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Simple Relationships for Some Three-Parameter Interatomic-
Potential Models for the Interactions between the Chemically-
Different Types’ Atoms
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G.V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,
36 Academician Vernadsky Blvd.,
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Three-parameter Lennard-Jones and Morse interatomic potentials are the
simplest ones, which can be used to describe thermophysical properties of the
liquid and solid substances. Upon adjusting the model parameters to real sub-
stance properties, the interatomic potentials can be used to describe simple
single-component substance with good accuracy. Usually, these tree parame-
ters can be found from the cohesion energy, bulk moduli, and the molar vol-
ume data or the lattice parameters obtained experimentally for chemically-
pure crystalline solids. In our paper, in case of chemically-different atoms,
for both the Lennard-Jones potential and the Morse one, or any other three-
parameter potential, we propose some convenient model relationships ex-
pressing the corresponding three parameters through the previously found
ones for pure chemical elements.

Key words: solid substance, interatomic interactions, Lennard-Jones poten-
tial, Morse potential, lattice parameter, bonding energy, cohesive energy,
bulk modulus, elastic stiffness, nearest-neighbour approximation.
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MI0PiBMUYHUX BJIACTHUBOCTEH PiAKUX i TBepAMX PEeUOBUH. 3a y3TOAMKEHHSA MO-
IeJIbHUX ITapaMeTpPiB 3 BJIACTUBOCTSIMHU PeaIbHUX PEUOBMH, Mi’KaTOMOBIi moTe-
HI[iAJY MOXKYTb BUKOPUCTOBYBATHUCS [IJIS OTMUCY IPOCTUX OTHOKOMIOHEHTHUX
PEeYoOBWH 3 JOCTATHHOIO TOUHiCTIO. 3a3BUUai, IIi IapaMeTpud MOKYTb OyTH

Corresponding author: Oleksandr Anatoliyovych Likhachev
E-mail: alex]@imp.kiev.ua

Citation: O. A. Likhachev, Yu. M. Koval, T. G. Sych, and V. A. Tatarenko, Simple Re-
lationships for Some Three-Parameter Interatomic-Potential Models for the Interac-
tions between the Chemically-Different Types’ Atoms, Metallofiz. Noveishie Tekhnol.,
45, No. 1: 1-13(2023). DOI: 10.15407 /mfint.45.01.0001


https://doi.org/10.15407/mfint.45.01.0001
https://doi.org/10.15407/mfint.45.01.0001

2 0. A.LIKHACHEV, Yu. M. KOVAL, T. G. SYCH, and V. A. TATARENKO

3HAWJEHI 3 JaHWX II[OJ0 eHeprii 3B’sA3Ky, MOAYJSI CTHUCKY, MOJBLHOTO 006’eMy
a0o mapaMeTpiB KpHCTAJTiUHOI I'PATHUIII, BUBHAUEHUX €KCIIEPUMEHTANbHO IJIA
XeMiYHO YMCTHX KpHCTaJiuHuUX Tijg. B Hamriii po6Gori ajaa BUIAAKY XeMidHO
pisumx aTromis i morentiaxiB Jlenrnapa-:xonca, Mopse a6o Oyab-AKUX iHITTUX
TPpUIIapaAMETPUYHUX IIOTEHI[iAJIB IIPONMOHYIOThCA MAeAKi 3pyduHi MomenbHi
CIIiBBiIHOIIIEHHA, II[0 BUPaKAIOTh BiAIIOBiAHI TpM mapaMeTpu uepes3 IoIepe/-
HbO 3HAWAEHI AJIg XeMiuHO OJHOKOMIIOHEHTHUX MaTepiAIiB.

KarouoBi cioBa: TBepaa peyoBMHA, MiKaTOMOBi Baaemoxii, moreHiisn JleH-
Hapn-:komca, moreHiisa Mopae, mapamerep I'paTHHUIIL, eHeprid 3B’ A3KY, eHe-
pria xoresii, 06’eMHUI MOAYJb, IPY/KHA MYIKICTh, HAOAMKEeHHSI HANOIMMK-
YUX CyCiZiB.

