-
al contribution to growth strain rates, from the other one. Experimental
studies of radiation growth in polycrystalline materials illustrate the
same high values for growth strains (see, for example, [75, 76]). One
should note that dose dependences of growth strains depend on texture
[7, 756—T7] that can explain a difference in the corresponding values. In
our case, the texture is not considered, but a good agreement with exper-
imental data is observed at doses up 6 dpa.
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Fig. 4. Temperature dependences of loop radii (a), dislocation loop density (b),
dose dependences of growth strains (c), and growth strains (d) at different
doses. Results are shown at csn=1.5%, Age=7pm, p{ =0.7- 10" em?2,
8=0.5.
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From dose dependences shown above one concludes that a set of fit-
ting parameters and main assumptions used in simulations are rele-
vant to most of experimental data and theoretical models used previ-
ously to describe loops growth and radiation growth phenomena.

3.2. An Influence of Irradiation Temperature

By using protocols for dose dependences of all measured quantities,
one can analyse the temperature influence onto dynamics of loop size,
loop densities and growth strains. From results shown in Fig. 4, a it
follows that an increase in the irradiation temperature results in
growth of the interstitial loop size and decrease in the vacancy loop
size. This effect becomes essential with dose accumulation, cf. panels
at different doses in Fig. 4, a. An increase of the loop size with temper-
ature was reported in experimental studies (see Refs. [5, 7, 51, 53, 69,
73, 78]). From Figure 4, b, one finds that the interstitial loop density
increases with temperature, whilst vacancy loop densities of both <a>-
and <c>-type loops decrease with temperature independently on dose.
Dose dependences of growth strains at different temperatures illus-
trate a small difference in values of ¢ at the temperature increase,
whilst a difference in values of e* ¥ increases (see Fig. 4, ¢). This effect
is caused by the corresponding dynamics of loop sizes. By considering
temperature dependences of growth strains at different doses (see Fig.
4, d) it follows that at small doses there is no essential changes in lat-
tice deformations. Observable changes are realized for growth strains
in X and Y direction only at elevated doses.

3.3. An Effect of Grain Size

From obtained dose dependences shown in Fig. 5 one finds that an in-
crease in grain size promotes growth of interstitial loop size associated
with a decrease in <a>-type vacancy loop radius. It is related to a com-
petition between interstitial and vacancy loops. By assuming that glis-
sile interstitial clusters have a diffusivity comparable to diffusivity of
self-interstitials one finds that the time scale for these clusters to at-
tain grain boundaries as main sinks increases. It results in a growth of
total network flux of defects to interstitial loops and an effective de-
crease of defect flux to <a>-type vacancy loops. At the same time, <¢>-
type loops grow faster in large grains.

From dependences of loop radii on grain size at different doses one
finds that both kinds of <a>-type loops tend to the same value of 4 nm
at small doses. With further dose accumulation the difference in loop
radii increases up to 2.5—4 nm. The size of <c¢>-type loop increases
with the grain size up to 10 nm at doses around 10 dpa. With further
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Fig. 5. Grain size dependences of loop radii (a) and loop density (b) at different
doses. Results are shown for c¢sn=1.5%, T=570K, Agz=7pum,
pl =0.7-10" cm™?, §=0.5.

dose accumulation the loop size difference decreases down to 10 nm
(see data for 15 dpa). At large doses there is no essential difference in
loop radii. The corresponding loop densities shown at 10dpa and
15 dpa indicate that interstitial loop densities manifest growing de-
pendences with grain size growth, whereas vacancy <a>-loop density
decreases and their density remains similarly the same, independently
on accumulated dose (cf. lines with empty and filled circles). The densi-
ty of <c¢>-type loops slightly increase with grain size at elevated doses
only.

By considering dose dependences of growth strains (see Fig. 6, a) one
finds that values of e* ¥ # are lower in large grains at small doses. At
elevated doses, one gets larger values of ¢* ¥ in large grains. The grain
strain in Z direction remains small in large grains. The same results
were observed experimentally [75]. One should note that such dynam-
ics is affected by a prehistory of material and texture parameters.
From Figure 6, b one finds that grain size dependences of growth
strains in X (Y) directions are different at different doses: at small
doses e ¥ decay with the grain size. With the dose accumulation these
growth strains manifest non-monotonic behaviour: a decrease in small
grains and increase in large ones. It follows those values of growth
strains in Z-direction increase monotonically with the grain size.

3.4. Loops Distribution inside the Grains

From physical viewpoint, grain boundaries are extremely powerful
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shown at csn=1.5%, T=570K, p} =0.7-10" cm™, §=0.5.

sinks comparing to other ones due to they contain large amount of dis-
location cores as separated sinks of point defects and their clusters.
This effect is enforced by grains disorientation resulting in grain en-
ergy increase. Therefore, loops of different sizes will be located at dif-
ferent distances from grain boundaries. In our study, we consider the
simplest case of grain characterized by one liner size A¢s and study lo-
cal distribution of loops inside grains by computing loop radii in dif-
ferent segments of grains located at dimensionless distance 6 =1/Ags >0
from a grain boundary (the dimensionless distance 6 cannot take zero
value (in close proximity to the grain boundary); mathematically it is
related to a divergence §7/2 of clusters sinks.). By using an initial loop

min

size R;y (0) ~ 0.65 nm to scale the space, one can estimate the minimal

value for the dimensionless distance as 8, = Rjy"(0) /Agy, where
Aep =4 pm.

Dose dependences of loop radii in different segments of grains are
shown in Fig. 7, a. It follows that loops grow with different speeds and
have different sizes depending on their location. In the grain centre
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(solid lines at 6 = 1) interstitial loops are characterized by elevated val-
ues comparing to those located closer to grain boundaries (see dotted
lines obtained at 6 =0.02). The opposite picture is observed for <a>-
type vacancy loops. In general, <c¢>-type loops manifest the same be-
haviour as interstitial loops: they are bigger in the grain centre seg-
ments and manifest complex growth dynamics. Loops of <c>-type are
smaller in a vicinity of grain boundaries.

An essential difference in loop sizes (more than 1 nm) is observed
only in a vicinity of the grain boundary at distances around 70% from
the grain centre that is well seen from Fig. 7, b. Here, interstitial loops
are of extremely small sizes due to fast diffusion of interstitials and
their clusters toward grain boundaries (see curves with square mark-
ers). A lack of interstitials in these segments of grains makes possible a
growth of <a>-type vacancy loops having larger size comparing to
their size in the grain centre. Obtained results for local <a>-type loops
distribution inside grains correspond well to data reported in experi-
mental studies (see, for example, [79, 80]). In grain boundary seg-
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Fig. 7. Dose dependences of loop radii in different segments of grain located
at distances 6 from a grain boundary (a). Plots (b), (¢) and (d) relate to local
distribution of loop radius, loops densities and growth strains at different
doses, respectively. Results are shown at csn=1.5%, T=570K, Agg=7 pum,
pl =0.7-10" cm™.
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Continuation of Fig. 7.

ments the most of vacancies are captured by large <a>-type vacancy
loops, therefore, <c>-type loops are characterized by smaller size com-
paring to already formed <a>-type loops. Out of grain boundaries they
grow fast and the most of <c¢>-type loops attain equal size. The size of
both kinds of <a>-type loops becomes equal with further dose accumus-
lation; at elevated doses the size of interstitial loops exceeds vacancy
loop size. In most of experimental studies it is reported that loop size
distribution at doses around (10-15) dpa is mostly homogeneous (see,
for example, [54]).

We have shown that this situation realized mostly in regions located
outside grain boundaries. Such local description of loop growth results
in a conclusion of local distribution of loop density as it is shown in
Fig. 7, c. Here loop density in X (Y) direction manifests decreasing de-
pendences with distance from the grain boundary. The difference in
loop densities in the vicinity of grain boundary and grain segments is
around 20% at 5dpa. With the dose accumulation loop densities in-
crease but a difference in their values remains around 20% . At elevat-
ed doses (see plot at 30 dpa) one finds only a decreasing character of
corresponding dependences. Such a decrease in a vicinity of the grain
boundary results to a decrease in <a>-type vacancy loop size. One gets
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Fig. 8. Dose dependences of the hardening change caused by different kind of
loops (results are obtained at csn=1.5%, T=570K, Agg=7um,
pL =0.7-10" cm™) (a). Dependences of total hardening change on tempera-
ture at Agg = 7 pm (filled triangles markers) and grain size at T'=570 K (empty
triangle markers) at the accumulated dose 15 dpa (b).

an increasing character of the <e¢>-loop density at small doses. With
the dose accumulation values of p” increase. A decreasing dynamic is
observed in segments closer to grain boundaries (see plot at 30 dpa).
The difference in loop densities inside the grain is around (10-15)%.
Therefore, generally, one can operate with mean values with some er-
rors suitable for experimental observation, but local loop sizes distri-
bution results in local change of loop densities. Discussed locality in
loops distribution over grain results in local deformation of grain at
radiation growth. The corresponding dependences of growth strains on
distance from grain boundary are shown in Fig. 7, d. Here elevated
values of strains in X (Y) direction and low values of e* in a vicinity of
grain boundaries are caused by a presence of large vacancy loops of
<a>-type. With a distance 6 increase a competition of interstitial and
vacancy loops promotes a decrease in e ¥ and an increase in e by abso-
lute value. Growth strains remain practically of the same value around
grain centre segments.

3.5. Estimation of the Hardening

All defects formed and developed at irradiation serve as obstacles to
free motion of dislocations resulting in an increase in hardening.
Hence, in computations of the hardening as macroscopic characteristic
one operates with averaged quantities (mean dislocation loop size) over
the whole system. By using protocols of dose dependences of all com-
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ponents of the hardening, one can get parametric dependences of hard-
ening at fixed doses to elucidate an influence of main parameters con-
trolling mechanical properties change of the studied alloys. The corre-
sponding dose dependences of main components of the hardening and
the total hardening are shown in Fig. 8, a. A growth of total hardening
with dose accumulation is due to permanent growth of interstitial
loops and <c>-type vacancy loops compensating a corresponding de-
crease induced by metastability of <a>-type vacancy loops.

Temperature and grain size dependences of total hardening shown in
Fig. 8, b illustrate an increase in values of the yield strength with tem-
perature and a slight decrease with grain size. Both these effects are
strongly related to behaviour of mean loop sizes.

4. SUMMARY

We have generalized rate theory model to describe an evolution of de-
fect structure and associated effects of radiation growth and harden-
ing change during neutron irradiation in Zr—Sn alloys under reactor
conditions. The model allows one to consider an influence of point de-
fect clusters onto loop growth dynamics according to results of theo-
retical studies discussed in [6, 34—36]. We proposed a model for loop
number densities evolution by taking into account mechanisms gov-
erning loops formation, nucleation and growth according to experi-
mental data. A set of fitting parameters is related only to maximal
values of number densities and their crossover dynamics. By consider-
ing dynamics of loop size a loops nucleation with network of disloca-
tions is taken into account by considering an influence of domains lo-
calizing dislocations.

As shown, interstitial loops emerge at low doses, whereas vacancy
<a>-type loops grow after small incubation dose. These loops attain
the size of 5 nm at doses up to 1 dpa and coexist competing with each
other at the studied temperature range. Interstitial loops manifest
permanent grow (up to 20 nm at doses up to 30 dpa), whilst vacancy
<a>-loops are metastable with maximal size around 10 nm. Loops of
<c>-type emerge after critical dose of 3dpa with minimal radius
around 4—-5 nm that is correlated with experimental data shown in [8].
They grow up to 50 nm at dose of 30 dpa. Obtained results relate well to
experimental observations at small doses and correlate with novel ex-
perimental data at elevated doses [5, 53, 54, 69, 70—-72].

It was shown that interstitial loops grow in size with temperature,
whereas vacancy loops size decreases with temperature that relates
well to experimental observations [5, 7, 51, 53, 69, 73, 78]. This effect
determines temperature behaviour of growth strains: elongation in
X (Y) directions and decrease of crystal shrinking in Z direction with
temperature growth.
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It was shown that large interstitial loops are realized in large grains
(the same effect is observed for <c>-type loops), whereas vacancy <a>-
type loops decrease in size in large grains due to competition in defect
net flux to interstitial and vacancy loops of <a>-type. It was shown
that growth strains behave in nonmonotonic manner with varying
grain size and this behaviour depends on the accumulated dose. Ob-
tained results are comparable with experimental data shown in [7, 75].

The proposed model is exploited to study local distribution of loop
sizes inside grains. It was shown that a decrease in interstitial loop size
and increase in <a>-type vacancy loop size in the vicinity of grain
boundaries relate to a difference in mobility of corresponding point
defects and their clusters and, therefore, in a competition between de-
fect fluxes to these kinds of loops. As shown, homogeneous loop size
distribution is observed out of grain boundaries. These results relate to
discussions of experimental data [79, 80]. It was shown that local dis-
tribution of loops results in local deformation of the crystal.

By estimating mechanical properties change we have shown that the
hardening grows with temperature and decrease with the grain size.
Results of our modelling correlate well to the most of experimental da-
ta[7, 71, 75-T77] and relate well to theoretical predictions [6, 28, 34—
37].

We hope that obtained results correlated with experimental works
will be useful to predict materials behaviour at different radiation
conditions.
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BaactuBocti moBepxons gAeratiB i3 kpumi 12X18H10T, aki
NMPanooTh B YMOBaX PagisIiiiHOTO ONMPOMiHIOBAHHS,
BiTHOBJIEHMX METO/I0I0 €JIEKTPOiCKPOBOTIO JIeIYBaHHS.

Y. 2. Oco0JIUBOCTi CTPYKTYPHOTO CTaHY BiJHOBJIEHUX IIOBEPXOHb

O. II. l'anonosa, H. B. Tapenabrukr”

Cymcvruil depicastuil yHigepcumem,

sys. Pumcvrozo-Kopcakosa, 2,

40007 Cymu, Yrkpaina

“‘Cymcvkuil HauioHaabHUllL azpapruil yHisepcument,
sy.. 'epacuma Kondpamuesa, 160,
40021 Cymu, Yrpaina

B crarTi mpeacTaBiieHo pe3yJbTaTH JOCTiI:KeHb CTPYKTYPHOTO CTAHY HOKPUT-
TiB, chOPMOBaHUX METOA0I0 €JIeKTPOiCKPOBOTO JIeT'yBaHHSA IIPU eHeprii po3ps-
ny Wp=0,13, 0,52 i 0,9 I;x amomamMu 3 HiKJIO Ta HeipsKaBiliHoi Kpwui
12X18H10T na moBepxHi xkatoau i3 kpuii 12X18H10T. Marepisanu aunon, Ta-
Ki gk mikens i Kpung 12X18H10T, manexaTs 10 MaTepisaaiB AKMMU JOIiJIBHO
BigHOBJIIOBaTHU IOoBepxHi meraniB i3 kpuni 12X18H10T, aki opaiiioloTs B ymMO-
Bax pamifAIifHoro ompoMiHioBaHHA. MetasorpadgiuHa anaaisa, chopMOBaHUX
MMOKPUTTIB ITOKAasaja, M0 IX MiKpOCTPYKTypa CKJIaLaeThcA i3 3-X 30H: 1) «Bi-
Jauii» map — Imap, Imo He IIigIaeThCs TPABJIEHHIO 3BUYAMHUMU PeaKTHUBaMMU,
2) mepexigHa 3oHa abo mudysiiina 3oma, 3) ocHOBHUI MeraJs. [Ipu BuKoOpuUc-
TaHHI B IKOCTi eJleKTpoau-iHcTpyMeHTy Hikgo 1 kputi 12X18H10T 3i 36i1b-
IIeHHAM eHeprii pos3psay TOBIWHA 3MiIIHEHOTrO IIIapy, MiKpPOTBEpPAiCThb, Cy-
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IMiJIBHICTE i TOBIHIMHA «0iJIOTO» IIapy, a TAKOMK BEeJIWUYMHA IIEPCTKOCTU IIOBEp-
XHi 30iabpmIyoThCcs. 3amMina aHogu HikJo Ha Kpuipo 12X18H10T npuBoauTh
IO 30inbIIIeHHS IIePCTKOCTU IIOBEPXHi i 3MEHIIIeHHsS TOBIWUHUN 3MiITHEHOTO

mapy.

KarouoBi croBa: e1eKTPOiCKpOBe Jer'yBaHHS, HiKeslb, KPUIlA, MeTagorpadiu-
Ha aHaJi3a, CTPYKTypa, TOBIMWHA IIapy, MiKPOTBEPAiCThL, INEPCTKiCTh, Cy-
IiJIBHIiCTD.

In article we present the results of studies of the structural state of coatings
formed by the method of electrospark alloying at the discharge energy
Wp=0.13, 0.52 and 0.9J by anodes from nickel and stainless steel
X10CrNiTil8-10 on the cathode surface from X10CrNiTil18-10 steel. Anode
materials, such as nickel and X10CrNiTil8-10 steel are recommended as ma-
terials, which is advisable to use for restoring the surfaces of parts from
X10CrNiTil18-10 steel operating in conditions of radiation exposure. Metal-
lographic analysis of the formed coatings showed that their microstructure
consists of 3 zones: 1) ‘white layer’ is the layer that cannot be etched with
conventional reagents, 2) transition zone or diffuse zone, 3) base metal. Us-
ing nickel and steel X10CrNiTil18-10 with increasing discharge energy, the
thickness of the hardened layer, microhardness, continuity and thickness of
the white layer, as well as the surface roughness are increased. Replacing the
nickel anode with steel X10CrNiTil18-10 surface roughness is increased and
the thickness of the hardened layer is decreased.

Key words: electrospark alloying, nickel, steel, metallographic analysis,
structure, layer thickness, microhardness, roughness; continuity.

(Ompumano 28 mpaernsa 2022 p.; ocmamoun. apisum — 11 aunna 2022 p.)

1. BCTYII

B uwactuui 1 crarTi mpeacraBieHO pPe3yJabTaTH TOCTiIMKEHHS HOBOTO
crroco0y BiIHOBJIEHHS METOLOI0 eJleKTpoickpoBoro Jerysauusa (ELJI) ge-
raniB i3 xpumi 12X18H10T, aki mpaimioioTh B yMOBax pamisiliiHOTO
ONPOMIiHIOBAHHSA i IKUU MOsKe OyTH 3aCTOCOBAHUM JIJIS PEMOHTY JeTajiB
MAaIlIuH aTOMHUX eJIEKTpocTaHIti [1].

Cmoci06 BKJIOUae HaHECEHHS MOKPHUTTSA Ha 3HOIIEHY MOBEPXHIO JeTa-
a0 meromoro EIJI enexTpomoio-iHCcTpyMeHTOM 3 MaTepisny (Kpuils
12X18H10T abo mikenb), kUil He MiCTUTh CHEIiAIbLHUX H00aBok Ko-
0anIbTy Ta iHIIINX eJIeMEeHTiB, AKi YTBOPIOIOTH AOBIO JKUBYUYi i3oTonu B
AKTUBHOMY POOOYOMY CepPeIOBHIIIi.

BukopucTaHHS HOBOI'O CIIOCOOY BiZHOBJIECHHS AETAJIB 3MilCHIOIOTh ¥
IBa etanu. Ilepen mepIiiiuM eTamoM Ha 3HOIIIEHY KPHUIIEBY IIOBEPXHIO Me-
rogoro EIJI HaHocATh IIap MNOKPUTTA TPadiToOBOIO eJIeKTPOId0I0-
iHcTpyMeHTOM 3 eHeprieio pospazy Wp=0,02 [I»)x i npogyKTHUBHICTIO
0,3 cm2/xB. IIpu ELJI enekTpozoo-incTpyMenToMm i3 kpuni 12X18H10T
nmepmuii i Apyruii eranu OpoBOAATH, BigmoBiguo npu Wp=0,20 Ik 3
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npoxgykTusHicTio 1,6 cm?/xB. i Wp=0,55I)x 3 NOPOAYKTUBHICTIO
2,5 cm?/xB. B pesyabrari, ToBimuHa mokputta AH =0,19 MM, CyIiab-
micte S=100% i mepcrkicts Rz=57mkm. IIpu EIJI enxexTpomoro-
iHCTPYMEHTOM 3 HiKJIO IepHnii i Apyruil eTanu IpoBOJATh, BiIIOBiTHO
npu Wp=0,551x 3 npogykrusHicTio 2,5 cm?/xB. i Wp=0,90 [I:)x 3
IpoAyKTUBHiCTIO 3,4 cM?/XB. B pesyabrati ogep:xyiors AH =0,20 MM,
S=100% i Rz=38 MKM.

30inbmrenua eHeprii pospany mpu EIJI cynpoBomKyeTbcs SHUMKEH-
HAM MeXXi TeKydocTH i Mexxi MimuocTu i 30iIbIIIeHHAM BiJHOCHOTO IIO-
IOOB)KEHHA 1 BimHocHOro 3BYy:KeHHsA 3paska. IIpm EIJI 3paska 3
Wp=0,90 [I:x, B TOpPiBHAHHI 3 HeJIeT'OBAHUM 3Pa3K0OM, MeKa TeKYUYOCTH
i Meska MIITHOCTH 3MEHITYeThbCS Ipu JeryBaHHi Kpurmeo 12X18H10T,
Bigmosimuo Ha 11,7% 1 8,3%, a BijHOCHEe IIOJOBKEHHS 1 BiJJHOCHE 3BY-
SKeHHs 30iabInyeThes, BigmoBiguo Ha 15% i 14,7% . Ilpu EIJI Hikaem
MeXKa TEKYUYOCTH 1 MesKka MiITHOCTY 3MEeHIIyeThCA, Bigmosigmo Ha 13,3%
i 8,6%, a BigHOCHE IOJOBMKEHH: i BilHOCHE 3BYKeHHSA 30LILIIYETHCA,
Bigmosizuo Ha 14,7% i16,7% .

Caipx BigmiTuTH, 110 AeTasli, AKi IPaIoI0OTh B YMOBAX pagiAlliiiHOTO
ONIPOMiHIOBAHHSA, HATPUKJIAMA, B O0JIaJHAHHI aTOMHUX eJIEKTPOCTAHIIiN,
moTPeOdyIOTh BUCOKOI AKOCTH i1 HamifimocTu [2—4], ToMy TOCTim:KeHHS
0CO0JIMBOCTEN CTPYKTYPHOTO CTAaHy BiTHOBIEHMX HMOBEPXOHBL: PiBHOMI-
PHicTE c(pOPMOBAHOTIO IIAPY, MO0 CYIiJIbHICTh, TOBIIIHA Ta CTPYKTypa
30H migmniapy, AugysiiiHol 30HU Ta 30HU T€PMiUHOT'O BILJIUBY, PO3MOIiI
TBEPOCTH IO Mipi IoTInOJIeHHA 3 HOBEPXHi akTyaJbHe i cBoeuacHe.

2. AHAJII3A OCTAHHIX TOCJIIZKEHD I IIYBJIK AT

Y [5] mpoBoauIn HOoCaigyKeHHS HaIpaBJIeHHI HA yIOCKOHAJIEHHSI TeXHO-
JIoril peMOHTY ITHEKIiB Ta I'iJib3 CYIINJIbHUX MAIIIUH 3 METOIO IIOHUKEH-
HA co0iBapTOCTU iX BUTOTOBJIEHHSA Ta PEMOHTY, 3MiITHeHHSA Ta MeXaHiu-
HOTO 00p00JIeHHsI, 30iJIbIIIeHHA 3HOCOCTIMKOCTU Ta TePMiHIB eKcILIya-
ramii. TpaguitiiitHO PEMOHT Ta 3MIiIlTHEHHSA MIHEKiB Ta Iijb3 CYMINJIbHUX
MalIllH IIPOBOASATE METOA0I0 HaTOoILIIoBaHHA MaTepiany B3K mo TosImu-
HU OJIM3HK0 8 MM 3 IMOZAJBIIINM MeXaHiuYHIM 00pOoOJIeHHAM A0 4 MM, II[0
BUMAra€ BeJINKUX MaTepPisgIbHUX 3aTpaT. IIpu MboMy TeXHOJIOTiA € TPY-
JTOMICTKOIO II[OAO0 IMOZAJBIIIOT0 MEeXaHiuHOro OOpOOIeHHS, a 3HOCOCTiM-
KicTb HE3aJ0BiJIbLHOIO.

s mocarHeHHs HaOiIBITOI CIIOPITHEHOCTH MAaTePifAly eJeKTPOonu
Ta DiAKJIaTUHKY OyJiu poapobieHi cnenianbai CBC-eleKTpoau HA OCHO-
Bi TBepaoro pOo3uUMHY KapbimiB TaHTad Iy Ta TUTAHy 3i 3B’ A3KO0I0 i3 KpHITi
X18HIT. fAxicTs JeropaHUX ITapiB KOHTPOJIIOBAJIN METOLOI0 METaJIor-
padiunoi aHaJiI3M 34 iX CYIiJIbLHICTIO, TOBIITUHOIO Ta MiKPOTBEPAIiCTIO.

JocaimxeHHsa TOKasaJau, 110 Ha ITOBEPXHIi 3pasKiB hopMyeThCA JIero-
BaHMII 1map 3aBTOBIIKN 5—30 MKM, TBepaicTh aKoro B 4—6 pasiB mepe-
BUIIYE TBEPAICTh MiAKJIAANHKN, IIPU I[LOMY CYIIiJbHICTh HIOKPUTTS CTa-
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HoBUTEL 80—100% . 3HOococTiiiKkicTh Jerosanux CBC-enexkTpomamu 3pas-
KiB 3pocrae B 1,5—3 pasu HOPiBHAHO 3 TPAAUITIAHIM CIIOCOOOM.

B [6] mpoBemeno eaeKTpoOicKpoOBe JIeT'yBaHHA XPOMOHIKJILOBUMU KPH-
mamu 12X18H10T, 08X22H6T, 14X17H2, 20X13, 12XH3A, xapo-
critikuMm cronom X20HS80-H i unctumu meramamu Cr i Ni Ha 3paskax is
Kpuiii 45. BeTaHOBIEHO, IO CTiHKIiCTH O OKMCHEHHSA C(POPMOBAHOTO
JeropaHoro imapy B iHTepsaii Temmepatyp 25—1000°C zamexXuTh Bin
KombOimarii meryrounx emementiB Ni i Cr, m1o mepenaeTbcsa MaTepifaiom
aHOIW IIPU eJIeKTPOiCKpPOBOMY JieryBaHHi. IIpoaHaJsizoBaHO omip 3pas-
KiB rasoBiil KOpo3ii IMJIAX0OM IIPOBeAeHH AuepeHIiaAIbHOol TepMiuHOI
aHaJisu B inTepBaJi Temmeparyp 25—1000°C i kapocTiiiKoro BUIpooy-
BaHHA npoTarom 7 roauH npu (30°C. loBeneno, 1Mo Ha 3TATHICTh eJIeK-
TPOICKPOBUX IIOKPHUTTIB JAOBrO UMHUTHU OIip BUCOKiMl TemIeparypi,
OpiopuTeTHE 3HAUYEHHSA MAa€ XeMIUHUH CKJIaJ Jer'0OBaHOro I1apy, a He Ho-
ro MakpoiapaMeTpu — CYIILJIbHICTE, IIOPUCTICTh, TOBIINHA. Bu3HaueHo
yMOBHU (pOpMyBaHHA TEPMOCTIHKOT'0 3aXWCHOTO IMapy Ha KpuIli 45: a)
HasgABHICThP HeoOMe)KeHUX TBepAux posumuiB Ha ocuHosBi Cr, Ni, Fe B
CTPYKTYPi Jier'oBaHOTO Iapy, 0) CIiBBiAHOIIIEHHA €JIeMeHTIiB y Jerona-
Homy 1mrapi — Cr (15% Bar.) i Ni (40% Bar.). BcramnoBiaeno HaitGimabIn
30aJsiaHcoBaHe CcHiBBigHOINIEeHHS B JeroBamomy mmapi Cr (15% Bar.) i Ni
(40% Bar.), sgmaTHe IIPHU TEPMiUYHOMY BILIHBi (pOpMyBaTH HAa HOBEPXHI
JIeTOBAHOIO IIapy 3axucHi cTpyKTypu Ha ocHOBiI Crz0s, NiO, NiCr:0,,
ONMPATHCA OKHMCHEHHIO Ta 3aXUMNIATU IMiAKJIAONHKY 3 KOHCTPYKITIAHNX
KpHUIlh. 3aIIPOIIOHOBAHO BUKOPUCTOBYBATH AK JIEI'YIOUMHA MaTePisij CTOII
X20H80-H, m1o 3abesmeuye B HIpOIleCi eJeKTPOiCKPOBOrO Jer'yBaHHS
sbasamcoBane cruiBBigaomenasa Cr i Ni B serosanomy mapi xpuii 45
IJIs1 (QOPMYBAHHS 2KaPOCTINKOTO 3aXUCTY.

B [7, 8] sampomoHoBaHO HOBUI CIIOCiO BiTHOBIEHHS 3HOIIEHUX IIOBE-
pxoub geraniB 3 Heip:kaBittHoil Kpuni 12X18H10T meromoio exexTpoe-
positinoro geryBanusa (EEJD), erexkrpomamu i3 xpurni 12X18H10T. IIpu
IIBOMY IIOKPUTTS HAHOCATH Y ABa eTalu, IPUUOMY Ha IIepPIIIOMY eTalri
HAHOCATH IIap, BUKOPUCTOBYIOUM PEKUMU, AKi 3a0e3meuyioTh Hauoi-
JIBIITY TOBITUHY IOBEPXHi IPU HAWOINBIIiH CYIIiILHOCTH, IIOTIM Ha Ofe-
pPKaHy HOBEPXHIO HAHOCATH IIAP IIOKPUTTS Ti€I0 K eJeKTPOI0I0 i cio-
cobom EEJI 3 Taxoro eHeprieio po3pany i BiAmoBigHoO iii IpOoayKTHUBHIC-
TI0, IKOI0 (hOPMYIOTEH IIOBEPXHIO 3 IIIEPCTKiCTIO MpubOan3Ho B 2—4 pasu
BUIIle, Hi’K Ha monepeAHbOMY eTani. B pesynbTari mpu BifHOCHO IIpU-
WHATHINA TOBIIMHI BiIHOBJIEHOTO I1apy (OPMYETHCA HAWOIIBIN palioHa-
JIbHA BeauunHa 1repcTrocTy i 70 100% migBuiyeThes CyHiabHICTD HO-
BepxHi. IIpu (hopMyBaHHI HOKPUTTS IIOETAITHO, 3TiTHO 3 IPOIIOHOBAHIIM
cmoco6oM, 3 BUKOPUCTAHHAM CIIOUaTKY eHeprii pospaxy Wp=0,35 II:x,
a motrim Wp=0,55 [I»x ToBIuHa 11apy cTaHoBUTH 0,22 MM IIpH CYIiJIb-
HoCTi, mo Habam:kaeTbesa no 100% i mepcerkocri Rz=17 mxm. Hane-
CeHHA MOKPUTTSA ¥ 3BOPOTHOMY IIOPAAKY IPUBOAUTE A0 MIOHUKEHHS HO-
ro cyrigbaocTH 10 80% Ta 3pocTaHHAg IMIepCTKOCTH 10 Rz = 34 MKEM.



BJIACTHUBOCTIIIOBEPXOHB NETAJIIB I3 KPUIII 12X18H10T 1107

Bigmosimzao mo [9] spaskm (xatomm) 3 Heip:KaBifiHOI Kpuii
12X18H10T nigmasanu ELJI. dx enexTponu (amoam) sacrocoByBaau Ni
i Mo. Jler'yBanusa 3paskiB 3gilicHIOBaIocsa Ha ycTaHOBIIL « EDI-ExiTpom»
3 eHeprieio ofmHUYHOro iMmoyabcy 1 3K, 4acTOTO0 iMITyJILCHUX PO3PS-
nis 50 I'm, po6ouoro MmicTKicTio ¢ =360 MK® Ta TpUBAJIICTIO iMOyILCY
200 mxc. 3pasku 00pobmanrnca 3a Tremieparyp miakiaaguaku 293 K (ma
moBiTpi) Ta 77 K (B cepemoBumii pigkoro asory). HociaimgxeHHsa MiKpo-
CTPYKTYPU Ta MiKPOTBEPAOCTY BUKOHAHI 3 BUKOPUCTAaHHAM MiKpOCKoIa
MIM-10 ta mikporBepaomipa IIMT-3 3a cTaHZapTHUMU METOTUKAMU.
KopogiiiHa cTiiKicTh MOKPUTTIB BU3HAYAJACS IIJIAXOM BUTPUMKU 3pa-
3KiB y posuuHi rigpooxkcuny mHatpiio (770 r/1) 3a Temmeparypu 460 K
mporsarom 150 rox. PesyiabTaTy BUIIPOOYyBaHL Ha KOPOBiliHY CTiHKiCTh
cBiguaThH mMpo Te, 1[0 O0MABA BUAU MOKPUTTIB MaIOTh IiABUINEHY KOPO-
3iliHYy cTiliKicTh mopiBHAHO 3 ocHOBOIO (cTaab 12X18H10T). Kopositina
CTiliKicTs 30imbiryerhea O0inbin Hisk 1000 pasis. IIprnuomy i3 mOHMMKEH-
HAM TeMOepaTypu IIiAKJIAOUHKN INBUAKICThP KOPO3il 3MEHIITYETBhCH.
Opepsxanuii epeKT MOKHA IMOACHUTU CXMJIbHicTIO Kpuii 12X18H10T
mpu B3aemozaii Ni ra Mo B mportieci EIJI 1o amopdiszarii [10]. B rarnomy
BUIIAJKY MAa€ MicIie IIpollec MOBEPXHEBOI amopdisarlrii, mo mae 3mory
OJIeP;KyBaTHU MAaTePifAan 3 BJIACTUBOCTAMU, AKi XapaKTepHi OJaa aMoppd-
HOT'O CTaHy Ha IIOBEPXHiI — HacaMmIlepe]] i3 BUCOKOI0 KOPO3ilfHOIO CTiMiKi-
ctio. Kpim Toro, BcTaHOBJIEHO, IO MOHMKEHHS TeMIlepaTypu HigKJia-
IUHKU Ja€ 3MOTy 30iJIBIIINTH TOBIIHMHY 3MiIlTHEeHOTo IIapy B 2—5 pasis,
MiKpoTBepzaicTe — y 1,5—2,5 pasu, B 3aJeKHOCTI BiJf MaTepidAay eIeKT-
pox.

B [11] posrasanyTo mpobjeMy CTBOPEHHA MagHUX 3’€THAHDL i3 KPUILi
12X18H10T 3 BMCOKOIO TeMIepaTypol0 PO3MAIOBAHHSA A BUKOPIC-
TaHHA B peakTOpoOyAyBaHHi AJd eKCTpeMaJbHUX pesKuMiB poboTu. s
NasgHHA KPUIli BUKOPUCTOBYBaAJM IIPUNiMl B amopdHOMY cTaHi y dopmi
doabru craany Ni—7Cr—4,5Si—3,5Fe—2,6B (% mac.). IIpoBeneHo exc-
NepuMeEHTH 3 BapiloBaHHAM PEeXUMY HadAHHA B iHTepBaJi TemIlepaTyp
1070-1160°C Ta uacom ButpuMmiku 15—80 xB. Byso mokasamo, 1110 OJis
BCiX perXuMiB IMasgHHA y IITBaX KPUCTAIIBYEThCA TBEPAUM PO3UNH Ha OC-
HoBi Hikrro 3 pisaum smictom Cr, Fe, Mn ta Si.

Mertoto po6oTtu [12] Gy10 mocrimKeHHs BILINBY JIOKAJIbHOTO MOBEPX-
HEBOI'0 3MIiITHEHHS eJIEKTPOICKPOBUM JIeI'yBaHHAM Ha IIpalle3faTHiCThb
KOJIiHYaCTUX BaJIiB TpaHcnmopTHUX nqusenis TumiB 100100 ra [180, Buro-
TOBJIEHUX 3 BHCOKOMIITHOTO YaBYHY 3 KYJACTOIO (hOPMOIO BKJIIOUEHD
rpadiry. B axocTi sSMinmHIOBaJIbLHOI €JIeKTPOAN BUKOPHUCTOBYBAaJIN Heip-
sKaBitigy xpumo 12X18HI10T. IloTy:XHicThb pO3pAAYy CTaHOBHJA
1,0 kBr. ToBmuua 3smimmenoro mapy 50-300 MKM, MiKpoTBepHicTb
Hog= 5—14 I'Tla.

Hocraimxenua oy EIJI Ha TpuborexHiuHI XapaKkTepUCTUKU BUCO-
KOMIITHOT'O YaBYHY ITPOBOIUJIN ITIJIAXOM BUIPOOYBaHb Ha MAaIllMHAX Tep-
T CMIL2 Ta CMT-1. 3HOococCTifikicTh 3paskiB BU3HAYAJN ITOAO0 3MiHMT IX
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macu. IIIBUAKiCTh KOB3aHHA cTaHOBWJIA 1,3 Mc™!, KOHTAKTHUH TUCK —
5 MIla, mactuao — M14B,. Yac Bunrpo6yBaab — 10 roguna. Ponukmn me-
pen BuUIIPOOYBAHHAMMK IOJipyBaJau A0 mapamerpa Imepctkoctu 0,32—
0,16 mxM. KOHTPTiIOM COYy:XUIM KOJOAKM, BUTOTOBJIEHI i3 KpHUIleaJaio-
MiHiftoBoi cmyru (kpuia 10—amrominiioBo-omoB’ asauii cron AT 20-1).

BunpoOyBaHHs Ha BTOMY IIPU BUTHHI BUKOHYBAJIHN Ha YHiBepcaJabHil
BUIPOOYBaJIbHil MammuHi 3 rizponyabcaTopom Tuiry MYII-100 3a mero-
INUKOI0, BUKJameHoio y pooori [13]. Oxmep:kaHi gaHi moKasyioTh, II10 00-
pobienHsa MmeTomoo EIJI mpuBoAUTE 40 CYTTEBOTO 3MEHIIIEHHA 3HOCY PO-
JVKa MOPiBHAHO 3 HOPMAaJi30BaHUMMU 3pasKaMHU Ta IMOHUIKEHHA Koedi-
IieHTa TepTsa. 3MiIHEeHHA 0OKAaTKOIO0 POJUKAMU IIepeXiTHuX K0oJJO0H!-
KiB BasiB 3abes3meuye 30iIbIIIeHHS 3HAUECHb MeKi BUTpHUBAIoCTH B 1,8—
2,3 pasu. OmepskaHi 3aKOHOMIipPHOCTI IMiATBEePIKEHO eKCILIyaTalliliHm-
MU BUIIpoOyBaHHAMHU. [Ipame3maTHicTs BaIiB 0 PEMOHTY 301IbIIINIACS
sarajsom Ha 35—40% .

¥ [14] mpexacTaBieHi pe3dyabTaTy MeTajgorpadgiuHUX TOCIimKeHDb HO-
KpuTtiB Ha Kpumax (P6Mb5, 12X18HI10T i 07X16H6) Ta cromax
(XH58MBIO/] Ta 6ponsa BpB2), chopmoBanmx meromoro ELJI i3 3acto-
CyBaHHAM TBepAux 3HococTiikux (cromu BKS8, T15K6), anTudpuKiriii-
Hux marepiaiaiB (Cu, Ni, 6porsa BpB2, Sn), a Tako:k seryBauusa rpadi-
TOM. fIK IIOKas3aHo, JAJId BCiX MaTEePisIiB JOCTiMKYyBaHUX HiIKJIATMTHOK
MOJKJIMBE 3MiITHEeHHS IIOBEPXHEBUX IIAPiB, iCHYIOTH HAHG1IbIN HOIiIbHI
MaTepisanu jJeryBanabHuX eyextpon i pexxumu EIJI. Ha ocHOBIi excuepu-
MEHTAJbLHUX MOCIiMKeHb 3aIIPOIIOHOBAHO PiBHAHHA, SKe Ja€ 3MOT'Yy BH-
3HAYATU MiKPOTBEPIiCTh HOKPHUTTS, 1110 (GOPMYETHCA 38 EHEPTeTUUHN MU
napamerpamu obimamHanHsa EIJI. BusmaueHo KOHCTAHTH 3aIPOIOHOBA-
HOrO piBHAHHA. Po3p00JjeHO0 aJIropuT™M, AKKIH Ja€ 3MOTY IPOTHO3YBaTU
enepretuyHi napamerpu ELJI niag ¢opmyBaHHA ITOBEPXHEBOTO IIapy is
3aJaHOI0 MiKPOTBEPIiCTIO.