(Received September 27, 2022)

1.INTRODUCTION

Finding the semi-empirical interatomic-interaction potentials is an
important task for many aims. First, it may be initial starting point for
the modelling of different thermodynamic properties of liquids and
solids consisting of pure chemical element and of multiple chemical
components.

The Lennard-Jones [1-3] and Morse [6] potentials are the simplest
ones, which can be used to obtain thermophysical properties of the liq-
uid and solid substances. These potentials are mathematically simple
and, therefore, are often used in different computer simulation stud-
ies. Due to their mathematical simplicity and generic modelling capa-
bilities, the mentioned potentials are probably still the most frequently
studied model potentials. The Lennard-Jones potential is usually the
standard choice for the development of theories for matter (especially
soft-matter) as well as for the development and testing of computa-
tional methods and algorithms. Upon adjusting the model parameters
to real substance properties, the interatomic potentials can be used to
describe simple substance with good accuracy. Usually, these parame-
ters can be found from the cohesive energy, bulk moduli and the molar
volume data or the lattice parameters obtained experimentally for
chemically pure single-component crystalline solids [4, 5, 7]. These
ideas have been also applied to study some other properties of crystal-
line solids [8, 9, 11]. Nevertheless, finding similar parameters for in-
teratomic potentials in case of chemically-different interacting atoms
is not so easy, and the problem is still actual.

In our paper, in case of chemically-different atoms, for both the
Lennard-Jones potential and the Morse one, or any other three-
parameter potential, we propose some convenient model relationships
expressing the corresponding three parameters through the previously
found ones for pure chemical elements.
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2. PARAMETERIZATIONS OF THE LENNARD-JONES
AND MORSE POTENTIALS

Here, we introduce two three-parameter potentials, namely, the Len-
nard-Jones type (LJ-type) and the Morse type (M-type) potential, for
the interaction energy between two neighbouring same atoms in the
following form:

u (r)==e((r/a)? —2(r /a)™") and u,(r) = g(e """V - 2eP/* Dy (1)

They have three parameters, LJ-type {¢, a, n} and M-type {¢, a, B}, re-
spectively. Here, r means the interatomic distance. Both interaction
energy models up(r) (with {g, a, n} for P=LdJ or {g, a, B} for P=M) have
minima at r=a, where up(a) =—¢ characterizes the bonding energy of
two same atoms at the equilibrium distance between them. The expo-
nent parameters, n, B and 2n, 2, characterize the decrease or increase
rate of the attractive energy parts and the repulsive ones, as the inter-
atomic-separation distance r changes.

Instead of these three parameters, we can introduce a new set of
universal parameters like the equilibrium interatomic bond length a,
elastic stiffness of interatomic bonds k&, and the elastic cut-off distance

¢, where
kE=uy(a), c=+2¢/k. (2)

In particular, for the Lennard-Jones potential,
k,=2en’/a’, c=a/n, 3)
and, for the Morse potential,
ky =2:p* /a®, c=a/B. (4)

Both interatomic potentials of LJ- and M-types, as well as so-called
elastic-bond potential model, calculated at the f=n=5 values are
shown in Fig. 1. In these both cases and in any other three-parameter
interatomic-potential models, we will use the following ‘model-
independent’ (universal) relationships:

E=2¢/c% &=0.5kc*. (5)
Here, we have introduced so-called elastic-bond potential,
U () = (-1 + (y(r/a - 1))*), (6)

and, in addition, the equations similar to Eqgs. (3), (4) obtained for the
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0.4

—&— Morse

—&—Lennard-Jones

Potential

e Elastic-bond

Interatomic separation x=r/a

Fig. 1. Three-parameter Lennard-Jones, Morse and parabolic elastic-bond in-
teratomic potentials calculated at equal bonding energye=1and p=n=>5.