¥ [15-18] sasmauaeTbcs, 110 KOMOIHOBaHI €JIeKTPOiCKPOBiI MOKPUT-
Tsi, cdopmoBaHi Ha Kpumi 12X18H10T y mociaimoBHOCTI
BKS8 + Cu + BK8, xapakTepu3yoOThCS BUCOKMMHI IMOKAa3HUKAMUN SIKOCTHU
(HUB3BKOIO ITIEPCTKiCTIO, BUCOKOIO MiKpPOTBEPAiCTIO, CYIIIILHICTIO Ta 3HO-
cocrifikicTo). ¥ [19] mpoBemeHo aHaNi3y KapoCTiMKOCTH aliTOBAHUX
OoKpuTTiB, omep:kaHux metromor EIJI. Iloxasamo, 1Mo omep:KkaHi IIOK-
PUTTSA MOXKYTH e()eKTUBHO KOHKYPYBATH 3 MOKPUTTAMU, OEPKAHUMU
TPaSUI[iNHUMHU CIIOCO0aAMMU.

Amajiza JgiTepaTypHuUX AKepes IMOKasaja, II0 iCHYe HJOCTATHA Kilb-
KicThb pobiT mpucBauenux EIJI meip:xaBitinoi kpumi 12X18H10T pis-
HUMU aHoZaMMU (TBEPANMU 3HOCOCTIHKHUMEU i M AKMMU aHTUQPUKITii-
HUMU MeTajaMu, ix KomOimarmisamu i Tra in.). B Toii ske uac BizcyTHi gani,
NpHUCBAYEH] BILUIUBY BEJIMUMHU €Hepril po3pAaay Opu il jeryBaHHi Kpu-
Iel0 TaKOI caMol MapKM i HiKJIeM Ha CTPYKTYPY c()OpMOBaHUX MIapiB.

TakuM YMHOM, METOI0 POOOTH € MOKpAIleHHsS SIKOCTH BiTHOBJIEHUX
IOBEPXOHDb JEeTaJIiB, AKi IPamolTh B YMOBaxX PagiANiifHOIO OIIPOMiHIO-
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BaHHA IIJIAXOM JOCTiIKeHHA BIJIUBY eHepril pospany npu EIJI meip-
sKaBifiHol KpuIi aycreHiTHOoro Kaacy 12X18H10T xkpurmero Taxkoi camoi
MapKH i HiKJeM Ha CTPYKTYPY, IIapamMeTpu Tonorpadili moBepxHi Ta Me-
XaHiuHi BJ1acTUBOCTI chopMOBaHUX ITIAPiB.

3. METOJIUKA IIPOBEJEHUX TOCJIII;KEHD

3pasKu 3 Heip:kaBiiHOI KpuIli aycTeHiTHOro Kjaacy Mapku 12X18H10T
poamipom 10x10x8 MM i 3 TBepAicTIO IicJIg OCTATOUHOT'O TEPMOOOPOO-
geaas 140-170HB, immidpyBanam g0  IIIEPCTKOCTH  IIOBEPXHi
Ra =0,50 MmxM. s HaHeCeHHs OKPUTTiB eJIeKTPOgaMMU-
iHcTpymeHTamMu 3 Heipskasitinoil Kpumi 12X18H10T i mikao BuKopuc-
ToByBaJu ycTaHOBKY EIJI Mmogenio « EmiTpoH-52A», 1110 3a0e3meuye eHe-
prito pospany Wp B mismasoui 0,05-6,80 [I:x. Ilpu mmbomy aas mocJi-
I:KeHb 3aCTOCOBYBaJIU eHeprio po3panry Wp=0,13, 0,52 ta 0,90 [I:x.

s samobiraHHsa CXOIJIEHHS JIeTYIOUoi eJIeKTPOAM i HmimKJIaguHKNI
npu EIJI xpumi 12X18H10T enexkTpomaMu-iHCTpyMeHTaMU 3 Heip:ka-
Bitigol kpumi 12X18H10T i mixkjaio Bci 3pasKu momepeaHbo 00po0JIIOBa-
Jau  rpad)iToBOIO eJEeKTPOAOI0-iHCTPYMEHTOM IIPU €Heprii pospaxy
Wp=0,02 [I;x i npogykTusaoctu 0,3 cm?/XB.

[ metanorpadivyHUX Ta JIOPOMETPUUYHMX AOCIIKEeHb MiITOTOBJIE-
HUX 3pasKiB BUKOPMCTOBYBaJU ONTHUYHUN MiKpockon «Heodot-2». Ta-
KOK BUKOHYBaJIY JIOPOMETPUYHY aHaIi3y PO3IOAiTy MiKPOTBEDPAOCTU V
nmoBepxXHeBOMY Inapi. BumipioBanHA MIiKpPOTBEpPAOCTH IITPOBOAUJIM Ha
MikpoTrBepaomipi IIMT-3, maaxom BAABIIOBAHHS aJIMa3HOl HipaMigKkmu
oig Hasanraskeuuam 0,05 H, arigao I'OCT 9450-76.

4. PESYJBTATHU JOCJIIJKEHD

EIJI exexTpomoro-iHcTpyMeHToM 3 Hikmio. Ha pucyaky 1 moxkasaHo cTpy-
KTypy moBepxHeBoro miapy kpuii 12X18H10T mpu snerysamui Hixkaem
mpu eHeprii pospany Wp=0,13, 0,52 ra 0,90 [I:x (BizmoBigHo, puc. 1, a,
0i 8), a TaKOK POS3IOIiJI MiKPOTBEPAOCTH IO Mipi morynbJeHHsA 3 ITOBEp-
xHi (2).

Meranorpagiuna aHaisa omep:KaHNX NOKPUTTIB MOKasaJa, 110 MiK-
POCTPYKTypa CKJIAJZAETHLCA 3 3-X 30H: 1) «binuii» map — 1ap, Mo He
MiAgaeThCA TPABJIEHHIO 3BUUAMHNMI peaKTuBamMu; 2) mepexigHa 30Ha
abo gudysiiina 30Ha; 3) OCHOBHUI MeTaJ.

PesyabpTaTy BUMiprOoBaHHSA TOBIITUHU, MiKPOTBEPOCTHU Ta CYIiJbHOC-
™1 «0iJIoro» Iapy, a TakKo:X TOBIIMHN 3MiI[HEHOTO IIapy i BeJIWYNHN
IIIePCTKOCTH IIOBEPXHi, 3BeJIeHi ;o Tad. 1.

Amnanisyioun, pucyuok 1 i Tabauio 1 caig sasHaumT, 110 3i 30iab-
IITeHHAM eHepTii po3psaay TOBITWHA, MiKPOTBEPIiCTh i CYIiMbHICTE «0i-
JIOTO» IIapy, a TAKOK BeJINUYMHA IIIEPCTKOCTHU ITOBEPXHi 30iAbIITYIOTHCA.
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Puc. 1. Crpykrypa mosepxuesoro mapy kpumi 12X18H10T micaa EIJI Hikaem
upu Wp =0,13 (a), 0,52 (6) Ta 0,90 [I:x (8), a TAaKOK PO3IOLiJ MiKPOTBEPAOCTHI
B IIOKPUTTI (2).

Fig. 1. The structure of the surface layer of steel X10CrNiTi18-10 after ESA
by nickel at: Wp=0.13 (a), 0.52 (6) and 0.90 J (8), as well as the distribution
of microhardness in the coating (2).

TosiuHa 3MilHEHOTrO IIaPy, TBEPAICTD KO0 OiJIbIlIe TBEPIOCTH OCHO-
BHOT'O MeTaJIy i AKUH CKJIaJaeThes 3 «0isoro» mapy i audysiiinoi souu
TaKOK 30iJbIITYETHCS.

EIJI exexrpomoro-incTpymenTom i3 kpuni 12X18H10T. IIpu samini ma-
Tepifaay eIeKTPony-iHCTpyMeHTy 3 HikJio Ha Kpuilio 12X18H10T cTpy-
KTypa DiIKJIafuHKY Mai:Ke He 3MiHIOEThCA.

Ha pucyHky 2 mokasaHO CTPYKTYpPY IIOBEPXHEBOTO IIIapy KpPHIIL
12X18H10T npu geryBanHi 1iero & Kpuieio nmpu Wp=0,13, 0,52 ta
0,90 I:x (Bimmosizmo, puc. 1, a, 6 i 8), a TaK0K PO3MOAiJ MiKpOTBEPI0C-
TH 0 Mipi mornbJIeHH 3 TOBEepPXHi (2).

Meranorpagiuna aHairiza omep:KaHX MOKPUTTIB IToKasaJja, Mo Mik-
POCTPYKTypa CKJIaZAETheA 3 3-X 30H: 1) «binuii» 1map — miap, 110 He IIij-
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TABJINIIA 1. [lapamerpu sikocTu ImoBepxHeBux mapis kpumi 12X18H10T
micas EIJI Hiknewm i kpurieio 12X18H10T B 3anekuocTi Big eHeprii po3psany.

TABLE 1. Quality parameters of the surface layers of steel X10CrNiTi18-10
after ESA by nickel and steel 12X18H10T depending on the discharge energy.

' I[lepcTKicTh, MKM MiRpOTBep- Tosmuna Cyminb-
Enepria A1CTh . TosmuHa - .
POSDALY HoBepxHi M- «bimoro» SMIITHEHOTO HicTb «0i-
Wp, ik Ra | Rz | Rmax HEHOTO IITapy Hﬁgﬁ” 1apy, MKM JIO;;»OZI a-

H,, MIla ’
Hikens
0,13 1,9 9 11 3891 10-20 120 40
0,52 7,1 38 43 4055 10-20 140 70
0,90 12,1 69 74 4950 30-50 160 80
Cranp 12X18H10T
0,13 2,7 12 17 3502 10-20 75 70
0,52 12,2 61 75 3793 20-30 100 80
0,90 17,8 92 121 5189 40-50 125 85

IaeThCsS TPABJEHHIO 3BUUAHUMU peaKTuBaMu; 2) mepexigma 3oHa abo
nu@ysiiiHa 30Ha; 3) OCHOBHUU MeTAaJI.

PesynbTaTit BUMipIoBaHHS TOBIIMHU, MiKPOTBEPAOCTH i CYI[iIBHOCTH
«bijoro» 1apy, a TaKoK TOBIIIMHY 3MiIIHEHOTO IIapy i BeIMUYUHHU IIIepc-
TKOCTH IIOBEPXHi, 3BefeHi 10 Tab.1. 1.

Amnajisyroun, pucysok 2 i tabauiio 1 ciain sasHauuTH, 110 3i 30iJb-
IIIeHHAM eHeprii pos3psay TOBIMWHA 3MiIITHEHOTO ITapy, TOBIIMHA, CY-
IiIBHICTE i MiKpOTBEPAiCTE «0i0r0» IIAPY, 4 TAKOMK BEINUYMHA IIIEPCT-
KOCTHU IIOBEPXHi 30iIbIIYIOTHC.

Crnixg 3asHaumTH, IO 3aMiHa eJIeKTPOAU-iHCTPYMEHTY 3 HIiKJII0 Ha
kpuiio 12X18H10T upuBoguTs 10 30iIbIIIEeHHS IIIEPCTKOCTH MIOBEPXHi i
3MEeHIIIeHHs TOBIIMHU 3MillHeHOro Imiapy. Tak mpu eHeprii pospamy
Wp=0,13,0,52i0,90 I:x:

— npu EIJI HikaeMm miepcTkicTh moBepxHi (Rz) opiBHIOE BiAmIoBigHO:
9, 38, i 69 MKM, a IIpu JieTyBaHHi €JeKTPOA0I0-iHCTPYMEHTOM i3 KpHIli
12X18H10T — Bigmosizuo 12, 61192 MmKkM;

— nopu EIJI Hikiaem ToBHIMHA 3MiIlHEHOTO MIapy HOPiBHIOE BiAIIOBiz-
HO: 120, 1401 160 MKM, a mpu Jer'yBaHHi eJIeKTPOIOI0-iHCTPYMEHTOM i3
kpuii 12X18H10T — sigmosigao 75, 1001 125 MmrM.

5. BUCHOBEKHI

1. IIpoBenena aHajisa JiTepaTypHUX IKepeJ IIoKasajia Ha BilCcyTHiICTH
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Puc. 2. Crpykrypa noBepxHeBoro Itapy kpumni 12X18H10T npu ELJI kpunero
12X18H10T, upu Wp=0,13 (a), 0,52 (6) Ta 0,90 [I:x (8), a TaKOK PO3TOTiI
MiKPOTBEPIOCTH B TIOKPUTTI (2).

Fig. 2. The structure of the surface layer of steel X10CrNiTi18-10 after ESA
by steel X10CrNiTi18-10 at Wp=0.13 (a), 0.52 (6) and 0.90 J (8), as well as
the distribution of microhardness in the coating (2).

pobiT mpHCBAYEHNX BILINBY BeJIUUYNHU eHeprii pospany npu ELJI meip-
skaBifinol kpuni 12X18H10T kpuiero Takoi caMoi MapKu i HiKJIeM Ha
CTPYKTYPY cOPMOBAHUX IIIapiB, IO € AYsKe BaKJIWBUM IIPU BiTHOB-
JIeHHi JeTajiB, SKi IpaIiolTh B yMOBaX paliAniliHOro ONpOMiHIOBAHHA.
2. Meranorpadiuna ananxisa IOKPUTTiB, chOPMOBAHUX IIPU eHeprii pos-
pany Wp=0,13, 0,52 i 0,9 [I:x Ha kpumi 12X18H10T i npu BuKoOpucC-
TaHHI B SKOCTi eJeKTpOoAu-iHCTPYMEeHTY HiKJII0 i Kpuii Takoi camoi
MapKU MOKAa3aja, IIMo iX MiKpOCTPYKTYypa CKIaJaeThes 3 3-X 30H: 1) «bi-
Juii» I1ap — Imiap, 10 He MiAJaeThCA TPABJIEHHIO 3BUUAHUMU peaKkTu-
BaMu, 2) mepexigHa 3oHa abo gudysiiina 30Ha, 3) OCHOBHUIII MeTAaJ.

3. Ilpu BUKOPUCTAHHI B IKOCTi €JIEKTPOAN-iHCTPYMEHTY HiKJIIO i KpuIri
12X18H10T 3i 30inblileHHAM eHeprii po3pAmy TOBINMMHA 3MiITHEHOT'O
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1rapy, MiKpOTBepAiCcTb, CYIIiIBHICTL i TOBIMMHA «OijloTo» IIapy, a Ta-
KOJK BeJIMUMHA [IePCTKOCTY IIOBEPXHi 30iIbITYIOTLCA.
4. 3amiHa eJeKTpPOAH-iHCTPYMEHTY 3 HikJJo Ha Kpumio 12X18H10T
IPUBOAUTD IO 30iJbIITeHHS IIIePCTKOCTH IIOBEPXHi i 3MeHITIeHHA TOBIIU-
HU 3MinmmeHoro mapy. Tak mpu emeprii pospazy Wp=0,13, 0,52 i
0,90 IIox:

— upu EIJI Hiknewm mreperkicTs moBepxHi (Rz) mopiBHIOE, BiZIOBiZHO:
9, 38, i 69 MKM, a IIpu Jer'yBaHHI eJIeKTPOAOI0-iHCTPYMEHTOM i3 KPHUILi
12X18H10T, Bignosiguo 12, 61 i 92 mxMm;

— npu EIJI Hiksnem ToBHIMHA 3MiITHEHOTO IIapy JOPiBHIOE, BiTIOBiA-
HO: 120, 1401 160 MKM, a Ipu Jer'yBaHHI eJIeKTPOLOI0-iHCTPYMEHTOM i3
kpuii 12X18H10T, Bignosiguo 75, 1001 125 mKMm.
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Moaudikainis moBepxHi Heipskapiitnoi kpuii 40X13
YJIBTPA3BYKOBUM yIapHUM 00POOJIEeHHIM B PidHUX aTMocdepax

A.II. Bypmaxk®, C. M. Bomomxko®, B. M. Mopzarok™™, B. I. 3akies™" ™

‘HauionarvHuil mexnivnuil ynigepcumem Yrpainu
«Ruiscvrkuil noaimexnivnuit incmumym imeni Izops Cikopcvro20»,
npocn. Ilepemozu, 37,
03056 Kuis, Ykpaina
“IThemumym memanogisuxu im. I'. B. Kypdomosa HAH Ykpainu,
oyave. Axademira Bepradcvrozo, 36,
03142 Kuis, Ykpaina
“HauioHarvHUll asiayiilnuil yHieepcumem,
npocn. JIn6omupa I'ysapa, 1,
03058, Kuis, Ykpaina

HocaigsxkeHo 3MiHM MiKPOTBEPAOCTHU, CTPYKTYPHO-(PA30BOTO CTAHY, CTYIIEHIO
nedopMmallii KpucrasaiuHol I'paTHUI, PiBHA 3aJHIIKOBUX HAIPYsKEeHL CTHC-
HeHHA Ta TpuboJOriuHMX BJacTHBOcTel Heip:kaBiiHoi Kpuii 40X13 (AISI
420) micna yasTpasByKoBoro yaapHoro o0pobuenHa (Y3V0) moBepxHEBUX
miapiB y moBiTpAHOMY Ta iHepTHOMY cepemoBuIiax. IlimBuIeHHA MiKpOTBEp-
IOCTHU IOBEPXHi 3pa3KiB, 00po0/IeHNX B aproHi Ta Ha MOBiTPi, BiAmIoBiAHO cArae
~2,4 pasiB (HVi0 = 5,8 I'lla) Ta ~2,8 paziB (HV1ie = 6,9 I'lla). Hacaigkom
VY3VYO0 B iHepTHOMY CEPEeIOBUII € MOHMKEHHA MapaMeTPiB IIePCTKOCTH MOIM-
¢dikoBaHOI MOBEPXHi Ha BiAMiHY Bif 00pO6JIeHHA Y XeMiUHO aKTUBHOMY cepe-
moBuilli (Ha mOBiTpi), AKa CIPUUYUHSIE YTBOPEHHS OiJbIII PO3BUHEHOT'O MiKpO-
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penbedy. PisHuIA y XapaKTepuCTUKAaX IIIEPCTKOCTU 00YMOBJIIOETHCSA MeXaHo-
XeMiYHMM OKHMCHEHHSM ITOBepxHi 3 (hopmyBaHHA oKcunmiB FesO4 Ta CreOs mip
yac gedopMalliiiHoOro BILJIMBY Ha IOBiTpi. Po3BuHeHUT MiKpopeabed IOBEPX-
Hi, III0 MiCTUTL OKCHUAM, AKi IiABUIYIOTHL TBEPHICTH i MOKYTHL BUKOHYBaTH
PoOJIb TBEPAOTO MAacTHJIa, 3a0e3IIeuye 3HAUHe 3MEHIIIeHH CUJIU TePTA MOPiBHA-
HO 3 BUXIJHUM CTAHOM Ta OOPOOJEHHAM B iHEpTHOMY CepPeIOBMIIIi.

KarouoBi caoma: Heip:kasilima kpuiid, mopdoJoris moBepxHi, medopmarlrid,
HAIIPYKeHHs, YJIbTPa3ByKOBe yaapHe 00pobieHHA.

Changes in microhardness, structural-phase state, degree of the lattice mi-
crostrains, level of residual compressive stresses and tribological properties
of stainless steel 40X 13 (AISI 420) after ultrasonic impact treatment (UIT) of
surface layers in air and inert media have been studied. The increase in the
surface microhardness of the samples treated in argon and air reaches ~2.4
times (HV100 = 5.8 GPa) and ~2.8 times (HV100 = 6.9 GPa), respectively. The
consequence of UIT in an inert environment is a decrease in the roughness pa-
rameters of the modified surface in contrast to the treatment performed in a
chemically active environment (air). The latter leads to the formation of a
more developed microrelief. The difference in the roughness characteristics is
due to the mechanochemical oxidation of the air-UIT processed surface and
deformation-induced formation of Fe;O,4 and Cr;03 oxides. The developed sur-
face microrelief containing oxides, which increase hardness and can act as a
solid lubricant, provides a significant reduction in the friction force as com-
pared to the initial state and the surface processed in an inert environment.

Key words: stainless steel, surface morphology, deformation, stress, ultra-
sonic impact treatment.

(Ompumano 11 aunnsa 2022 p.)

1. BCTYII

OpepskaHi Ha CHOTOIHI PE3yJIbTAaTH IMEPEKOHINBO JOBOAATD MOIiIbHICTD
dactocyBaHHa Y3YO ana momudikallii moBepxHi KOHCTPYKIIAHUX Ta
iHCTpyMeHTaJIbHUX ByIJIeleBUX Kpuilhb [1].

OnTuMaJIbHUM YMHOM OOpaHi TeXHOJIOTiIUHI peKuMH JaloTh 3MOTY
chopMyBaTH HAHOKPHUCTAJIUHI 111apu i3 (h)a30BUM CKJIAZAOM, III0 CYTTEBO
BizmpisHAeThCA Bix BuximHoro marepisiay. IlepeBara Takoro migxomy B
MOPiBHAHHI 3 TPAAUIIIAHIM HaHECEHHAM HMOKPUTTIB IIOJATae y BimcyT-
HocTi mpobseMu GOpMYyBaHHSA IJIABHOTO IIePEeXOAy MiKPOCTPYKTYpH i
BJIACTHUBOCTEH MiXK IIOBEPXHEBUM IIIapoM i o6’eMoM MaTepisary, ToOOTO
BUpPiIIyeThbcsa mpobJieMa HemZocTaTHBOI aAresii. Tosimmua momudikosa-
HUX IIOBEPXHEBUX IIapiB, iX 3HOCOCTiHKicTh micaa Y3YO sHauHO mepe-
BUIIYIOTh AHAJIOTIUHI XapaKTePUCTUKY iHIITUX BiJOMUX METOJ iHTeHCHU-
BHOI ITOBEPXHEBOI ILTaCTUYHOI medopMmailrii 3a paxyHOK KOMILIEKCHOTO
MMOJIiNIIeHHA IapaMeTpPiB MiKpopeinbedy Ta CTPYKTYpPH, a TaKoxK (op-
MYBaHHS HAIIPYKeHb CTUCHEHHS.
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JeMoHcTpaIllii mepeBar Ipoilecy yJbTPasBYKOBOI HAHOKPHUCTAJIiUHOI
monudikarrii moBepxui (UNSM) KOHCTPYKITifIHOI TiAMTUITHUKOBOI Kpu-
mi SAE 52100 (IIIX15) Ta omiHKaM TPUOOJOTIiUHUX XapaKTEePUCTUK
npucBaueHo [2]. KoedimienT Tepra ob6pobienoi UNSM moBepxHi OyB
B3HMKeHu npubansuo Ha 25% , Brpatu 06’€MHOI0 3HOCY IIOBEPXHI Ta-
KO 3MeHInuancs npubaunsuo Ha 60% . 3acTocyBaHHSA JAHOT'O BULY 00-
poOIeHHA YMOMKJIMBUJIO C(hOPMyBaTU MIKPOAMKI Ha IIOBEPXHI Ta Mmif-
BUIUTH MiKpoTBepaicTs 3 720 HV mo 840 HV. BennunHa cTUCKAIBHUX
HaIpy:KeHb npu 1mbomy 3pociaa 3 —200 MIla go —900 MIIa, a riubuua
MoaupikoBaHOro mIapy gocarae ~1,2 M.

HaaBHicTh KOpeaAIiMHUX 3aJeKHOCTEN MiK XapaKTepUCTUKaAMM Mi-
Kpopenbe(dy moBepxHi i TpuboTexHiUYHIMY XapaKTepucTuKaMu (0IIopoM
3HOIITYBAHHIO Ta CUJIOI0/Koe(illieHTOM TepTs) IMOKa3aHa i 1y iHcTpyMe-
HTaabHol Kpuni X12M®, mogudikoanoi 3a gomomoron Y3YO, mpose-
JIIeHOIO OKPeMo Ta 'y KoMbiHarii 3 JasepHUM TepMo3MinHenHAM [3].

Kpim xapakrepuctuk Mikpopeabedy moBepxHi SAE 52100 (II1X15)
Ha ii TpuboTexXHiUHI XapaKTepPUCTUKY BIJIMBAIOTH PO3Mip 3epHA, HASAB-
HicTh KapbimiB Xpomy/3aisa Ta HMOBipHiCTh BUBITLHEHHA aTOMapPHOTO
BYTJIEIIIO, IIT0 MOXKEe CIAYT'yBaTH TBEPAUM MacTujoM [4, 5]. Bymo Takox
IIOKa3aHo, IO HASBHICTh IMEPBUHHUX i BTOPUHHUX KapbiZiB xXpoMy y
monudikoBanux Y3V O moBepxHEeBUX MIapaxX iHCTPYMEHTAJIbHUX KPHUIIH
Bimirpae cyTTeBY pPoJib y migBUIIeHHi i1 3HOCOCTi#iKOCTH [6, 7].

Ilepeniueni BuIlle mepeBaru y 3HauHiil Mipi crocyroThcsa i nmedopma-
mifinoro moaugpikyBaHHA MiKpopeabedy IIOBEPXHI Ta CTPYKTYPHO-
(a30BOro CTaHy Heip:KaBifHUX ayCTEeHITHUX KPUITh.

Hanpuxaan, B po6oti [8] mokasaHo, 110 mif vac yJIbTPasBYKOBOTO
aMinmHOBaAILHOTO 00pobiaeHHA (Y30) chepuuHuM iHAEHTOPOM KPHUIT
AISI 321 (12X18H10T) BigmOyBaeThcA IOBHE IepPeKOBYBAHHSA IIOBEPX-
HEBOTO IIIapy 3pasKiB, HmiggaHUX IomepeSHbBOMY TOUIHHIO 400 ILIi(y-
BauHIO0. Mopdosoria moBepxHi micaa Y30 cTae TeKCTypOBaHOIO MiKpo-
AMKaMi. BCTaHOBIEHO IPAMY KOPEJAIil0 MisK CII0COO0M IIOIIepeHBOTO
00po0JIeHHS TOBEPXHi, Ii mepcTricTio micasa Y30, pexxumom ¥ 30 Ta cu-
JIOI0 ajnresii: MiHiMaJbHIN HIEPCTKOCTiI Ta HAMOINBIIIOMY CTATHUYHOMY
3YCUJLJII0 MPUTHUCKAHHSA YJIbBTPa3BYKOBOT'O iHCTPYMEHTY BiAIIOBimamTh
HalIMeHIIIe cepelHe 3HAUEHHA aAre3iiiHol cKJIagoBoi cuan Teprsa. IIsm-
IKiCTh BiTHOCHOTO IlepeMiIlleHHA YJbTPa3BYKOBOIO YAApPHOTO iHCTPY-
MeHTY (3a He3MiHHOTO CTATUYHOT'O 3yCUJIIIA IPUTHUCKAHHA) BILINBAE Ha
IIePCTKicTh i cury agresii micaa Y30, npuuomMy Iei BILINUB € HEJiHi-
HUM.

Tary K TeXHOJIOTiI0 BUKOPUCTAHO B [9] mis1 00pobsieHHa Heip:KaBiii-
Hoi xkpuii AISI 304B. 3actocysarmusa UNSM crnpusaiao 3MeHIIIEHHIO I11ep-
cTKocTHu mmoBepxHi R; 3 1,7 MKM 70 1,3 MKM, )OPMYBAHHIO CTUCKAJIBHUX
Hanpy:Keub Big —635 MIIa go —1100 MIIa y mapi ma Bigcrami mo 0,4
MKM Big moBepxHi. MikpoTBepaicTs moBepxHi 3pocia 3 220 HV mo 390
HV. 3asmauaeThbcs, 1[0 IIepeBaroi TAaKoi MeToAM OOpOOJIeHHS € came
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MMOETHAHHS Y HPUIOBEPXHEBOMY IMapi BMCOKOIO PiBHS CTHUCKAJIBHUX
3aJININTKOBUX HANPYKEeHb 3 3HAUHMM 3MinHioBaadbHuUM edexrtom. Ilpu
YOMY IOHMKEHHS MOBEPXHEBUX CTUCKAIBHUX 3AJUMNTIKOBUX HAIPYKEHb
npubamnsHo Ha 60% mmig yac MUKJIIYHOrO HaBaHTAYKEHHS BifOyBaeThbCs
3a 8000 mukJaiB, a epexT 3MiITHEHHA BCe IIe 3aJUINAEThCS MiCJaa I0JI0-
BUHU KiJIBKOCTH IUKJIIB OO0 pyAHYBaHHA. MiKpPOCTPYKTypH, IO JTOCHAT-
HyTi mig gac npoiecy UNSM, Mo:xHa MOPiBHATH 3 TAKMMU BUJaAMI 00-
pobieHHA, AK APoOOCTpyMeHeBe, Jas3epHe yaapHe ado TIMOOKMM Ipo-
KaT. BudaBjieHO TaKoX MexXaHIUHO iHJIyKoOBaHe (ha3oBe IepeTBOPEHHSA
ayCTeHiTy B MapTEHCUT. ¥ IMOAPiOHeHOMY MOBEPXHEBOMY Iapi yTBOpPIO-
€ThCA MAPTEHCUT y KiabKocTi 35% i Ile 3HAUEHHS OCTYIOBO 3MEHIITY-
€ThC 3i 301IBIIIeHHAM BifjcTaHi Bif TOBepxXHi.

IagyxkoBaHe iHTEHCUBHOIO ILJIACTUYHOIO AeopMalli€io MOBEPXHEBUX
mapiB pa3oBe IEPETBOPEHHS ayCTEHITY B MapTEHCHUT, 0yJIo 3adikcoBaHe
i goa kpuii AISI 321 (12X18H10T) [10, 11]. IlopiBuaHHA pe3yabTaTiB
3aCTOCYBAHHS JIa3€PHOTO yJIapHOro oopobaeHHs Ta ¥Y3YO mgago 3amMory
BUSBUTH 3aJICKHICTh KiJIbKOCTH YTBOPEHOT'O MAaPTEHCUTY Ta MeXaHi3My
nepebiry neperBopeHHs (Y — o, abo y — € — a') Bif TpUBaJIOCTH, YACTO-
TU Ta eHeprii yaapaux immyascis [10].

ITokazaHo TakKoK, HI0 IIi ITapaMeTpM BIJINBAOTL Ha (QOpMyBaHHA
Kpucranorpadiunoi rekctypu [12] Ta, AK Hacsimok, Ha MexaHiuHi Biac-
TUBOCTi Ta pyiiHyBaHHa Kpuili 15X2HM®PA [13].

KommnexkcHUII BILIMB HAa 3HOCOCTiMKiCThL Ta KoedillieHT TepTA Kijib-
KOCTH MapTEHCUTY, iHIYKOBAHOIO JIA3ePHUM TePMiUHUM 3MiITHEHHSIM,
Ta Kapbimmoi asu (IleMeHTUTY) MOKa3aHuH i 11 KOHCTPYKI[IHHOI KpH-
i 45 [14].

Agropu [15] mocaignam BIIMB TaKMX MPAKTUYHO BAXKJINBUX iHIKEHE-
PHUX mapaMeTpPiB AK iHTeHCHBHICTH YJIbTPa3BYKOBOI'O yIAapPHOTO 00p00-
JeHHA (BU3HAUAETHCS IIBUIKICTIO yaapHOTO 0araTo00MKOBOTO iHCTPY-
MeHTy — Bimg 3 M/c 1o 8 M/c) Ta IiIbHICTIO OXOILJIEHHA IMOBEPXHi (BuU-
3HAYAEThCA AK 3arajbHa ILIOIIa 00po0JeHOi ImoBepxHi, ImoAijleHa Ha
oy gedopmaiiii, sMinoBagack B Mmexkax 3 16% 10 200% ) Ha BTOMHY
MiITHicTS HeipskaBiitnoi aycreniTaol kpui AISI 304 (08X18H10). Pos-
pobsaerno 3D-Momenb, AKUI YMOMKJIMWBUB TEOPETUYHO IIPOAHANIIZyBaTHU
3aJIMINTKOBI HANIPY KEeHHA, PO3MOBCIOMKEHHA TPIITUH Ta BTOMHHUX IIOIII-
KOIKeHb 3a PisHMX yMOB 00pobOisenHsa. OmepikaTu HallKpally BTOMHY
IOBTroOBiuHicThE 00pobseHoro 3paska AISI304 Baamocs O IIBUIAKOCTH 6
M/c Ta 200% IiIbHOCTH OXOILIEHHS 00po0aeHol moBepxHi. [Tokasano,
o ¥Y3YO mae 3mory copMyBaTH B IIOBEPXHEBOMY Iapi CTHUCKAJILHI
MaKPOCKOIIIUHI HanmpyKXeHHa BeauunHooo Ao —700 MIla ma BigcTani go
500 MKM Bijg moBepxHi.

Onrumiszariii Takux mapaMmerpiB ¥Y3VYO0 ax aMILIiTyna KOJIMBaHb KOH-
IeHTPaToOpa Ta TPUBAJICTL 00PO0IeHHA 3 BUKOPUCTAHHAM (PAKTOPHOTO
IJIaHYBaHHA EKCIIEpMMEHTIB Ha MPUKJAAlI iHCTpyMeHTaJbHOI KpHIi
AISI 02 (9T'2d) mpucssueno [16]. Ilokasano, o onTruMisoBaHi mapa-
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MeTpu Y3V O 00yMOBIIOIOTE 301IbIIIEHHST TBEPAOCTH HoBepxHi Ha ~50%
i moum:Kenna mepcrroctu Ha ~50% , 3abesnmeuyioun AK (POPMYyBaHHA
cuenu@iuyHOi TeKCTypH, TaKk i HamocTpyKTypu (280—-320 HM) B moBepx-
HeBOMY IIIapi i3 3aJUINIKOBUMU HAINPYXEHHAMMN CTHUCHEHHA Ha pPiBHI
500-700 MIIa.

TakuMm 4YMHOM, HaBeJeHi pes3yJabTaTH MiATBEPIKYIOTh e(peKTUBHICTD
3aCTOCYBaHHA YJIbLTPA3BYKOBOT'O YIAPHOTO 0OPOOIeHHA AJIA 3MiITHeHHS
moBepxHi Kpuith. IIpore y 6inblrocTi HagBHUX PoOiT 3MilTHEHHS IIOBEP-
XHi BigOyBaeThCA IMLIAXOM 00pOOJIEeHHA HA MOBiTPi, a BIJIMB iHIIUX ce-
penoBuil], SK IPABMJIO, He aHANiI3yeThcsa. Xoua, HAMPUKJIAL, Y POOOTi
[17] mocaim:KkeHO MOKJIMBICTE ITiABUINEHHSA KOHTAKTHOI BUTPUBAJIOCTH
moBepxHi Heip:xasiimoi Kpuiri AISI 321 3a qomomMoroi TepTa 3 KOB3HUM
imgeHTOpPOM B iHepTHOMY cepemoBuIli. Hacrora BiOpalrii ingenTopa, aM-
IUIiTya BiOpaillii imgeHTOpa Ta mMOCTiliHe HAaBAHTAMKEHHS iHZeHTOopa cTa-
mHoBmio 21 xI't, 10 mxMm i 170 H, BigmoBigHO. 3a TaKUX YMOB 3MIiI[HIO-
BaJIbHe 00PO0OJIeHHA JaJI0 3MOTY chopMyBaTH I'Pamgi€e HTHUH I1Tap TOBIIIH-
HOI0 10 500 MKM 3 JOCUTH OZHOPiZHOIO AUCIIEPCHOIO CTPYKTYpoo. Mo-
nndikoBaHa MOBEPXHA Mae mepcTkicts R, = 0,23 MKM, MiKpOTBepaicTh
780 HVy 025, BeINUNHY 3aJUIIKOBUX HAIIPYKEHb 6, =—540 MIla. 3mi-
ITHEeHU 00pOOJIEHHAM ITITap Ma€ 3HAUYHO BUITY KOHTAKTHY BUTPUBAJIICTD
B YMOBaX yJapHOI'0 KOHTAKTHO-BTOMHOr0O HaBaHTaxkeHHA (10° mukiis).
ITe mpoaBaseTbes y 3HauHOMY 3MeHIeHHi (3 20 1o 1-2 MKM) rinbuHm
KOHTaAKTHUX IIOIIKO/KeHb Ha ITOBEPXHi KPUIIi Ta BiICYTHOCTH JIOKaJi-
3aIlii MOIMKOIKeHb TOOTO 6iJIbIII piBHOMipHOMY PYHHYBaHHi.

BmiuB pisaux cepemoBuil o0pobsieHHs Ha Hacaigkum ¥Y3VYO moxasa-
HUH 1y ajdioMinifioBoro cromy J[16 [18], maTymi JIC59-1 [19] Ta aycre-
miTaol Kpumi 12X18H10T [20].

Taxk, naa cromy /116 [18] 3a ymoB 00po06JieHH Ha ITOBiTPi 0JHOYACHO
i3 HU3BKOTEMIIEPATYPHUMMU IIPOIlecaMu Ae()OPMAaIiifHOTO AUCIIEPryBaH-
HA 3epPeHHO] CTPYKTYpPM Ha IOBEPXHiI OPMYIOThCA MiIlHI OKCUIHI MOK-
PUTTA TOBIMUWHOIO HEeK1JIbKa HEeCATKIiB MiKpOMETPiB i mocAraeTbca 3HA-
yenua mikporsepmoctu 12 I'Tla (edpexT sminuenns 600% ). Sminmuenus B
imepTHOMY cepenoBuiili (aprox, reiaii) 1o 250% 00yMOBIIIOETHCA MOJ-
(irarmieo AUCIOKAIMifHOI CTPYKTYpPH, AepopMariiHuM (POPMYyBaAHHAM
HAaHOKPHUCTAJIIYHOI CTPYKTYPHU, & TAKOMK BUIIJICHHSIM HAHOPO3MIPHUX
npenuIiTaTis aMinHOBaNLHOIL hasu S’'-pasu Al.CuMg.

Hna sunagky aBodasuoi garyri JIC59-1 [19] mix uac o6pobenHs Ha
HOBiTPi IpoIeciB OKMCHEHHA He BUABJIEHO, TOMY TaKOl 3HAYHOI Pi3HUITI
B 3HAUEHHSIX MiKPOTBEPAOCTH MOBEPXHi 3paskiB, 00pobienux Y3YO B
cepeloBUINI rasdy aproHy Ta Ha IIOBiTpi, He cmocrepiraerbcsa. EderT
aMirnHeHHA g0 rianbuau ~1 MM Bigmosiguo carae ~180% (HVi = 2,24
I'Tla) Ta ~220% (HVie0 = 2,76 T'TIa). OcHOBHUMY YNHHUKAMU BiMiHHO-
CTU CTyIleHdA NedopMalliiiHOro 3MilTHeHHA TOBEePXHEBUX ITapiB JaTyHi ¥
pisHUX cepenoBuInax € (ha3oBi IepeTBOPEHH A, IIEPEOPieHTAIlis 3ePeH Ta
3aJINIIKOBI HAIIPYKEHHA CTUCHEHHSA.
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IITo crocyerhea aycreriTHOl Kpuii 12X18H10T [20], To eBoamoIis
MiKpPOTBEPAOCTH TOBEPXHi 3 YacOoM Mae€ NMUKJIIUHMN xXapaxkTep (3Milr-
HeHHs/3HeMillHeHHs) 3a yMoB ¥Y3VY O Ha moBiTpi (MakcuMaabHUN eeKT
3MiIMHeHHA cTaHOBUTH =3 pasu — 5,7 I'lla) Ta mapaboaiuuuit — mpu 00-
pobsenni B rasi aproni (4 I'la). OcobauBicTI0O MiKPOCTPYKTYPH KPHUIL
micaa Y3YO Ha moBiTpi Ta B aproxi € GopMyBaHHSI HETUIIOBUX KOMipua-
CTUX CTPYKTYP 3 poamipom Komipok 200—700 am. JocuTs meTaabHO 00-
TOBOPIOIOTHCA TaKOK 0COOJIMBOCTI (hopMyBaHHSA MapTeHCUTY AedopMa-
mii, AKX YMHHNKA HAaHOKPHCTAJIi3allil moBepXHEBUX INIapiB Heip:KkaBiii-
Hux Kpuns apu I11]] 3a ymoB 6araToKpaTHOTO YIAPHOTO HABAHTAKEHHA.
Tak micaa Y3YO Ha moBiTpi HA peHTIr'eHOTrpaMax OKpiM AudpaKIiiHMX
MaKCUMyMiB Bix vy-aycreHiTy 3’ABIA0OTBCA pediexkcum Bim o'-
MapTeHcuUTy. JlocUTh HE3BBUUHUM € Te, III0 MaKCUMAaJbHa 00’eMHa YacT-
Ka o'-MapreHcuTy (iHTeHCHUBHICThP MaKcHMyMiB o'-dasu) (ikcyerbes
micasa Y3YO supogor:x 50 ¢ (54% ), a moTiM BOHA BHUIKYETHCA 3 POCTOM
rpuBasoctu ¥Y3YO (mo 16% micaa 250 ¢). ¥V BunagKy iHepTHOTO cepeno-
BUINA, Ha BiAMiHY Bij TeHAeHI[II 3MeHIIIeHHSA KiJIbKOCTH MapPTEHCUTY,
cuocrepe:xyBanoi mpu ¥Y3YO Ha moBiTpi, BifOyBaeThLCA IIOCTYIIOBE 3POC-
TaHHA iHTEHCUBHOCTH MAaKCHUMYMiB o'-MapTeHCUTY. ABTOPU BUCJIOB-
JIOIOTH IIPUITYIITEHHA, IO Ile OB’ sI3aHO0 3 MEHI 3HAYHMUM po3irpiBaH-
HAM 3paska mig yac ¥Y3¥Y O 3a paxyHOK IIOCTiHfHOI mogaui ra3y KiMmHaTHOI
TeMIepaTypu y 30Hy 00pOOJIeHHS, 110 MiATPUMYy€E MEHIITY TEMIePaTypy
TIOBEPXHEBOTIO II1apy, HisK y Bunagrky ¥y3YO0 Ha mosiTpi. A oT:Ke, BigcyT-
Hi YMOBWU AJI 3BOPOTHOTO 0. —> Y-IIEPETBOPEHHA.