Lennard-Jones and Morse potentials,

ko = 287" /a*, c=a/y. (7

It also shown in Fig. 1 and calculated aty=pf=n=>5.

As it follows from Fig. 1, the elastic cut-off parameter ¢ introduced
in Eq. (2) characterizes interatomic distance, where elastic-bond po-
tential takes a zero value, ugp(a +c)=0, that means that the elastic
bond is broken at this distance. So, this parameter can be used for any
interatomic-potential model as well.

In present subsection, for any three-parameter potential up(r), in-
stead of corresponding three parameters, we can introduce a new set of
universal parameters like the equilibrium interatomic-bond length a,
where u,(a) = 0, the interatomic-coupling energy ur(a) =—¢, the elastic
stiffness of interatomic bond & =u;(a), and the elastic cut-off dis-
tance ¢ = ./2¢ / k. Finally, we have introduced convenient dimension-
less potential parameter n=a/c. Using these ones, the interatomic po-
tential itself can be represented as follows:

up(r) = €9, (2) . (3)

Here, the dimensionless potential function ¢, (x) depends only on the
dimensionless interatomic-separation distance x and a single potential
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parameter m. In case of the Lennard-Jones and Morse potentials,
n=p=n.

3. FINDING PARAMETERS FROM THE EXPERIMENTAL DATA

To find these parameters, most of researchers use the cohesive energy,
bulk moduli and the molar volume (or lattice parameter) data such as
represented in Table 1 for some f.c.c. and b.c.c. transition metals taken
from [10, 12—-14].

Using Eq. (1), one can write the molar internal energy at zero tem-
perature for the crystalline solid as function of the nearest-neighbour
distance r as follows:

U(r):lN izu (rp)=lN sizd) Lp :lN ed r 9)
2Ai=1iPi 2Ai=1inai 2Ana'
Here, summation is performed over a set of K. nearest co-ordination
spheres (i=1, 2, ..., K.), where z; denotes the number of atoms on the i-
th co-ordination sphere. Ny =6.02214076-102 mole! is the well-known
Avogadro number, and p; is a set of dimensionless distances to the i-th
co-ordination sphere. We also introduce the dimensionless Lennard-
Jones or Morse potential functions ¢_(x) having a minimum at x=1,
where ¢,(1)=-1, and the second derivative value o (1) = 2n° at
n=p=n for M- and LD-type potentials, respectively. Further, we will
denote ¥ (x) =0.5® (r/a)=0.5® (x) as the dimensionless crystal
energy per atom. Normally, the internal energy of a crystal must be
represented as a function of the molar volume V,, = Nav(r), where v(r) is
the volume per single atom in a given crystalline solid. For many ideal
crystal structures like f.c.c., h.c.p. and b.c.c., there is a simple rela-

TABLE 1. Cohesive energy, bulk modulus and molar volume interpolated to
0 K for some f.c.c. and b.c.c. metals (experimental data).

| V | Nb | Ta | Cr | Mo | W | Fe

Units b.c.c. b.c.c. b.c.c. Db.c.c. b.c.c. Db.c.c. b.c.c.
E,,kJ/mol 512 730 782 395 658 859 413
K, GPa 160 170 200 160 230 310 170
Vm, 108m3) 8.8337 10.84 10.87 7.232 9.334 9.550 7.092
KV, /E, 2.59 2.52 2.78 2.93 3.26 3.45 2.92

| Ni | Pd | Pt | Cu | Ag | Au | Rh | Ir

Units f.c.c. f.c.c. f.c.e. f.c.c. f.c.c. f.c.c. f.c.c. f.c.c.
E,,kJ/mol 428 376 564 336 284 368 554 670
K, GPa 180 180 230 140 100 220 380 320
Vm, 108.m3) 6.589 8.851 9.095 7.092 10.28 10.21 8.266 8.520
KVw/En 2.77 4.23 3.71 2.95 3.61 6.32 5.47 3.42
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tionship between the atomic volume and the nearest-neighbour dis-
tance: v(r)=qr?, where ¢ is a constant dependent on particular crystal
geometry. At the equilibrium distance r=r., where

(iU(V(r»j = Ny eW! (x,) =0, (10)
dr r=r,

we can obtain a dimensionless ratio x.=r./a and the equilibrium molar
volume

V. (r,)=N,qr’. (11)

Therefore, using Egs. (8), (9), one can obtain the bulk modulus K at
zero temperature as follows:

2
K=V d U(Z) =g 1 5 Pr(x,) . (12)
awvs ), 9gr.a® "

On the other hand, at zero temperature, the molar cohesive energy is
E,=-U(W,)=-N,e¥ (x,). (13)

From Egs. (12), (13), it follows an important dimensionless relation-
ship between the cohesive energy, bulk modulus and the molar volume:

V_K 1 "
2= R /Y, () (14)

m

Here, x.=x.n) is a value minimizing the dimensionless cohesive-
energy function that can be obtained solving Eq. (10). Obviously, it de-
pends on the dimensionless parameter n={n, B, y} of any interatomic
potential discussed in the present paper or some other ones too. There-
fore, Eq. (14) gives a possibility finding this one parameter as function
of the experimental dimensionless quantity (VK /Emn):

n=nV,K/E,). (15)

The second parameter, namely, the bonding energy, one can find
from Eq. (13):
g = _M_ (16)
¥ (x, (M)

Lastly, the third parameter, i.e., the bonding length a, is as follows:

a=d/x,(n). 17)
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Here, d is the experimentally measured nearest-neighbour distance in
b.c.c., f.c.c. or h.c.p. structure, or calculated from the known atomic
volume:

v(d)=qd*=V,_/N,, (18)
where
G.. =4/3/3=0.7698,¢q,. =1/-/2=0.7071
and, obviously,
d,.. =B@v, )" /2 d,,, = (v, )" /2. (19)

The data given in Table 1 can be used to calculate all the interatomic-
potential parameters. Normally, it can be done applying appropriate
numerical methods. But here, we restrict ourselves by the simplest
nearest-neighbour approximation by means of setting in Eq. (9) K.=1,
¥ (%) =(z / 2)¢,(x) and finding from Eq. (10) ¢'(x,) =0 = x, =1. Af-
ter that, one can see: ¥ (1) =-z, /2, ¥/ (1) = (3 /220 (n = {n,B,7}).
Finally, using Eq. (14), we obtain:

VE—K = §n2 orn=3JV.K/QE,). (20)

At the same time, from Eqgs. (16), (17), we find the two remained po-
tential parameters:

s=£(Em/NA)anda=d. (21)
z

1

All the parameters characterizing the model Lennard-Jones and
Morse potentials consistent with experimental data are collected in
Tables 2, 3. It should be mentioned that the potential parameters for
the b.c.c. lattice were calculated using both the first and second co-
ordination spheres setting in Eq. (9) K.=2. The reason of that is the
known elastic instability of b.c.c. lattices in the nearest-neighbour ap-
proximation in respect to its shear distortion.

Therefore, in present subsection, we have discussed a procedure of
finding the potential parameters using the cohesive energy, bulk mod-
ulus and the molar volume (or lattice parameter) data represented in
Table 1 for some f.c.c. and b.c.c. transition metals. The idea using
these experimental data has been proposed quite long ago and, then,
was applied by many other researchers mainly limiting themselves by
the LJ- and M-cases [4, 5, 7]. The main reason for us is to formulate the
finding procedure to be maximally independent on a particular poten-
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TABLE 2. Cohesive energy per atom (eV), volume per atom (A?) and the near-
est-neighbour distance (A) together with the potential parameters calculated
from the experimental data in the nearest-neighbour approximation for some
b.c.c. metals.