TaxuM YMHOM, MeXaHi3MU 3MiITHeHHsS BHACJIILOK 00pOOJIeHHSA B pPis-
HUX CepeloBUIIaX CYTTEBO BiIpiBHAIOTHCS, a OJHI€I0 3 MOKJIUBUX IIPU-
YWH 3MiITHEeHH IIiJ €0 iHTeHCMBHOI IIJIacTUYHOI gedopmailrii moBepxui
CTOMIB Ha MOBITPi cTae IpoIlec MeXaHOXEMIiUHOTO OKUCHeHHA. Tomy,
METOIO JAHOI poOOTH € MOPiBHAJbHA aHATI3a MEeXaHIUHNX XapaKTepIcC-
TUK, (a30BOT0 CKJIaAy, 3aJUIITKOBUX MAaKPOCKOMIUHUX HAIIPY:KEeHb,
MopgoJiorii Ta TpuOOJOTIUHMX BJIACTHBOCTEH MHOBEPXHi Heip:kaBiliHOI
Kpuii 40X13 mig giero yabTpasByKOBOTO YAAPHOTO OOPOOJEeHHS B Pis-
HUX cepemoBUIax (IIOBiTpA, aproH).

2. METOOJUKA EKCIIEPUMEHTY

O6pobieHHIO TigmaBamuca 3pasku Heip:xkaBittnol Kpumi 40X13 (Tabui.
1), aKi BUroTOBIANANCA Yy BUTJIALL Muainapis piamerpom 10 MM i Buco-
oo 5 mm (0,1 mMM) 3 rapadyekaranmx MPYTKiB i migmaBasmmcs
oM’ AKIITyBaJIbLHOMY TepMiuHOMY 00po0enHIo 3a TemaepaTtypu 800°C.

YiabpTpa3ByKoOBe yaapHe o0po0JeHHA 3pas3KiB Ha HMOBiTpi Ta B iHepT-
HOMY cepemoBHUIli (aproH) mpoBoauiaoch Ha mpuiaani ¥Y3I'-300 [18-20].
AmniTyna Topla KOHIIEHTpaTopa cKjaamana A = 25 MKM, TPUBAJIiCTb
o0pobaenns BapiroBasaca Big 30 mo 100 c. B mporeci HaBaHTaKeHHA
3pasok ogepxysas 10*—10° ymapis.
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TABJINIIA 1. Xemiunuit ckaazn Heipsxkasiiinol kpuii 40X13 (Bar. %).
TABLE 1. The chemical composition of stainless steel AISI 420 (% wt.).

Fe | Cr c | s | Mo | N | s
84 12-14  0,35-0,44 0,6 0,6 0,6 0,025

BumipioBarHsa MiKpoTBepaocTH IIpoBoamaochk Ha npuiani IIMT-3 za
MeTomoio Bikkepca iz HaBanTa:kemuam 100 r.

Hocaimxennsa mopgdoJiorii moBepxHi TPOBeIEeHO 3a AOIMIOMOTOI0 OITU-
4yHOTO iHBepTOoBaHOro Mikpockomy Meiji Techno cepii IM-7000 i3 36i-
apmieHHaM X200 ta x500 kpar.

BuwmiproBanHa Tomorpadii moBepxHeBUX ITapiB KPUIli Ta KijJbKicHa
OIliHKa pesibe)y HTPOBOAMJNCH Ha iHTep(epeHIlifiHOMYy IIpodisomerpi
«Micron-alpha» [21].

PeHnTr'eHOCTPYKTYpPHY (PA30BY aHaJIi3y HNPOBEIEHO 3 BUKOPUCTAHHAM
mudppaxromerpa Rigaku Ultima IV, 3 rpagiToBuM MOHOXPOMATOPOM, ¥
migaomy BunpominenHi (\CuK, = 0,15418 um) 3a cxemMo0 OKYCYBaHHS
Bperra—BpeHTano. YMO0BU IPOBEAEHHS JOCIiAKeHb: iHTepBaJ KyTiB 20
= 20°-120°, xpoxk 3itomku — 0,04°, uac BUTPUMKH B TOUIli — 2 C; TPU-
BaJIicTh 3IOMKM OgHOTO 3paska — 90 xB.

Amnajiza oep:xaHnX PEHTIeHiBCbKUX CIEKTPIiB Ta IPOBeAeHHA Kilh-
KicHOl Ta AKicHOI ()asoBOi aHaJi3M 3/AilficCHEHO 3 BUKOPHUCTAHHAM IIPO-
rpamuoro 3abesmeueHHa PDXL, mixkHapomuoi 0asu gaHux au@paririi
ICDD (PDF-2) Tta Binkpuroi 6a3u kpucranorpadivuaux ganux COD. Po-
3paxyHOK po3Mipy obuacrteit korepenTHoro posciauua (OKP) ra cryme-
HIO AedopMalril KpucTaaiyHol I'paTHUII] IIPOBeeHO 3a MeTO10I0 XO0JIe-
pa—Baruepa. KinbKicuHa ¢asoBa anaimiza mpoBemeHa wmertomoo RIR
(Reference Intensity Ratio), aka mosasarae y mopiBHSHHI BigHOIIIEeHHS
iHTeHCHBHOCTEHN HaNOLILIN CUILHNX pedeKciB hasu i KOPYHAY B iX cy-
MiIlli 3 MACOBUMU YaCTKAMMU.

BusnaueHHsa BeJIMUYNHU HAIPYKEHb 1-T0 POy Gr V BUXimTHOMY cTaHi
3paskiB Ta micaa Y3YO B pisHuX cepemoBUIIlaX IIPOBEIEHO METOLOIO0
sin?y 3 BUKOpuUCTaHHAM Audpariiiinoro makcumymy (211) 3a 3HaueHb
kyra y =0, -10, —20, —-30, —40. O6pobIeHHS O/lepPKAaHNX CIEKTPiB IIPO-
BeJleHe 3 BUKOPUCTAHHAM IporpaMmuoro 3abesneuenns Rigaku. i po-
3paxyHKY BEJIMUNHU HATIPY:KeHb 1-T0 POy BUKOPUCTAHO 3HAUEHHS MO-
nyno IOura E = 214 I'lla Ta koedinienTy Ilyaccona u=0,3.

TpuboJsoriuni gocaigKeHHA MPOBOAUJINCHL 3 BUKOPUCTAHHAM MAaIIll-
Hu TepTa «Micron-tribo» 3a cxemom0 «KyIA—AUCK» («KYyJIA—IIJIOIIHA»)
(ball-on-disk) 3a ymM0B 3BOPOTHO-IOCTYIIAJIBHOr0 PyxXy. BumpoOyBaunusa
3pasKiB 3a TeMIepaTypu HaBKOJUIIHLOTO cepemoBuIia 24°C i BizHocHOI
Bosioroctu ~50% . B AKOCTi KOHTPTijIa BUKOPUCTOBYBAJIN KPUIEBY KY-
apKy (IIIX15) gismerpom 3 MM, HaBaHTaKeHHA craHoBuyo 1 H, a Kinb-
KicTb 3BOPOTHO-TIOCTYNANBLHUX PyxXiB 400 1tuKIiB.
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3. PESYJIBTATH TA IX OBTOBOPEHHSA

Ha pucyury 1, a HaBeleHO 3MiHy MiKPOTBEPAOCTH Heip:KaBifHOI KpHUILi
40X 13 B 3ayexuocTi Big TpuBagocT ¥Y3YO B pisHUX cepefOBHUIIAX.

3a ymoB Y3YO B iHepTHOMY cepemoBHUIIi BigOyBaeThCSA IIOCTYIIOBE
3pocTaHHA MiKpoTBepaocTu Bix 2,4 I'Tla, y Buximmomy cTaHi, 10 MakCcH-
MaJibHOrO 3Hauenua 5,8 I'lla 3a TpuBamocTu obpobienua 70 c. IToga-
JbIIe 30iJbINIeHHA TPUBAJIOCTH O0POOJIeHHA IIPUBOAUTDL A0 MOUATKY pe-
JaKcallifHuX mpoIieciB i sMeHmeHHa MikporBepgoctu. Ilix vac ¥Y3YO
Ha HOBiTpi cmmocTepiraeThbes OLIBIN iHTEHCHBHE Ta IIBUIKE, HijK 3a YMO-
BU BUKOPUCTAHHS iHEPTHOTO CEPEIOBUIIA, 3POCTAHHA MiKPOTBEPAOCTH.
Maxcumanbue 3HaueHHA B 6,9 I'lla dixkcyerbesa Bixe micaa 50 ¢ 06poo6-
JIeHHS HA MOBiTpi. I3 mogaabIiiuM 30iIbIIeHHAM TPHUBAJIOCTH 00PO0IeH-
HS MiKpPOTBEpAiCTh MOUYMHAE 3MeHIITyBaTuch i miciaa 100 ¢ gocArae Toro
JK caMoro 3HAUeHHA, 110 i B iHEpTHOMY cepeIoBUIIli 00pobIeHHA.

Cain BigmiTuTu, o micaa Y3YO0 Ha moBiTpi yupomos:x 50 ¢ B mosep-
xHeBoMYy Imapi Kpuili 40X13 mocsaraeTbcs 3HAUEHHS MiKPOTBEPAOCTH,
XapaxkTepHe AJd rapTyBanud Bif Temuepatypu 980°C 3 oxXomomKeHHAM
Yy MAacJIo.

3i goinpirenaam TpuBagocTu ¥ 3YO0 AK Ha moBiTpi, Tak i B iHepTHOMY
cepemoBUIIi BimOyBaeThCA 30iJIbIITEeHHA CTUCKAILHUX HAIPYKeHb (puc.
1, 6) 10 IPaKTUYHO OAHAKOBOTO PiBHA o ~ —3—3,5 I'Ila 3a 70 ¢ 06po0-
geunsd. Iloganpiine 30iJbIIIeHHS TPUBAJOCTH OOPOOJIEHHS CYIPOBOIIKY-
€ThCA 3MEHIIeHHAM ITUX 3HaUeHb /0 BuxigHoro piBHA. Ileil pesyabrar
Ia€ 3MOr'y 3pOoOMTH BMCHOBOK, III0 (DOPMYBAHHS CTUCKAJIBHUX HAIPY-
JKeHb B IIOBEPXHEBOMY IIapi € OHUM 3 JOMiHYBaJIbHUX YMHHUKIB 3MiIL-
HeHHJ 3a JaHUX YMOB 00p00JIeHHS, OHAK He IIOSICHIOE BiAMiHHICTE MixK

=

= 7 = 0

S ~

>,_‘6. bx_I_

T =

A 54 jus] _g

g g

=44

2 s s
=]

g g

2 T 4

= 0 20 40 60 80 100 0 2 40 60 80 100

Tpusanicts 06pobrenas, ¢ Tpusanictes 06pobnennsa, ¢

Puc. 1. 3mina mikporBepaocTu (@) Ta 3aJUITKOBUX HATIPYKeHb (0) B Heip:kaBiii-
Hilt kpuii 40X 13 micasa Y3V ua noBiTpi (0) Ta B iHepTHOMY cepeIoBHUIIIi (m).

Fig. 1. Change of microhardness (a) and residual stresses (6) of AISI 420 sam-
ples after UIT in the air (o) and in the inert media (m).



MOON®IKAIIIS IOBEPXHI HEIPAKABIMHOI KPUIII 40X13 1125

8 2

Puc. 2. Mopdooris moBepxHi Heip:kaBitinoi kpuili 40X13 micaa ¥Y3V0:a — B
aprosi, T = 70 ¢ (x200); 6 — B aproxi, T = 70 ¢ (x500); 6 — Ha moBiTpPi, T=50C
(x200); 2 — ma moBiTpi, T=50 c (x500).

Fig. 2. Surface morphology of AISI 420 stainless steel samples after UIT: a—
in the inert media, 1= 70 s (x200); 6—in the inert media, t = 70 s (x500); 6—in
the air, 1= 50 s (x200); z—in the air, 1= 50 s (x500).

MaKCHUMAaJbHUMHU 3HaUeHHAMU MiKkporBepaoctu B 1 I'lla nis pisaux ce-
penosuiy 00pobenua. KpiMm Toro, 3 oraany Ha BimoMuit B3a€M0O3B’ A30K
MiX TBEPiCTIO Ta BeJIMUYMHOIO MexKi minuaHocTr MaTtepiary (HV ~ 360,2)
oJlep:KaHi BeJIMUNHY BUTJIAAAIOTHL 3aBUIIIEHIMMU, IO CBiAYNTh PO HMO-
BipHMI BHECOK iHINMNX YNHHUKIB (HAIPUKJIAI, HATBHOCTH OKCUIAHUX YN
KapOigHUX BKJIIOYEHD YU ITTapiB).

[ momaablInX MOCTimKeHb 00paHo camMe 3pa3Ky 3 MaKCUMaJIbHUM
3HAUEeHHAM MiKPOTBEPAOCTU, AKe Ha HmOBiTpi mocsaraetrbesd 3a 50 ¢, a B
imepTHOMY cepemoBuili — 3a 70 ¢ 00pobsienusa. Ha pucyuky 2 mpezicra-
BJIEHO Pe3yJbTaTH OITHUYHOI MiKpocKomii 11omo Mopdosorii moBepxHi
caMe X 3paskiB Heipskasitinoi Kpui 40X13.

ITicna Y3YO B iHepTHOMY CepeJOBUIIli TOBEPXHA MAa€ CBiTINI KOJIip i
€ 6isbImI rmagkoio (puc. 2, a, 6), HisK mpu o6pobJieHHI Ha ToBiTPi (pucC. 2,
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8, 2). Temumit Kojip micas o00poOJieHHS Ha MOBITPI MoKe OyTH
OB’ A3aHUI 3 IPOI[ECOM MeXaHOXeMiuHOIr0 OKMCHEHHSA MOBEPXHi B IIPO-
meci ¥Y3VYO, ak e coocrepiraiocs panimie B [22].

Ha pucyuky 3 npeacTaBiieHO ABOBUMipHI Tomorpadii moBepxHi 3pas-
KiB, 3a AKMMU IPOBeIEeHO KiJIbKICHY OI[iHKY pesibe()y 3 BUKOPUCTAaHHAM
napameTpiB mepcTrocTu R, Ta R.. Po3paxyHOK IIUX mapaMeTpiB IpoBe-
IeHO 3a II'AThMa IIapajieJIbHO PO3TAIIOBAHMMHN 0A30BUMH JIiHiAMHU B
MeKaXxX 3apeecTPOBAHUX AiIAHOK. ¥ BUXiTHOMY CTaHIi MIEPCTKiCTh IIOBE-
pxHi cranoButh R, = 0,093 MmKM, R, = 0,267 MKM, a micaa Y3¥YO B iuep-
THOMY CepPeIOBUIIi 3a TpuBajJocTH 00pobdaena 50 ¢ BigdbyBaeThea il Mo-
mudikaiia i 1mi sHaUueHHa cTaoTh MiHiMmaabauMu — R, = 0,023 MKM Ta

iy
100

a
0101562025

0 50 150 200
8

Puc. 3. [IpoBumipHi Tomorpadii moBepxHi Ta 3MiHa mapaMeTpiB IIEPCTKOCTHU
moBepxHi Kpuili 40X 13 y BuximHomy crtaHi (@) Ta micas yabTpasByKOBOTO yiaa-
pHOro BILIUBY B imepTHOMY cepemosuiii (t = 70 ¢, A = 25 mKkMm) (6) Ta Ha moBiTPi
(t=50c, A=25mMKM) (8).

Fig. 3. Two-dimensional topographies and surface roughness parameters of
AISI 420 stainless steel samples in the initial state (a) and after UIT in the
inert media (t=70s, A= 25 um) (6) and in the air (1=50s, A =25 um) (8).
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R.=0,065 mxM. 3a yMOB 00pO0JIEHHS Ha IIOBiTPi, HaBIaKM, Bif0yBa€Th-
cs 301JIBIIIEeHHS IIIePCTKOCTH moBepxHi mo R, = 1,895 mxMm, R, = 5,091
MKM, TOOTO ()OPMYETHCS MOBEPXHA 3 PO3BUHEHUM PebedoM Ta HeOTHO-
PiIHOIO CTPYKTYPOIO.

Ha pucynky 4 HaBemeHO pe3yabTaTH TPHUOOJOTIUHUX JOCTiIKeHb
3pasKiB, a camMe OIITHYHA MiKPOCKOIIis chopMOBaHUX OPiKOK TEepPTH Ta

Puc. 4. Ontuuna MiKpocKoImis copMOBaHMX MOPiKOK TepTd Ta BigmoBimmi
3MiHU cuJIU TEePTA MOBepXHi Heip:kasiitnoi kpuni 40X 13 y Buxigaomy cradi (a,
0) i micaa Y3YO B inepTHOMY cepemoBuiti (t= 70 ¢, A = 25 MKM) (8, 2) Ta Ha TIO-
BiTpi (t1=50c, A=25mKm) (0, e).

Fig. 4. Optical microscopy of the formed friction tracks and corresponding
changes in the friction force of AISI 420 stainless steel samples in the initial
state (a, 6) and after UIT in the inert media (t= 70 s, A = 25 um) (8, 2) and in
the air (t=50s, A =25 um) (0, e).
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BiZTIOBiAHI 3MiHM CHJIM TePTs, 3aPEECTPOBAHI IIiT yac BUIIPOOyBaHb 3pa-
3KiB mHeipskasiitnoi kpuri 40X 13 y BuxigHoMy cTaHi Ta Iiciia yJabTpas-
BYKOBOTO YJApHOTO BILIMBY B pPi3HmMX arMoc(depax obpobuenHsa. llami
oIepsKaHi 3a YMOB cyxoro TepTs KpuiieBoi Kyabku (I11X15) giamerpom
3 MM 3 MTOBEPXHAMM [IOCJHIJKYBAaHUX 3pasKiB 3a YMOB 3BOPOTHO-
nmoctynanabHoro pyxy (400 nmukaiB) 3 HaBanTakenuam 1 H. YmoBu mpo-
BelleHHsA BUIPOOYBaHb OyJIM OJHAKOBI /1A BCiX 3pasKiB 3 BUKOPUCTaH-
HAM ofxHOoTo KoHTpTinma. Ilicasa mpoBemeHHA KOMKHOTO BUIIPOOYBaHHS
KyJbKa IIpOBepTaiiach TakK, IMO0 KOHTAKT 3 JOCJIMKYBAHUM 3PasKoM
BimOyBaBCs Ha HOBil, He 3HOIIEHI JiIAHII KOHTPTiIA.

PesyabTaTi TpuOOJIOTIUHMX AOCHiIMKEHb IIOKA3aJIN, IO IIPOIleC 3HO-
NIyBaHHA KOHTaKTyBaJIbHUX Map icTOTHO BigpisHaeThca. Tak, Ha moya-
TKOBOMY eTalli, cijia TepTsa HNPaKTHUYHO OJHAKOBA IJIS BCixX 3pasKiB i
craHoBuThL npuban3uao 100 mH. Aje Bike mpubansHO mmicas 15 mukais
IJIs 3pasKa 3a YMOBU 0OpOOJIeHHS B iHepTHOMY cepenoBuiili Ta 20 IuK-
JIiB IJIsI 3pas3Ka y BUXiTHOMY CTaHIi cmocTepiraeThbes 3HaUHE 301/ IbIIIEHHST
CUJIU TEPTA 3 KOKHUM HACTYIHHM ITMKJIOM, KA JOCATAE€ MAKCUMAJb-
Hux 3Hauvens 500 mH ta 600 mH, BigmoBigmo. ITpu uomy 3a yMOBU 00pO-
OJIeHHS B iHEPTHOMY CEPEeIOBHUIIi, CHUJa TEePTs Aaji IPAKTHYHO He 3Mi-
HIOETHCS BIOPOJOBK E€KCIEPHUMEHTY, a IJsd 3paska y BUXIZHOMY cTaHi
crocTrepiraernsced ii smenensa 1o 500 mH micia 160 mukais i3 macTyn-
Hoto crabimizariero. Toai Ak micas Y3YO ma moBiTpi cuia TepTs IOCTY-
moBo 30iabpiryerbeda Big 100 mH mo 200 MH BIIpomoB:K BChOTO €KCIIEPU-
meHTy. To0TO, 00p00IeHHA Ha OoBiTPi moBepxHi Kpuili 40X 13 mae 3mo-
Ty CYTTE€BO B3MEHINNTH CHJY TepTsd B IIapaxX TepTsa 3i 3BOPOTHO-
MOCTYIATBLHIM PYXOM, IO B KOMOiHAINIl 3i 3MiITHEHHAM IIOBEPXHEBUX
1IapiB, Mae CIPUATH CYTTEBOMY HMOKPAIIeHHIO eKCILIyaTallifHuX BJac-
THBOCTEM BIPOOiB Ta 3MEHIIIEHHIO 3HOCY KOHTAKTYBAJILHUX Iap TePTA.

IIlepcTKicTs MOBepXHi, 301MbIIEHHA AKOI (PAKTUUYHO Bege M0 3MEH-
IIIeHH ILJIOIII KOHTAKTy Mi)K MOBEepXHAMM, MOKe OYyTH OSHUM i3 UMH-
HUKiB, II[0 COPUSAIOTL 3MEHIIIEHHIO CHJINA TEPTA Y BUIAAKY 00OpPOOIeHHS
Ha moBiTpi. Ile Kopesioe 3 fTaHMMU ITiJIoTO pALY pobiT[2, 3, 6, 14].

IIpo mosuTHMBHUY BIJIUB Ha TPUOOJIOTIUHI XapaKTEePUCTUKU ITOBEPXHI
PeryJasapHOro MiKpopeabe(y, 10 CKJIANAEThLCA 3 BUCTYIIIB i 3amanH 3 Be-
JUKUM PagilocoOM 3a0KPYTJIEHHA, 0yJI0 TaKOK IMOBimoMIeHO y poboTi [2].

Adpyrum cyTTeBUM YMHHMKOM € CTPYKTYpPHO-(asoBUil cTaH MOBEPX-
HEBOI'0 IMIapy, AKUHI MU PO3TJITHEMO Ha OCHOBI aHAJIi3M PEHTI'€HOCTPYK-
TYPHUX JaHUX, a caMe — 3MiH CTyHeHIo Aedopmarrii Kpucrasriuuoi rpa-
THUIIi, po3Mipy obiaacteit korepenTHOro poaciauusa (OKP), mapamerpy
Kpuctasiunol rpatTHUIli o-Fe, a Takox BmicTy pisHuX (a3 B Heip:KaBiii-
Hit Kpuii 40X13 micaa Y3YO0 Ha moBiTpi Ta B iHEpTHOMY cepemgoBUIITi
(puc. 5).

Cryninp medopmarii kpucrandiunoi rparuaumi a-Fe (puc. 5, a) MmoHO-
TOHHO 30iyibIntyeThes 3 0,08% y suxignomy crani go 0,21% Tta 0,25%, B
mporieci 00po0bIeHH Ha IOBIiTPi Ta B iHepTHOMY cepemoBHIIli, BiAIIOBiAHO.


https://doi.org/10.1016/j.wear.2020.203494
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Poamip obsracTeii KorepeHTHOTO po3cissHHA (puc. 5, 6) 3a yMOB 00p00-
JeHHA B iHEPTHOMY CepeZIOBUIIi Ta Ha IIOBiTPi MOHOTOHHO BMEHNTYETHCH
3 ~500 uM y Buxigmomy ctaui mo ~200 um ta ~300 uM, BigmoBigHO.
3MeHIIIeHHA PO3Mipy 3epHa y HOBEPXHEBOMY ITTapi MO3UTHUBHO BILINBAE
Ha TPpUOOTEeXHiUHI XapaKTepUCTUKY, IIiABUIYIOUN 3HOCOCTIHKICTD i mo-
HUKYIOUY CUIIY TePTs, AK ITe MOKasaHo Ay Kputti 45 [23, 24].

3a yMOB 00po0JieHHA B iHEPTHOMY CepeZOBHIIi BifOyBaeThCcsa 30iJb-
NIeHHs TapaMeTpa KpucTaJiuHol rpatHuili o-gasu Fe Big BuximHOro
sHaveHHsa a = 0,2864 uam 10 a = 0,28 74 HM y TOBEPXHEBOMY iHTEHCHUBHO
medopmoBaHoMYy Iapi micaa ¥Y3YO yuponos:x 50 ¢ 06pobienHsa (puc. 5,
8). Iloganbitie 30iIbIITeHHA TPUBAJIOCTH 00POOIEeHHA 00YMOBIIIOE 3MEH-
ITeHHA Iepiogy KpucTariunoi rpatauii a-gasu m1o a = 0,2870 M i Ha-
JaJIi B2Ke CYTTEBO He 3MiHIOETHCS.
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Puc. 5. Crynins gedopmartrii Kpucrandiuuoi rpaTHuiii (a), posmip obsacreit Ko-
TepPeHTHOTro po3ciguHsa (0), mapaMerp Kpucraniunoi rpatuuti a-Fe (8) Ta BmicT
kapbimuux ¢as FesC, CrasCe (2) B Heipskasifiuiit Kpuii 40X13 nicaa Y3VO Ha
moBiTpi (©) Ta B iHEpTHOMY cepenoBuIIli (m).

Fig. 5. The lattice strain (a), crystallite size (6), lattice constants of a-Fe (8)
and content of carbide phases FesC, Cra3Ce (2) in AISI 420 samples after UIT in
the air (o) and in the inert environment (m).
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IIix vac o6pobIeHHS Ha MOBITPi XapaKTep 3MiH mapaMeTpy KPHCTAaJTi-
yHOI r'paTHHUIN o-pas3u Mae IMUKJIiYHNN XapakTep (puc. 5, 8). Ak i B ixe-
PTHOMY cepemoBUIIli, BxKe micasda 50 ¢ 06pobdaeHHs mepio s r'paTHMIi 30i-
JBIIyeThCA i cTaHoBUTE a = 0,2874 M, npote micasa 70 ¢ o6pobaeHHs
smeHIIyeThesa mo 00,2866 HM i gocarae MaKCHMAJLHOTO 3HAUYEHHS
0,2878 um micaa 100 ¢ 06pobieHHA.

Bwmict xapbizaux das FesC, Cr:3Cs B iHepTHOMY cepemoBHUIIi 00po0-
JeHHda 3poctae 3 9% Bar. y Buxigunomy craui g0 18% Bar. micius 70 ¢ 00-
pobaennsa (puc. 5, 2), 110 BiAIOBiZae MaKCUMAaJIbHOMY 3POCTAHHIO MiK-
poreepaoctu. Ilomaabiie 30iJIbIIIeHHS TPUBAJIOCTH O00POOJIEeHHA 00yMO-
BJIIOE 3MEHINIEHHs BMicTy Kapbigaux das mo 11% Bar. 3a ymoB 06po0-
JIeHHS Ha MOBiTpi 3MiHM KilbKocTH KapOigHMX (a3 MaOTh aHAJOTIYHUH
xXapaxTep, ajie MaKCuMaJIbHUH BMicT rtux ¢as 14% Bar. Qpikcyerbes mi-
casa 30 ¢ oO0pobIeHHsA, a 3 MOJAJNBIINM 301JIbIIMEHHAM Yacy IIOCTYIOBO
3MEHIITYEThCS MO 3HaUeHb Buximmoro crany. IlogioHi edekTn 3MiHN Ki-
JBKOCTHY BTOPUHHUX Kap0OiliB crrocTepiraancs BOIPOAOBIK ITOBEPXHEBOTO
00pobsenHa anpodoom (SMAT) xpumi IIIX15 [5], repTa [23], a TakoK mmix
yac ¥Y3YO0 y koucTpykKIifinoi kpuili 45 [14] i incTpymMenTambHOI KpuUIri
X12M® i3 BuCOKUM BMicTOM Xpomy [6, 7].

SKIMo MOPiBHATH HaBeAeHi JaHi IJsd 3pa3KiB 3 MAKCUIMAaJIbHOIO TBEP-
JicTIO V Pi3HUX cepedoOBUINAX, TO MOKHA 3POOUTH BUCHOBOK, IO IIPO-
aHaJIi3oBaHi mapaMeTpu HaBPAJ UM OOYMOBJIIOIOTH e(eKT OiIbIll 3HAU-
HOTO 3MiITHeHHA Ha moBiTpi. KMo mopiBHIoBaTy ix 3Hauenua nasa 50 ¢
00pobaenHs Ha moBiTpi Ta 70 ¢ B aproui, To 1A PisHUIA IJA CTYIIEHIO
medopmarnii ckiagae 0,015% , posmipy OKP — 100 uM, KinbKocTH Kap-
oigaux pas — 5% Bar. IIpuuomy posmip OKP € menimum, a KiabKicTb
3MIiITHIOBAJILHUX KapOigHUX (has € BUIIOI0 caMe JIJsS iHepPTHOTO cepeo-
BUIIIA.

Posrasmemo OinbII JOKJIALHO 3MiHM (pas3oBoro cKJaany micas Y3YO.
Ha pucynky 6 HaBemeno nudpaxTorpaMu 3pasKiB Heip:kaBifiHOI Kpuiri
40X13 micia yapTpasBYKOBOTO YAAPHOTO BILINBY B PisHUX aTMochepax
o0pobaenns. Ilicasa oOpobjeHHsS B aprodi (QikcyroThbcsa AudpakIiiHi
makcumymu Bixg OIlK-zanisa Ta xapbixis 3amisa i xpomy (puc. 6, a, 0)
TAKOK AK i Ha AudpaxkTorpamMax 3paskiB y Buximmomy crami. Cmocre-
pexyBaHe 30iJbIIeHHA (Pi3MUYHOTO POIMIMPEHHS AUPPAKIIAHUX JIiHii
Big MaTpuuHOI 0-(has3u CKOPIII 3a BCe 00YMOBJIIIOETHCSA BEJINKOIO KiJIbKi-
cTi0o JeeKTiB (BHCOKOIO IMiJIBHICTIO AUCJIOKAIiil) Ta JedopMalliiiHOIO
dparmenraiiieio cyoseperanoi cTpyKkTypu (smenieaaam OKP).

Ocob6auBicTiO 00pO0IEHHS Ha MOBiTPi, Ha BimMiny Big Y3YO B iHeprt-
HOMY cepemoBUIIi, € ()OPMYyBaHHA OKCHIIB 3ajiza Ta Xpomy, Audpak-
IMifHI MaKCUMyMU SKUX MOKHA mobauuTu Ha puc. 6. B Tabauili 2 mase-
IeHO CTaHJAPTHI eHTaJbIIil YTBOPEHHS OKCHUIIB 3aJi3a Ta XxpoMmy, AKi
OiATBEePAKYIOTh, 110 HaMOLJIBII BiporifHUM € (opMyBaHHA caMe TaKuX
das, gk Fe;0, Ta Crq0s.

PesyabpraTu KinbkicHOI aHasisu (asoBoro ckjany HeipskaBiiHOL
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kpuri 40X13 y BuxigHoMy cTaHi Ta micasa yIbTPasBYKOBOTO YIapPHOTO
BILIMBY B Pi3HHX aTMocdepax oOpoOJIeHHs 3a PeKUMIiB, IJId AKUX Xa-
pPaKkTepHe MaKCUMaJibHEe 3HAUEHHS MiKPOTBEPIOCTH, CBiIUMUTH IIPO HA-
crynre. KinskicTes a-Fe smenmyernsea 3 91% sar. go 82% Bar. micuas
00po0/IeHHA B iHepTHOMY cepemoBuIili Ta 10 77% Bar. — Ha mosiTpi. Ile
BiIOyBaeThCsA 3a PaXyHOK 3POCTaHHA BMicTy KapOigHux (a3 B iHepTHO-
My cepenoBuiii 3 9% Bar. 1o 18% Bar. O6po0JieHHA HA IOBiTPi aKTHUBI-
3y€e IIPOIleC MeXaHOXEeMIiUHOro OKMCHEHHS IOBepXHi Heip:kaBiliHol
Kpuiri 40X13 3 popMyBaHHAM OKCHIIB 3aji3a Ta XpOMY B IIOBEPXHEBO-
My miapi, BmicT axkux craHoBuTh 17% Bar. Ilpu mpomy IIpoiiecu yTBO-
peHHA KapOigHMX (pas IPUTrHiUyIOThCA, Hicad Y3YO Ha moBiTpi ixX Kian-
KicTh cTaHOBUTL Jauiie 6% Bar., I0 HaBiTh MeHIIE HijK y BHUXiZHOMY
craui (9% Bar.).

B ocHoBi MexaHiuHOTO0 BIIuBY mIig uac Y3YO jgexaTh CKJIAIHI JUCH-
HaTUBHI IPOIlecH, MEeXaHi3MH AKUX Ha aTOMHO-MOJIEKYJIIPHOMY i eJIeK-
TPOHHOMY PiBHi posriamaioTbea B oryani [28]. g auHaMiuHOTO KOH-
TaKkTy KpuiieBoro 6oika (kpuna [11X15) 3 moBepxHeo MeTany xapaxkTe-
PHe ypuBUacTe JIOKAJbHE IIiIBeJIeHHs MeXaHiuHol eHeprii, ii poaciro-
BaHHA Ta MoTJIMHaHHA. [Ipu mboMy 3HayHa YacTHA MeXaHIYHOI eHepril
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¥Y3VYO B ineprHOoMy cepemosuiri (t = 70 ¢, A = 25 MmKMm); 6 — micaa Y3YO Ha mo-
BiTpi (t=50c¢, A =25 MKM).

Fig. 6. XRD patterns of AISI 420 stainless steel samples: a—after UIT in the
inert media (t =70 s, A =25 um); 6—after UIT in air (t=50s, A =25 um).
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TABJINIIA 2. CraugapTHi eHTaNbIIi] YTBOPEHHS Ta TBEPAiCTh OKCHUIIB 3aJisa i
Xpomy.

TABLE 2. Standard enthalpies of formation and hardness of iron and chromi-
um oxides.

Crooanyka | FeO ‘ Fe 03 Fes04 Cr20s | JlitepaTypa
AH 1908, &[0k /Mmons  —272,0 -822,1 -1118,4 -1128,0 [25, 26]
HV, MIla* 7130 6894 [27]

“T'BepaicTh BU3HAUEHO 3a MeTOL0I0 BikKepca i3 HaBaHTaKeHHAM 1 Kr.

TpaHC(HPOPMYETHLCSI B PiBHOMAHITHI ITOBEPXHEBi IIPOIECH, BKJIIOUAIOYU
r'eHepalliio CTpyKTyPHUX JedeKTiB Ta XxeMiuHi peakIiii 3 hopMmyBaHHAM
BTOPUHHUX CTPYKTYp. BBaKaeThcs, IO OCHOBHUM THUIIOM nIedeKTis,
BiAIIOBiAJIPHUX 3a XeMIiUHY aKTHBHICTH Ta OKMCHEHHS IIOBEPXHi Mera-
JiB € mucJorarii, migsHicTs axux B mpolieci ¥Y3YO gocsarae BUCOKUX
sHaueHsb (= 101°-10'" cm2).

MexanoxeMmiuHe (popMyBaHHS OKCUIHUX (ha3, 32 YMOB 00POOJIEHHA Ha
MOBiTpi, MosACHIOE Oinblile 3HAYEHHA MiKpoTBepmocTu (HVigp = 6,8 I'Tla),
Hik micyia o6pobiseHHA B aproHi (H Vi = 4,5 I'lla). Cnix 3asHaunTu, 110
TBEPIiCTh OKCUAy XpoMy 3a manumu [27] cranoButh 6894 MIla (Taba. 2).
PisHuIA y XapakTepuCTHKAaX IMIEPCTKOCTH TaK0 MOXKe OyTi 00yMOBJIe-
Ha MeXaHOXeMiUuHNM OKMCHEHHSIM IMOBEePXHI mif yac oOpoOIeHHsa Ha II0-
BiTpi. ¥ cBOIO uepry (popMyBaHHA Ha IIOBEPXHi Per'yJIAPHOT0 MiKpopeab-
ey, 110 CKJIaZaeThCs 3 BUCTYIIB i 3alIaiiH 3 BEJIMKUM PaIil0COM 3a0K-
PYTJIeHHS, MOXKe IIOKPAIIUTH TPUOOJIOTiuHi XapakTepuctuku [2].

IITupoko Bimomo, 110 YyAOBiI KOPOBiliHiI BJIAaCTUBOCTI HeipsKaBiHUX
KpHUIlh 0OYMOBJIEHI HacaMmepe] BILITMBOM XPOMY, SKIIO HOT0 KiJIbKiCcTh
He MeHIna 3a 12% . 3aBasAKu 0COOIUBil CXUJIBHOCTI YTBOPIOBATH HA II0-
BEPXHi CTIAIKY 3aXWMCHY ILIIBKY OKCHIY, XPOM Ma€ BUHSATKOBY BJIACTH-
BicTh caMO3axHUCTy IPOTU aTMocdepHol Koposii Ta Ail paxy xeMiuyHUX
peuoBuH. Ile mOsACHIOETHCA THM, IO BiJibHA ITOBEPXHSI XpoMy abo 3aui-
30-XPOMMCTOIO CTOITY HA HMOBIiTPi Ay Ke IMBUIKO OKMCHIOETHCH 1 1151 cpo-
PMOBaHAa TOHKA ILIiBKA OKCHUAY V IIOAAJBLIIOMY 3aXWIIA€ MaTEPisas Bifm
Kopo3ii. 3i 361IbIITeHHIM BMiCTy XpOMY OIIip aTMoc(epHiit Koposii mok-
pamryerbesa. Kpim Toro, came xpoMm 3abesIeuye migBUINEHY TBEPAiCTh Ta
3HOCOCTiMKicTh. 3BasKaiuu Ha Iie, JOJaTKOBE OKMCHEHHS IIOBEPXHEBOI0
mapy xpuii 40X13 BHacaimox Y3YO Ha moBiTpi MMOBipHO CYyIIpOBO-
IKYEThCSA 30iJIBIIIEHHAM TOBIIWHN 3aXMCHOI ILIIBKM OKCHUIY XPOMY,
ockinpku HaaBHiCTE Cr:0; piKcyeThea y IbOMY BUOAIKY PEHTIeHOTpa-
¢iuno. Ha 6ingbmr ranboKMX PiBHAX OJHOYACHO BiOYBA€THCSI OKMCHEH-
HA 3ajaiza 3 popmyBaHHAM Fe;O, Ta uacTKOBe pPO3UMHEHHs KapOimis.
HacaigkoMm € migBUIeHHSI MiKPOTBEPAOCTH i 3HOcocTiiiKocTr. Ciifx oui-
KyBaTH i MOKpalleHHA KOPO3ifHOI cTiiKoCcT!, ocKinbKy Kpuila 40X13
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Mae HaWKpallly KOpo3ifiHy CTiiKicTh ITicjisa rapty 3 TeMmoepaTypu, Io
3abe3meuye IMOBHE PO3UMHEHHSA Kap0OigiB. AJle JocaigKeHH KOpPo3ifiHol
CTiKOCTHU OYyIyTh IIPeICTaBJIeHI ¥ HACTYIIHi# poOOTi.

IIlo cTocyeThbcss mOApPiOHEHHA CTPYKTYPU, TO IIiJ Yac iHTEHCHUBHOIL
IJIacCTUYHOI JedopMailrii Ha moBiTpi mei mpollec BifOyBaeThLCS MEHIII iH-
TeHCUBHO, Hi’K B iHEPTHOMY CepPeIOBHUIIli, caMe 3aBASKM raJbMiBHOMY
BILINBY chopMoBaHOro okcuguoro mapy. Came tomy posmip OKP zaiza
B iHepTHOMY cepemoBuilli 00pobienHsa € meninmuM Ha 100 um, HiXK Ha 1TO-
BiTpi. JlogaTkoBe BUAiIeHHA JUCIEPCHUX KapOilgiB TAKOXK € YUMHHUKOM,
IIT0 CIIPUAE 3MiITHEHHIO V IIbOMY BUIAAKY. AJle IIOKpAaIleHHsa 3HOCOCTi-
KocTu moBepxHi Kpuii 40X 13 B imepTHOMY cepegoBHUIIi 00POOIeHH He
BUSBJIEHO.

4. BUCHOBKH

1. ITokasaHO MOMKJIMBICTEH HMiABUINIEHHA MiKPOTBEDIOCTH IIOBEPXHEBUX
miapiB Heip:kapiiiHoi kpuii 40X13 3a ymoB Y3VYO ak Ha mosiTpi, Tak B
iHepTHOMY cepeZOBHIIli 00po0IeHHsa. BcTaHOBIEHO 3aJ€KHICTh MiK Mi-
KPOTBEPIiCTIO, CTYIIEHEM eKBiBaJIeHTHOI AepopMaIlil IIoBepxXHeBUX IIIa-
PiB i iX CTPYKTYpPHO-(hpa30BMM CTAHOM ITiCJIA Pi3HOI TPMBAJIOCTH BILJINUBY
Ha IIOBiTpi Ta B aproHi 3a OMHAKOBUX iHIITUX YMOB.

2. Epexr sminuennsa 3a ymoB Y3YO B imepTHOMY cepenoButili ~2,4 pasu
(HV100 = 5,8 I'lla) gocsAraeThea 3a paxyHOK HOAPiOHEHHSI MiKPOCTPYK-
TYypU Ta YTBOPeHHA Halt6iabIol KinmbrocTu dasu Cra3Cs. MogudikoBama
IIOBEPXHA Ma€ 3HAUHO HUKUi mapameTpu mepctrocTH (R, = 0,023 MKM)
nopiBHAHO 3 BuxXigHuM cranoM (R, = 0,093) uu 06pobsieHHAM Ha TTOBiTPi
(R,=1,895 MKM).

3. 3pocTaHHA MiKpoTBepAocTu Heip:kaBiiitmoi Kpuii 40X13 3a ymoB
Y3VYO0 ma moitpi 10 HVie = 6,9 I'lla mocaraernca 3a paXyHOK YTBO-
peHHA OKCUIHOrO Inapy Ha moBepxHi kpuii 40X 13 BHACIILOK MexaHO-
XeMiuHOro OKMCHeHHA 3aJIisda Ta xpomy. IlepeBaroio Taxoro oopooieHHs
€ 3MEHINIeHHS CUJIN TepTA y 2—3 pasu B ITapax TePTA 3a YMOBHU 3BOPOTHO-
MIOCTYHAJBLHOTO PYXY, IIOPiBHAHO 3 BUXiTHUM cTaHOM ab60 00pOOIeHHAM
B iHEpTHOMY cepemoBHINi, 110 B KOMOiHAIIil 3i 3MiITHEHHAM IIOBEpXHe-
BUX IIapiB, Ma€ COPUATHU CYTTEBOMY ITOKPAINIeHHIO eKCILIyaTalliiHuX
BJIACTMBOCTEH BUPOOiB Ta 3MEHINIEHHIO 3HOCY KOHTAKTYBAJIbHUX IIap Te-
pT4.

MMOAAKA

Pob6oTy BuKOHaHO B paMKax aep:xoiomxerHol temu HTYY «KIII imeni
Iropa Cikopcsroro» Ne 2405¢ (0121U109752) «CrpyxTypHO-(haszoni
MexaHiBMM KepyBaHHA KOMILJIEKCOM IIOBEPXHEBUX BJIACTUBOCTEHN KOHC-
TPYRIINHUX i (PYHKIIiIOHAJIbHUX CILIaBiB KOMOiHOBAHMMM TEIJIOBUMMU,
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Development of New Composite Materials Based on ‘Metal—
Non-Metal’ with Improved Functional Properties

G. E. Akhmetova, K. Tuyskhan, G. A. Ulyeva“, and E. N. Reshotkina®

Karaganda Industrial University,
30 Republic Ave.,
101400 Temirtau, Republic of Kazakhstan
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The article is devoted to the possibility of using production waste with vari-
ous types of binder in order to obtain new composite materials with improved
functional properties. The article presents the results of experiments on ob-
taining new materials based on wastes of silicon and metallurgical indus-
tries—microsilica powder and zinc ash using metal (liquid tin) and non-metal
(liquid glass) as binders. State diagrams during the interaction of these com-
ponents, properties and microfractography of samples of fabricated materi-
als are obtained, reviewed and analysed. The influence of binders on the
strength properties of the matrix of the obtained composite materials is re-
vealed. The resulting material of the metal-non-metal system has increased
values of strength properties.

Key words: microsilica, zinc ash, liquid glass, liquid tin, composite material,
binder, state diagram.

CraTTsa mpucBsdYeHa MOMKJINBOCTI BUKOPUCTAHHSA BiIX0IiB BUPDOOHUIITBA 3 Pi3-
HUMHU BUAAMU 3B’ A3yBaJbHOI PEUOBUHU 3 METOIO OeP:KaHHI HOBUX KOMIIO3HU-
MiAHUX MaTepisaniB i3 mokparmeHuMu GyHKI[IOHAJILHUMU BJIACTUBOCTSIMU. Y
CTaTTi HaBeJeHO pPe3yJbTaTH €KCIEPUMEHTIiB 3 OJlep:KaHHA HOBUX MaTepiaiiB
HaA OCHOBi BifX0miB KPeMHi0OBOTO Ta MeTaJypPriiiHOTO BUPOOGHUIITB — IIOPOIII-
Ky MiKpOKpeMHe3eMy Ta 30JIM IIUHKY i3 3aCTOCYBaHHAM SK CIIOJYUYHUX MAaTe-
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pianiB metainy (pizke os10B0) Ta HeMeTasy (pigke ckio). OxepskaHo, Po3TJIAHY-
TO Ta IPOaHaJIi30BaHO: AisirpaMu CTaHy IIPU B3a€EMOJii 3a3HaUeHNX KOMIIOHEH-
TiB, BJIACTUBOCTI Ta MiKpodpakTorpadis spaskis ogep:kanux marepianis. Bu-
ABJIEHO BILJIMB CIOJIYYHMX PEUYOBUH Ha BJACTHBOCTI MIITHOCTH MATPHIIL OZep-
JKAaHUX KOMMOO3UTHHX Marepiamis. Omep:kaHuii MaTepisl cHUCTeMM MeTal—
HeMeTaJ Ma€ IIiIBUINeH] 3HaUYeHHA BJIaCTUBOCTEe MiIlTHOCTH.

KarouoBi cioBa: MiKpoxkpemHeseM, 30Jia IIUHKY, PiJKe CKJO, pigKe 0JI0BO,
KOMMOO3UIIiHUI MaTepisiy, CIIoJilyuyHa pedyoBUHa, AidrpaMa CTaHy.

(Received June 29, 2022; in final version, July 15,2022 )

1.INTRODUCTION

At present, characterized by the rapid development of the industrial
industry, materials science puts before researchers the development of
new materials with improved performance characteristics, provided
that raw materials and energy costs are reduced. Many composites are
superior to traditional materials and alloys in their mechanical and
physical properties, for example, they are much lighter than metallic
materials [1, 2]. This leads to a decrease in the material consumption of
the entire structure while maintaining or improving its physical and
mechanical characteristics. And composite materials based on metal-
metal can consist of completely different in structure and properties of
metals and alloys based on them. Compared to alloys of the same com-
position, they may have improved performance properties, including
crack resistance, fracture behaviour, impact behaviour, etc.[3]. In ac-
cordance with this, the relevance of this work is the need to develop
new technologies to produce composite materials with a unique combi-
nation of mechanical and physical properties, based on silicon produc-
tion waste—microsilica—acquires an important feature [4—7].

Waste dump microsilica is a reliable, affordable and cost-effective
alternative for the highly volatile and supply-sensitive primary raw
material market. An important problem is the fact that during the pro-
cessing of silicon, a significant amount of it turns into scrap or hard-
to-recycle waste. It also requires consideration and scientific and tech-
nological development. At present, large amounts of wastes containing
elemental silicon of sufficiently high purity in the form of a finely dis-
persed powder have accumulated, which makes the question of their
utilization natural [8].

Now, the fields of application of microsilica as a hardening modifier in
the production of concrete [9-12], as well as in the production of dry
building mixes, concrete, foam concrete, cement, ceramics, facing slabs,
paving slabs, curbs, tiles, refractory masses, rubber, coatings are known.

The authors of the presented work consider microsilica as a basis for
creating new composite materials, therefore, two types of samples are
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TABLE 1. Composition of samples.

Components Sample No. 1 Sample No. 2
Zinc ash, g 5 5
Microsilica, g 5 5
Binder:
liquid glass, mg 3 -
liquid tin, mg - 4

considered as starting materials: 1) based on ‘metal-non-metal’—the
samples consist of microsilica, zinc ash and liquid glass, 2) based on
‘metal-to—metal’—the samples consist of microsilica, zinc ashes and
liquid tin.

The purpose of the research is to determine the influence of the basis
of the developed composite materials of the ‘metal-non-metal’ and
‘metal-metal’ systems on their strength and conductive properties.

2. MATERIALS AND METHODS

Microsilica powder weighing 100 g was divided into fractions of 45—63
and less than 45 um on an analytical laboratory sieving machine
‘Retsch AS200 control’ [13]. The sifted microsilica powder with a frac-
tion of less than 45 um was thoroughly mixed with the starting materi-
als and manually moulded in metal crucibles. The solidification time of
the samples was 24 hours. Table 1 lists the formulation of the samples.

3. RESULTS AND DISCUSSION

Samples of the obtained new materials were tested for strength (hard-

TABLE 2. Results of physical and mechanical tests of the obtained samples.

Experiment numbers
Parameter
1 2
The basis Metal-Non-metal Metal-Metal
Hardness, HB 212.6 40.0
Electrical conductivity, Q™ is absent is absent

Ultimate compressive strength, kN:
formation of cracks 3 2
destruction 10 7.5
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Fig. 1. Diagram of the compression test of sample No. 1.

ness, compressive strength) and physical (electrical resistance) proper-
ties (Table 2). The hardness was determined on the Brinell scale using a
portable combined hardness tester brand MET-UD (by measuring the
change in ultrasonic frequency and determining the ratio of the veloci-
ties of the striker inside the sensor before and after impact), the hard-
ness of the obtained samples was determined. The electrical conductiv-
ity was determined by calculation, as the reciprocal of the electrical
resistance measured with an ohmmeter. The compressive strength was
determined using a tensile testing machine MI-40KU.

As can be seen from Table 2, the sample based on metal-non-metal
has increased strength properties compared to the sample on a metal
basis. This effect is associated with the influence of the binding mate-
rial—liquid tin in the ‘metal-metal’ system, which is a ductile metal,
in contrast to crystallizing liquid glass in the ‘metal-non-metal’ sys-
tem.

Figures 1 and 2 show compression diagrams of the obtained samples.

The absence of an obvious flat area (yield area) in Figure 1 shows
that the sample of the ‘metal-non-metal’ system is more brittle, but

Force, kN

0.0 HER. == ; } ; ; i
0.0 2.0 4.0 6.0 8.0 10.0
Linear strenght, mm

Fig. 2. Diagram of the compression test of sample No. 2.
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stronger, in contrast to the compression diagram of the sample of the
‘metal-metal’ system, on which some yield area is traced (Fiig. 2). This
suggests that sample No. 2 is more ductile.

It turns out that sample No. 1, during a compression test, undergoes
a stage of progressive creep that precedes failure, that is, the creep
rate increases until failure. Sample No. 2 during the compression test
goes through the stages of transient creep, in which the creep rate con-
tinuously decreases; the stage of steady creep, at which the creep rate
is the smallest and constant; and the stage of progressive creep [14].

After the destruction of the sample, fractography was studied using
a scanning electron microscope ZEIS (Germany) of JSC ‘ArcelorMittal
Temirtau’ in order to determine the behaviour of microsilica with ma-
terials related in chemical composition. The choice of scanning elec-
tron microscopy is due to its high resolution and the possibility of ex-
amining the fracture surface without making replicas [15]. The use of
SEM makes it possible to analyse the fractures of new materials at a
higher quality level, increasing the objectivity and accuracy of fracto-
graphic studies.

Fracture microfractography, energy dispersive analysis and the dis-
tribution of elements in the composition of the obtained samples are

400 pm

ey

8
> 6 Spectrum 1
_‘d\J‘ AR A [, G ® Mass Mass Norm. Atom abs. errorl%] rel.error[%]
o sil [%] %] %] (1 sigma) (1 sigma)
=W ER Zn Oxygen 8 5090 48.58 4858 66.71 231 475
O Silicon 14 15035 35.89 35.89 28.08 1.20 3.34

Zinc 30 1147 15.52 1552 5.22 0.41 2.66

2 \ Sum 100.00 100.00 100.00

() bl 4

0 4 8 12 16 20

Energy, keV

Fig. 3. Microfractography of a fracture of a sample of the composition of mi-
crosilica—zinc ash—liquid glass (sample No. 1).
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6 Spectrum 1

Mass Mass Norm. Atom abs. error [%] rel. error [%]

[%] [%] [%] (1 sigma) (1 sigma)

= Oxygen 813620 49.16 49.16 66.41 2.34 4.76
Silicon 14 43877 38.28 38.28 29.46 1.25 3.27
Zinc 30 2434 1247 1247 412 0.34 2.70
Tin 50 117 0.10 010 0.02 0.03 28.56

Sum 100.00 100.00 100.00

Element At. No. Netto

8§ 12 16 20
Energy, keV

Fig. 4. Microfractography of a fracture of a sample of the composition of mi-
crosilica—zinc ash—liquid tin (sample No. 2).

shown in Figs. 3, 4.

Figure 3 shows that the fracture of sample No.1 is dense, with
smooth walls, and is characterized by some fibrous structure. This is
due to the influence of liquid glass on the mixture of components. The
use of this material as a binder causes an increase in the strength of the
loose base. Also in Figure 3, there are separate areas of microsilica and
fused areas of zinc burnt, along which the sample was destroyed. In
this case, inclusions of zinc burnt were stress concentrators.

Figure 4 shows that the fracture of sample No. 2 is dense, somewhat
embossed, there is no discontinuity, porosity. Presumably, this effect
is caused by the ‘healing’ of pores by the binder—liquid tin, which
gives increased fluidity to the composition. Due to its fluidity, it is ca-
pable of penetrating into the smallest pores and microvoids to create a
reliable continuous mass[16].

In order to predict the behaviour of the initial components, the sim-
ulation of these systems was carried out with the construction of dou-
ble state diagrams. The results are shown in Figs. 5—8.

Figure 5 shows that in the phase diagram of Si—Sn there is a lack of
mutual solubility of the components and the implementation of eutec-
tic crystallization at a temperature of 231.9°C, close to the melting
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Fig. 5. Silicon—tin state diagram.

temperature of Sn, the eutectic is degenerate [17].

According to Figure 6, the state diagram of Si—Zn is characterized
by the absence of intermediate phases and belongs to the eutectic type.
The temperature of the eutectic reaction (419.58°C) is only 0.58°C low-
er than the melting point of Zn, and the concentration of Si in the eu-
tectic is very low and amounts to 0.04 at.% [18].

Thermo-calc (2009.01.01:02.34): Si Zn
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P=1E5 N=1
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Fig. 6. Silicon—zinc state diagram.
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Fig. 7. Tin—oxygen state diagram.

That is, the state diagrams of silicon—tin and silicon—zinc are simi-
lar, and the components of the system are characterized by the absence
of mutual solubility.

Figure 7 shows that the state diagram of Sn—0 has phases of a solid
solution, a chemical compound, a eutectoid, that is, the initial compo-
nents mutually dissolve in each other in the liquid and solid state, en-
ter into a chemical reaction and undergo a eutectoid transformation.

The state diagram of Sn—Zn (Fig. 8) is a eutectic type system without
the formation of intermediate phases. The eutectic is formed at a tem-
perature of 198.5°C and a concentration of 85.1 at.% Sn. The solubility
of Sn in Zn at 400°C slightly exceeds 0.06 at.% . At the eutectic tempera-
ture, 0.06£0.1 at.% Sn dissolves in Zn. The solubility of Sn in Zn is
0.14 at.% . At the eutectic temperature, the solubility of Zn in Sn is 0.7
at.%.

The constructed state diagrams make it possible to carry out a phase
and structural analysis of the formed systems of components, their be-
haviour at various temperatures and concentrations, to find out the
melting points of the selected compositions, etc.

4. CONCLUSION

Thus, when creating new composite materials based on microsilica
(Si0y), zinc ashes (Zn0), liquid tin (Sn), and liquid glass (silicate solu-
tion), it can be seen that the interaction of the components of these
substances mostly contributes to the formation of a eutectic/eutectoid,
and their state diagrams are of the eutectic type. This means that when
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Fig. 8. Zinc—tin state diagram.

creating new materials, the initial components do not dissolve in each
other and do not form chemical compounds (with some exceptions), and
in the process of crystallization (cooling and other phenomena) they
only mix, retaining the crystalline structure. Such a picture is clearly
observed in Figs. 3, 4. Such eutectic (eutectoid) structures have a
granular or lamellar structure. In this case, the lamellar structure can
contribute to an increase in strength properties. In addition, taking
into account the factor of mutual insolubility of the selected compo-
nents of the systems—silicon—zinc—liquid glass and silicon—zinc—
liquid tin and the melting temperatures of the binders (glass 1088°C
and tin 231.9°C), we can conclude that the thermal stability of the ob-
tained materials and their high moisture resistance.

The experiments carried out demonstrate the possibility of recycling
industrial waste and obtaining new composite materials using their
various combinations, which makes it possible to reduce the environ-
mental burden of the region and expand the country's raw material
base, while preserving natural resources.
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Elastic, Mechanical and Thermophysical Properties
of Hexagonal Nanostructured Cr:N Compound
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The characteristic features of hexagonally Cr:N compound is considered by
the theoretical valuation of elastic, mechanical, ultrasonic and thermophysi-
cal properties. Initially, the higher order elastic constants (HOECs) of
nanostructured CraN material are computed using the Lennard-Jones many
body interactions potential approach. With the help of the HOECs such as
modulus like Young’s, bulk and anisotropic parameters are evaluated for
elastic and mechanical characterization. Temperature dependent ultrasonic
velocities, Debye average velocity and thermal relaxation time are also evalu-
ated along orientation dependent. The ultrasonic attenuation (UA) of longi-
tudinal and shear wave due to phonon—phonon (p—p) interaction and thermo-
elastic relaxation mechanism are investigated for this thin film. The thermal
conductivity is a principal contributor to the behaviour of UA due to p—p in-
teractions. Mechanical and thermal properties of the nanostructured Cr:N
are superior at low temperature.

Key words: novel hard chromium-based materials, nanostructured com-
pound, thermal conductivity, elastic properties, ultrasonic properties.
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HHUX BJIACTHUBOCTEeH. Byjo ob0uncieHO HPY:KHI KOHCTAHTH BUIIUX IOPAIKIB
(ITKBII) mHanocTpyKTypoBaHoro marepisaay Cr:N 3 BUKOpHUCTaHHAM Oaratoda-
CTUHKOBOTO IOTeHIisany JlemHapxa-l[;KoHca. 3a OOIMOMOroi0 OOYUCIEHUX
ITKBII, a came moayJsa Oura, o6’eMHMX Ta aHI30TPOIMIHUX IIapaMeTpiB, OyJI0
OI[iHEeHO TPY:KHiI i MexaHiuHI XapaKTepHMCTUKHU. 3ajie’XHi Big TeMieparypu
IIBUAKOCTi YIBTPasBYKY, CepeIHs MIBUIKiCcTh [lebas Ta yac TeII0BOi pejak-
carrii Takosk OyJiu OoIiHeHi nJis pisHUX opieHTaliii. ByJo mocrigskeHo yabTpas-
ByKoBe 3aracanusa (¥Y3) mo3m0BKHBLOI Ta 3CYyBHOI XBUJIb BHACJIIZOK (POHOH-
¢doHOHHOI B3aeMOZil Ta MexXaHi3M TepMOIpY:KHOI penaakcarii. TemmompoBiza-
HICTHh € OCHOBHUM UMHHWKOM, IO BILIMBA€ HA IOBEeJiHKY Y3 3a paxXyHOK (¢o-
HOH-(poHOHHOI B3aemoxii. MexaHiuHi Ta TepMiuHi BJIaCTUBOCTI HAHOCTPYKTY-
poBanoro Cr:N moKpaIiyiThCcA IPpU MOHMKEeHHI TeMIIepaTypHu.

Karouosi ciroBa: MiIfHi MaTepisju Ha OCHOBI XpoMy, HAHOCTPYKTYPOBAHA CIIO-
JyKa, TeILIONPOBIAHICTh, IPY K Hi BIaCTUBOCTi, YJIBTPAa3BYKOBi BJIACTUBOCTI.

(Received December 05,2021; in final version, August 4, 2022 )

1.INTRODUCTION

CrN (chromium nitride) has a rigid and wear-resistant, semiconductor
composite. It was achieved concern for numerous applications such as
medicinal implants [1]. CrN is an alluring thin film material as a result
of his refractory character and mechanical properties. It was utilized
as a defensive layered material due to his high hardness, high melting
point, good thermal conductivity and greater corrosion resistance. The
thin film of CrN is existing in cubic structure (CrN) and hexagonal
structure (Cr:N) phases, therefore its characteristics are depending on
crystalline phase [2]. In peculiar the evolution of crystalline phases
mostly depends on deposition conditions [3]. Cr:N is a significant
member of Cr—N composites that shows more properties [4—6]. It has
stimulating thermal and thermoelectric properties [7]. Surface mor-
phology that can transform thin film properties show a significant
character in applications, like as metallization and wear-resistant coat-
ings [8]. CrN thin films exhibition semiconductor properties [9] with a
band gap of 0.7 eV [10], exceptional spectral selectivity and extremely
small emission, and consequently can be utilized for solar selective ab-
sorbent material [11]. Various experimental studied shown different
consequences on the electron carriage properties of CrN materials.
Consequently, it remains static an exposed concern in the material
thereby associated structural and electronic phase transformation
[12].

Ultrasonic attenuation (UA) is the exact main physical parameter to
describe a material, whichever appreciates the specific relationship
between the anisotropic behaviour of proximal hematinic planes and
the affinity and structural motion, some physical measures like ther-
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mal energy density, specific heat and thermal conductivity, is well as-
sociated with higher-order elastic constants[13].

In this work, we were worked diligently to make the relationship be-
tween thermo physical and microstructural properties for nanostruc-
tured Cr:N compound will help in understanding the mechanical be-
haviour of nanostructured thin film, which size is 30 nm and it will
performance and significant role in the diagram of manufacturing ap-
paratus with useful physical properties under moderate working con-
ditions. For that, we have considered acoustic coupling constants, ul-
trasonic attenuation coefficient, elastic stiffness constant, thermal
relaxation time and the ultrasonic velocity since nanostructured Cr:N
film. The shear modulus (G), bulk modulus (B), Young’s modulus (Y),
Poisson’s ratio, Pugh’s ratio (B/G) and anisotropic parameters were
also calculated and discussed for nanostructured CraN material.

2. THEORY

In present work, the Lennard-Jones interaction potential model method
was using for the evaluation for higher order elastic constants (HOECs).
A comprehensive explanation of n'" order elastic constant is the part re-
sults of the thermodynamic potential to finite deformation as well as
mathematically conveyed by subsequent expression as[14, 15]:
Cijklmn... = a—F (1)
anijanklanmn b

Whenever, F is represented free energy density and n; is represent La-
grangian strain component tensor. Also, F can be extended in relatives
of strain n by Taylor series expansion as:

o0"F
F=YF = —mﬁn o, .. . 2)
Z =0 n anljénklanmn ! "

Thereby, the free energy density is written such as:

1 1
FZ + 3 2' Cljklanl]ankl 3 Ctjklmnant]anklnmn (3)

For the h.c.p. compounds, the basis vectors are

a =a[\/§ 1

2 ,2,OJ,a =a(0,1,0), a, = a(0,0,c)

in Cartesian coordinates axes, where a and ¢ represent the unit cell lat-
tice parameters. The unit cell of hexagonal compound contains two
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nonequivalent atoms: 6 atoms in basal plane and 3—3 atoms upper and
lower the basal plane. The consequently, both first and second neigh-
bourhood contains of six atoms, where

a a c
n =a(0,0,0), 1, =a| —F—,—,—
1 2 (zﬁ 2 J
are the position vectors of those two kinds of atoms.

Up to second nearest neighbour, the potential energy per unit cell is
scripted following:

U,+U; = 26: U(r,) + 26: Ul(ry), 4)

where, I refer to atoms in the basal plane and J refers to atoms above
and below the basal plane. Whenever the crystal is deformable uni-
formly then interatomic vectors in non-deformed state (r) and deform-
able state (r') are associated as:

(r,)z - (r)2 = zgigjﬂij = 2®’ (5)

whenever, ¢; and g; are the Cartesian components of vector r. The ener-
gy density U may be describing based on ® as[17, 18]:

lh=@%ﬁ25ﬁﬂWMﬂ- (6)

From equations (4) and (6), the energy density U relating cubic
terms can be described as:

L1 6 1
U,+U, =@2V,)" [Za@ipch(r,) + 25(931)2@(;;,)} +
I=1 4 J=14+

(7a)
A | 6 1

+2V)™! {deim@(r]) + Z;@iDgcp(rJ)]
=1 9 J=19-

Here, V.=(3a?c/2)"? representing the volume of the elementary cell,
D=r"'d/dr and ¢(r) is the interaction potential. The energy density is
examined to be function of Lennard-Jones potential and specified as:

(Wh—%+%- (Tb)

Here, ao, by are represent the coefficients constants, r is the distance
between atoms, m, n represent the integer quantity. The interaction
potential model leads to six SOECs and ten TOECs of the hexagonal
compound and formulations of elastic constants are given as following
expressions[14, 15]:
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C, =1.925p°C’,C,, = 3.464 p°C/,

C,, =2.309p'C’,C,, =9.851p*C/,

C,,, =126.9 p>B + 8.853 p'C’,C,,, = 19.168 p’B —1.61p*,

s =1.924p*B+1.155p%,C,,, =1.617 p*B —1.155p°C, (8)
s =3.695p°B,C,.. =1.539p'B,

' =2.309p'B,C,,, = 3.464 p°B,

C,,, =101.039 p>B +9.007 p* C',C,,, = 5.196 p°B,

QA O N

where p = c/a is axial ratio;

a a® 1 nb,(n — m)
—»B=x—5>1=7 0 y Y = X

C = — ,
L 3178 ot 6a’(m + 1 + 6)

bo—Lennard-Jones parameter.

The bulk modulus and shear modulus were calculated using Voigt
and Reuss methodologies [16, 17]. The calculations of unvarying stress
and unvarying strain were used in the Voigt and Reuss methodologies,
correspondingly. Furthermore, from Hill’s methods, the average val-
ues of both methodologies were used toward compute ensuing values of
B and G [18]. Young’s modulus and Poisson’s ratio are considered us-
ing values of bulk modulus and shear modulus respectively [19, 20].

The following expressions were used for the evaluation of Y, B, G and
c:

M =C, +C,, +2C,, —4C,;,C* = (C,, + C,,)Cys —4C,, + C?,

BR — C—g,BV — 2((”11 + C12) + 4:Cl3 + C33 i
M 9
G - M+12Cyy +Co) o _ 5C*C,,Cyq (9)
v 30 "T®2[8B,C,,Cy + CHC,, +Cy)]’
y - 9GB ,Bsz+BR,G=GV+GR,G= 3B -2G .
G +3B 2 2 2(3B+G)

The anisotropic and mechanical properties of nanostructured mate-
rials are well correlated with ultrasonic velocity due to the velocity of
ultrasonic wave are mainly depending upon the density and SOECs. As
a function of mode of vibration, those are three types of ultrasonic ve-
locities in hexagonal nanostructured compound. First longitudinal Vi,
and second shear (Vs1, Vs2) waves velocities.

Angle dependent ultrasonic velocities along z axis of the crystal for
hexagonal nanostructured materials are specified by following equa-
tions:
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VZ ={C,, cos® 0+ C,, sin” 0 + C,, +{[C,, sin” 0 — C,, cos® O +
+C,,(cos’ 0 —sin® )]’ + 4 cos® Osin” 6(C,; + C,,)*}"*} / 2,
V2 ={C,, cos® 0+ C,, sin” 0+ C,, —{[C,, sin® 0 — C,, cos” 0 + (10)
+C,,(cos’ 0 —sin® )]’ + 4 cos® Osin® 6(C,; + C,,)*}"'*} / 2p,
VE = {044 cos® 0 + C,, sin® 9} /p.
Here, V1, Vs1, and Vs are the longitudinal, quasi-shear and shear wave
velocities. Also, p is the density of compound and 0 is angle with the

unique axis of the crystal. The Debye average velocity is specified by
the equation as[21, 22]:

-1/3

111 1 1

v, -|L _3+_3+_3ﬂ . (11)
3 VL VSl VSZ

At this temperature regime, the mean free path of electron is alike
as the mean free path of acoustical phonons. Accordingly, a high prob-
ability coupling arises between free electrons and acoustic phonons
[14]. Ultrasonic attenuation for longitudinal oueme and shear waves oshear
by the energy loss due to electron-phonon interaction is given by:

2r%f? (4
Ojong :F gng +% s (12)
L
2n°f?
o =—n, 13
shear pVS3 ne ( )

where p is the density of nanostructured compound, 1. is the electron
viscosity, f is the frequency of the ultrasonic wave and y is the com-
pression viscosity, V1. and Vs are the acoustic wave velocities for longi-
tudinal and shear waves respectively and are given as:

= /% and v, = |Sas. (14)
p p

The viscosity of the electron gas (n.)[21, 22] is given by

9. 10" #*(37°N)*?
e 5¢°R '
Here, N is the number of molecules per unit volume, and R is the resis-
tivity.
For p—p interaction (Akhieser’s type loss) (at high temperature) and
thermoelastic loss, there are the two prevailing processes, whichever

(15)



ELASTIC, MECHANICAL AND THERMOPHYSICAL PROPERTIES 1153

are considerable for attenuation of ultrasonic wave. The attenuation
by virtue of Akhieser’s loss is specified by following equation:

4n*tE, (D / 3)
(O('/fz)Akh 2237’ (16)
where E, is the thermal energy density. The acoustical coupling con-
stants D is specified by following expression:

D =3(3E, < (y/)! >— <y >* C,T) / E,. (17)

Here Cy represents heat per unit volume of the material, y/ is the Grii-
neisen number. The time takes for re-establishment of equilibrium of
the thermal phonons is called as thermal relaxation time (t) and is giv-
en by:

3k

. 18
v (18)

T=Tg =T, /2=

Here 11 and 15 represent the thermal relaxation time for the longitudi-
nal wave and shear, k is the thermal conductivity of the nanostruc-
tured compound.

The thermoelastic loss (o./f%)m is specified by the following equation
[33, 34]:

4 kT
(a/ )y, =40 <] > 2V (19)

The total ultrasonic attenuation is given by:
(0 / I )pogm = (@ / [y + (00 / F2), + (@ / ?)s. (20)

Here, (o/f?)mn represent the thermoelastic loss, (o/f?) and (o./f?)s are
the coefficients of ultrasonic attenuation for the longitudinal and
shear wave, respectively.

3. RESULTS AND DISCUSSION
3.1. Higher-Order Elastic Constants

In current analysis, we have calculated the elastic constants (six SOECs
and ten TOECs) using Lennard-Jones potential model. The lattice pa-
rameters a and p (axial ratio) for nanostructured Cr:N compound are
4.752 A and 0.932 A respectively [23]. Here, value of by is 1.97-107%2
erg-cm’ for CreN thin film. Also, the values of m and n for Cr:N com-
pound are 6 and 7. The values of second order elastic constants (SOECs)
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TABLE 1. SOECs and TOECs in GPa at room temperature.

| cn | Cu| G [Ca| Cu Cos B

Cr:N 759 186 53 82 63 297 242
Clll C112 C133 C123 C133 C155 C144 C344 C222 C333
CroN -12378 -1962 -135 -171 -278 -260 -200 -133 -9794 -339

and third order elastic constants (TOECs) were calculated for this Cra:N
compound is offered now Table 1.

Nanostructured Cr:N had the highest elastic constant values, which
are important for the material, as these are associated with the stiff-
ness parameter. SOECs are used to determine the UA and associated
parameters. Highest elastic constant values found for nanostructured
Cr:N compound are indicative of their better mechanical properties.

Higher-order elastic constants are extents to describe the elasticity
of nanomaterials which normalize the response of nanostructured com-
pounds to outward forces. Evidently, for steady of the nanostructured
compound, the five independent SOECs (Ci;, namely Ci1, Ci2, Ci3, Css,
C44) would satisfy the well-known Born—Huang stability norms[19, 20],
i.e., C11 - |C12| > 0, (Cll + Clz )C33 — 20123 > O, C11 >0 and C44 > 0, which is
understandable since Table 1. It is evident that the values of elastic
constant are positive too satisfies Born—Huang mechanical stability
constraints and therefore totally this nanostructured thin film is me-
chanically stable. The bulk modulus for nanostructured Cr:N thin film
can be calculated using Eq. (9) and presented in Table 1. The evaluated
value of bulk modulus of nanocrystalline Cr:N compound is
239.77 GPa, which is same as evaluated by Alexander et al. (239.8 GPA)
[23]. Thus, there is respectable agreement between the presented and
the informed values which is correlated with elastic constants. There-
fore, our theoretical methodology is well justified for the evaluation of
SOECs of nanostructured compounds. We present the calculated values
of TOECs in Table 1. The negative values of TOECs specify a negative
strain in the solid. Negative values of TOECs appear in the previous pa-
per on hexagonal structure material. Therefore, the theory applied for
evaluation of HOECs is justified [24, 25]. Hence, the applied theory for
the valuation of higher order elastic constants is justified.

The values of B, G, Y, B/G and ¢ for Cra:N compound at room tem-

TABLE 2. Voigt—Reus constants (M and C?), B (x10°nm2), G (x10° nm2), Y
(x10*° nm=?), o, B/G for CryN thin film.

| M| ¢ [B[B |G |G |Y |BG| GB]| o
Cr:N 817 80087 98 243 88 172 311 1.31 0.76 0.196




ELASTIC, MECHANICAL AND THERMOPHYSICAL PROPERTIES 1155

TABLE 3. Density (px103kg-m3), thermal energy density (Eox107 J-m3), spe-
cific heat per wunit volume (Cyx10° J-m3K™), thermal conductivity
(kx1075W-m1. K1) and the acoustic coupling constant (D, Ds) of nanostruc-
tured CrzN thin film.

| p | & | Ey | k | Do | Ds
50K 6.85 2.17 2.92 0.29 17.36 23.13
100K 6.80 7.62 2.75 0.47 17.31 23.13
150K 6.75 10.66 7.31 0.68 17.31 23.13
200 K 6.70 11.92 12.84 0.94 17.32 23.13
250 K 6.65 12.56 18.87 1.27 |17.32 23.13
300K 6.60 12.89 25.08 2.03 17.32 23.13

perature is calculated using eq. (1) and existing in Table 2.

The Cr:N compound have little stiffness. The ratio of B and G (B/G)
and o are the measure of brittleness and ductility of solid. If the value
of 6=0.196<0.26 and B/G=1.31<1.75, then the solid is generally
brittle, otherwise it is ductile in nature [24, 25]. The finding of lower
values of B/G and o compared to their critical values specifies that
nanostructured Cr:N are brittle in nature. For stability of the elastic
material, the value of o should be less than 0.5. Here, value of ¢ or
Cra:N compound are smaller than its critical value. Thus, it indicates
that nanostructured Cr:N thin film is stable against shear. The hard-
ness, compressibility, ductility, brittleness, toughness and bonding
characteristic of the nanostructured material are too well connected
with the SOECs.

Elastic anisotropic is an important parameter for mechanical prop-
erties of compounds. The elastic anisotropic is well-defined by the fol-
lowing expressions for hexagonal structured compounds [26]:
AP =Cs3/C11, where AP is the anisotropy for compression waves;
Ag1= (C11 +C13— 2013)/4C44, Asa2 = 2C44/(C11 - C12). Here, As1 and Asg rep-

11.5 ——50K -—=-100K 200K
300K —400K
w 95
~
g
B 75
=
e
P 55
3.5 %=

0 .1() 20 30 40 50 60 70 80 90
Angle, deg

Fig. 1. V1, vs angle with z axis of crystal.
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resent the anisotropy for polarized perpendicular to the basal plane
and polarized in the basal plane correspondingly. All these three pa-
rameters define the anisotropy of the three main acoustic modes.

The evaluated compression anisotropy of Cr:N compound is
AP =0.10. The value of shear anisotropy As: and Asz are 2.91 and 0.22
respectively. The shear anisotropy is large, due to the small values of
Cus. It shows that the major shear distortion occurs in [100] plane and
the error is most possible to occur between planes parallel to [001]
plane. For isotropic medium, AP=Asi=As2=1. Thus, chosen
nanostructured Cra:N is anisotropic. These results designate that the
Cr—N bonds are stronger in the layer, which is parallel to the [001]
plane than between the layers.

3.2. Ultrasonic Velocity and Allied Constraints

In present analysis, we have correlated the mechanical and isotropic
behaviour of the compound with the ultrasonic velocity. We have cal-
culated the longitudinal ultrasonic wave velocity, shear ultrasonic
wave velocity, the Debye average velocity and the thermal relaxation
time t for nanostructured Cr:N compound. The data for the tempera-
ture dependent density p of nanostructured Cr;N thin film presented
in Table 3 and have been taken from literature [23]. Thermal conduc-
tivity & of CraN thin film presented in Table 3 has been taken from the
literature [27]. Also, the thermal conductivity of nanostructured Cr.N
thin film has been evaluated from electrical resistivity using
Wiedemann—Franz law [28]. The values of temperature dependent spe-
cific heat per unit volume (Cy) and thermal energy density (Eo) were
calculated using the tables of physical constant and Debye tempera-
tures and acoustic coupling constants (DL and Ds) are shown in Table 3.

3.3
—+—ao0K —=— 100K
200K 300K
—— 400K
w
~
—
= - - = -
) 3.14
o | I
i
* o
b‘
2.9

0 10 20 30 40 50 60 70 80 890
Angle, deg

Fig. 2. Vs, vs angle with z axis of crystal.
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3
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Fig. 3. V52 vs angle with z axis of crystal.

It is clear form Table 3 that for all temperatures, the values of Dy, are
smaller than those of Ds for nanostructured Cr:N thin film. It indi-
cates that for the longitudinal ultrasonic wave the transformation of
ultrasonic energy into thermal energy is less than for the shear ultra-
sonic waves.

The angular dependences of ultrasonic wave velocity (Vi, Vsi1, Vs2 and
Vp) along z axis of the crystal at different temperature are presented in
Figs. 1-4. From Figures 1-3, V1, and Vs; increases with angle while Vg
approximately unchanged with angle form the z axis. Abnormal behav-
iour of angle dependent velocity is due to combined effect of SOECs
and density. The nature of the angle dependent velocity curves in the
present work is similar to found for other hexagonal-type material [29,
30]. Thus, the angle dependence of the velocities in nanostructured
Crz:N compound is justified.

Figure 4 shows the variation of Debye average velocity (Vp) with the

4.0

10° m/s

—— 50K -—=-100K
300K —— 400K

200K

Vo

0 10 20 30 40 50 60 70 80 90
Angle, deg

Fig. 4. Vpvs angle with z axis of crystal.
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Fig. 5. Relaxation time vs angle with z axis of crystal.

angle made with the z axis of the crystal. It is clear that Vp increases
with the angle and reaches maximum at 900 for Cr:N compound. As
the calculation of Vp involves the velocities Vi, Vs1 and Vs2 [31, 32]. The
variation of Vp is affected by the all three ultrasonic velocities. Maxi-
mum value of Vp at 90° is due to a significant increase in longitudinal
and shear wave velocities. It may be determined that the average sound
wave velocity is a maximum when a sound wave travels at 90° angles
with the z axis of these crystal.