Metal | &, eV ‘ Ua, A3 ‘ d, A ‘ B ‘ g, eV |k, eV/A3| c, A
A% 5.31 13.84401 2.619959 3.413942 0.884493 3.003638 0.767429
Nb 7.57 18.00037 2.8595723.3674921.261094 3.497746 0.84917
Ta 8.11 18.05018 2.862208 3.536948 1.350925 4.125877 0.809231
Cr 4.09 12.00578 2.49845 3.631116 0.682373 2.882639 0.688067
Mo 6.82 15.49293 2.720102 3.8301441.1367124.507546 0.710183
W 8.90 15.858262.7413163.940178 1.4839456.131421 0.695734
Fe 4.28 11.7733 2.4822193.624914 0.713468 3.043125 0.684766

tial type. Therefore, we did everything in dimensionless form. We
have defined the basic crystal energy function as a sum of the individ-
ual dimensionless interatomic potentials taken over some appropriate
number K. of co-ordination spheres according to Eq.(9):

W (1) == 20, (xp,)- 22)
D 4

Then, making minimizing procedure, one can find the equilibrium di-
mensionless nearest-neighbour distance x = x.(n) dependent on the po-
tential parameter n in a given crystal lattice with a given set of co-
ordination numbers {z;} and a set of dimensionless distances {p;} to the

TABLE 3. Cohesive energy per atom (eV), volume per atom (A?), and the near-
est-neighbour distance (A) together with the potential parameters calculated
from the experimental data in the nearest-neighbour approximation for some
f.c.c. metals.

Metal | &, eV | Va, A3 ‘ d, A ‘ B | g, eV | k,eV/A3 ‘ c, A
Ni 4.44 10.94303 2.492016 3.5630581 0.739381 2.968171 0.705837
Pd 3.90 14.69587 2.749393 4.362912 0.64955 3.27131 0.630174
Pt 5.85 15.11101 2.775041 4.085952 0.974325 4.224556 0.679167
Cu 3.48 11.7733 2.553511 3.643487 0.580449 2.363485 0.700843
Ag 2.94 17.07046 2.890148 4.030509 0.490617 1.908326 0.717068
Au 3.81 16.95422 2.883573 5.332917 0.63573 4.348807 0.540712
Rh 5.74 13.732752.6879694.961351 0.957049 6.521024 0.541782
Ir 6.94 14.14789 2.714786 3.9230091.157442 4.833891 0.692016
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i-th co-ordination sphere. Finally, using Eq. (14), we obtain parameter
n as a function of the only dimensionless experimental parameter
v =VuK/Ewn, n=n(y), as well as two remaining potential parameters:

e(x) = —e, / Y(x.((x) and a(y) = d / x,((x)) - (23)

Here, e, = E.n/Na is the cohesive energy per atom, and d is the experi-
mentally measured distance between the nearest atoms in b.c.c., f.c.c.
or h.c.p. crystals.

4. MODELLING INTERATOMIC POTENTIALS FOR CHEMICALLY-
DIFFERENT TYPES’ ATOMS

In present section, we will propose some simple ideas, which allow con-
structing the interatomic potential for two chemically-different atoms
A and B, shown schematically in Fig. 2. These atoms are placed at some
interatomic distance rag=(ra+rs)/2, where ra and rs denote the bond
length for A—A- or B-B-type interacting atoms, respectively. Here, fis
a force taking zero value, if atoms A and B are at their equilibrium dis-
tances: ra=aa and rs=as. However, the interaction forces acting be-
tween the atoms (all equal due to Newton’s third law) will change sup-
posedly linearly, if ra and rg will experience some small changes:
ra=aa+ daa and rg = ag + dag, as follows from equations below:

f=k0a, and f = kda, . (24)
r, o2

rAB

rga=(r,+ry)/2

Fig. 2. The scheme represents two ball-shaped chemically-different atoms A
and B producing weak forces, when the distance between them slightly chang-
es.
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Here, ka, ks are the elastic-bond stiffness parameters introduced in
previous section. A similar relationship can be supposedly written for
the A—B bonds:

f = k,p0a,,, where da,, = (6a, +da;) /2. (25)