Figure 5 shows a plot of the calculated thermal relaxation time t
with the angle. The angle dependent thermal relaxation time curves
track the reciprocal nature of Vp as 1 o« 3K /C, V. Thus, it is clear
that thermal relaxation time for hexagonal Cr;N thin films is mainly
affected by the thermal conductivity and thermal energy density.
Thermal relaxation time t is found in order at picoseconds for Crs:N
thin film [29, 33, 34]. Therefore, the evaluated thermal relaxation
time explains the nanostructured Cra:N thin films. The minimum value
of t for wave propagation along 0=90° represents that the re-
establishment time for equilibrium distribution of thermal phonons
will be minimum for propagation of wave along this direction.

3.3. Ultrasonic Attenuation due to p—p-Interaction and Thermal Re-
laxation Occurrences

For estimating UA, the wave is propagating along the unique axis
[<001> direction] of nanostructured Cr:N thin films. The ultrasonic
attenuation coefficient divided by frequency squared (o./f?)axn is calcu-
lated for the longitudinal wave (o/f?). and for the shear wave (o/f?)s
using Eq. (16) under the condition wt<<1 at different temperature.
Equation (19) has been used to calculate the thermo-elastic loss divided
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by frequency squared (A/f*)m. Figures 6, 7 present the temperature
dependent ultrasonic attenuations (a/f?)L, (a/f?)s, (o./f?)m and total at-
tenuation (at/f?)rota1 of Crz2N thin films.

In this work, the ultrasonic wave is assumed to propagate along the z
axis of the crystal from Fig. 6. It is evident that the Akhieser type of
energy losses for the longitudinal waves, shear waves and the thermo-
electric loss increase with temperature of compounds (o/f?)ax is pro-
portional to Eo, D, T and V3. In Fig. 3 E, and V are increasing with
temperature. Thus, Akhieser losses in nanostructured Cr:N thin films
are overwhelmingly affected by Eo and the k.

Consequently, the increase in UA is due to the increase in thermal
conductivity. Therefore, it is the p—p interaction which predominantly
governs the ultrasonic attenuation; outstanding to deficiency of theo-
retical or experimental data in the works, a comparison of UA could
not be made.

From Figure 7, it is clear that the thermo-elastic loss is much small
in comparison to Akhieser loss for nanostructured Cr:N thin films. Ul-
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Fig. 7. (o/f?)ax vs temperature of CrzN thin film.
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trasonic attenuation due to p—p interaction for longitudinal wave and
shear wave is leading factor. The thermal conductivity and thermal
energy density are main factor that affects the total attenuation.
Thus, it may be predicted that Cr:N thin film behaves as his purest
form at low temperature and are further ductile demonstrated by the
minimum attenuation although at higher temperatures of Cr:N thin
film are least ductile. Therefore, at low temperature (50 K) there will
be least impurity in Cre:N thin film. The minimum UA for Cr:N thin
film minimum defends its quite stable state. Also, mechanical thins of
CrzN thin film are superior to at low temperatures, because it has least
ultrasonic attenuation and defends its rather stable hexagonal type
structure state.

4. CONCLUSIONS

In conclusion, the principle established on simple interaction potential
model remains valid for calculating higher-order elastic coefficients
for hexagonally Cr:N compound. It has been found that the nanostruc-
tured Cr:N film is mechanically stable. CrsN compound has anisotropic
structures as projected using numerous anisotropic parameters.
Nanostructured Cr:N thin film is anisotropic, which designate that the
Cr—N bonds are stronger in the layer that one is parallel to the [001]
plane than between the layers. The thermal relaxation time of thin film
is found to be of the order of picoseconds, which defends their hexago-
nal structure. As t has smallest value along 0=90°, at all tempera-
tures, the time for re-establishment of equilibrium distribution of
phonons will be minimum for the wave propagation in this direction.
Over total attenuation, ultrasonic attenuation caused by p—p interac-
tion mechanism is dominant and is a leading factor of thermal conduc-
tivity. The CroN thin film behave as its purest form at low temperature
and are more ductile demonstrated by the minimum attenuation while
at higher temperatures Cr:N thin are least ductile.
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Fabrication, Optimization, and Mechanism Analysis
of Graphene/Hexagonal Boron Nitride Stacked Film

L. Zhang, X. T. Wang, N. X. Ci, R. Q. Peng, G. Q. Zhao, L. J. Ci,
and G. H. Min

Key Laboratory for Liquid-Solid Structural Evolution
and Processing of Materials, Ministry of Education,
Shandong University,

250061 Jinan, P. R. China

Stacked structures of graphene/hexagonal boron nitride (G/h-BN) exhibit
high carrier mobility, thermal stability, and deep ultraviolet absorption
properties which are considered important for developing various novel de-
vices. However, the realization of their large-scale fabrication and the im-
provement of performance are technically limited by the complicated exfolia-
tion and transfer processes during fabrication. In this study, the h-BN film
was successfully deposited by RF-magnetron sputtering and was used as an
alternative to metal catalysts in the synthesis of graphene via low pressure
chemical vapour deposition. This provides an alternative strategy to avoid
any exfoliation and transfer processes in the development of G/h-BN stacked
structures. The stacked structure was confirmed by Raman spectroscopy,
atomic force microscopy, and x-ray photoelectron spectroscopy. The stacked
films were found to be uniform, continuous and well doped with boron and
nitrogen. The fabrication parameters were optimized to obtain high-quality
graphene, and the formation mechanism of graphene on the BN film was also
investigated.

Key words: hexagonal boron nitride, graphene, stacked film, RF-magnetron
sputtering, chemical vapour deposition.

BararormapoBi cTpykTypu 3 rpadeny/rexcaroHanbuoro HiTpuny 6opy (G/h-
BN) neMoHCTPYIOTh BUCOKY PYXJHUBIiCTH HOCiiB, TepMiuHy cTabiJbHiCTD i BJac-
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THUBOCTiI TJIMOOKOTO IOTJIMHAHHSA YJIbTPadiosieToBoro BUIIPOMiHIOBaHHSA, AKi
BBa’KAIOTHCS BaKJIUBUMU [IJI PO3POOKU Pi3HOMAHITHMX HOBUX IIPUCTPOIB.
OpHak ix muUpoKoMaciiTabHe BUTOTOBJIEHHS Ta MOKPAIeHHA IPOAYKTHUBHOC-
TH TeXHIiUHO 00MeKeHO CKIAJHUMHU IIPOIlecaMy BifIlTapyBaHHsA Ta IepeHeceH-
HA IiJ yac BUTOTOBJIEHHs. ¥ I[bOMY JocaimkenHi maiska h-BN Oynaa ycmimmao
HaHeceHa 3a JOIIOMOI0I0 PaJiouyacTOTHOTO MarHEeTPOHHOTO PO3IUJIEHHS Ta BU-
KOPHCTOBYBaJacA SIK aJbTePHATHBA METAJIEBUM KaTa/li3aTopaM 3aBASKU CHUH-
Te3y rpadeHa MLIIX0M XeMiuHOI'0 OCaKeHHs 3 rasoBoi (hasu mig HU3bKUM THU-
crom. Ile 3abe3neuye abTepHATUBHI MOYKJIMBOCTI AJIA YHUKHEHHSA OYIb-IKUX
IIpoIieciB BiIIapyBaHHS Ta IIepeHEeCceHHA TP PO3POoO0IIi 6araTorapoBux CTPY-
kTyp G/h-BN. BaraToiapoBy CTpyKTypy OyJIO HiATBEPAMKEHO 324 JOIIOMOIOIO
CIIEKTPOCKOIIil KOMOIHAI[ITHOIO PO3Cil0OBAHHS, ATOMHO-CHJIOBOI MiKpocKomii
Ta PEHTI'eHiBChKOI ()OTOEJIEKTPOHHOI CIIeKTpPocKomii. Bys1o BcTaHOBIEHO, IO
GaraToIIapoBi IIJIiBKYU € OMHOPIAHUMU, CYIIIIBHUMU Ta Ho0pe JeropaHuMH Bo-
poMm i Hitporemom. Bysio onTuMizoBaHO mapaMeTpH BUT'OTOBJIEHHS AJIA OJep-
JKaHHsS BUCOKOAKiCHOTO rpadeny, a TakoK ITOCTiIKeHO MexXaHisM (popMyBaH-
Ha rpadeny Ha maiBmi BN.

KarouoBi cioBa: rexcaroHajbHUM HiTpua 60py, rpaden, 6araToiiaposa ILIiB-
Ka, paAioyacToTHe MarHeTpPOHHE HANWJIEeHHS, XeMiuHe OCaAsKeHHsS 3 rasoBoil
(asu.

(Received May 11,2021, in final version, June 15, 2022)

1.INTRODUCTION

Two dimensional (2D) atomic films, such as graphene [1], hexagonal
boron nitride (h-BN) [2], and MoS; [3], have been discovered to exhibit
high carrier mobility, good conductivity, and stable adaptability,
which are urgently required for use in various state-of-art microelec-
tronic devices. Of these materials, intrinsic graphene has been theoret-
ically predicted to possess extremely high carrier mobility, excellent
thermal conductivity, high visible light transmittance, and high me-
chanical strength, and thus, has attractive potential functional appli-
cations. However, it is difficult to maintain these excellent properties
in applications because they are sensitive to the interfacial contact of
graphene with other components in the devices [4]. Many approaches
have been reported to modify the properties of graphene, such as by
decorating the edges of graphene [5], introducing dopant atoms in gra-
phene [6], and choosing a suitable supporter [7]. Previous investiga-
tions have indicated that the performances of graphene and those of
whole graphene/supporter stacked structures are dominantly influ-
enced by the supporting underlayer [8—12]. The wide bandgap of h-BN
and its low lattice mismatch (1.8% ) with graphene render it attractive
for use as a dielectric supporter for graphene [13]. Graphene on h-BN
(G/h-BN) exhibits its own unique electrical properties, which creates
wide prospects for its application in the fabrication of nanoelectronic
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devices [14—16]. Furthermore, the deep ultraviolet absorption and ex-
cellent mechanical, thermal, and chemical stability of BN make the
G/h-BN stacked structure promising for use in optical and thermal de-
vices, UV detectors, electron field emission and electrochemical detec-
tion [17-24].

Currently, the assembly of G/h-BN structure is a complicated multi-
step process. After the separate mechanical exfoliation of both h-BN
and graphene films, the h-BN and graphene should be carefully trans-
ferred onto the supporter, in sequence [25—-27]. However, the scaling
up of this exfoliation and transfer process for large-scale fabrication is
difficult. Moreover, the precursors used in the conventional chemical
vapour deposition (CVD) method to synthesize h-BN are poisonous and
explosive [28]. In this paper, we propose a different approach to fabri-
cate G/h-BN stacked structures, without any exfoliation or transfer
processes. The underlayer h-BN film was deposited via sputtering, and
it was used as a catalyst for the growth of graphene in the subsequent
chemical vapour deposition process. Fabrication parameters, such as
deposition time and RF power of the SiO:/Si substrate during sputter-
ing, as well as the temperature and cooling-down speed during low
pressure chemical vapour deposition (LPCVD), were optimized, and it
proved to be crucial to the growth of graphene. The mechanism of gra-
phene growth and the effect of BN as the catalyst are also discussed in
this paper.

2. EXPERIMENTAL DETAILS

h-BN films were first deposited under Ar and N2 atmosphere using an
RF-magnetron sputtering system (FJL560C3, Shenyang Scientific In-
struments Research Institute, China) on a Si (100) substrate with a 300
nm thick SiO; layer. The image of the substrate surface in an atomic
force microscope (AFM, Nano IR 2-fs, BRUKER, USA) was provided in
Fig. 1 with the surface height inserted. The average roughness (R,) of
the substrate surface was measured to be 0.15 nm. The size of the sub-
strate is 20 mm x 20 mm, which is small enough to ensure to obtain the
same thickness of a boron nitride film in the centre and at the periph-
ery of the substrate during the sputtering process. The h-BN target
(99.99% purity) of 60 mm diameter and 5 mm thickness was purchased
from Beijing CHINO New Materials Co., Ltd., China. The substrate
was kept at 500°C during the sputtering process. The sputtering pres-
sure was 0.5 Pa. Subsequent to sputtering the samples were annealed
in a high-temperature tube furnace (T1780A, Henan Chengyi Labora-
tory Equipment Co., Ltd., China) to enhance the crystallinity of the BN
films. The annealing temperature and holding time were 1000°C and
120 min, respectively. CHs and H; were used in the ratio of 50:5 to syn-
thesize graphene and the total pressure was kept to 80 Pa during the
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Fig. 1. AFM image of the SiO;/Si substrate.

whole period. Finally, graphene was directly deposited on the h-BN
films when the mixed gases were heated under different temperatures
and held for a period of time, without any metal catalyst, in a low-
pressure chemical vapour deposition system (LPCVD, Lindberg/Blue
M, Thermo Fisher Scientific, USA) to form G/h-BN stacked films. The
surface morphology of the films was characterized by atomic force mi-
croscopy (AFM, Dimension Icon—-, BRUKER, USA), and the experi-
mental data were analysed by NanoScope Analysis software. The ele-
mental distribution on the film surface was analysed via x-ray photoe-
lectron spectroscopy (XPS, ESCALAB 250, Thermo Fisher Scientific,
USA). The films were also characterized using a Raman microscope
(inVia, Renishaw, UK).

3. RESULTS AND DISCUSSION
3.1. Characterization of h-BN and G/h-BN Films

An optimal surface roughness of the sputtered h-BN films is important
for obtaining high quality graphene during CVD. Figure 2, a, b are the
AFM images of an h-BN film after annealing and after depositing gra-
phene, respectively. The average surface roughness of the sample
shown in Fig. 2, a was 0.364 nm, which proves that the surface of the
BN film was flat except for some large particles that were formed dur-
ing annealing. Several holes were present on the surface of the film af-
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ter graphene deposition (Fig. 2, b) and its average surface roughness
has increased to 16.3 nm. The variations in the surface height of the
BN film and G/h-BN can be seen from the insets in Fig. 2, a, b, respec-
tively. Figure 2, c is the SEM image of the G/h-N film. Several parti-
cles and holes could be seen in this image and in coordination with the
result of AFM.

The Raman spectrum of the G/h-BN film is shown in Fig. 3. The in-
tensity of the D peak (Ip) was high and a weak shoulder peak, D', ap-
peared to the right side of the G peak, which indicates that there were
some defects in the graphene. The value of half width of the 2D peak
was 62.5 cm™, which indicates that the crystallization degree of gra-
phene was not high enough. The ratio of In/I¢ and I:p/Ic were 0.40 and
0.70, respectively, where Ip, Ig, and I2p are the intensities of peaks D,
G, and 2D, respectively. Raman mapping of G/h-BN (Fig. 4) shows
that the intensities of the D and G peaks were relatively uniform,

-
.
B |
‘? ...\
n L

-
St ® LA"

15.0kV 16.0mm x30.0k SE(M)

Fig. 2. AFM image of h-BN film (a), AFM image (b) and SEM image (c) of the
G/h-BN stacked film.
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which indicates that the distribution of graphene defects and the de-
gree of graphitization were very uniform in the whole mapping test
range. The intensity variation of 2D peak was related to the flatness
degree of the BN film and the thickness of graphene at the test posi-
tion. Figure 4, d shows the Raman spectral image of the Isp/I¢ intensi-
ty ratio of graphene. The ratio varied from 0.446 to 1.223, which can
be attributed to the variation of graphene layers and the stretching of
graphene caused by the different flatness of the BN film [29].

The chemical bonding information of the G/h-BN film was obtained
via XPS analysis, and the results are shown in Fig. 5. In Figure 5, a,
the characteristic peak of B is not obvious and the signal to noise ratio
is low. This peak was fitted into two peaks. The fitted peak at 191.1 eV
was close to the binding energy of B (191.0 eV) in h-BN. A small shoul-
der at a lower binding energy of 189.5 eV is considered to be the contri-
bution from the bonding configuration of B and C, since C atoms have a
lower electronegativity than N.

The intensity of the characteristic peak of C is high (Fig. 5, b). After
fitting and splitting, the original curve was fitted into three peaks as
shown in red. Of these three peaks, the middle one is located at 284.6
eV, which is close to the binding energy of the C—C bond. The left
shoulder located at 283.5 eV is due to the B—C bond, and the right
shoulder located at 285.7 eV is due to the N—C bond. Figure 5, ¢ shows
the characteristic peak of N. The peak, located at 398.3 eV, was close to
the binding energy of B—N (398.2 eV). The left shoulder located at
396.7 eV may be due to the N—Si bond which arises due to the binding

2D

Intensity, a.u.

1000 1500 2000 2500 3000
Raman shift, em™

Fig. 3. Raman spectrum of G/h-BN.
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a
—
1000 nm
-

-349

Fig. 4. Raman mapping of G/BN at D peak (a), G peak (b), 2D peak (c), and
IzD/IG value (d)

of N atoms to the Si substrate. The right shoulder located at 398.9 eV
is due to the C—N bond. The atomic percentages of C, B, and N in the
G/h-BN film are 96.07%, 2.39%, and 1.54% , respectively. The aver-
age sheet resistivity was 3750 Q-sq! which is much larger than that of
pure graphene. The B—C bond and N-C bond caused by B and N co-
doping might have a great influence on the electrical property of the
G/h-BN composite film.

3.2. Effect of Deposition Temperature and Time

The quality of G/h-BN film under different deposition temperatures
was investigated via Raman spectroscopy (Fig. 6). The Raman spectral
analysis data of G/h-BN films at different deposition temperatures is
provided in Table 1. As can be seen from Fig. 6, when the deposition
temperature is 800°C, there is no Raman signal corresponding to gra-
phene. The peaks located at 1305 cm™ and 1366 cm™! is from different
boron nitride phases. This is because CH4 rarely pyrolyses at 800°C;
furthermore, it is very difficult for carbon atoms to be deposited on the
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Intensity, a.u.

396.0 400.5
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Fig. 5. XPS spectra characteristic of B (a), C (b), and N (¢) on G/h-BN film sur-
face.

substrate as most of the CH, was pumped out. When the temperature
was increased further to 900°C, graphene was deposited on the sub-
strate.

The value of I:p/Ic is 1.22 when graphene is deposited at 900°C (Ta-
ble 1), indicating that a few layers of graphene was formed. However,
the D peak is very high and the value of Ip/I¢ is nearly equal to 1.75,
which implies that the as-prepared graphene has some defects. In addi-
tion, a shoulder peak, D', is observed to the right of the G peak, further
proving the existence of the defects in graphene. When the tempera-
ture was increased further to 1000°C, I:p/Ic was approximately 1.07,
and Ip/Ic was 0.84. The D’ peak on the right shoulder of the G peak is
less obvious for this sample compared with that of graphene deposited
at 900°C. The above results indicate that the quality of graphene is im-
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Fig. 6. Raman spectra of G/h-BN fabricated at different deposition tempera-
ture: 1000°C (a); 900°C (b); 800°C (c), all deposition time was 120 min.

proved when the deposition temperature is increased from 900°C to
1000°C.

In the process of CVD, deposition time is also an important parame-
ter that significantly affects the quality of graphene. Figure 7, ¢ shows
that when the deposition time is 30 min, there is no Raman signal
characteristic of graphene. This is because 30 min is too short for the
carbon atoms to be deposited on the substrate and to form a continuous
graphene film. When the deposition time was increased from 30 to 60
min, the characteristic peaks of graphene are obvious. The values of
Ip/Iv, In/Ig, and I:p/Ig are listed in the Table 2. There is only a slight
difference in the value of Is:p/Ic with change in the deposition time
from 60 to 120 min. However, when the deposition time is 120 min, the
value of Ip/I is significantly higher than that of graphene deposited
for 60 min. Therefore, it can be concluded that the number of gra-
phene layers remains unchanged, but the defects of graphene increase
considerably when the deposition time is prolonged. In Figure 7, a, the
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TABLE 1. Raman spectral analysis data of G/h-BN films fabricated at differ-
ent deposition temperatures.

Deposition temperature (°C) Ip/Ip Ip/Ig Isp/Ig
1000 1.23 0.84 1.07
900 3.87 1.75 1.22
800 - - -

peak at about 1300 cm™ is superposed by a cubic BN phase peak (peak
A, located at 1305 cm™), hexagonal BN phase peak (peak C, located at
1366 cm™), and D peak of graphene (peak B, located at 1340 cm™).
When the growth time is 60 min, the D' peak appears to the right side
of the G peak (Fig. 7, b), indicating that there are still a lot of defects in
the graphene film. In Figure 7, a, there is no obvious shoulder to the
right side of the G peak, which indicates that the type of defects in the
graphene deposited for 120 and 60 min might be different.

3.3. Investigation of the Deposition Mechanism of Graphene

To investigate the deposition mechanism of graphene, we prepared the
G/h-BN films at different cooling rates on h-BN substrates. It was ob-
served that graphene was deposited on all substrates at a slow cooling
rate of approximately 20°C/min, and the specimens cooled within the
furnace. However, when cooling at a faster rate, i.e., the quartz tube
holding specimens was brought out of the furnace and cooled in air, the
characteristic peaks of graphene were not evident in the Raman spec-
tra. This indicates that the growth mechanism of the deposited gra-
phene on the h-BN substrate is epitaxial growth, as previously report-
ed [30, 31]. The deposition of graphene on h-BN is not simply the ac-

TABLE 2. Raman spectral analysis data of G/h-BN films fabricated under dif-
ferent deposition times.

Deposition time (min) Ip/Ip Ip/Ig Isp/Ig
120 - 2.04 1.21
60 2.35 0.66 0.86

30 - - -




FABRICATION, OPTIMIZATION, AND MECHANISM ANALYSIS 1173

a D ,
;\ B 120 min
VAW C 2D
A‘Tiﬂj | G
A ) ,
VA A fﬁ;‘
[ W \ oA i1 f ' 1\
J M (‘ ! \ f o
PRV i
N 4\ \,-‘,-n,f[y bl ithe st
3 e
b f 3 60 min
2 |
B r‘\ | 14\
4 f | { L5, /
e VP \
= i / | -
S ,/ W Cod .
el u l"“4_f'.‘i""\?:‘l,l*;“-‘"“mwwﬁl’ll‘wﬁl#\f'\"\"’\ll‘w-'v"J"'"”."I‘u’ﬂJf\"'i\-(i,f-ﬁ’»‘n’"""l\ﬁ!ﬁ-{\_"”"“ h‘-*m‘F.i”»'n’vff’rbf\a'q'“‘w
c 30 min
| P o
1 1 L L L

1170 1560 1950 2340 2730
Raman shift, cm™

Fig.7. Raman spectra of G/h-BN fabricated under different deposition times:
120 min (a); 60 min (b); 30 min (¢), all deposition temperature was 1000°C.

cumulation of carbon atoms on the substrate surface; the slow cooling
rate is important for carbon atoms to have enough time to grow along
the crystal growth direction of h-BN. Therefore, it is necessary to ex-
plore the impact of the h-BN substrate on the growth of graphene of
different film thicknesses by varying the sputtering time.

Figure 8 depicts the Raman spectra of graphene films deposited on
h-BN fabricated under different sputtering durations. The wide peak
on the left can be fitted into three peaks of cubic boron nitride, hexag-
onal boron nitrogen and the D peak of graphene (Fig. 8, d). The shoul-
der D’ located to the right of the graphene G peak appears for all the
samples prepared at different sputtering durations. However, the
shoulder was significantly shorter for the sample with the h-BN fabri-
cated with 30 min of sputtering time.

We analysed the peaks in Fig. 8 and summarized the data in Table 3.
The Ip/I¢ ratio of graphene deposited on the h-BN substrate which the
thickness was 32 nm reached the highest value 1.62. When the h-BN
thickness reached 280 nm, the Ip/I¢ decreased to 0.85 and Isp/I¢ ratio
exceeded 1, indicating the high-quality graphene has formed. It can be
presumed that with the increase of the h-BN film thickness, the size of
the synthesized graphene regions increases and therefore the role of
edge effects in such regions decreases. That is, the structural defects
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caused by unclosed aromatic rings of graphene decreased when the h-
BN film turned thicker with less defects.

Furthermore, we deposited graphene on h-BN prepared using dif-
ferent sputtering powers. With an increase in the sputtering power,
the full width at half maximum (FWHM) of the Raman characteristic
2D peak increased gradually (Fig. 9), indicating that the crystallinity
of graphene decreased gradually. As can be seen from Table 4, this
FWHM increases with an increase in the sputtering power, indicating
that the crystallinity of graphene decreases by increasing the sputter-
ing power of BN. Furthermore, the gradual decrease in I2p/Ig indicates
that the number of graphene layers increased with the increase in sput-
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Fig. 8. Raman spectra of G/h-BN fabricated under different BN sputtering
times: 5 min (a); 10 min (b); 20 min (¢); 30 min (d), all deposition temperature
and time of graphene were 1000°C and 120 min, respectively, and BN sputter-
ing power was 80 W.



FABRICATION, OPTIMIZATION, AND MECHANISM ANALYSIS 1175

TABLE 3. Raman spectral analysis data of graphene on h-BN films fabricated
under different sputtering times.

Sputtering time (min) | Film thickness (nm) In/I¢ Isp/I
30 280 0.85 1.01
20 150 0.79 0.85
10 72 0.92 0.99
5 32 1.62 0.73

TABLE 4. Raman spectral analysis data of graphene on h-BN films fabricated
under different BN sputtering power.

Sputtering power (W) FWHM (cm™) Ip/Ig Ip/Ic
150 103 0.81 0.34
100 68 0.41 0.71
80 61 0.91 0.99

tering power. When the sputtering power is 100 W, the Ip/I¢ value is
minimum, indicating the presence of the least number of defects.

4. CONCLUSIONS AND PROSPECT

G/h-BN stacked films were successfully synthesized by RF-magnetron
sputtering and subsequent LPCVD. The parameters of deposition time
and RF power during sputtering were optimized to fabricate h-BN,
which also functioned as a catalyst for the epitaxial growth of gra-
phene. Furthermore, a high deposition temperature, long deposition
time and low cooling-down speed were proved to be necessary to facili-
tate the growth of graphene. The h-BN film with low roughness and
high thickness was experimentally verified to be an effective alterna-
tive to metal catalysts in the CVD of graphene. The B—C bond and N-C
bond caused by B and N co-doping have been found in the G/h-BN com-
posite film, and the existence of these bonds makes it possible for this
composite to be applied in the field of physics one day when the perfect
single- or double-layer graphene synthesized through this proposed
technology. The influence of the morphology, structure and crystallin-
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ity of BN film on the deposition of graphene is also worthy to be inves-
tigated in future.
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Electrical and Magnetic Properties of Polymeric Nanocomposites
Based on Nickel Ferrites Modified by Copper Sulphide

R. V. Mazurenko, S. L. Prokopenko, G. M. Gunja, L. P. Storozhuk,
S. M. Makhno, and P. P. Gorbyk
O. O. Chuiko Institute of Surface Chemistry, N.A.S. of Ukraine,

17 General Naumov Str.,
UA-03164 Kyiv, Ukraine

Nanosize nickel ferrite was synthesized by the sol-gel autocombustion meth-
od. The surface of nickel ferrite was modified by copper sulphide with the
volume fractions from 0.2 to 0.42. For the CuS/NiFe2:04 composites the val-
ues of complex permittivity and permeability in the microwave range, values
of conductivity at low frequencies and magnetic characteristics were investi-
gated. Polymer composites CuS/NiFe;Os—polychlorotrifluoroethylene
(PCTFE) were obtained by hot pressing technique. With an increase in the
content of copper sulphide of polymer composites, an increase in the values of
the complex dielectric constant in the microwave range of 2—3 times was ob-
served. The values of electrical conductivity for the 0.2CuS/NiFe,0,—~PCTFE
system are 4—5 orders of magnitude lower than for the 0.42CuS/NiFe;O4—
PCTFE system with an increase in the concentration of copper sulphide in
polymer composites. The change in the ratio of the conducting and magnetic
components in the studied system makes it possible composites with adjusta-
ble permittivity and permeability in the microwave range.

Key words: polymer nanocomposite, nickel ferrite, copper sulphide, complex
permittivity, complex permeability, specific magnetization.
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dimom wmimi 3 o6’emrmm Bmictom Bigx 0,2 mo 0,42. Jli1a KOMIIO3UTiB
CuS/NiFe04 mocrmim:KeHO KOMILJIEKCHY AieJIeKTPUUYHY Ta MarHeTHY IIPOHUK-
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HOCTi B HAJBUCOKOYACTOTHOMY IifIlIa30Hi, €JeKTPOIPOBiIHiCT, Ha HUBBKHUX
YacToTaxX Ta MarHeTHi xapaxkTepucTuku. MeTom00 rapsayoro mpecyBaHHs ofe-
pskamo moaimepHi Kommosutu CuS/NiFe;Os—moaixjgoprpudToperuieH
(IIXTPE). ITpu 36inbineHH] BMicTy cyabhiny Mifi B moriMepHUX KOMIIO3UTAX
cIIocTepiragoch 30iJbIIeHHSA B 2—3 pa3u 3HaUeHb KOMILIEKCHOI JieJJeKTPUUHOI
npouukHocT B HBY gisimasouni. 3HaUeHHS eJIEKTPOIPOBLAHOCTH IJIA CCTEMU
CuS/NiFe;0,~IIXT®E na 4—-5 nopsaakiB BeTUUYWHN HUMKYi, HiK IJIS CUCTEMH
CuS/NiFe,0,~IIXT®E iz 36inbiieHHAM BMicTy cyabdiny migi B moaimepHux
KoMOo3uTaxX. 3MiHA CHiBBiTHOIIIEHHS IIPOBiHOI Ta MArHeTHOI CKJIaJOBUX Y
IOCJIII?KYBAHIN CHUCTEMi Jae 3MOTY CTBOPIOBATH KOMIIOSUTHU 3 PEIr'yJIHOBAHOIO
TieJJeKTPUYHOIO Ta MAarHeTHOIO MPOHUKHOCTAMY B HaABUCOKOUYACTOTHOMY Hifd-
Tas3oHi.

KarouoBi caoma: mosimMepHuii HaHOKOMIIO3UT, (epUT HiKJII0, cyabdim mini,
KOMILJIEKCHA [ieJIeKTPUYHA NPOHUKHICTh, KOMILIEKCHA MarLeTHa IPOHUK-
HicThb, MHTOMA HAMATrHETOBAHICTD.

(Received December 16, 2021; in final version, August 4, 2022 )

1.INTRODUCTION

The interaction of nanomaterials with an electromagnetic (EM) wave
has been of great interest for many years[1, 2]. The using of electronic
and microelectronic devices has a negative impact on work electronic
equipment and human body. It causes the necessity for effective elec-
tromagnetic interference shielding. Particular interest is focused on
absorption in the microwave range, since the number of new sources in
this range is increasing (mobile and satellite communications, radar,
wireless networks, etc.).

The creation of coatings with controlled electrophysical characteris-
tics based on structures with nanoscale cluster and dispersed compo-
nents is necessary for effective absorption of an electromagnetic wave.
The absorption of coatings at one frequency or in a certain frequency
range depends on an optimal combination of dielectric, magnetic prop-
erties, thickness of absorbing layers, and their impedance and attenua-
tion coefficient. Absorbing coatings can work on the principle of inter-
ference, scattering of EM waves, absorption of electromagnetic energy.
Often, different principles are combined to create absorbing electro-
magnetic coatings [3, 4]. Such coatings can be created based on ferrites
(characterized by high magnetic losses), complex organic compounds,
carbon and semiconductor materials. In particular, nanostructured spi-
nel ferrites with the formula MeFe;O4 (where Me = Co?", Ni%", Fe?", Zn?",
Cu?* ete.) can be obtained of various structures, shapes, sizes by chang-
ing their chemical composition (which leads to the occurrence of multi-
ple dielectric and magnetic resonances [5]) in order to select the neces-
sary magnetic properties [6, 7].
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For intensification of the EM wave adsorption use of magnetic na-
noparticles modified at the interface by conductive components (car-
bon and semiconductor materials, metallic particles, conductive poly-
mers etc. [4, 8—11].

Copper sulphide (CuS), a type of semiconductor transition-metal
sulphide, has been used in a variety of fields owing to its metal-like
electronic conductivity [12, 13], the dominant dipolar polarization and
the associated relaxation phenomena [14]. The EM wave absorbing per-
formance of CuS-based composites such as  graphene
ZnFe;0,@RGO@CuS [15], CuS/PANI [16], CuS/RGO/PANI/Fe;0,
[17], and Fes04/CuS [14], have been explored. Due to the dielectric
characteristic, a combination of CuS and other absorption materials
can obtain higher absorption performance.

It should be noted that the introduction of dispersed ferrites into the
polymer matrix leads to an increase in the absorption of EM wave due
to the influence of interphase interactions on the processes of struc-
ture formation [18]. The use of a polymer matrix makes it possible to
combine the advantages of both polychlorotrifluoroethylene (flexibil-
ity, resistance to mechanical and chemical influences) and properties
of functional fillers [19].

The aim of the paper was the synthesis and study the electrophysical
and magnetic properties in matrix-dispersed filled systems based on
polychlorotrifluorethylene (PCTFE) and modified nickel ferrite by
copper sulphide.

2. EXPERIMENTAL

The sol-gel autocombustion method was used to synthesize nickel fer-
rite nanoparticles [20]. Iron nitrate Fe(NOs)s-9H20 (pure grade), nickel
nitrate Ni(NOs)2-6H20 (pure grade) in molar ratio 2:1 were dissolved in
deionized water (DI). Further, citric acid was added to the mixture of
metal nitrates in a molar ratio of 1:1. The solution was continuously
stirred using a magnetic agitator. 25% ammonia solution (0.1 M) was
used to adjust the pH of the solution to 7. A viscous gel from the reac-
tion mixture was formed at a temperature of 100°C during its constant
stirring. Upon further heating, the gel combusted in a self-
propagation manner to form a brown powdery. Then, the powder was
heat treated at 600°C in air for 5 h.

The synthesized nickel ferrite was dispersed in DI for 10 minutes
and then it was added to the prepared aqueous of hexadecyltrime-
thylammonium bromide (CTAB) solution and aging for 12 hours under
continuous stirring solution. CTAB was used as surfactant. Then the
NiFe:0, were washed by DI water for several times and redispersed into
NazS aqueous solution for further use. This solution was stirred at
40°C for 3 h. Then the copper sulphate (which act as sources of Cu?")
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aqueous solution was added dropwise into the above NaxS aqueous solu-
tion and stirred for 3 h. Finally, the samples were centrifuged, washed
several times with deionized water and ethanol, and then dried for 12 h
at 60°C. The concentration of copper sulphide on a surface of ferrite
was 0.2 and 0.42 volume fractions.

Powders of modified ferrite and polymer were mixed mechanically
and ground in an agate mortar. Thereafter, the mixture of powders
was compressed with a pressure of 2 MPa at a polymer melting temper-
ature of 240°C to obtain CuS/NiFe;0,—PCTFE composites.

A microwave interferometer for measuring the phase velocity of EM
waves in composite materials was assembled using commercial devices.
A simplified block diagram is shown in Fig. 1. The method consists in
measuring the amplitude and the phase of the electromagnetic wave
passing through the material [21].

The calculation of ¢’ and &' was carried out using the obtained exper-
imental values of attenuation (A;) when the EM wave passes through
the sample, the phase change A¢p EM wave and the standing wave ratio
(S). The reflection coefficient (R) of EM wave from the material is giv-
en according to equation

_(S-1y

_m. (1)

P4
=
S

EV e

Fig. 1. The block diagram of the experimental setup for measurement the
complex permittivity: 1—microwave generator, 2—indicator block of the
voltage standing wave ratio, 3, 4—an ordinary broad-wall waveguide direc-
tional coupler, 5, 6—the transmitting and receiving antennas, 7—sample,
8—microwave paths, 9—phase meters (RFK2-18), 10—analog-to-digital con-
verter, 11—computer.
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EM wave absorption (A) by material is given by
A=A -R (2)

The real (¢') and imaginary (¢'") components of the complex permit-
tivity were determined by the real (k') and imaginary (k") parts of the
complex wave number for a given frequency (o) as follows:

= (2) (k2 - &), 3)

(@)

2
&' = 2k'R" [ij : (4)
®
where c is the speed of light in vacuum.

Equations for the indexes £’ and k" can be obtained by determining
the modulus of vector addition of two interfering waves of the measur-
ing and reference paths:

o A
B =—+—, 5
-T2 ()
B 0.51n(;4t -R) , 6)

where d is sample thickness.
The formula for loss tangent is

"

tgs = & (7)

8,

The experimental error did not exceed 5% .

The immittance meter (E7-14, USSR) was used to determine the pa-
rameters of conductivity (o) of composites by two-contact method [22].
These measurements were carried out at low frequency (100 Hz).

Crystalline structure of the samples was characterized by x-ray dif-
fractometer DRON-4-07 (Lomo, USSR) with CoK, radiation. Scher-
rer’s equation (Eq. (8)) [23] was used to determine the crystal sizes of
the samples from the width of the most intense line in XRD patterns.

D 0.9 . )
Bcos6

where A is the x-ray wavelength (0.1789 nm), 0 is the Bragg diffraction
angle, B is the full width at half maxima of the peak [24].

Information about the morphologies and microstructures of compo-
sites was determined using transmission electron microscope (TEM)
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(JEOL-1200 EX, Jeol, Japan) images of the as-synthesized products.
Magnetic properties for synthesized materials were investigated us-
ing a vibrating sample magnetometer [25, 26].

3. RESULTS AND DISCUSSION

The TEM images of the synthesized ferrite nanoparticles NiFe:04 and
nanocomposites CuS/NiFe;0, are presented in Fig. 2. Partially ag-
glomerated and individual particles are found in all images. The re-
sults of a TEM study indicated that nanoparticles of nickel ferrite were
a size of about 60 nm (Fig. 2, a). Smaller nanoparticles (~15—20 nm) in
TEM images (Fig. 2, b—d) after modification of nickel ferrite with cop-
per sulphide were observed probably correspond to CuS.

The results of an x-ray diffraction study shown that the main reflec-
tions synthesized ferrite corresponded to the cubic structure of
NiFe204 (JCPDS No. 86-2267) (Fig. 3, curve 1) and to the (111), (220),
(311), (222), (400), (422), (511), (440) crystalline planes. The size of
the NiFe;04 crystallites was 35 nm. Additional reflections also were
observed. These reflections corresponded to the hexagonal structure of
Fe;03 (JCPDS 33-664), which was formed after extended annealing the
ferrite sample in air at 650°C. Cubic phase CuS (JCPDS 75-2235) cor-
responded to reflections on diffraction curves (Fig 3, curve 2, 3) for
nickel ferrites modified with copper sulphide. The crystallite sizes of
copper sulphide for all samples were 22—25 nm.

Figure 4 shows the TG/DTA thermograms of synthesized ferrite and
nanocomposites CuS/NiFe;0, recorded between 25 and 1000°C. The
TG/DTA thermograms of nickel ferrite sample showed weight loss of
about 6.5% in the temperature range 256—950°C due to of desorption
water from the sample surface (Fig. 4, curves 1a, 1b). The obtained re-
sults confirm the formation of a stable crystal structure of ferrite at an
annealing temperature of 650°C for 5 hours. For ferrite samples modi-
fied with copper sulphide, as a result of transformations CuS — CuO
with an increase of temperature to 800°C, a weight loss of up to 32%
was observed (Fig. 4, curves 2a, 3b) [27]. It should be noted that the
character of the TG and DTA curves for the modified samples
(CuS/NiFe;04) changed symbiotically. There are four stages of thermal
decomposition of copper sulphide [28]:

— CuS was converted into Cui.sS and CusS due to the release of sul-
phur and its oxidation to SOz (290°C—320°C);

— oxidation of sulphides: to copper oxides (Cuz0 and CuO (can also be
formed by oxidation of Cuz0)) or to copper sulphates (CuzSQ,, CuSO,
(formed by direct oxidation of CuzO or by reaction between the released
S0; and Cuz0) (345°C—400°C);

— the formation of oxysulphides (CuSO4 and CuO, CuSO,) as a result
of the reaction between copper oxide, oxygen and released SO; (322°C—
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Fig. 2. TEM images of synthesized ferrites and corresponding modified fer-
rites  a—NiFe;0y, b—0.2CuS/NiFe;0s, ¢—0.38CuS/NiFe;0y4, d—
0.42CuS/NiFe;0y,.

584°C);

— decomposition of oxysulphates with the subsequent formation of
CuO (608°C—-783°C).

A shift of the DTA peaks (Fig. 4, curves 2b, 3b) to higher tempera-
tures with an increase in the volume content of copper sulphide in the
modified samples was observed. It is known that the particle size af-
fects the intensity and shift of the peaks of endo- and exothermic ef-
fects [29]. With a decrease in the particle size, the intensity of the
thermoanalytical curves decreases with a simultaneous shift of reflec-
tions to the region of low temperatures. From the TEM images data
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Fig. 3. X-ray diffraction patterns of synthesized samples: 1—NiFe204, 2—
0.38CuS/NiFe204, 3—0.42CuS/NiFez0,.

(Fig. 2), different sizes of CuS particles on the NiFe:0, surface with a
change in the volume content of the components in the composites were
determined.

The experimental results of the complex permittivity for the system
CuS/NiFe04 are presented in Fig. 5. The nonlinear character of the
increase of the values of €', &' in three-component systems with an in-
crease of the volume content of the conducting component was ob-
served. Well-separated clusters of copper sulphide are formed on the
surface of nickel ferrite during the growth of CuS particles with a con-
centration below 0.38. If the concentration of copper sulphide is higher
than 0.38, more branched clusters are observed (Fig. 2, ¢, d). The for-
mation of a layer of copper sulphide on the surface of the ferrite is sim-
ilar to the formation of electrically conductive spheres. It is known
that an EM wave penetrates the conductive material to the skin depth
[30]. Specific absorption of EM radiation is more effective using hol-
low conductive balls. It is shown that the highest values of the complex
permittivity are obtained for polymer composites 0.32CuS/NiFe20,4
and 0.42CuS/NiFe:04. The high values ¢’ and &'’ conditioned by the pe-
culiarities of structuring CuS/NiFe;04 in the polymer matrix and the
influence of the boundary layers of the polymer on the electrophysical
parameters [31].

The change in the electrophysical characteristics depending on the
concentration of the conducting component was also observed for pol-
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Fig.4. Derivatograms of synthesized nanoparticles: 1—NiFe:04, 2—
0.38CuS/NiFe;04, 3—0.42CuS/NiFe;04. (a—TG, b—DTA).

ymer composites based on modified oxides (Cul/BaFe:20:9 [32],
Cul/CoFe04, Cul/NiFe:04[33], Cul/MgO [34]).

The dependences of the electrical conductivity at a low frequency on
the volumetric content of copper sulphide for three-component sys-
tems are shown in the Fig. 6. The electrical conductivity of polymer
composites 0.38CuS/NiFe;0.,-PCTFE and 0.42CuS/NiFe;0,—PCTFE
(curves 3, 4) is 4—5 orders of magnitude higher than for composites
with a low content of copper sulphide on the surface of nickel ferrite
(curves 1, 2). Perhaps, this is due to a change of the sizes of copper sul-
phide particles or the structure of their clusters on the surface of nick-
el ferrite.

The conductivity results were analysed using percolation theory.
According to equation (9), the values of the percolation threshold for
polymer composites were calculated (Table 1).

G:Gi((l)_(l)c)t’ )

where c—the electrical conductivity of composite, c;—the electrical
conductivity of the filler; ¢—the filler volume fraction; ¢.—the perco-
lation threshold, t—the critical exponent.

It is shown that an increase of the volume content of conductivity
component in polymer composites lead to shift of the percolation
threshold to the region of low concentrations of to the region of low
concentrations copper sulphide.

It should be noted that for systems 0.42CuS/NiFe;0,—PCTFE and
0.38CuS/NiFe;0,—PCTFE, the values of electrical conductivity differ
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Fig. 5. Dependences of the ¢’ (a) and " (b) at 9 GHz of the of copper sulphide
volume fractions (¢) in polymer composite systems 1—0.2CuS/NiFe;04, 2—
0.32CuS/NiFe204, 3—0.38CuS/NiFe204, 4—0.42CuS/NiFez0,.

insignificantly. At such concentrations of copper sulphide, an increase
in the size of CuS particles is observed on the ferrite surface. Such an
increase of the size of particles has no significant effect on the for-
mation of conducting cluster structures in the polymer.

Figure 7 shows the study of the temperature dependences of the
electrical conductivity of CuS/NiFe;04 with different contents of the
conducting component. The conductivity values of the modified com-
posites changed insignificantly with increasing temperature. At the
volumetric fractions (0.2 < ¢ < 0.42) of copper sulphide in CuS/NiFe 0,
system, the electrical conductivity of the nanocomposites is deter-
mined by the conductive component—copper sulphide.

The values of the real (u') and imaginary component (u'') of complex
permeability at 9 GHz for the synthesized nickel ferrite and it modi-
fied by copper sulphate are presented (Table 2).

The magnetization hysteresis loops CuS/NiFe;0s composites and
NiFe204 were obtained at room temperature (Fig. 8). With an increase
of the volumetric content of copper sulphide in composites
CuS/NiFe:0,4, a decrease in the values of the specific saturation mag-
netization was observed. Magnetic characteristics for the all samples

TABLE 1. Parameters of the percolation transition of polymer composites.

Samples Oc t
0.32CuS/NiFe,0,—PCTFE 0.996 + 0.05 2.2+0.1
0.38CuS/NiFe;0,—~PCTFE 0.05+0.05 1.62+0.1

0.42CuS/NiFe;04,—PCTFE 0.06 +0.05 1.6+0.1
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Fig. 6. Dependences of the electrical conductivity logarithms of the copper
sulphide volume fractions (¢) in polymer composite systems at a frequency of
100 Hz: 1—0.2CuS/NiFe;04, 2—0.32CuS/NiFe;04, 3—0.38CuS/NiFe;04, 4—
0.42CuS/NiFe;0y,.

are listed in Table 3.

The presence of a ‘demagnetized’ hematite layer on a ferrite particle
leads to a decrease of the specific saturation magnetization. Thus, for a
bulk ferrite with a particle size of ~60 nm, the calculated specific satu-
ration magnetization is 58.7 G-cm?/g, and for synthesized ferrite this
value is 35.6 G-cm?®/g. The electrophysical parameters of polymer
nanocomposites based on modified ferrites can be regulated due to
changes in the thickness of the a-Fe20s layer on the ferrite surface dur-
ing its synthesis. It should be noted that small spontaneous magnetiza-
tion of the antiferromagnetic hematite in the temperature range (27—
670)°C is ~107° of the sum of the magnetizations of the sublattices [35].
The ‘demagnetized’ hematite layer on ferrite particles make for reduce
of the total magnetic moment [36].

TABLE 2. Permeability of as-synthesized and modified ferrite.

Sample | u' p'’

NiFes04 1.01 0.02
0.2CuS/NiFe;0,4 1.05 0.03
0.32CuS/NiFe;0,4 1.08 0.03
0.38CuS/NiFe;0, 1.15 0.04

0.42CuS/NiFe;04 1.18 0.04
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Fig. 7. Temperature dependence of the logarithm of electrical conductivity (o)
at a frequency of 100 Hz for nanocomposites CuS/NiFe;04. Volume fractions
of copper sulphide: 1—0; 2—0.25; 3—0.32; 4—0.38; 5—0.42; 6—1.

The core—shell model [36] was used to determine the specific satura-
tion magnetization of a complex nanoparticle with external diameter
D.

3
M" = M" [1 —Di(ha-pegos + ao)} , (10)

m

where M —specific saturation magnetization of a-Fe;03/ferrite par-

TABLE 3. Magnetic characteristics of as-synthesized ferrites and their deriv-
atives.

Sample  |H., (Oe)| M, (G-cm®/g) | M, (G-cm?/g) | M,/M; )
composition” (NiFe;04)
NiFe;04 131 35.6" 3.50 0.098 1
0.2CuS/NiFe;04 106 31.8" 3.26 0.102 0.89
0.32CuS/NiFe;04 94 29.79 3.02 0.101 0.83
0.38CuS/NiFe;0, 107 27.99 2.94 0.105 0.78
0.42CuS/NiFe;0, 169 23.99 2.45 0.102 0.66

where H.—coercive force, M,—specific saturation magnetization, M,—
residual specific magnetization and M,/M,—relative residual specific mag-
netization; *—with a-Fe203 on the surface of the ferrite particles [37].
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Fig.8. Hysteresis loops and their primary areas of nanocomposites
CuS/NiFez04. Volume fractions of copper sulphide: 1—0; 2—0.2; 3—0.32;
4—0.38; 5—0.42.

ticle, Ms” —specific saturation magnetization bulk ferrite, D,—an av-
erage external diameter of particles, %, g, , —layer thickness of the a-
Fe;0s, ap—a lattice constant of the ferrite.

The thickness of the hematite layer on the surface of NiFe:0, calcu-
lated according to equation (10) is ~3.7 nm. The density of the magnet-
ic moment of composites decreases due to the presence of copper sul-
phide and a hematite shell on the surface of nickel ferrite nanoparti-
cles.

4. CONCLUSIONS

Nanosized nickel ferrite with average particles size of 60 nm was syn-
thesized by the sol-gel autocombustion method. The surface of nickel
ferrite was modified by copper sulphide with particles size of 15—-20
nm. The volume fractions of copper sulphide in CuS/NiFe2:O, nano-
composites were from 0.2 to 0.42.

The electrical and magnetic properties of polymer composites based
on nickel ferrite modified by copper sulphide were studied. An increase
of 2—3 times in the values of &', ¢’ in the microwave range for
CuS/NiFe204—polychlorotrifluoroethylene systems with an increase in
the volume content of copper sulphide from 0.32 to 0.42 was observed.
The values of electrical conductivity for the 0.2CuS/NiFe.0,—PCTFE
system are 4-5 orders of magnitude lower than for the
0.42CuS/NiFe;0,—PCTFE system with an increase in the concentration
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of copper sulphide in polymer composites. Such effects are due to the
increase in the interfacial surface of the polymer and CuS/NiFe;0,4, as
well as the formation of more branched clusters of ferrite particles
modified by copper sulphide. It is shown that the regulation of the val-
ues of the permittivity and permeability of polymer nanocomposites is
achieved by modifying dispersed fillers by conductive components.
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MeccOayepoBi Ta MarHeTHi TOCIiI;KeHHA BUCOKOIUCIIEPCHUX
nopomkiB cucremu FeNiCrCoCu, BuroroBieHnx
€JIEKTPOiCKPOBOIO METO/I0I0 Y Pi3HUX PiAKHX cepeIoBHIAX

[B. M. HagyTos|, A. O. ITepexkoc, €. O. Cucryros, II. JI. Bamyxk,
B. 3. Boitaami, C. 0. MakapeHKO

ITnecmumym memanogisuxu im. I'. B. Kypdomosea HAH Ykpainu,
6ynve. Akademira Beprnadcvkozo, 36,
03142 Ruis, Ykpaina

EnekTpoickpoBuM aucnepryBaHHAM BIIEpIle OJeP:KAaHO BUCOKOAMCIIEPCHi (10
5 MKM) moporku BucokoeHTponiiHoro crony (BEC) FeNiCoCrCu B pisHux
pizxmx cepemoBuIlax (eTaHOJ, MIPOIAHOJ Ta BOJA) i BU3HAUEHO iX BIJIUB Ha
dazoBuii ckaax i cuiBBigHOmEeHHA 06’eMENX YacTOK I'IIK y:- i v2-(has mopiBua-
HO 3 IIUM CHiBBiJHOIIIEHHAM y BUXiZHOMY 3JMBKY. 3a JaHMUMU aHAJi3u Imapa-
MeTPiB CTPYKTYPH 1 XapaKTEePUCTUK HAATOHKOI MarHeTHOI B3a€EMOJii IMoKasa-
HO, IO OJIeP:KAaHi IIOPOMIKM HAaCJiAyIOTh (ha30BUI CKJIAJA JIUTOTO CTOIY, aje
mae miciie yrBoperHs OITK-¢dasu, a TaK0oK IPOCTUX Ta CKJIAaIHUX OKCHUIIB Iic-
JISI TUCIIepPI'YBaHHA B €TAaHOJI i BOJ1, a IuCIepIr'yBaHHA B IPOIIAHOJIi CIIPUYNHSE
TaKOXX 3MiHY CHiBBiHOIIIEHHA Yi- i yo-pas i moaABy cmemianbHUX Kapbifis.
Opep:xkaHi pesyJbTaTH MOMKYTb OyTH OCHOBOIO PO3POOKM HOBOI METOAU OJep-
*KaHHS BUCOKOJUCIIEPCHUX 1 HaHOpo3MipHuX mopotikis BEC.

KarouoBi c1oBa: BUCOKOEGHTPOIIIHHI CTOIIM, BUCOKOAMCIEPCHI IIOPOIITKH, €JIeK-
TPoicKpoBe AuciepryBaHHA, MeccOayepoBa CIeKTPOCKOIisA, PEHTIEHOCTPYK-
TypHa aHaJIi3a, eJIEKTPOHHA MiKPOCKOIisA, MarHeTHi BUMipIOBaHHA.

By electric spark dispersion were produced for the first time ultrafine pow-
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ders (up to 5 um) of high-entropy alloy (HEA) FeNiCoCrCu in various liquid
media (ethanol, propanol, and water), and their effect on the phase composi-
tion and the ratio of the volume fractions of y; and y; phases was determined
in comparison with this ratio in the original ingot. According to the analysis
of the structure parameters and characteristics of the hyperfine magnetic
interaction, as shown, the obtained powders inherit the phase composition of
the cast alloy, but the formation of the b.c.c. phase, as well as simple and
complex oxides after dispersion in ethanol and water, and dispersion in pro-
panol also causes a change in the ratio y; i y2 phases and the appearance of spe-
cial carbides. The results are the basis for the development of a new method
for obtaining highly dispersed and nanosized HEA powders.

Key words: high-entropy alloys, ultrafine powders, electric spark dispersion,
Mossbauer spectroscopy, x-ray structural analysis, electron microscopy,
magnetic measurements.

(Ompumano 14 keimusa 2021 p.; ocmamoun. eapiasum — 4 cepnua 2022 p.)

1. BCTYII

BinbImicTs TPOMUCIOBUX KOHCTPYKI[IMHUX Ta iHCTPYMEHTAJNBLHUX Me-
TaJIEBUX CTOIIiB — IIe CTOIM HA OCHOBI AKOTOCH OJHOT'0 0a30BOTO ejieMe-
HTY, HAIIPUKJIAL, Kpuili Ha ocHoBi Fe, cTomu Ha ocHOBi Al, sxapocTiiiki
cromnu Ha ocHoBi Ni Ta Co Ta in. Jluiie ocranuim yacom 3’ aBuincs d6ara-
TOKOMIIOHEHTHi cTomm Ha 06as3i JeKiJTbKOX OCHOBHHX €JIeMEHTiB, Tak
3BaHi BucokoeHTpomitiHi cronu (BEC), oCHOBHMM MeXaHi3MOM 3MiIl-
HEHHSA AKUX € TBepaopo3umHHe 3MmintHeHHd [1-5]. TepmiH «BuCOKa eHT-
pormis» y BECax € pe3yibTaToM BUCOKOI eHTpOIrii amimmysauusa (>1,61R,
Ie R — rasoBa cTaJjia), KOJIU OiJIbIII HisK 11’ SITh €JI€MEHTiB 3MiIlIyIOThCA B
piBHOMoOMsTpHiN nmpomopiii. BECu, fKi yTBOpeHi 3 IpocTUX KPUCTATiU-
HUX CTPYKTYP MAalOTh I[iKaBi BJACTUBOCTi, TaKi AK BUCOKOTEeMIEpaTyp-
Ha MiIlHiCcTh, Ta 30epesKeHHA MIiITHOCTH 3a MiABUIleHol Temneparypu [1,
2, 5].

Icaye mexinbka TexHosoriit mas BuroroBaeHHs BECiB — muisgxom
JIUTTS, HATUJIeHH, MOAPiIOHEeHHS IIBUAKUM OXOJIOIKEeHHAM, MeXaHiu-
He cTomyeHHs i cepen mux mporeciB BECu, ski BUroTOBJIEHI MIIAXOM
JIUTTS, 10 MUPOKO BuBueHi. [leranbHi gocaimxenna BECiB nokasasu,
III0 MEeTOo/a JIUTTSA 3a3BUUYall IPU3BOAUTD IO TUIIOBOI JeHIPUTHOI CTPYK-
TYpU 3 AesSKOI0 cerperaii€io B JeHAPUTHUX Ta MiKIEHAPUTHUX obJac-
Tax [3—T7]. MeracrabinbHi pasu, moB’sa3aHi 3 TUTTAM, POPMYIOTHCA Ta-
KOK 3 BUKOPUCTAHHAM METOJ IIOAPiOHEHHSA IIBUAKUM OXOJIOMKEHHIM
Yy HAaOWJEHHSA, IPUUYOMY HOKas3aHo, IO BOHU MOYKYTh CTATH CTa0iIb-
HUMU ITicada Bigmaay 3a Bucokoi remneparypu [3]. Hasnaku, BECu, aki
chopmMoBaHi 3a OIIOMOT0I0 MeXaHOAKTUBAIlil, yTBOPIOIOTHCA GBI Of-
HOPiZHMMH Ta 31 cTa0iIbHOI0 HAHOKPUCTATIIUYHOIO MiKPOCTPYKTYPOIO [8—
14]. Kpim Toro, mo6pi xapaKTepUCTUKH YIMiJIbHEHHS Ta BUCOKY TBEp-
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Iicts crmoctepiraau aasa BECy, 110 Tako:K OYB CHHTE30BAHUM MeXaHOaK-
THUBAIIifTHOIO METOIOI0 3 HACTYIIHUM iCKPO-ILJIa3MOBUM coikamuam [13].

Pazom 3 Tum, OyJio mOKas3aHo, 110 (pOpMyBaHHSA TBEPANX PO3UUHIB Yy
BECax, omep:xaHnx METOLOI0 MeXaHOaKTHBAIlil, He 3aB)KAM MAa€ Miciie
[15, 16]. [Ina BupillleHHA TUTAaHHSI OIPo (JOPpMYyBaHHA TBEPANX PO3UNHIB
y BECax B mpoilieci ixX omep:KaHHA OyJI0 3aIIPOIIOHOBAHO BUKOPUCTATH
MEeTOZy eJeKTPOiCKPOBOTO MUCIIEPI'YBaHHS IJIS CTOIY PiBHOATOMOBOTO
cxaany cucteMu FeNiCoCrCu, y aKkomy micas MexaHOaKTHUBAIlil JOCTO-
BipHO YTBOpPIOETHCA AeKinbka TBepmoposumHHux I'IIK- i OIIK-das, a
TAaKOK MAa€ MicIlle BUJAiJIEHHSA MicJIs iCKPO-IIJIa3MOBOI0O CIIiKaHHA G-(hasu
[17], HA mpoTHBary ToMy, ITIO IIiJi YaC HATIOPOIIEHHS ITOKPUTTSI HAHO-
poaMmipHoOi ToBIITMHY yTBOPIoeTheA aurtie 'T[K-daza[18].

MeToma eJIeKTPOiCKPOBOTO AUMCIIEPTYBAHHSA IINPOKO 3aCTOCOBYETHCS
IS oflep:KaHHsA BUCOKomucIepcHUX mopotmikiB [19]. CyTs meTomu mo-
JdArae y 30yI:KeHHI Ta MiATPpUMII eJIEeKTPOiCKPOBOTO PO3PALY Mixk IBO-
Ma eJeKTpomaMu abo YaCTHHKAMM eJeKTPOIIPOBiAHOTO MAaTepiany, Imin
Ii€lo AKOTr0 Ma€ MicIie JIOKaJbHe TOIJIEHHA Y BUIIapyBaHHI MaTePisaIy.
PopmMyBaHHSA YaCTUHOK IIOPOIIKY 3AiMCHIOETHCA 3a paxXyHOK KOHJIeHca-
ii mapiB MeTany um 3aTBEpPAiHHS HOT0 PO3TOIJIEHUX KpameaboK. CTu-
Kalounch 3 poO0YOI0 PiAMHOIO, BOHU OXOJIOMKYIOTHCA 3 BEJINKOIO IITBU/I-
kictio (6ina 10° K/c). SIK mpaBmiio, BUCOKOAMCIIEPCHI MOPOIIKA, OLep-
JKaHi IIiel0 MeTOI00, CKJIANAI0OThCA i3 ABOX (PpaKIiii — HaHOPO3MipHOI
10-50 uM (3a paxyHOK KOHAeHcaIllii 3 mapoBoi (asm) Ta BUCOKOIMCIIEPC-
Hoi — Bim 0,2 1o 5 MKM (3a paXyHOK OXOJIOI:KEeHHA 3 pigkoi ¢asu).

2. MATEPIAJIN I METOON JOCJAIIEKEHD

HocraimxyBanu BucokoenTponittauii crou cucrtemu FeNiCoCrCu, xemi-
YHUH CKJIAA SKOTO BUSHAUYEHO METOI0I0 PEHTTeHO(II00PeCcIieHTHOI aHa-
Jism i mpexacraBiaeHo B TabuI. 1.

CTpYKTYypy CTOIIy Ta IOPOIIKIiB MHiC/Is eJIeKTPOiCKPOBOr0 AUCIEPLY-
BaHHA B PISHUX CePEeIOBUINAX AOCTiAMKYBaJIU PEHTIEHOCTPYKTYPHOIO

TABJUIIA 1. Xemiunwuii ckaan cromny cuctemu FeNiCoCrCu.
TABLE 1. Chemical composition of alloy of system FeNiCoCrCu.

Ne | Xewmiunwmit eremenr | Konuenrpaiis (at.%) ‘ Kounenrparnis (% mac.)
1 Cu 18,45 20,32
2 Ni 20,19 20,60
3 Co 20,67 21,02
4 Fe 20,86 20,19
5 Cr 19,83 17,87




1198 B. M. HAIYTOB|, A. O. IIEPEROC, €. O. CBUCTYHOB Ta in.

MeToZ0I0 3 BUKopucTtaHHaM audparxtomerpa «IPOH-3M» Ta CoK,-
BUNpoMiHIOBaHHA. g omucy mpodiriB nudpakitiiinoro BigoopaKeHHsI
BUKOPUCTOBYBaJIu (DyHKILifo IiceBao-Poiirra:

2 w J4In2 2200,
c— 5 stl-¢c)—=—e ©
m4(0-0,) +w Jrnw

V(0) = A, , 1

sAKa € cymnepmnoauiltiero ¢pyukiii Jlopeumna (mepmuii gmomanok) i I'ayca
(npyruit momanok). B (1) ¢ — BimHOCcHU# BHecokK (pyHKIIiI JlopeHiia, Ay
— 1IoIa Au(MPaKIiAHOTO iKY, 0¢ — IMOJIOMKeHHA MaKCUMyMy (PYyHKITi1
ncesno-Poiirra Ta W — 3HAUEHHS IMOBHOI HMIMPUHU BigoOpaskeHHS Ha
mosoBuHi Bucotu FWHM (full width at half maximum). IIpu npose-
IeHHi pospaxyHKiB npuiimasnu s3riguo [20], 1o ¢ = 0...1 Ta w e FWHM .
perma = FWHMraye.. Take HAOIMMKEHHA a0 3MOTY BUSHAUNTH iHTEHCHUB-
HicTs gudparmiiinoi sinii sriguo [21]
h=2lr, @
w
Ie h — iHTeHCUBHIiCTh Au(pakItiiinoi dimii, Ay — ii miaomia Ta w — 3Ha-
YeHHS ITOBHOI ITUPUHY BigoOpaskeHHa Ha moaoBuHI BucoTt FWHM jopen-
ma- BCl gudpaKTorpaMu Oy 3HATI IIPU OJHAKOBi eKCIO3UIlil 3 KPOKOM
0,05°/c.

MeccbayepoBi cueKTpu omeps:kaHo Ha cuexTpomerpi MS1101E B pe-
JKUMIi 3 IOCTiTHUM OPUINBUAIIIEHHAM. B AKOCTi mKepesa y-KBaHTiB Oy-
s0 Bukopuctano °'Co(Cr). 3paskamu cayrysaja Gojbra TOBIIUHOK 40
MKM A BuxigHoro crany crony FeNiCoCrCu Ta MOpOIIKY Hicas eleK-
TPOICKPOBOTO AUCIIEPI'YBAaHHS B pisHUX cepemoBuinax. CmekTpu OyJim
30epeskeHi B OaraToKaHaJIbHOMY aHasadizaTopi 3 512 Kanamamu. Bei cie-
KTpu OyJiu ommcaHi 3a momomoroio Mmerogu Window [22] 3 1omaTKOBOIO
MOJKJIMBiCTIO BiTHOBIEeHHA QPYHKIIII pos3nomiay isomepHUX 3cyBiB. Kauri-
OpyBaHHSA i30MepPHOT'0 3CYBY 3HiMCHIOBAJIN BiJHOCHO METAJIIUHOTO O-
3aJisa.

MikpocTpyKTypy mopomikiB Ta Buxigauii ctan crony FeNiCoCrCu
JIOCJIiIXKyBaJIU 3a TOIIOMOTOI0 CKAaHyBAJLHOT'O €JIeKTPOHHOTO MiKPOCKO-
na SEM JEOL JSM-6490LV.

TemmepaTypHa 3aJeXKHICTh MATHETHOI CIPUNHATINBOCTYA OyJIa BIMi-
PAHA 3a JOIIOMOTOI0 iHAYKITIHHOI MeTOoAu Ha 3MiHHOMY CTPYMi B mgiama-
3oHi Temmeparyp Bix 77—-570 K 3i mBuakictio 3—5 K/xB. Bernunna ma-
THeTHOTrO 1o i yactora ckiaaganu 400 A/m i 1 xI'n, Bigmosigmo. Hama-
rHETOBAHICTh HacCUUYeHHA BUMipoBaium B «Jllep:KaBHOMY HayKOBO-
npakTuuaomy eHTpi HAH Binopyci 3 marepiamosnasctBa» (IHCTUTYT
¢isuKku TBepAOro Tijia Ta HAIiBOPOBiZHWKIB) 3a JOIIOMOTOI0 GaJIaHCHOI
metonu Papases B MarHeTHOMY 10Ji 684 KA /M B TeMIIepaTypHOMY Iis-
nasoui 77-1010 K. Ilig uac BuMipoBaHb HAMATrHETOBAHOCTY HACUUYEHHS
3pasKu mepedyBaJIl y BAaKYyMi.
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3. PESYJIBTATH TA IX OBTOBOPEHHSA

Pesyabratu PEHTI'eHiBChKUX IOCJIiIKeHb CTPYKTypH CTOITY
FeNiCoCrCu y BuxigHomMy JUTOMY CTaHi HaBeaeHo Ha puc. 1, a. Haas-
HicTh Juie ABOX (pa3 y BUXiTHOMY CTOIIi, BUSIBJIEHUX PEHTIeHiBCHKOIO
aHaJIi3010, — IIPOSIB BUCOKOEHTPOHINHOTO e(hpeKTy, 3TiTHO 3 AKUM IIPUT-
HiUyeThCs YTBOpPEeHHsA OimapHMX abo/Ta IMOTPiMHMX iHTepMeTaJeBUX
CIOJYK i, TAKMM YMHOM, HiJICUIIOETHLCA YTBOPEeHHA IpocTux a3 TBep-
nIoro posuuny [23, 24].

ITonoxenHsa MakcuMyMy Op KOMKHOTO MiKYy BU3HAYAJJIN allPOKCHMAIIi-
eto nudpakniiinux Bimobpakens pyHKIrieio (1) cymicuo 3 (2). 3a 3Haii-
IeHUMHU 3HaueHHAMU 0y 3a piBHAHHAM Byabpa—DBperra 0yau pospaxo-
BaHI MiMKILIOIMMHHI BigcTadi duy 1 OIS KOKHOTO pediiexcy 0yJjo pospa-

XOBaHO Tepiof Ky6Giunoi Kpucramiunoi rpateuni a =d,, Nh® +E +1°

I KoxkHOI dasu (puc. 2, Tabi. 2). CucreMaTnuyHa MoXnubKa BU3HAUEH-
HA nepiony a, AKa MoB’sA3aHa AK 3 HeileaJTbHUMU YMOBaMU €KCIIEpUMe-

a . [
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= Z [ o T & \ =
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Puc. 1. Iudparrorpamu crorny FeNiCoCrCu: y Buxigaomy crasi (a) i moporii-
KiB IIbOTO cTONY, AKi ofep:kaHi B eraHoJIi (0), TponaHoJi (8) Ta Boxi (2).

Fig. 1. X-ray pattern of alloy FeNiCoCrCu: as cast (a) and powders produced
from this alloy in ethanol (6), propanol (8) and water (2).
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HTY, TaK i 3 BJIaCTUBOCTAMHU KPHCTaJIy OyJia 3TjafiKeHa 3a TOIOMOI0I0

N . .1|cos’8 cos®H
excrpanoaaniiaol Gpyuaknil Heaxbcona—Paiini —| — 5 + 0 .
sin

Hudpakniiuai nikm y Buxigaomy crani aasa crony FeNiCoCrCu noka-
3yioTh yTBopeHHsa mpoctux I'TIK-das: y; 3 mapameTpoM I'paTHHUI a =
=0,3579 um ta gpyroi I'llK-dasu y2 3 a = 0,3606 um (puc. 2, a, Tadu. 2).
3a ocHoBY imeHTH(DiKaIIi]l a3 BasgTa podora [23]. 3HaUEeHHA TapaMeTpiB
rpatauis I'IIK-dasz y; (a = 0,358 um) Ta y2 (@ = 0,360 HM) IPOTOTUITHOTO
cromy 3 pobotu [23] mobpe y3TOMKYIOThCA 3 mapaMmerpamMu as iIeHTu-
(pikoBaHUX HAMU Y JOCTiI2KyBAHOMY CTOTII.

F ' —0,310
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Puc. 2. BusnauenHs mapamMeTpy I'PaTHHUII eKcTpanosAiieio Ha KyT 90° 3 BUKO-
1 {cos2 0 cos’0

pucranaaMm ¢yHKIII Henbcona—Paitmi —| — 5 + 0
sin

(¢ — y1, 0 — v5, 0 — @) crorry FeNiCoCrCu: y BuxigHomy craHi (a) i mopoImkis
IIBOT'O CTOITY, AKi ofiep:KaHi B eTaHoJi (0), mpomanoJri (8) Ta Boxi (2).

} IJI1 OCHOBHUX (Das3

Fig. 2. Lattice parameter founded by extrapolation to an angle 90° applied
cos’0 cos®0
—_— + —_—

Nelson—Riley function 1 -
2| sinb

} for base phases (6 —v1, 0— v2, 0—a)

FeNiCoCrCu alloy: as cast (a) and powders of this alloy produced in ethanol
(6), propanol (8), and water (2).
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TABJIAIA 2. Ilapamerpu rpatHuils ¢as suxigaoro crony FeNiCoCrCu, Ta
THOPOIIKiB, OJIep:KaHUX 3 IILOTO CTOITY V Pi3HUX CEPEIOBUINAX.

TABLE 2. Lattice parameter of phases of starting alloy FeNiCoCrCu and pow-
ders produced from this alloy in different medium.

a, HM
Y1 Y2 a
Buxigunii 0,35790+0,00015 0,36058 +0,00027 -

OpmepaxaHO 0,35956 +0,00023 0,36099 +0,00023 0,28907+0,00117
B eTaHOJIi

OpepsxaHO 0,35815+0,00131 0,36006 +0,00139 0,28895+0,00097
B IIPONIAHOJII

Ognep:xano y Bogi 0,35851+0,00003 0,36145+0,00012 0,28870+0,00050

Cran

Ha gudpaxrTorpami mopoIrky BUCOKOEHTpoOIIiiiHoro crony (puc. 1, 6),
AKUH OfepiKaHO Y CEePEeIOBUIIL eTaHOJIY, KPiM Au(PPaKIiiHMX JiHiNA Bifg
nBox ocHOBHUX I'ITK-(has — y; Ta y2 4iTKO imeHTHGIKYIOTHCA JiHIT OKCH-
niB CuCrq04, CuaCrz04, CoCrz04, CoO, CuO Tta OLIK-dpasu (puc. 2, 0,
raba. 2) 3 mapametrpom rpatauiii a = 0,2891, 1110 € HabJIUIKEHOIO IO XPO-
my [25]. ITapamerep rpatuumni 'IK-dasu y; 6inpmuit Ha 1,7 M, a qia
dazu y, 6inpmmii Ha 0,4 TM B TOPiBHAHHI 3 BUCOKOEHTPOIIITHUM CTOIIOM
y Buxigaomy craHi (tabs. 2). Hona vactku I'IIK-dasu y; o BigHOIIEH-
HIO 10 (hasdu y2 TPOXUM BMEHINIUIACH IO CIIiBBigHOMIEeHHA 2:1 y mOpiBHAHHI
3 BUXiTHUM cTaHoM, Je BoHa cKJanae 3:1 (Tabi. 3).

PenTr'eHiBchbKa aHajiza IIOPOMIKY BUCOKOEHTPONINHOIO CTOITY, AKUNI
oIep;KaHo y cepemoBuIli npomanouy (puc. 1, 8), mokasaJja, 1o mapame-

TABJUIIA 3. PospaxoBaHa iHTeHCHBHiCThL Bubpamux JiHiit (as cromy
FeNiCoCrCu.

TABLE 3. Calculated intensity some reflections of phases of alloy FeNiCoCrCu.

hi, yM. of.
Cran n 72 ¢
hkl hkl hkl
(220)|(311)| (222) |(220)|(311)|(222)|(110)|(211)|(220)
Buxiganit 276 193 58 87 68 22 - - -

Opep:kanoBeranoni 138 244 136 193 252 40 62 33 35
Onepsxano Bmpomanoai 191 287 64 278 321 147 94 52 68
OpnepsxaHo y Boxi 421 410 202 109 116 35 56 35 39

IToxubxa Busnauenus b — +20%.
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tep rpatauni I'IIK-dasu vy, 6insmuii Ha 0,3 HM, a 1y1d Gasu Y2 MEHITNHI
Ha 0,5 M y mopiBuanHi 3i cromom FeNiCoCrCu y Buximmomy crami
(tabn. 2). Ha nudparxrorpami, mro Ha puc. 1, 6, IpuCyTHiI JOAATKOBI JIi-
Hii Big okcugis — NiO, Cr:03, CuO, kap6inis — CrsCs, (Cr, Co, Ni)23Cs
ta O] K-dasu. Cnocrepiraersca npepanoBanasa yacTku ['1[K-dasu y» mo
BigHOIIEHHIO 10 (hasu v, y cuieBiguomenHi 1,5:1 (Tabu. 3).

Ilicnsa eeKTPOiCKPOBOTO AuCHEPI'YBAaHHSA BHCOKOEHTPOIIMHOIO CTO-
my y Boai napamerep rpatauni I'[K-dasu y; 6iasmuit Ha 0,00006 HM, a
dazu y2 Tarkox Oinbmuit Ha 0,00009 HM B mopiBHAHHI 3 BUXigHUM CTa-
HoM (Tabi. 2). Ha nudpaxrorpami, 1o ua puc. 1, 2, itTeaTudikoBani mo-
maTkoBi JiHii okcugis — CoO, CuO, Cry03 CuCrq:04 Ta OIIK-dasu. Yac-
tra ['TK-dasu y; mo dasu y, 3pocia y criBBigHomenHi 4:1 y mopiBHAHHI
3 BUXimuum cramom croimy (TabJ. 3).

Takum umHOM, 3a JaHMMU PEHTIeHOAM(pPaKI[iiHOI aHaNi3u BILJIUB
cepeoBUINA OJEPIKAHHSA MOPOIMKY Ha nmapamerep rparuuri I'TIK-das y;

WD=16.0mm 20.00kV__ x500

Puc. 3. Mikpodororpadii cxaHyBaJbHOI e€JEeKTPOHHOI MiKpocKomii cromy
FeNiCoCrCu: y Buximaomy craHi (a) i IOpOHIIKiB I[OTO CTOIY, SIKi Ooflep:KaHi B
eTaHo.JIi (0), mpomanoJri (8) Ta Boxi (2).

Fig. 3. SEM photomicrographs of alloy FeNiCoCrCu: of starting state (a) and
of powders produced from this alloy in ethanol (6), propanol (8) and water (2).
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Ta Y2 MiHiMaJbHUU Y TOPiBHAHHI 3 BUXiqHUM cTaHoM. T00TO, ITOPOIIIOK
He3aJIe;KHO BiJl cepeIoBUIlNa, B IKOMY BiH OJlep:KaHUM, HACHITy€E BUXi-
Huit BucokoeuTponitinuii crorn FeNiCoCrCu. Kpim miboro, mpu eeKTpo-
ickpoBOMY IMcHepryBaHHI BHCOKOEHTPOIIIHOIO CTONY y BCiX cepejo-
BUITaX Mae Micie yrBopeHHs momartkoBoi OIIK-dasu 3a mapamerpom
I'PATHUIL HAOJMKEHOI O XpPOMY, a Y CepPemOBHIIi eTaHoJy Ta BOIU
YTBOPUJINCSA Pi3HI OKCHIM, B TOH K€ Yac B IIPOIAHOJII Ma€ Miciie yTBO-
penHs i oKcumgis, i Kapbixis.

Cron FeNiCoCrCu 3a gaHUMHI CKAaHyBaJIbHOI €JIEKTPOHHOI MiKPOCKO-
mii y BUXiZHOMY JUTOMY CTaHi, puc. 3, @, Mae OEHIPUTHY CTPYKTYPY,
sAKa CTiflKa 40 KMCJOTHOI'O CEPeaOBUIIA.

3a ganumu pobotu [26] naa noxibuoro ckaaxy BECy mana crpykTypa
Mae ob0JacTi 3 migBuIeHoo Koumenrpaiieio Co, Cr ta Fe, i miskgerapu-
THi «JIeTKOPO3UMHHi» 00JIacTi, AKi 3a JaHuMHU Tiel K podoTu [26] MaoTh
migBuilieny KouieHTpalio Cu. Po3mip AeHAPUTIB y IOIEpeUHOMY IIe-
pepisi ckaamae 10 MmxM. HacTHHKY IOPOIIKY, SIKi Ofep:KaHO eJeKTpoic-
KpoBuM gucneprysanuam crony FeNiCoCrCu B eranoai, 110 Ha puc. 3,
0, MaIOTh PO3MipH1 A0 5 MKM 3 BKPAIlJIEHHAM HEBEJIMKOI KiTbKOCTH KPY-
ITHUX YaCTHUHOK poaMipamu 18—-25 MKM.

JJIs 4acTUHOK MOPOINKY, AKi ofep:KaHO eJIeKTPOiCKPOBUM JHCIEP-
ryeaaaaM ctony FeNiCoCrCu B mpomasoi, 1o Ha puc. 3, 8, XxapaKkTep-
HUH po3Mip 40 5 MKM 3 BKpAILJIEHHAM HEeBEJNKOI KiIbKOCTH KPYIHUX
yacTUHOK poamipom 15—40 mxM. EjxexTpoicKpoBe AucHepryBaHHS BHU-
COKOEHTPOMIifHOTOo cTOomy y BOAi (puc. 3, 2) MIPUBEJO A0 YTBOPEHHSA IIO-
POIIIKY 3 YaCTHHKAMU PO3MipOM OO0 5 MKM 3 BKPAIlJIeHHIM HEBeJNKOI
KiTbKOCTH KPYHOHUX HYacTUHOK po3Mmipamu 15—20 mxm. Bei wactTunakm
micasa eJIeKTPOiCKPOBOTO [AHUCIIEPI'yBaHHA BKpaIJieHI B «OpraHiyHy»
CTOILJIEHY MaTPUILIO.