Combining these equations, one can obtain relationships for the elas-
tic-bond stiffness parameters for the A—B-type interatomic bonds as
function of the stiffness parameters for the A—A and B—B ones, respec-
tively:

1/ by =1/ by +1/ k) /2. (26)

Along with this important equation, one can use a similar additive rule
for the equilibrium bond length a. Besides, the elastic cut-off distance
cap introduced in the previous section will be represented generally
consisting of the half-additive contribution (ca + cg)/2 and a difference
cis = Cap — (¢, +¢5) /2 asindicated in Eq. (27):

Ay =(a, +ag)/2,c,5 =(cy, +¢3)/ 2+ iy - (27)
Later, we will show that this so-called c-excess parameter c}}; is small,
but nevertheless, plays a very important role. These three relation-
ships give us full description of all three parameters for the Lennard-
Jones and Morse potentials, or any other three-parameter potentials as
well. In particular, the bonding energy between the A—B atoms can be
easily found from the following equation:

Can / €an = (€3 /&5 + €5/ 85) /2. (28)

One can also obtain the following relationships for the exponent pa-
rameters n, [ of the Lennard-Jones and Morse potentials:
nap= BAB = aAB/CAB-

Equation (28) is important for many applications for ordered or dis-
ordered binary alloys to predict their thermodynamic properties at dif-
ferent atomic concentrations.

In order to analyse and discuss this equation, it is more convenient
to expressitin a dimensionless form:

1 _[Ci/CiB+c}§/CiB
(eap/8) \(ey/8) (eg/€)

One can also express parameters €a, €g as follow:

€, t&p

J/Z, where ¢ = (29)

€y =(e5 te5)/2+ (e, —€5) /2,65 =(g, +€5)/2—(g, —€5) /2. (30)
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The same can be done for parameters ca, cg as well:
cy =(cy+eg)/2+(cy —cg)/2,¢c5=(cy +cg)/2—(cy, —c)/2 (31)
or the corresponding dimensionless relationships:
€, /e=1+(e, —€5) /26,65 /e=1—(g, —€3)/ 2¢ (32)
and
Cyh/Cag=1l+(c, —cg)/2¢,c5/cChyg=1—(c, —c3)/ 2c. (33)

Therefore, Eq. (28) is expressed through the following two dimen-
sionless parameters with ¢ =(ca + ¢g)/2 and & = (ga + €5)/2:

Wy = (€4 =€) / 2¢ (wyp| < 1), 0,5 = (85 —85) / 28 (0,5 <D, (34)

So, finally, from Eq. (28)—(33), we obtain:

2
—1 :l[ij ((]'—i_LUAB)2 +(1_wAB)2], (35)
(g /8) 2\ cp 1+o,; 1-0,,
and then find:
g e V(A+we) (A-wo))  (ew )
ﬂzz(ﬂ)[ ), (L=t J {ﬂj Fp(©,010,5) - (36)
€ c 1+, 1-0,; c

One can observe (see Fig. 3) that Fas(was, was) takes exactly unit
value, Fas(was, was) = 1, everywhere at the straight line was = was with-
in the square box region -1<wap<1 and -1<was<1; however,
Fap(was, was) < 1in other cases.

Therefore, in this section, we have proposed some simple ideas,
which allowed constructing the interatomic-potential parameters for
two chemically-different atoms A and B.

For this aim, we have considered the interatomic-distance changes
daa(f), 68r(f), dan(f) produced by the same weak force f applied to A—A,
B-B and A-B atomic pairs. We also assumed that, similarly to the
equilibrium interatomic-bond length rule: aap = (aas + aas)/2, the addi-
tional distance changes will follow the same rule: 8ap = (8as + das)/2. So,
the important relationship between the interatomic-stiffness parame-
ters, 1/kas=(1/ka+ 1/kz), has been obtained in Eq. (25). It also gives a
corresponding relationship for the energy coupling parameters:

2 2 2
Cap /€ap =(Cy /€4 +C5 /85) /2.