MeccbayepiB cuexTep crory FeNiCoCrCu y Buximmomy cTaHi HaBeze-
HO Ha puc. 4, a i ABjasge co00I0 CYIEPIO3UITiI0 JBOX PO3MINPEHUX KOMIIO-
HEHT, OJHA 3 AKX JOCUTHL iHTEeHCUBHA i HAJEXKUTh 10 MOHOJiHii. O6po-
OseHHs cIleKTPiB 3a gomomoror Merogu Window [22] 3 momaTKOBOIO
MOKJIMBICTIO BiZHOBJEHHA (PYHKIIII po3Iomisy isoMepHUX 3CyBiB maJa
MOJKJIMBICTH OTHOYACHO BiTHOBUTHU (DYHKITII POSIIOAiLNTY HAJTOHKUX Ma-
rHeTHUX moJiB P(H) Ta isomepHux 3cyBiB P(J). [IJia CIIEKTPY CTOIy Y
BUXiTHOMY CTaHi crocTepiraeTbca ABi HUBBKOIOJBbOBI KOMIIOHEHTU Ha
Kpusiit P(H) (puc. 4, 6): ogHa iHTeHCUBHA ITapaMarHeTHa 3 HAATOHKUM
MarseTHUM moJjeM 1o 4,6 Tua Ta gpyra ciabo posirerieHa Ha JBa iK1 3
HaATOHKuMH moaamu 6,6 ta 10,3 Ta, Bizmosiguo. Ananisa BigHOBIEHOI
dyukrii posmoxiny isomepHmx 3cyBiB P(d) cromy y BUXigHOMY cTaHi
(puc. 4, 8) BUsgBHUJIa IBa MAKCUMYMH 31 3BHAUEHHAMHU ITOJIOKEHHS 3CyBiB
-0,12 i -0,02 mm/c. TakuM YMHOM, BPaxOBYIOUM 3HAUECHHS i30MepHUX
3cyBiB masa y-Fe B mpororumnomy cromi [27], aHamisa HaATOHKKUX mapa-
meTpiB MeccOayepoBUX CIIEeKTPIiB MiATBEPAKY€E PEHTI€HIBChbKi JaHi Ipo
Te, 110 B cromi FeNiCoCrCu y Buxiznomy crani npucyrHi aBi I'lIIK v:1- Ta
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Y2-(asu.

Ilicia enexTpoickpoBoro aucnepryBanusa crony FeNiCoCrCu B era-
HoJi (puc. 4, 2) criocTepiraeTbea 6iabIn yiTka acuMeTpia MeccbayepoBoi
moHoJiHii. Ha KpusBiii BigjHOBJEeHOI (PyHKI[II HAATOHKOrO MarHeTHOT'O
nona P(H) (puc. 4, 0) criocrepiraeThbcs iHTeHCMBHA ITapaMarHeTHA HIU-
3bKOII0JHOBA KOMIIOHEHTA 3 HAATOHKNM MarHeTHuM moJjeM go 6,0 Txa Ta
Ipyra KOMIIOHEHTa, Po3AijieHa Ha ABA KU 3 HAATOHKUMHU MOJIAMHI 8,3
ra 13,5 Tu, BigmoBigao. Mae MicIie IpoABJIeHHSI Ha KPUBiil BigHOBIEHOI
GyHKITiI HaATOHKOTO MarHeTHOro mojsa P(H) ciabko iHTeHCUBHUX cepe-
ITHBOIOJLOBUX KoMIIOHeHT. Ha BigHOBIEHiN (hyHKIIiI posmominy idome-
pHUX 3cyBiB P(8) cTOmy ITiciid eJIeKTPOiCKPOBOTO AMCIEPI'yBaHHS B eTa-
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Puc. 4. Meccb6ayeposi cuekTpu crorny FeNiCoCrCu: y BuxigHomy auTomMy cTaHi
(a) i mopomIKiB, AKi omep:kaHi B eTaHoJi (2), mpomaunoJi (i) Ta Boai (k); po3mo-
Iin BigHOBIEHMX (PYHKIIN HaATOHKMX MarmerHux moJais P(H) (6, 0, 3, &) Ta
isomepuux 3cysis P(d) (8, e, u, M) IpUBEIEHO BiAIIOBiTHO.

Fig. 4. Mossbauer spectra of alloy FeNiCoCrCu: of the original cast state (a)
and of powders produced from this alloy in ethanol (2), propanol (x) and water
(x); probability density for the hyperfine field distribution P(H) (6, 0, 3, .t)
and isomer shift P(8) (s, e, u, u) given accordingly.
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HoJi (puc. 4, e) cnmocTepiraeTbcsa TPU MAKCUMYMH 3i 3HAUEHHAMHU I10JIO-
skeHHs 3cyBiB —0,15; —0,03 Ta 0,09 mM/c. Ik 6aunmo, ABA MEPITUX MTiKU
BigHOCATHCA o 'I[K-das y; Ta y..

EnexTpoickpoBe  aguCIepryBaHHSA  BHUCOKOEHTPOIIIIAHOTO  CTOIIY
FeNiCoCrCu B cepemoBHUIIli IIPOIAHOJY IPUBOIUTE A0 OiILIIIOI acMeT-
pii pesonancHoi KpuBoi Ha MeccbayepoBomy cuekTpi (puc. 4, ). Ha
KpuBilt BimmoBieHoi ¢yHKIII HagTOHKOTO MarHeTHoro moada P(H), 1mio
Ha puc. 4, 3, CIIoCTepiraeThCcsa iHTeHCUBHA TapaMarHeTHa HI3bKOI0JIbO-
BAa KOMIIOHEHTA 3 HAATOHKMM MarHeTHuM mojem go 6,2 Tia ta apyra
KOMIIOHEeHTA 3 HaATOHKUM ojaeM 8,0 Tir; KoMIoOHeHTa 3 HaATOHKNM II0-
geMm 13,6 Tx sauBaeThcA 3 iHTEHCUBHIMHU CePeSHBOIOJILOBUMI KOMIIO-
HeHTamu. Ha BigHOBIeHiT ¢yHKIIII posmominy isomepHux 3cyBiB P(J)
CTOITY HiCJIS eJIEKTPOiCKPOBOTO AUCIIEPI'YBAaHHS B IIPOIaHoJi (puc. 4, u)
cIocTepiraeThbca ABa MaKCMMyMH 3i 3HaueHHAMEU mojo:kenua —0,09 ta
-0,03 mMm/c, mo BimHOCATRECA Ho I'IIK-das y1 Ta v2, i me 1Ba MakcuMyMu
3i smauenuamu 0,04 ra 0,19 mMm/c.

Hucneprysanns crony FeNiCoCrCu y Boai mpuBeso 10 posIeIieHHa
PpPe3oHaHCHOI KPMBOI Ha ABi MOHOJIiHII Ta, B JOJAaHOK, OO IIOSIBY MAaJIOiH-
TEHCUBHUX CEKCTETiB 3 HU3bKUMU 3HAUCHHIMH HAJTOHKOI'O MarHeTHO-
ro mmoss1 Ha MeccbayepoBomy cuekTpi (puc. 4, k). Ha kpusiit BizHOBIE-
HOI QYHKIIil HaATOHKOTO MaruerHoro noJuas P(H) (puc. 4, 21) crmocrepira-
€ThbCs iHTEHCHUBHA MapaMarieTHa HU3bKOIIOJIbOBA KOMIIOHEHTA 3 HAITO-
HKMM Mar"HeTHUM moJieMm 1o 4,8 Ta Ta gpyra KOMIOHEHTA 3 HOETHAHUX
IBOX MiKiB 3 HaATOHKMM mojeMm 7,7 Tta 12,6 T, Bizmosiguo. CyTTeBO
IPOABIAIOTH cebe Ha KPUBill BiAHOBJIEHOI PYHKIIII HAATOHKOTO MarHeT-
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Puc. 5. 3ameXHOCTI MAarHeTHOI CIIPUMHATINBOCTU (@) Ta KBaApaTUUHA 3aJI€K-
HicTh HaMarHeTOBAaHOCTM HacuueHHs (0) Big TemmepaTypu HAJid CTOITY
FeNiCoCrCu y BUXigHOMY JIUTOMY CTaHi.

Fig. 5. Dependencies of magnetic susceptibility (a) and quadratic dependence of
saturation magnetization (6) from the temperature for the alloy FeNiCoCrCu in
the original cast state.
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Horo noJsia P(H) (puc. 4, 1) cepefHLOIOJIBOBI Ta BUCOKOIIOJIBOBI KOMIIO-
HenTu. Ha BimHoBIeHiN (pyHKIii posnoxiny isomepuux 3cysiB P(J8) cro-
Iy IIicJIA eJIeKTPOiCKPOBOTO AMCIEePI'yBaHHA ¥ BoAi (puc. 4, m) comocTepi-
TaeThCA OBA MaKCHUMYMHU 3i 3HAUEHHAMM IOJOXKeHHA 3cyBy —0,18 Ta
—-0,06 mMm/c, mo BimHOCATHECA Ko I'IIK-das y1 Ta v2, i me 1Ba MakcuMyMu
3i smauenHsamu 3cyBy 0,03 ta 0,22 mm/c.

Taxum unHOM, 3a faHuMu MeccbayepoBoi CIIeKTPOCKOIIil Ipu AuCIIe-
pryBauHi BucokoenTpomiinoro crony FeNiCoCrCu B cepemoBuii era-
HOJTY, IPOIIaHOJIY Ta BOAU Mae Miciie ToToKHicTh nposaBy I'LIK yi- Ta ye-
das AK 3a JaHMMU aHaJi3u (PYHKI[II HAJATOHKOTO MAarHeTHOTO IIOJIA
P(H), Tak i pyHKIIii po3moainry isomepuux 3cyBiB P(d).

Ha pucyHKY 5, @ HaBeJeHa KpuBa 3aJIeXKHOCTH BiJ TeMIepaTypu Tiii-
CHOI YaCTMHU MAaTHeTHOI cupuiHATINBOCTH Ias ctony FeNiCoCrCu y
BUXiTHOMY JuUTOMY cTaHi. MarHeTHa COpUUHATANBICTD B iHTEpBaJi Te-
mnepatyp Big 140 mo 450 K mae HesHaUHMH TigiioM 3a 3HUMKEHOI TeMIIe-
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Puc. 6. 3ase:xHOCTI HAMArHeTOBAHOCTH HACHUUYEHHS Biff TeMIIEpaATypPHU IIOPOIII-
KiB cronry FeNiCoCrCu, aki omep:kani B eTaHoJri (a), mpomanoJii (6) Ta Boai (8).

Fig. 6. Dependences of saturation magnetization on the temperature of alloy
powders FeNiCoCrCu produced in ethanol (a), propanol (6) and water (8).
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parypu. Ilpu momanbpimomy sHu:KeHHI Temmeparypu Bim 140 mo 77 K
(puc. 5, a) Ha KpuUBill cmocTepiraeThbecAd He3SHAUHUIN CIIAM 3 MONABIITIM
PiBKUM 3pOCTaHHAM, III0 MOKe BKa3yBaTH Ha MarHeTHui (asoBuil me-
pexin. Taka moBemiHKa MarHeTHOI CHPHUHAHSATIIMBOCTU IOBTOPIOETHCS i
npu HarpiBaHHi cTony. Paszom 3 TMM Mae MicIle ricTepesuc Ha 3aeKHOC-
Ti ¥'(T). Tarkosx BapTO 3a3HAUUTH, 1[0 BU3HAUEHHA TeMIeparypu Kiopi
IS TaHOTO CTOIY HEMOJKJIMBE Uepes Te, 10 Kp1uBa He BUXOAUTH HAa Ha-
CUYEeHHS 0 HMKHBOI pobouoi Temmueparypu ycranoBku (7 K (Temmepa-
TYpU KUIIiHHA PiIKOTO0 a30TYy).

JJia miaTBepAMKeHHA XapaKTepy ()asdoBOTO Mepexoay 3a HUSbKUX Te-
MIIepaTyp 3 ypaxyBaHHSIM TOTO, IIT0 3HAUHE 30BHIIITHE IPUKJIaJAeHe Mar-
HeTHe moJe nigBumrye temmnepatypy Kiopi ma 10-65 K [28], 6yau npo-
Be/leHi BUMipIOBaHHS TeMIIEpaTypPHOI 3aJIeXKHOCTH HaMarHeTOBAaHOCTU
HacuueHHsa aada crony FeNiCoCrCu y BuxigHomy auTomMy craHi. 3a ga-
HUMU KBaJpPaTHUYHOI 3aJIE}KHOCTH HAMarHeTOBAHOCTU HACWUYEHHS IJIs
crony FeNiCoCrCu y BuxigHoMy cTaHi BiJ TeMIepaTypu, sKa HaBegeHa
Ha puc. b, 0, remueparypa Kiopi ckrana 160 K.

Takum ymHOM, OfEep:KaHi JaHi cBiguaTh IpPo Te, IO 3a KiMHATHOIL Te-
mnoepatypu gociaimKyBauuii cron FeNiCoCrCu y BUXigHOMY JIUTOMY
cTaHi mepedyBae B mapaMarHeTHOMY CTaHi, a IpU 3MeHIIIeHHi TeMIiepa-
rypu Hm:K4e 200 K, Bin6yBaeThca MarueTHuil mepexin.

PesynbpTaTy BUMiploBaHHA TeMIIEPATYPHOI 3aJIeKHOCTU HaMarHeTo-
BaHocTu HacuueHHs mopoinkiB crony FeNiCoCrCu naBemeni ma puc. 6.
I1i pucyHKM cBifUaTh PO Te, IO KPMBi MIMTOMOI HAMarHeTOBaAaHOCTH Ha-
CUYeHHS O, IIPYU HArpiBaHHI i 0XOJOMKEeHHI BHUABJAIOTH PO3XOMKEHHSI
(ricTepesuc).

IIpu boMy KPUBi, BUMiPSHI IIPU OXOJIOMKEHHI, iTyThL BUIIle KPUBUX,
BUMIpAHUX IIpU HarpiBauHi moponikis. IIprnumHy IOTO PO3XOAKEHHA
MOJKHA ITOACHUTH, OEPYYH [0 yBAru pe3yJabTaTU PEHTTEeHOCTPYKTYPHUX
JIOCJIiTKeHb ITIOPOIIKIiB y BUXigHoMYy cTaHi (puc. 1) Ta miciisa mpoBegeHHS
MarHeTHUX BUMipOBaHb. 1K BUAHO i3 puc. 6, 8 mpolieci MarHeTHUX BU-
MipioBaHb 3pa3Ku HarpiBaau go temneparypu ~ 600 K (cTom Ta mopo-
IITIOK, oJlep:KaHui B eranoJii) uu 10 ~ 1000 K (moporku, omep:kaHi y Boxgi
Ta IPoIanoi). 3MiHu (pasoBOTo CKJIAAy MOPOIIKiB, AKi OyaM pesyabTa-
TOM IILOT'O HAarpiBaHHSA, 3a JaHNMU JU(MPPaKIiHOI aHAJIi31 CBifUYaTh IPOo
Te, IO MiCJIs MarHeTHUX BUMipIOBaHb B IIOPOIITKAX 3HAYHO 3MEHIITUJIACh
KimbKicTh OKcuaiB (IIOPOIIKY, Ofep:KaHi y BoMi Ta eTaHoJi) Ta Kapbimis
(TIOPOIIIOK, O/lep:KaHUH V ITPOIIAHOJi).

Ile aBuIe moB’sa3ame 3i TepMiuHOI0 HeCTaOLJIBLHICTIO Ta PO3KJIALOM
OKCcHJIB i KapOigiB B BMCOKOAMCIIEPCHOMY CTaHi IIpu HarpiBamui, gKe
cIIocTepirasoch B IMOPOIITKAX 3ajisa Ta HikI0 paHitie [29, 30]. 3Hauen-
HA IUTOMOI HaMarHeTOBaHOCTH 3aJIida, KOOAJILTY Ta HiKJIIO BUIITi 3a Bif-
TOBiTHI 3HaAUEeHHA WX BeJIWUYNH I iX OKCHUAIB i KapOixiB, 1110 i IPUBO-
IUTL IO 301JIbIIMeHHSA 3arajJbHOI IMTOMOI HAMATrHETOBAHOCTU IIOPOIIKY
IpY HarpiBaHHI i HACTYITHOMY OXOJIO»KEeHHi.
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4. BUCHOBKH

1. MeToz010 eJIeKTPOiCKPOBOrO AUCIIEPI'YBAHHSA BIIEPIle OAeP:KaHO BU-
COKOJMCIIEPCHI (70 5 MKM) IOPOINKY BHCOKOEHTPOIIAHOTO CTOMIY CHC-
remu FeNiCoCrCu B pisuux pigKkmux cepemnoBuirax (eTaHoJI, IPOIaHOJ Ta
BOZA).

2. 3a gaHUMU peHTTeHAN(MPaAKIIiiiHOI aHAIi3N ofepKaHi IIOPOIIKM Mic-
TATH B c00i mepeBaskHo I'TIK-dhasu y; Ta v2, a Takox OLIK-dasy, i mpocti
Ta CKJIALHI OKCUIY IIicJId AJUCIIepPI'yBaHHS B €TaHOJIL 1 BOIi, Ta CIIeIisIb-
Hi KapOigu Imicjig JucnepryBaHHS B IIPOIAHOII.

3. MeccbayepoBa CIEKTPOCKOIIiS ITOKa3aJjia, 1o IPpU JUCIIepPr'yBaHHI BU-
coxoeHTpoitiiinoro crony cucremu FeNiCoCrCu B cepeqoBuIIli eTaHoIy,
IIPOIIaHOJIY Ta BoAM Mae Miciie ToToKHicTh nmpoaBy 'K y:- Ta y.-das. 3
XapaKTEePUCTUKU PO3MOJiay BimfHOBIEeHUX (PYHKI[IN HAATOHKMX MarHe-
THUX moaiB P(H) Ta isomepHuUx 3cyBiB P(J) nasa MeccbayepoBux CIEKT-
PiB IMOKas3aHO, II0 OJePKaHi IMOPOIIKY HACHIAYIOTh (pa30BUI CKJIA JIH-
Toro BECy FeNiCoCrCu.

4. 3a maEuMH BUMipIOBaHbL TEMIEPATYPHUX 3ajI€KHOCTEl MarHeTHOI
CIIPUHAHATJINBOCTY Ta HAMArHETOBAHOCTH HACWYEHHSA IOCJIiIMKyBaHWUHI
crom cucteMu FeNiCoCrCu y BuXigHOMY JIUTOMY CTaHi Mae TeMIepary-
py Kiopi 6ima 160 K, a 3a ximHaTHOI TeMIlepaTypu BiH mepebyBa€ B ma-
paMarsHeTHOMY CTaHi.
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Bnius Bmicty mizi Ha pa30BuUi CKJIAJ TA MATHETHI BJIACTUBOCTI
BHCOKOIHUCIIEPCHUX MOPOIIKiB BUCOKOEHTPOIIMHNX CTOIIIB

AlCoCrCu,FeNi(x=0, 1, 2), omep:xaHNX METOI0IO
YJIBTPa3BYKOBOT0 00POOJIEHHA B KYJIbOBOMY MJIMHI

A. O. Ilepekoc, B. M. Mopziok, B. 3. Boiitnami, H. B. [lanbko,
T.T. KaGaumes

ITncmumym memaanogisuru im. I'. B. Kypdomosa HAH Ykpainu,
oyave. Axademirxa Bepradcvrozo, 36,
03142 Kuis, Ykpaina

YiasTpasBykoBuM 06pobsieHHAM B KyaboBoMy MunHi (Y3KM) KpymHO3epHUC-
THX MOPOIIIKOBUX CYyMiIlleil aJlloMiHil0, 3a1i3a, KoOaJIbTy, Mili, HiKJIIO Ta Xpo-
MYy oZiepsKaHo BucokoaucnepcHi nopomku (BIII) 6araToKOMIIOHEHTHUX CTOIIiB
cucremu AlCoCrCuFeNi ta mocuaigykeHo BIIuB Miai Ha ixX ¢asoBUil CKJIaL Ta
MarHeTHi BjacTUBOCTi. MeTogaMu PEHTI€HOCTPYKTYPHOI aHaJIi3W Ta MarHeTo-
MeTpii mokasawo, 1o Bci BIII, ogepsxani Y3KM, 3HaX0AATHCS B BUCOKOEHT-
pormifiHOMYy cTaHi Ta MicTATH B cobi gBa TBepaux posunnu — OIIK i T'ITK. ITpnu
nmpomy KinbkicTs OIIK-dasu i BemmumHa nuToMOi HAMarHeTOBAHOCTH HACH-
yenHA B BIIII smeHmIytoThca 3i 36inbiennam Bmicty mini B Buxigaux K3IIC.
ITokasaHo TaKoXK, 1110 (hepoMarueTusm ogep:kanux BIIII o6yMoBIeHUI TOJOB-
HUM YMHOM IpucyTHicTio B mopornkax OIIK-dasu. KoeprnuTusHa cusia i 3a-
JUIITKOBA IHAYKIIiA 00p0o0JeHNX YIbBTPA3BYKOM IIOPOIITKiB 3HAUHO BUIA, HiMK
Y BUXiTHUX HOPOIIIKAX, III0 00YMOBJIEHO BHCOKOIO AUMCIIEPCHICTIO i MiKpoHaIl-
PY:KeHHAMH B 00pOOJIEHUX MOPOIIKax. PO3XOM:KEeHHSA MijK pO3paxXOBaHUMHU i
eKCIePUMEHTAJbHUMY 3HAUYEHHAMU KOEPIIUTUBHOI CUJIN 00POOJIeHUX IIOPOIII-
KiB 00yMOBJIeHi iX cymeprapaMarieTusMOM.

Corresponding author: Anatoliy Omelyanovych Perekos
E-mail: perekos@ukr.net

G.V.Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,
36 Academician Vernadsky Blvd., UA-03142 Kyiv, Ukraine

Citation: A. O. Perekos, B. M. Morduk, V. Z. Voynash, N. V. Danko, and
T. G. Kabantsev, Influence of the Copper Content on Phase Composition and Magnetic
Properties of Ultra-Fine Powders of AICoCrCu,FeNi (x =0, 1, 2) High-Entropy Alloys
Produced by Ultrasonic Ball Milling, Metallofiz. Noveishie Tekhnol., 44, No. 9: 1213—
1227 (2022) (in Ukrainian). DOI: 10.15407 /mfint.44.09.1213

1213


mailto:perekos@ukr.net
https://doi.org/10.15407/mfint.44.09.1213
https://doi.org/10.15407/mfint.44.09.1213

1214 A. 0. TIEPEKOC, B. M. MOPIIIOK, B. 3. BOMHALIII ra is.

KarouoBi c1roBa: BUCOKOEGHTPOIIIHHI CTOIIN, BUCOKOAMCIEPCHI ITOPOIITKH, YJIbT-
pPasByKoBe 00po0JIeHHS, PEHTIeHOCTPYKTYPHA aHaJiza, MarHeTHi BUMipioBaH-
Hd, CyIeprIapaMarHeTusM

Using ultrasonic ball milling (USBM) of coarse grain powder mixtures
(CGPM) of aluminium, iron, cobalt, copper, nickel and chromium, ultra-fine
powders (UFP) of AlICoCrCuFeNi system are produced. The influence of the
copper content on the phase composition and magnetic properties of these
powders are investigated. As shown, by x-ray analysis and magnetic meth-
ods, all UFP produced by USBM are in a high-entropy state and contain two
solid solutions, i.e., the f.c.c. and b.c.c. phases. Quantity of the b.c.c. phase
and magnitude of specific saturation magnetization of UFP decrease with
increasing of the copper content in the original CGPM. It is also shown that
ferromagnetism of the obtained UFP is caused by the presence of the b.c.c.
phase. Coercive force and residual magnetization of the USBM processed
powders are much higher than those of the original powders due to ultra-fine
powder size and the microstresses formed in the treated powders. Divergence
between experimental and calculated values of coercive force of the treated
powders is due to superparamagnetism.

Key words: high-dispersion alloys, ultra-fine powders, ultrasonic treatment,
x-ray structural analysis, magnetic measurements, superparamagnetism.

(Ompumano 1 aunns 2022 p.)

1. BCTYII

IIporpec cyuyacHoi TexHiKM y 3HauUHi¥ Mipi BUBHaAUaeThCA IOIIYKOM i
CTBOPEHHAM HOBUX MATEPifAIiB i3 OiJIBIIT BUCOKUMU COYKO0BUMHU Xapa-
Krepuctukamu. Tpaguiiiiani 6ararokommnonenTHi cronu (BKC) 3 BigHo-
CHO HM3BKUM BMiCTOM JIeTyBaJbHUX €JeMeHTiB, B OCHOBHOMY, BUYep-
najii cBoi MoxkJauBocTi. JocaikeHHs, TPOBeAeH] ITPOTATOM OCTaHHBO-
0 JEeCATUIITTA, PO3KPUIN HOBi MIO3BUTUBHI MOYKJINBOCTI y TaJry3i po3po-
OKM HOBUX KOHCTPYKIIMHMX i (QPyHKIiOHATLHMX MAaTepisiiB, cepen
SIKUX 0COOJIMBE MicIle HaJIeKUTh TaK 3BAHUM BHCOKOEHTPOIIiTHUM CTO-
nam (BEC) [1-3]. BkazaHi cTonu meBHUX KOMIIO3UIIIA MaIOTh Y HePIIy
Yyepry BHUCOKHUI piBeHb MeEXaHIUHUX BJIACTUBOCTEHM, 30KpeMa BUCOKI
TBEPIIiCTDb i BHOCOCTINKiCTh MOPIBHAHO 3 TPAAUIIMHUMM KOHCTPYKILiH-
HUMU Ta QPYHKI[IOHAJIbHUMHU MaTepismamu. IIpore Oinblma uyactmma 3
HUX € HeTeXHOJIOTIiYHNMHY, a (PismuHa mpuposa GopMyBaHH IK MeXaHi-
YHUX, TaK i (PiBMUYHUX BJIACTUBOCTEH ITX CTOIIB IOCJiAKeHa He JOCTaT-
HBO. TOMYy PO3BUTOK IILOTO HAIIPAMY 3 TOUKHU 30pYy AK (pyHIaMeHTab-
HOI, TaK i IPpUKJIATHOI HAYKHU € BKpal HeoOXigHUM.

3HAUYHOTO POSIIMPEHHS MOMKJINBOCTEH ITPAKTHUYHOTO BUKOPUCTAHHS
BEC mo:KHa JOCATTH 3 3aCTOCYBAHHAM IIOPOIITKOBUX TeXHOJIOTiH. y:ke
BasKJIMBa IepeBara IOPOIITKOBUX TeXHOJIOTIN moJdArae B TOMY, II10 i3 mo-
POINIKiB MeTogaMU IOPOIITKOBOI MeTaJypril MoKHa BUTOTOBJIATU PisHO-
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MaHiTHi geTasi Ta BupooOu pisuoi ¢hopMu i mpusHAUYEHHSA, TOA1 AK JJIs JIU-
THUX CTOIIB Il € BEJIMKOIO IIPO0JIEMOIO Uepes iX HU3bKY ILJIACTUUHICTD i
3HAUHYy KPUXKicThb. ¥ TOi ke uac, 0iabiIicTs gocaimxens Ha BEC mpose-
JIeHi Ha JIUTUX CTONAX, a JJIA IOPOIIKiB I po6oTa JIUIIe TOUYNHAETHCA.

OcTaHHIM YacoM AJIS CTBOPEHHS MaTePiAJIiB i3 i ABUINeHNMI eKCILIY-
aTamiiHNMI XapaKTepHUCTUKaMI Bce OiJIBIIIOro IOIINPEHHsS HAOyBAIOTh
MeTONY, IO I'PYHTYIOTHCA Ha iHTeHCUBHOMY MeXaHiUHOMY HaBaHTAYKeH-
Hi Ha peuyoBUHYy. [lo yMcaa IUX METOJ] ¥ IIEPIITY UepT'y BapTo BiHECTH iH-
TEeHCUBHY ILJIACTUYHY AedopMalliio miji BEUCOKMM THUCKOM i MexaHiuHe 00-
pobJieHHA B KyJLOBUX MJIMHAX pisHoro tumy [4, 5]. 30BciM HermogaBHO
3’ ABMJINCH POOOTH, ¥ SKMX BHCOKOI'O CTYIIEHIO MEXaHIYHOTro 00pO0IeHH
JIOCATaJIN 3a JOIIOMOT'0I0 KOMOIiHOBAaHMX METOJI BILIMBY Ha 00POOJIIOBaHUH
marepian. Tak, aBropu [6—10] B pobouy KaMepy KyJIbOBOTO MJIMHA JOHA-
TKOBO BBOIUJIN YJIBTPa3BYKOBI KOTMBAHHSA, a cCaM IIPOIeC PO3METIOBAHH S
IIPOBOIMJIN i3 HaKJIAJaHHAM 3MiHHOTIO MarHeTHOTO moJad. B mux poborax
0yJI0 IOKAa3aHo, IO CIIJIbHA i MeXaHiuHOro HaBaHTAKEHH i yabTpas-
BYKOBOTO 00p00JIeHHS B KYJHOBOMY MJIMHI, a TaKOMK JOJZATKOBe HaKJa-
TaHHA 3MiHHOT'O MAarHEeTHOTO II0JIS IIPUBOAUTE 10 3HAYHOTO ITPUCKOPEHH S
In@ysiiiHuX TporieciB i TBepaodasHIX peakiliii B 00po0JII0BaHOMY MaTe-
pisi, 1110 y CBOIO Uepry mae 3MOTY CYTTEBO CKOPOTUTU TPUBAIICTL MeXa-
HiYHOTO 00pPO0JIeHHA V HOPiBHAHHI 3 iIHIITIMY METOJaMU.

Y maniit poboTi mocTaBIeHO METY COPMYBATH BUCOKOEHHTPOIIiMHMIHA
cTaH y baraToxoMIoHeHTHHX cTornax Ha ocHOBi cuctemu AlCoCrCuFeNi
MEeTOZI0I0 YJbTpasByKoBoro o6pobiseHHs (Y30) B KyJabOBOMY MJIMHI
KpymnHosepuHucTux mopomikoBux cywmimtesn (K3IIC) i3 pisauM BMicTOM
Mimi, a TAKOMK DOCJIIAWNTH BILJIMB MiZi Ha CTPYKTYPY, (ha3oBUil CKJazn i
Mar=eTHi BaacTuBocTi copmoBarux BEC. Mins Bubpana ToMy, 1110, O-
mmepiie, BILIMB AJIOMiHiI0 Ta XpoOMYy B:Ke OyJ0 BUBUEHO B IIOIIEpPeIHiX
Hammux poborax [10], a mo-mpyre, Migb € TperiMm HedepoMarHeTHUM
enxementom B cromax cucremu AlCoCrCuFeNi, axuii Moxke CyTTEBO
BILIMBATU AK Ha (pas3oBuii CKJag 0araTOKOMIOHEHTHHUX CTOIIIB, TaK i Ha
iX MarHeTHi BJIaCTUBOCTI.

2. MATEPIAJIN I METOOAN JOCJAIIEKEHD

O6’exTaMu TOCTimKeHDb Y HaHill poboTi Oyau KPYHIHO3E€PHUCTI IIOPOIII-
KOBi cywmiIri aioMiHiIo, KOOAIBTY, XpOMY, Mifi, 3ajIiza Ta HiKJI0 Y BU-
xigHomy craHi Ta micaa Y30. XeMmiunuii cKJaag B aTOMHUX IPOIEHTaX
Bigmosigae gopmyai AlCoCrCu,FeNi, ge x = 0; 1 i 2. KpynnosepHucri
TIOPOIIIKOBI CYMiIITli BUTOTOBJISIN i3 MeXaHiuHO MOAPiOHEeHNX KPYIHO3e-
PHUCTUX IIOPOIIKiB OKPEMMX MeTAaJIiB PO3MINITyBaHHAM Y AUCTUJIbOBA-
Hiff BOZi 3a AOMOMOTOIO0 YJIBbTpPa3ByKoBoro mucmnepraropa ¥Y3IH-2T rta
HaCTYIIHUM BHCYIITYBAaHHAM 3a KiMHATHOI TeMIepaTypu. ¥ JbTPa3sBYKO-
Be 00pOO6JIeHHS IMTOPOIITKOBUX CYMiIlTleil TPOBOAUIN y TAK 3BAHOMY YJIbT-
PasBYKOBOMY KYJBOBOMY MJIMHIi, y POO0UY KaMepy AKOT0 BBOIUIU VJIb-
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Tpa3ByKoBi KomuBamusa (1 kBr, 20 kI'm), a cam mpolec MexaHiguHOTO 00-
pobJIeHHA MPOBOANIN B €TUJIOBOMY CIUPTI IIPOTATOM 5 T'OAMH i3 HaKJIa-
TaHHAM 3MiHHOTO MarHeTHoro moisa (640 A/m, 50 I'm) [9, 10]. Pentre-
HOCTPYKTYPHI MOCIiAKeHHA TPOBOAUJIN Ha PEHTIeHiBCbKOMY AudpakK-
romerpi JPOH-3.0 y KobasrbTOBOMY BUIIpOMiHIOBaHHi. Posmipu obiac-
Teil KorepeHTHOTO poscitoBanua (OKP) i MmikpoHanpy:KeHHS BU3HAYAHN
3a POBIIMPEHHAM PEHTI'€HOBUX JIiHiNl Ha AudpaxkTorpamax 3a MeTOHO00
Binbamcona—Xosaa) [11-13]. fAxicHy dasoBy aHamisy s3aificHIoBaIu 3a
BiIHOMIEHHAM iHTEHCHMBHOCTH HAMCWUJIbHIMINX JIiHIiA HAagBHUX KPHCTA-
Jiuanx a3 Ha gudparTorpamax. Ilapamerpu rpaTHUIIL PO3PaXxOByBa-
au 3a ¢popmyaoio Byabda—Bperra 3 moxu6koo +0,00005 am. Marmerui
BUMIipIOBaHHsA (IIMTOMAa HAMAarHeTOBAHICTL HACUUYEHHS, KOEPIIUTHUBHA
cuja, 3aJUIIKOBA IHAYKITiA) IPOBOAUJIN 3a MOIOMOIOI0 0ajicTHUYHOTO
Mar"geToMeTpa B iHTepBati moiiB 1o 800 kKA /M 3a KiMHATHOI TeMIiepa-
TypHu 3 moxubKomo +1 A-m?/Kr.

3. PESYJIBTATH TA IX OBTOBOPEHHSA

PesyabTaTi peHTIeHOBUX CTPYKTYPHUX i1 (ha30BUX HOCIIigKeHb, a Ta-
KOK BuMipioBaHHA MaraeTHuX BiaactuBocteit K3IIC B Buxigmomy crami
Ta MicJIs YIbTPa3BYKOBOTO 00PO0IeHHA B KYJIHLOBOMY MJINHI BIIPOIOBIK
5 roguu mokasaui B Tabia. 1 Ta Ha puc. 1-5.

I3 maBemenux Ha puc. 11ipwuc. 2 fudpaxrTorpaM BUIHO, IO Ha BigMiHy
Big nudparrorpam Buxiguux K3IIC, axki micTaTs y cobi aiHii Beix mera-
JiB-KOMIIOHEHTiB 0araToOKOMIIOHEHTHUX CTOIIiB, nudpaxtorpamu K3IIC
micasa Y30 ckaamaroThCa JUIIe i3 KiTbKoX posminpeHux JiHii. IIpose-
JeHa JeTajJbHA aHAJi3a Au(dppaKTorpaM IIoKasaa, Io Il JiHii HaJexaTnb
nmo nBox as — I'IK i OIIK — mapameTrpu I'paTHUIb AKUX BiIpisHAIOTh-
cA Big mapamMeTpiB I'paTHHUITL YHMCTHUX MeTasiB (Tabs. 1). HaBemeni ekc-
IepuMeEHTANbHI pes3yJbTaTH CBiguaTh mpo Te, 0 Y30 B KYJILOBOMY
MJINHI auiie npotaroMm b roguH ¢opmye y K3IIC BucokoeHTpomiiHMi
cTaH, IKUI xapaKkTepusyerbesa HagBHicTio 1BoxX (I'IIK + OITK) TBepaux
PO3UYMHIB i He3HAUHOI KiJIBKOCTH OKCHAIB MeraJiB. IIpo ¢opmyBamusa
caMe TBEPAMX PO3UMHIB y MepIy Uepry cBiguaTh BiAMMOBiAHI 3MiHM ma-
pamerpiB rpatauis I'IIK- i OITK-¢das mopiBHAHO 3 mapameTpaMu r'part-
HUI[b YNCTUX METAJIiB, a TaKOXK 3MiHM BeJNUYNHU OHUTOMOI HaMarHeTo-
Banoctu HacuueHHA (ITHH) K3IIC micna ¥30. Ak sugHo i3 Tada. 1, ma-
pamerpu rpatuuns i OLIK- i 'lIK-das3 BigpisaaioThea Big mapamerpis
I'PaTHUIB YMCTUX 3aJi3a Ta Minmi (mapameTpu I'PaTHUIb YMCTUX 3aJIisa i
mizgi pisui 0,2866 i 0,3615 um, BiAmmOBiAHO), a BeIMUMHN TUTOMOI HaMa-
raetoBanocTu HacuuenHda K3IIC micaa Y30 MmeHIri mopiBHSAHO 3 Bifgmo-
BigauMu BeamunHamu Buxigaux K3IIC (tabxa. 1, puc. 5, a). HeobxigHo
3a3HAUYMUTH, 110 CTOCOBHO 3HAKY 3MiHM ITapaMeTpiB KPUCTAIiYHUX I'DaT-
Huns K3IIC micaa Y30 curyaria gemro ckaagHimma. CipaBa y TOMY, IO
aTOMU OJHHX METAJiB MOXKYTH 301JILIITyBATH IIapaMeTpPU I'PDATHUIIL Me-
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TaJiB-pPO3UMHHUKIB, a aToMu iHmux — 3meninyBartu [14]. (Hanpukmaan,
Al, Cr i Fe s6inbmryrors mapamerep rparuauili Cu, a Co i Ni — smenmry-
10Th; Cu, Ni, Cr i Al 36igbiryrors mapamerep rparauii Fe, a Co — ame-
uirye). Ile osmauae, 110 HaIli pes3yJbTaTH MOMKYTH Juille (iKcyBaTH
3MiHY mapameTpiB (a 3HAYUTD, CBimUnTH PO (GOPMYBAHHSA TBEPANX PO3-
YnHiB), aje 6e3 MEeBHUX KOHKPETHUX BUCHOBKIB IMOJ0 HPUUYMHU ITUX
3Mid. BapTo TakKo)X BKasaTH Ha Ille OJHY OCOOJIMBiCTH Au(paKTOrpam
00pobaenux yiabTpassykom K3IIC, a came: IIupuHN PEHTI'eHOBUX JiHiM
Ha gudparTorpamax Bix nmux K3IIC smauno 6inbImi 3a BigmoBimgHi 1mm-
puHU peHTI'eHOBUX JiHi#t MeraniB Buxiguux K3IIC. Ile, 3Buuaiino, cBi-
IUUTh Opo Te, 1o npu ¥30 suxigaux K3IIC y Hux BigmbyBaeThCcsa CyTTE-
Be IMMOAPiOHEeHHS CTPYKTYPHUX eJIeMeHTiB i amenmtenua poamipis OKP, a
TaKOXX BUHUKHEHHAM 3HAUYHUX MiKpozedopmallii rparumii i
OB’ A3aHUX 3 HUMU MiKpoHanpyKeHHAMU (Tadi. 1).

IIpo dpopmyBamusa TBepaux posunHiB y K3IIC i3 pisaum BmicToM Mmigi
micasa Y30 cBiguaTh Tako:x sminu Besnunau ITHH, agske moxgioHi sMinm
HaOpsaMYy IIOB’sI3aHi i3 pO3UMHEHHAM aTOMiB HepepoMarHeTHUX MeTaJiB
— Al, Cr ta Cu B pepomarueraux — Co, Fe Tta Ni (puc. 5, a). HificHo Bi-

TABJIUIIA 1. ®asoBuil cKaaj, AuciepcHicTsh Ta mapamerep rpatauiii K3IIC
Ha ocHOBIi cucTemu AlCoCrCuFeNi 3 pisaum BmicToM Mifi B BuxigHomy crami Ta
nicaa Y30.

TABLE 1. Phase content, dispersion and lattice parameter of CGPM based on
AlCoCrCuFeNi system with different copper content in original state and af-
ter USBM.

K3IIC Dazu dDazouitl/IlucuepcuicTs, [IapamerepMikponedopmaris
CKJIam, HM rparuuili, | rparauIi (Ad/d)
% HM
CuoNiFeCoAlCr
Bux.crau CuoNiFeCoAlCr 100-400 -
V30, 5 rox OLTK 20 - 0,2865 0,009
TIIK 6 20 0,3601
Oxcumu 4 - -
Cu;NiFeCoAlCr
Bux.cran Cu;NiFeCoAlCr 100-400 -
V30, 5rox OLTK 60 26 0,2889 0,002
TIK 36 21 0,3617
Oxcumu 4 - -
CuzNiFeCoAlCr
Bux.crau CuzNiFeCoAlCr 100-400 -
Y30, 5rox OIIK 48 21 0,2864 0,001
TIOK 50 22 0,3598

Oxcunu 3 - -
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Puc.1. Hudparxrorpamu K3IIC AlCoCrFeNi (a), CuiNiFeCoAlCr (6) i
CuzNiFeCoAICr (8) B BuximHomy craHi.

Fig. 1. X-ray diffraction pattern of CGPM of AlCoCrFeNi (a), Cu;NiFeCoAlCr
(6) and Cuz:NiFeCoAlCr (8) in original state.

IOMO, III0 PO3YMHEHHA He(pepoMarHeTHUX MeTaJiB y (pepoMarHeTHHUX,
OPUBOAUTEL IO YACTKOBOI BTpaTH iX MarHeTHUX BJIACTUBOCTEH, Y TOMY
yucai go samenmtenuda [THH [15]. Takum umHOM, Ha Bimminy Bim smeH-
mienna ITHH y suxigaux K3IIC i3 pocToM KiJIbKOCTH Mifi, AKe IPOCTO
IIOoB’sA3aHe i3 BifIOBIiZHMM 3MEHINIEHHAM BKJAAy Bix (epoMarHeTHUX
mertaaiB y ITHH, naginma ITHH y K3IIC miciaa Y30 manpamy moB’a3aHe
i3 po3unHeHHAM He()epOMaTrHeTHUX METaJiB y (hepoMarHeTHUX, TOOTO i3
dopMyBaHHAM Yy HUX TBEPAUX PO3UUHIB.

Baprto Tako:x 3BepHYTHU yBary Ha Te, Io Ha audpartTorpamax K3IIC
iz 1i 2% wmigi (puc. 2, 6 i puc. 2, 8, BinmosigHo) crocrepirarorbesa ABi
cucTeMU JIiHii#, 1110, cKOpiIle 3a Bce, BigmoBigaoThk aBoM 'IIK-dasam i3
OMM3LKUMHU IIapaMerpaMu rpatHuilb. Ilogibuuii pesyabTaT crocrepira-
Jau aBTopu pobotu [2, 3] Ha macuBHUX cTomax cucteMu Al,CoCrCuFeNi
3 pisHuMM BMicToM anioMmiHito. fIK i y sarazanomMy BUIIaAKY 3 JiTepaTypu,
MOJKHA IPUIIYCTUTH, III0 OCHOBHOIO TPUUYKNHOIO (hopmyBaHHA ABoX 'IIK-
(as y HaImoMy BHIIAAKY € PidHa KOHIIEHTPAIlisd MEeTaJIiB-KOMIIOHEHTIiB y
00’eMi 3epeH i HA IX rpaHUIAX.

IIle ommH BUCHOBOK MOJKHA 3pOOUTH, BUXOASAYHY i3 JaHUX, HABEIEHUX
y TabJu. 1 i ma puc. 1. 36igsimenua KoHmerTpamnii Mmigi 8 K3IIC mpuso-
IUTHb 00 pocTy B HuX KinbKoctu 'IIK-dasu i BigmoBigHOTO 3MEHIIIEHHS
Kimproctu OIIK-dasu. Tara sane:xkHicTh Kinmbkoctu I'IIK-dasu Bin
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KoHIeHTpamii migi y suxigaux K3IIC moBHICTIO y3roaKyeThCs 3 JIiTe-
parypHuUMu gagumu [ 3].

Hagasricts 'I[K-dasu 8 K3IIC micaa Y30 ra 3amexxHicTs i1 KiabKoOC-
TH, K i Y IJUTUX CTOIIAaX, BiJ BMiCTy MiZli y BUXiZHMX cyMimIax iMOBipHO
MOKHA MOSCHUTH THUM, IIT0 B IIporeci Y30 mopoIKy xoua i MOKYTh Ha-
rpiBaTHCA OO0 JOCUTH BUCOKUX TeMmmepatyp [16—18], ame Bce & 11i Tem-
mepaTypu 3HAUHO HUKYI THX, IO po3BUBAaIOTLCA B mporeci EII [19], i
3aJININAIOTLCA B 00JIacTi gissirpam TBepmoro crany. Ila obcraBuHa Bigk-
puBae Mifi MOMKJIMBICTE 3irpaTu CBOIO CTa0iIizyBaJbHY POJIb IO BiIHO-
mrernio 1o 'TIK-TBepmoro po3uuny B mpoiieci ¥Y30.

ITosaBa okcuzaiB y K3IIC nicaa Y30, ak i gma BIII, ogepsxanux EI,
OUYEeBUHO IIOB’s3aHA i3 OKMCHEHHAM MeTaJiB 3aBAAKK IX B3aeMoznii 3
aromamu OKCUTeHY, IKi BUHUKAIOTh Y Pe3yJbTaTi AucoIiaiii i po3kJa-
Iy IUCTHUJILOBAHOI BOAM IIiJ] BIIMBOM BHCOKHUX TeMIIepaTyp i KaBiTalriii-
HUX IIPOIleciB, xapakTepHUX Hjasg Y30 MaTepisanaiB B yILTPA3BYKOBOMY
mumHi [16—19].

KinpkicTh OKCHAIB IIPU IILOMY 3aJUIIAETHCA MaliyKe He3MiHHOIO, XO-
Ya, BUXOAYU i3 pe3dyabTaTiB PeHTI'€HOBOI (ha30BOi aHai31, HaBeJeHUX
y Tabi. 1, Bce 3K MOKHA TOBOPUTHU IIPO TEHIAEHIi0 i He3HAUHOTO 3MeH-
mieHHsa i3 poctom kouienTpalii mizi y K3IIC. HameBHo e MOKHa
TIOB’A3aTH i3 BICOKOIO KOPO3iHHOIO CTifiKiCcTIO Mimi.
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Puc. 2. Hudpartorpamu K3IIC AlCoCrFeNi (a), CuiNiFeCoAlCr (6) i
CuzNiFeCoAICr (8) micas ¥30.

Fig. 2. X-ray diffraction pattern of CGPM of AlCoCrFeNi (a), CuiNiFeCoAlCr
(6) and Cu:NiFeCoAlCr (8) after UST.
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CrocosHo moaboBux sajexxuocreir IIHH K3IIC ak go, Tak i micias
Y30 mMoxkHa cKasaTH, 110 BOHK MAlOTh BUTJIAJ, TUIOBUI AJIs MACUBHUX
depomarueTukis (puc. 5, a): maii:ke JiHifiHe 3pocTaHHA B MajauXx (MeH-
mux 3a 200 KA /M) MarseTHUX MOJIAX i TOCTYHOBUI BUXiJ HA HACUUYEH-
Ha B BeauKux (6inbmux 3a 700 kA/m). PesynabTaTu MarHeTHUX BUMi-
proBaHb, HaBeleHi Ha puc. 5, TAKOXK CBiUaTh IIPO 3POCTAHHA IK Koep-
nutuBHOI cunu H,. (puc. 5, 0), Tak i sanumrkoBoi ingykiii B, (puc. 5, 8)
K3IIC micaa ¥30. Ak npaBujo, Take 3pOCTAHHA MarHeTHUX XapaKTe-
pucTuK y epoMarHeTHIX MAaTepidaax MOB’A3YIOTh i3 IX moaApiOHeHHAM
3a ymoB Y30, B pe3yJbTaTi SKOTO 3MiHIOIOTLCA PO3Mipu pepoMarHer-
HUX o0JacTell i piBeHb MeXaHiYHUX HATIPYKeHb Y MaTepidari.

Y sararbHOMY BHHOAAKY, KOJHU IPOIleC HAMarHeTyBaHHSA MaTepisry
OB’ A3aHU i3 miero pisHUX YMHHUKIB (aHiB30oTpOIiaA (hopMU, KPHUCTATIOT-
padiuHa mMarHeTHa aHi30TPOIiA, MeXaHiUHI HANIPY:KEeHHA), BEIUUNHY
KOepIuUTHUBHOI cuan H. 3a paXyHOK o0OepTaHHs MATHETHHX MOMEHTIB
¢depoMarHeTHUX YaCTUHOK MOKHA OIiHUTHU 3a popmy.ioro [20, 21]:

H.~al,+b(K/I;)+c(\t/I;), 1)
ne I, — HaMarseToBaHiCTh HacmueHHA, K — KOHCTAHTa KpHCTaJIOrpa-
¢iunoi MmarmeTHoi aHizoTpoImii, A — KOHCTaHTa MarHeTOCTPUKILII, T —
MiKpoOHAIIpYy:KeHHsdA, a a, b i ¢ — 6e3po3MipHi KoedilienTr, Beauunua
SAKUX 3aJ€KUTh Bix hopMu pepoMarieTHNX YaCTUHOK Ta PO3IOMiIy ua-

1004

- initial CGPM
—-e-USBMfor5h

20 4
Cu,NiFeCoAlCr

0 r T . r r . r r
0 2 4 6 8 10
H, xQ)

Puc.3. IIuroma mHamarmeroBaHicTh HacuueHHsa K3IIC AlCoCrFeNi i

CuzNiFeCoAIlCr B BuxigHomy craHi.

Fig. 3.

Cuz:NiFeCoAlCr in original state.

Specific

saturation

magnetization CGPM AlCoCrFeNi and
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CTHUHOK i MiKpOHaIpy:KeHb B MaTepisaiai. Bespoamipui KoedimienTu, Bu-
KopuctaHi B opmyi (1), ama amcaMOJIiB XaOTHYHO OPi€eHTOBaHUX i30-
apoBaHUX (pepomarueTHux BIIY chepuunoi popmu, piBHOMIpHO po3II0-
OiJleHnX y HeMarHeTHill MaTpHuIli, MaloTh HACTYIIHI 3HaUeHHdA: a =0, b =
=0,64, c ~ 3[20, 21]. IIpu BigcyTHOCTi aHi30oTpOIIii hopMu AJa chepuu-
HUX HaHodacTuHOK (a = 0) B dpopmyai (1) sanuimaroTbca Ba BKJIAAU B
KOEPIIUTHUBHY CUJy — 3a PaXyHOK KpucTajorpad)iuHoil MarHeTHOI aHi-
30TPOIIil i MexaHiYHUX HAIIPYKEHb.

BrJjag y KOepIUTHUBHY CUJIY 34 PAXyYHOK 00epTaHHS MATHETHHX MO-
MEHTiB y II0JIi BjiacHOI KpucTasorpadgiuyHoi MarHeTHOI aHi30TpoIil aad
BIIY zamisa, K06aabTy i HIiKJI0 MOXKHA OIIHUTU 3a APYTUM UJIEHOM Y
dopmy.ri (1):

H.~0,64(K/I,). (2)

BigmoBizHa omiHKa i3 BUKOPHUCTAHHSAM BigOMNX 3HAUYE€Hb KOHCTAHTU
Kpucrajiorpa(pivuaoi MarHeTHOl aHi30TPOIIil i HaMarHeToBaAaHOCTH HAaCH-
yeHHS 1mux MetaniB [20—24] mpuBogaTs Ao 3HaveHs 15,4; 190 i 6,0
KA /M nns 3anisa, Ko0aabTy i HiKJI0, BigmoBiguo. ko giaa K3IIC mic-
asa Y3KM mpoBoauTu po3paxyHoK KoepriuTuBHOI cuiu (KC) He ais un-
ctux Co, Fe i Ni, a 114 ycepegHeHUX AJIA X METAJIiB 3HAUEHD IK KOH-
CTaHT MarseTHoi anizorporii, Tak i ITHH, To Benrnunua KC 0yae 61135b-
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Puc. 4. ITuroma namaraeroBaricTs HacuuenHA K3IIC Cu:NiFeCoAlCr B Buxiz-
HOMY cTaHi Ta nicaa Y30.

Fig. 4. Specific saturation magnetization CGPM Cu;NiFeCoAICr in original
state and after USBM.
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Komo 10 175 kA /M.
s Toro, 100 OIMiHUTU BKJAM, IKUHA BHOCATL ¥ KOEPIIUTUBHY CUIY
Mikpomedopmarii (MikpoHATpPy:KeHHS), CKOPUCTAEMOCA MeTonoi0 Bi-
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Puc. 5. [Iuroma HamMmarseToBaHicTh HacuueHH (a), KoepruuTubHa cuja (0) i 3a-
auikosa inaykiia (8) K3IIC ma ocuosi cucremu AlCoCrCuFeNi 3 pisaum Bmi-
cToOM Mifi y BuxigHOoMYy cTaHi Ta micada Y30 B yIbTPa3ByKOBOMY MJIMHI.

Fig. 5. Specific saturation magnetization o; (a), coercive force H,. (6) and re-
sidual induction B, (8) of CGPM based on AlCoCrCuFeNi system with differ-
ent copper content in the original state and after USBM.
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abaMmcorna—Xouna [11-13, 23]. Bigomo, mo HamiBmupuHa 3 peHTTeHO-
BUX pedieKciB Ha nIudppaKkTorpamMi, OKpiM iHCTpyMeHTaJbHOTO PO3IIIU-
peunsa moB’as3aHa i3 posmipamu OKP D i mikpomedopmaliisMu Kpucra-
Jgiunoi rparuumi (Ad/d) HacTyHOI0 OPMYJIO0:

Bcos6=A/D + 4(Ad/d)sin0, (3)

e A — MOBXKMHA XBUJIi, a 0 — KyT audpakritii peHTTeHOBUX IPOMEHIB.
ITa popmyna Ta mobynoBa rpadikis 3amexrocTH BcosO Bifg sin nae smo-
ry BusHauuTu po3mipu OKP i mikpomedopmariii Kpucrandiumoi rpaTHu-
IIi, a TaKOXK IX BKJIaAU y HaNiBIIUPUHY [ peHTreHOBUX pediekrcis. Pe-
3yJBLTATH TAKUX PO3PaxyHKiB momimrmeni B Tada. 1. I1i gani moxkasyors,
IIT0 MAa€ MicIle IIeBHAa KOPeJAIlid MisK KinbKicTio Mifi y Buxigamnx K3IIC i
BeINUNHOIO MiKpomedopmalliii. MoKIMBO Ie OB’ sI3aHO i3 MEHIITHMM
3HAaUYEHHAMHU MOAYJiB IIPYKHOCTHA Mili ¥ HOPiBHAHHI 3 MOLYJIAMHA IPY-
skHOCTH iHIMUX KoMmmoHeHTiB K3IIC. 3aranbHe oM’ AKIIIeHHA MOAYJIiB
MIPY:KHOCTH Hpu 30iablmenHi Kimbkoctu Mini B Buximuux K3IIC moxke
OyTH IPUUYMHOIO 3MEHIIIeHHA MiKpoaedopMaIliil 3a TUX e MeXaHiuHnuX
HaBaHTaKeHb.

3B’A30K MiK MiKpoHampy:KeHHAMH T i Mikpomedopmariamu Ad/d
3amaeTheda opmyiomo [11, 23]:

t=E(Ad/d), 4)

ne E — monyab IOura. Ile mae MOMKINBICTD OMiHUTH MiKpPOHAIIPYIKEH-
H{, a TAKOXK X BKJIAJA ¥ KOEPIIUTUBHY CUJIY, KOPUCTYIOUNCH TPETIiM UJe-
HOM i3 popmyau (1). PesyabTaTy po3paxyHKiB ITOKa3ylOTh, 1110 BKJIAIN
B KOEPIIUTUBHY CUJY 3a PaXYHOK MiKpoHanpy:keHb A BEC i3 pisaum
BMicTOM Mifi sHaxomAThLCA B iHTepBai 35—70 KA /M.

I3 mpoBemeHMX BUINE OI[IHOK CJiAye, IO PO3paxoBaHi cyMapHi 3Ha-
YeHHS KOePIIUTUBHOI CUJIU, IIT0 BPaXOBYIOThH BHECKU 3a PAXyHOK KpHC-
rajiorpagiuyHol MarHeTHOl aHi30TPOIIil Ta MiKpOHANIPYKeHb, K IIPaBU-
JI0, OiNbIi eKCIIepMMEeHTAJbHUX 3HaueHb (puc. 5, 6). Ille moxe OyTm
IIOB’A3aH0 3 KiJIbKOMa IPUUYNHAMU: IIepeMarHeTyBaHHAM OesIKOl uacT-
KU BUCOKoaucriepcHuX yacTuHOK (BIlY) 3a mexanismom 3minieHHA Ma-
THETHUX CTiHOK MisK JJOMeHaMH IO, K IPaBUJO, IPUBOIUTEL MO 3MEH-
ITeHHA KoepIuTuBHOI cuau. Ile o6yMOBI€HO TUM, IITO0 PO3MipH 3HAYHOI
yacTuau BIAY MOKyTh 6yTH OiIBIINMEY 38 BEJIUNUMHY KPUTUYHOTO Tis-
MeTpy mepexony B mo ogHOZOMEHHOTO CTaHy: IJd 3aji3a, KoOaJabTy i
HiKJI0 BiH gopiBHIOE 17,1, 14,2 i 60,7 HM BignmoBigHo [24]; npoHUKHEH-
HAM aTOMiB HeMardHeTHHUX METAaJIiB B KPHCTAJIeBi I'PaTHUIIL 3ajida, KO-
0anbTy i HiKJIIO, ITTO IPUBOAUTL MO 3MEHINIEHHA BEJIUYNHU KOHCTAHTHU
Kpucrajiorpajpiuaoi margeTHoi amizorpomii i, AK HaCJIigOK, IO 3MEH-
ITeHHA BeJINUYMHU HAIPYKEHOCTH MarHeTHOTO II0JA, HeoOXigHOoTOo IJis
nepemarsiuyBanad BJY; nmepexomom JessKoi yacTuHU (hepoMarHeTHUX
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YacTUHOK [0 cyllepIapaMarHeTHOT'O CTaHY, AJIA AKOT0 XapaKTepHa Bin-
cyTHicTh ricrepesucy. Kputuunuit gismerep D, ogHOZOMEeHHUX (depo-
MarHeTHUX YacTHUHOK chepuyHoi opMHU, HUIKUE AKOTO BOHU II€PEXO0-
IATH 0 cyllepliapaMarHeTHOrO CTaHy, MOXKHAa MIifpaxyBaTu 3a (opMy-
Joro [24, 25]:

D, =[(150kT /nK)]"?, (5)

Ie k — BoibiiMaHHOBa KOHCTAHTAa, 1 — a0COJJIOTHA TeMIlepaTypa.

3HaueHHA OiIMETPy Iepexony M0 cyleplapaMarHeTHOTO CTaHy (e-
poMarseTHMX YaCTHUHOK 3aJIi3a, KOOAJIBTY i HiKJII0, po3paxoBaHi 3a I[i€i0
dopmyJiot0, CTAaHOBIATEL 17, 81 27 HM, BinmoBigmo. I1i 3HaUueHHA JOCUTDH
OMMBbKi 1O pe3yiabTaTiB o0UMCIeHHA AUCIEepPCHOCTH (ha3oBUX CKJIAMO-
BUX, HaBeJAeHUX B Ta0J. 1, IO CBiAUMTH IIPO BUCOKY MMOBipHiCTH BKa-
3aHOT'0 BUIIIE IIEPEXOY.

Ha xopucTh Takoro mepexony CBiIUNTH TAKOXK XapaKTep II0JbOBUX
sajesxHocTeii muToMmoi HamaruerosanocTu K3IIC mo i micaa Y30, mase-
IeHuX Ha puc. 3 Ta puc. 4. OUeBHIHUM € He JIUIIIe CYTTEBE NaTiHHA IN-
ToMOI HamMarueToBaHoCcTH micasa Y30 y mopiBHAHHI 3 BigmoBigHUMU Be-
anurnHamu aad suxigaux K3IIC, a Takosk 3sHAUHe 3MEHIIeHHI HaXUJIy
KpUBUX, IIT0 MOKe OyTHM IOB’sA3aHe AK i3 3MiHOIO (hasoBOro CKJIAIY
K3IIC, Tak i 3 cynepnapamarseTu3MoM (hepOMarHeTHUX HAHOYACTUHOK.

Hapemti BapTo Haragatu Iie Ipo OOHY OPUUYUHY MOYKJIMUBOTO 3MEH-
mieHHa KoepuuTuBHOI cuan K3IIC micasa ¥Y30. Copasa y Tomy, 110 Gop-
myau (1) i (2) g1 KoepIUTUBHOL CUJIN BUBEJEHI 11 CUCTEMU i30JIHOBA-
HUX )epoMarHeTHUX OTHOZOMEHHUX YaCTUHOK. B ITOpoIKax, 0co6IMBO
y CIpPecoBaHMX, MOMKJIMBA B3a€MOIis MiK MarHeTHHMMN MOMEHTaMU
B4, aka, K IpaBUJIO, TeK TPUBOAUTH A0 3MEHIIIeHHA KOepPIUTUBHOI
cunu [25-2T].

4. BUCHOBKH

1. YabpTpa3ByKoBUM 00POOJEHHAM y KYJIOBOMY MJIWHI KPYITHO3EPHUC-
THX HOPOIIKOBUX CYMiIllell aJioMiHiio, 3ayisa, KoOAJIbTy, Mifi, HiKJIIO
Ta XpOMYy BIepIle OeP:KaHO BUCOKOIMCIIEPCHI MOPOIIKY 6araTOKOMIIO-
nHentHuX ctouis cuctemu AlCoCrCuFeNi y BucoxoeuTpormiiiHoMmy cTami
i3 pisHuM BMicTOM Mifmi.

2. Hocmim:xeno BB Miai Ha (asoBUMl CKJIAA i MarHeTHi BIACTHUBOCTI
00pobsenux moporkiB. Ilokasano, mio yei BIII, oxgep:xani Y3KM, sHa-
XOAATHCA Y BUCOKOEHTPOIIITHOMY CTaHiI Ta MicTATL B cobi ABa TBEpAUX
posumuau — OIIK i I'IIK. IIpu nmbomy kinbkicTs OILK-dasu i BesrumunHa
nuToMol HamarHeroBaHocTu HacuueHHA B BIIII smenmryrorsca 3i 30i-
JbIIeHHAM BMicTy Mifi B Buxigaux K3IIC.

3. IlokazaHo TakoXK, 1110 (hepoMmarueTusm oaep:kHUX BIIII o6yMoBIeHMI
TOJIOBHUM YMHOM mpucyTHicTio B mopomkax OIIK-dasu. Ilpu mnomy
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KOepIIUTUBHA CUJA i 3aJIMIITKOBA iHAYKIIiA 00p00JIeHNX YIbTPa3ByKOM
TIOPOIIIKiIB 3HAYHO BUIIA, HidK Y BUXIJHUX HOPOIIKAX, IIT0 OOYMOBJIEHO
BHUCOKOIO JUCIIEPCHICTIO i MiKpoHanpyKeHHAMU B 00POOJIEHUX ITOPOIII-
KaxX.

4. BcTaHOBIIEHO, ITI0 PO3XOAKEHHS MijK PO3PAXOBAaHUMH i eKCIIepUMeH-
TAJIbHIMU 3HAUYCHHIMN KOEPIIUTUBHOI CJIN 00pO0JeHNX MOPOIIKIB 3y-
MOBJIEHi IXHiM cynmepnapaMarHeTu3MOM.
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New Developments for Wet Underwater Mechanized
and Automatic Arc Welding

V. A. Lebedev

E.O. Paton Electric Welding Institute, N.A.S. of Ukraine,
11 Kazymyr Malevych Str.,
UA-03150 Kyiv, Ukraine

Electric welding in the aqueous medium was wet, developed in the E. O. Paton
Electric Welding Institute, produced by automatic or semi-automatic equip-
ment of the new type gets an increasing distribution when performing weld-
ing, surfacing, repair of ships, port equipment, and oil and gas pipelines.
There is experience in conducting work at depths of more than 200 m. For
this process, special electrode powder type electrode wires are worked out,
which provide high-quality welding in all spatial positions. Semi-automatic
and automatic welding machines are constantly improving. Currently, one of
the main ways to improve the efficiency of equipment and the welding pro-
cess is the use of pulsed supply of electrode wire with controlled motion pa-
rameters. The pulse feed is wicked by welded compound parameters, weld
quality, the possibility of obtaining a qualitative result in the positions of
different from the bottom and much more. An important result of the use of a
pulsed feed is to obtain increased strength of the welded joint. The results of
welding and surfacing in the aqueous medium are wettable depending on the
parameters of the pulses (frequency, amplitude, form).

Key words: wet underwater welding, pulsed supply of electrode wire fed.

Moxpe esneKTpo3BapiOBaHHA Yy BOAHOMY CEPEIOBHUIII, IITO0 po3pobJieHe B iHCTH-
TyTi enexTposBapioBanud iM. O. O. IIaTona, i3 3acTocyBaHHAM cepiiiHOTO aB-
TOMATHUYHOTO a00 HaliBaBTOMATHUYHOT0 00JIafHAHHSA HOBOTO TUIY, Ha0OyBa€e Bce
O1JIBIIIOTO IIOIIMPEHHS NPY BUKOHAHHI 3BapIOBaHHS, HATOILJIEHHS, PEMOHTY
CyIeH, IIOPTOBOTO 00JamHAHHA, HA(QTO- Ta ra3omnpoBofiB. € MOCBiL BeleHH:A
pobit Ha raubmuax mouan 200 m. [y 11H0TO IIPoOIlecy po3pobeHi creriaabai
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€JIEKTPOIHI IPOTHU IIOPOIITKOBOTO TUITY, IIT0 3a0e3MeUyIoTh AKicHe 3BapIOBaHHSA
Yy BCiX IIPOCTOPOBUX ITOJIOMKEHHSIX. 3BapIOBaJIbHI HalliBaBTOMATH Ta aBTOMAaTH
MIOCTiliHO BIOCKOHAJIIOIOTLCA. B JaHMii yac OJHUM 3 OCHOBHUX CIIOCOOiB IIif-
BUINEHHSA e(DeKTUBHOCTU O0JaJHAHHSA Ta IPOIleCy 3BapIOBaAHHSA € BUKOPUCTAH-
HA iMIOyJabCHOI ITOAAYi eJIeKTPOAHOTO APOTY 3 PEryJbOBAaHUMHU IIapaMeTpaMu
pyxy. IMmmynbcHa momaua BiApisHAETbCA IapamMeTpaMW 3BaplOBaHOIO
3’eHAHHS, AKICTIO IIBA, MOXKJIMBICTIO OJeP:KaHHA IKiCHOr0 pe3yabTary y pi-
3HUX IIOJIO}KEHHSX BeJeHHSA 3BapIOBaHHA, BiAMIHHMX BiJ HUKHBOTO Ta iH.
BaxkimnBUM pesybTaTOM 3aCTOCYBAHHS iMITyJIBCHOI IIOAAYi € oep:KaHHA Hif-
BUII[EHOI MIITHOCTM 3BapHOro 3’€aHaHHA. Pe3yjbTaTu 3BapIOBaHHS Ta HATOI-
JIeHHS Y BOJAHOMY CEepeIOBUIITi 3aeKaTh Bil CTYIIeHIO0 3MOUYBaHHS, IO 3aJie-
JKUTH BiJf mapamMeTpiB iMOyabciB (YacToTH, aMILIiTy A1, POPMIU).

KarouoBi ciioBa: MOKpe IIigBOHE 3BAPIOBAHHSA, iIMITyJIbLCHE IIOJaBAHHSA €JIeKT-
POIHOTO APOTY.

(Received March 1,2022; in final version, July 15, 2022)

1.INTRODUCTION

Arc welding in an aquatic environment by mechanized or automatic
equipment is one of the types of welding, which is becoming increas-
ingly distributed in the different spheres of human activity, with prob-
lems inherent in it and various solutions in technical and technological
areas, as well as the choice of electrode materials[1].

We indicate that hand-made arc wet welding with the use of special
electrodes, as well as a method where the venue of work is localized by
special devices (caissons) with water to pump water from the place of
welding. In the latter case, manual and mechanized welding using con-
ventional electrode materials are used. Wet manual arc welding is low
and does not provide the desired quality of work. Welding under water
in the caisson is very expensive and limited to use.

In E. O. Paton Electric Welding Institute, it was developed a method
of mechanized wet-type welding with the use of submersible electrode
wire supply devices. To implement this method of welding, a number of
technical means have been developed—semi-automatic colours. The
development of special powder electrode wires and technological tech-
niques of their use is performed.

Developed at the E. O.Paton Electric Welding Institute Powder
Wire (diameter of 1.2—-2.0 mm) allows you to ensure stable burning of
the arc and the preparation (on low carbon and low-alloy structural
steels) of welded compounds, equal main metal. The wire is practically
no analogues and to date is the main electrode material for semi-
automatic and automatic, which are used for wet underwater welding.

Among the proposed designs of submersible devices can be allocated:

— with the placement of the feed node in the insulating-lubricating
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fluid, and the entire feed system—in the aqueous medium;

— with the placement of the entire semi-automatic, including the
source of the welding current, in the submersible unit.

Based on the above proposals in the E. O. Paton Electric Welding In-
stitute developed a number of semi-automotive mats. The highest dis-
tribution was semi-automatic A-1660, A-1450, PSh-141 and PSh-156.

Currently, semi-automatic arc welding of arc welding appeared in
the Russian Federation, which practically repeat the developments of
the E. O. Paton Electric Welding Institute of the 70s last century. Be-
hind rubbles, as far as we know, the mechanized and automatic welding
under water-wet gesture is practically not applied. The exception is
PRC, where based on contractual relations with E. O. Paton Electric
Welding Institute develops techniques and technology of mechanized
welding under water-wet method. Mechanized welding in an aqueous
medium using powder electrode wires found quite widespread use [2,
3]. In the process of developing this welding method, interesting and
very useful areas of its use were proposed with the provision of appro-
priate technical means to implement mechanized welding with a wet
method. Among them, for example, the following:

—welding of the underwater part of ships and shipping ships (body
formation) [4];

— a specialized mechanized device for welding under water pipes;

— automated welding for sealing compound pipes, including at high
depth on oil and gas objects and when creating complexes with thermal
pumps [5];

— welding and cutting during emergency rescue work in the aquatic
environment;

—automated welding at large depths wusing coordinate-
programmable systems based on computerized controls and regulation;

— use of mechanized and automatic equipment for recycling cutting
under water, including when closing the used oil and gas wells.

Some of the systems are used on industrial facilities. For example,
the machine for welding plugs inside the pipes developed in the E. O.
Paton Electric Welding Institute successfully operates at 230 m
depths. Part of the developments need to be improved.

2. BASE PROBLEMS AND SOLVES OF ITS

The problem with the use of mechanized and automated technologies of
arc methods of underwater welding with a wet method and equipment
for them really exists and at present. However, only individual specific
tasks were previously solved, the results of which to some extent satis-
fied manufacturers. However, as known, universal solutions in tech-
nical and technological systems do not exist, so it is important to find
such solutions to this problem that would generally fully meet the re-
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quirements.

One of the significant problems for submersible assemblies of the
SIS-topic of the supply of electrode wire of mechanized equipment and
systems of welding displacement of automatic equipment for wet un-
derwater welding is the reliability of the bots of DC drive electric mo-
tors with a collector-brush node. In the development of E. O. Paton
Electric Welding Institute, this problem has been solved using under-
counter electric motors—stepping industrial production and special
valve electric motors, the use of which with computerized control and
regulation gives additional advantages [6]:

— small dimensions, mass and inertia, including due to the lack of
need to use mechanical gearboxes (feed roller directly on the motor
shaft);

— the possibility of programming the movement of the electrode wire
with a sufficiently high frequency.

That testing is the setting of the task or the coordinate movement of
the welding tool on the plane or in space.

Special attention should be paid to constructs in which the assem-
blies of the submersible block are placed. In the latest semi-automotive
constructions for underwater welding, the electric motor is concluded
in a stainless-steel compensator with a pressure compensator, and the
system of feed rollers, made of special steels, is protected from conven-
tional corrosion and electroerosion with special means. The overall
body is formed from plastic, which is usually used in the construction
of yachts and other small vessels. One of the latest semi-automatic de-
velopments in a strong plastic case with an outer drive based on a high-
generable step electric motor is shown in Fig. 1. Such semi-automatic
can be operated in fresh and salt water at depths of up to 40 m, i.e., the

Fig. 1. The semi-automatic latter generation (with an open lid) for underwater
welding with wet method.
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depths where diver-welders can work. In addition, besides welding, us-
ing special electrode wires, it is possible to conduct effective cutting of
the metal.

In the technique and technology of arc welding, the main direction
of improvement in the present time is the use of impulse algorithms for
the functioning of the main active equipment systems. In particular,
inverter sources with impulse formation of output parameters, includ-
ing synergistic ones, are widely used.

Recently, the development of modulation methods with modulation
of modes and selected (partially based on theoretical surveys with the
solution of the formation of the formation and crystallization of the
weld metal, partially based on experimental studies) frequency and
wellness of the modulated parameters, are obtained. Such a technolo-
gy, for example, turns out to be applied with underwater arc welding
with a wet method when performing vertical compounds, the execution
of which represents a certain complexity, both on the formation of the
seam and the quality of the metal. Figure 2 shows an example of per-
forming the surfacing of structural steels in an aqueous medium on a
vertical plane with a powder electrode wire with parameters: current—
170-180 A; voltage—26—-27 V.

The feed rate is modulated with time: the pulse—0.6 s and pause—
0.4 s. The process is carried out by the feeding mechanism with any
types of drive electric motors, both collective and unbattotor, includ-
ing stepper and valve with modulation frequencies 0.2—2.0 Hz.

=

Fig. 2. The vertical plane under water rollers and voltage oscillograms U and
current I when surfacing with modulation of wire feed speed: 1—formulation
without modulation; 2, 3 are rollers with modulation with different direc-
tions of processing.
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The application of the process with the modulation of the feed rate
of the electrode wire allows solving the welding task on the vertical
plane to obtain the formed rollers. Such a process, according to metal-
lographic studies, has practically no significant effect on the structure
of the weld metal obtained in the aquatic environment. This, in our
opinion, is a consequence of an increased rate of crystallization of the
deposited metal in an aqueous medium in comparison with welding in
atmospheric conditions.

Investigation of the process of underwater welding with a wet meth-
od using the sources of the inverter welding current having the ability
to generate current pulses with controlled parameters, noticeable ef-
fects, as far as we know, did not give, in particular, by changing the
metal seam or roller metal structure. We believe that this circum-
stance can be explained by special high-speed conditions for crystalli-
zation of the metal of the seam.

Recently, relying on the study of electrode wire supply systems, as
well as the latest developments in the field of electrical engineering
and computerized management, considered as complete mechatronic
systems, is being developed for pulsed in duct, according to a specific
electrode program in semi-automatic agents and arc welding machines.
In addition, the automatic welding is developed and used by an outer-
leaf drive based on serially produced stepper and specially designed
valve electric motors with a computerized control system, which allows
you to implement practically to any electrode of the electrode wire. At
the same time, the recent electric drive is provided by frequency, well
and amplitude pulsed power wire with maximum frequencies 50—60
Hz. The specified electric drive was studied as part of automatic and
mechanized equipment during welding—surfacing in an aqueous me-
dium was wet.

It is of particular interest to obtain vertical and horizontal welds on
a vertical plane with sufficient characteristics for the formation and
quality of the weld metal. The use of a pulse supply of electrode wire
with efficiently selected parameters allows you to solve this task. With
a pulsed supply of electrode wire with rationally selected parameters, a
controlled transfer of the electrode metal is implemented according to
the principle: each pulse corresponds to the transfer of a molten metal
drop of a certain size. Acceleration, which in pulsed movement is at-
tached drop, contributes to accurate transportation of the drop in the
molten bath, which is very effective when conducting a process on the
vertical plane. The features of the transfer of the electrode metal dur-
ing underwater welding with a wet method with the use of pulsed feed
require a separate consideration.

Figure 3 shows samples of rollers deposited in an aqueous medium
using a pulsed wire supply with different characteristics of the pulse
movement, but with almost the same current values, voltage and pro-
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Fig. 3. Rolls that are welded in an aqueous medium using a pulse feed.

cess speed. The current and voltage of the arc process is 160—-170 A and
26—28 V, respectively. The speed of surfacing is 10-12 m/h.

It can be noted that the formation of rollers is significantly more
evenly filled, has a more regular character. An important is the possi-
bility of fairly intensive influence on the parameters of the rollers:
width, amplification, the depth of the regulation. Characteristic mi-
cro-fluffs of some rollers presented in Fig. 3 are given in Fig. 4.

It should be noted that the tendencies of changes in the geometric
sizes of the deposited rollers correspond to those obtained when surfac-
ing under normal conditions, although less pronounced, which is gen-
erally explained by a significantly higher cooling rate of the liquid
bath.

Special attention is paid to the qualitative analysis of the metal
welded in an aqueous medium, which was carried out based on the

ERILARLINARRARINY

Fig. 4. Microsection of rollers, weld-using control pulses of supply electrode
wire.
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study of microcycles of cross sections of rollers, strength (mechanical)
characteristics, roller metal composition and the near-view zone. In
practically all the parameters, the electrode wires that are welded with
pulsed supply exceeds the rollers obtained using the conventional feed
with the trends of improvement characteristic with the processes ob-
tained on open spaces during welding-surfacing with a pulsed powder
electrode wire. However, there are differences. For example, the vol-
ume fraction of non-metallic inclusions in the metal roller metal de-
creases only after increasing the frequency of feed pulses, which can be
seen on the graph. Figure 5 obtained in experimental studies.

This again, it seems to us, is associated with the peculiarities of the
characteristics of the crystallization of the weld metal and the nearby
zone in the aquatic environment. Some improvement in the mechanical
properties of the seams obtained under comparative welding studies
using the conventional and pulsed supply of electrode wire with con-
trolled parameters, the graphs shown in Fig. 6.

These results indirectly confirm the fact that in the metal of seams
or appliances in the aqueous medium of rollers using the pulsed supply
of electrode wire, a change in the crystal structure associated with
some disorientation of crystallites occurs. This process is less intense
than it happens under normal conditions, which, as already noted, is
associated with the special conditions for cooling the liquid bath in wa-
ter.

It should be noted that most of the positive effects of the pulsed sup-
ply of the electrode wire are noticeably manifested at a certain increase
in the frequency of the pulse movement.

It is well known that high-quality welding with minimizing defor-
mations of various types is possible if minimal thermal investments in
the implementation of the process are provided. The welding with a

% wvolume fraction
without impulses

e e —— e = e = =

0% 80 a0 50 60
7, Hz

Fig. 5. Graphs for the presence of non-metallic inclusions in the metal of the
faces when surfacing with different ways of supplying the wire.
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Fig. 6. Regulations between the pre-cases of fluidity and time resistance.

pulsed supply of electrode wire is characterized by low energy con-
sumption, which in combination with intensive cooling provides small
deformations of the weldable structure, in particular from thin-leaf
materials.

Welding methods with pulsed power wires are constantly being im-
proved and developed. Some of them, according to our beliefs, based on
the experience of studying the development of such systems, can be
successfully applied to implement highly efficient welding in aquatic
environment of structures with different spatial positions.

To the number of promising welding methods with a pulsed supply
of electrode wire applicable in an aqueous medium, include:

— sharing a pulse feed and modulation of modes (current and weld-
ing voltage of both synchronization and without synchronization of
influences);

— use of a new welding method with dosage supply of electrode wire;

—synchronized by a certain algorithm. Pulse effects of pulsed filing.

New welding methods with the application of new development.

Technical means make it possible to largely improve both the results
of the arc process, and ensure the new quality of the equipment—to re-
duce its mastery characteristics and increase its reliability, which is
very important for the equipment of underwater welding.

Each of the indicated new methods of underwater welding with the
use of an adjustable pulsed supply of electrode wire can solve a certain
complex of tasks when conducting a water welding process with a wet
method, while in most ways almost any type of welding current source
can be applied, including the easiest constructions and WHO capabili-
ties.

It should be noted that electric drives with computerized valve and
stepper electric drives are used to equip welding and adjustment sys-
tems in automated equipment for underwater welding with a wet
method.
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3. CONCLUSIONS

1. To date, several different semi-automatic with powder self-
protecting electrode wire are wet, but the highest distribution of both
general purposes, and to solve specific tasks, equipment with an isolat-
ed feed knot, whose cavity is filled with insultingly lubricating liquid.
2. The semi-automatic and machine guns for underwater welding are
constantly improved, and the main direction of their improvement is
the use of electrode wire supply systems with controlled pulse motion
parameters, the rational choice of which provides possible highly effi-
cient welding in the lower and vertical positions with the possibility of
regulating the geometric sizes of seams and rollers, obtaining a com-
pound with improved mechanical characteristics.

3. The complexity of the use of pulsed technologies when welding in an
aqueous medium was wet, both due to pulsed algorithms for the func-
tioning of the sources of the welding current and due to the pulsed
supply of the electrode wire lies in the high cooling rate of the weld
bath, which significantly exceeds the speed under normal conditions.
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