Finally, introducing two new parameters was=(ca— cs)(ca+ cs) and

oas = (ea — €p)(€a + €8), One can obtain a fully dimensionless relationship:
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a b

Fig. 3. Representing 3D image of the Fag(®was, wag)-surface calculated from
Eq. (36) (a); representing 2D image of the Fap(was, wap)-surface calculated
from Eq. (36) (b). Here, X as=was = (ca— cs)(Ca+ CB), Yap= ®ap = (€a— &B)(€a + €B)
and Zag = Fap(®as, Wag).

€ap /€= (Cyp /C)ZFAB((DAB’wAB)’ 37)

where ¢c=(ca+cs)/2, e=(ea+£8)/2, and Fap(was, was) is the function de-
fined in Eq. (36). In present subsection in Eq. (27), we have also as-
sumed that c,; = c+cy; and obtained Eq. (36). Therefore, there is a
serious reason to introduce a new positively definite function
Eap (@ Wap) =(Cap /0 =+ /)’ ~1+2¢5% /¢, which depends
on the same parameters, like Fas(was, was) does. As Fap(was, was) and
gan(was, was) must approach to the unit value as wag — 0 and was — 0,
both these functions can be expanded as Fap(®as, wWas) ~ 1 — (0ap — wag)?
and Zan(Was, wWap) = 1+ (P1((DAB)2 + PowasWag + Pg(wAB)Z) in this limit, ac-
cordingly. The fact that these expansions do not contain the linear
terms with respect to parameters wap, was is due to the inversion-
symmetry requirement: gap(®as, Was) = gas(—was, —Was). Therefore, in
this case we will have:

€an /€~ 1+ (B - Doy + Po,Ww,, + Bway). (38)

Here, P1, P> and P; are some fitting constants, which should be found
from the analysis of some (minimum three) binary phase diagrams.

We are not going to discuss the appropriate procedure for that in de-
tails in the present paper and will do that somewhere else. We should on-
ly to mention that, for instance, it is convenient to consider the disor-
dered binary alloys like f.c.c. lattice-based Cu—Ni, Ni—-Au and Cu—Rh.
All of them have a good solubility at high temperatures, but undergo
decomposition reactions below some corresponding characteristic tem-
peratures Tw.x and concentrations xma.x. In case of Cu—Ni alloy, these
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points are Ti.x=355°C, Xmx=0.673; for Ni—Au alloy, they are
Thax =812°C, Xmax=0.29; and for Cu—Rh alloy, they are Tu..=812°C,
Xmax = 0.29 [15]. Within the mean self-consistent field approximation,
there is a simple relationship between these points and the interchange
energy £™°" [16]: BT max/(221/e™"") = Xmax(1l — Xmax) describing the spi-
nodal curve, if the nearest-neighbour interaction approximation is
adopted, where Th.x is the absolute temperature in [K], and z; =12 is the
first co-ordination number in this case of f.c.c. lattice.
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®dopmyBaHHS 3HOCOCTIHKOTO YJIbTPAIUCIEPCHOTO

Ta HAHOCTPYKTYPOBAHOT0 MATEPifAy HA MOBEPXHAX TEPTA
XPOMHUCTUX KpHIlb. Y. 2. BB akTHBHMX XeMiYHUX €JIEeMEHTiB
Ppo00Y0ro cepeIoBUINA Ta JOMIIKOBUX ATOMiB BUXiTHOTO METaJy
Ha eJIEKTPOHHY CTPYKTYPY Ta MeXaHi3M medopmairii mopepxHeBuxX
miapiB TepT

B. B. Tuxonosuu

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

3a momomoroo OKe-eJIeKTPOHHOI CIIEKTPOCKOIIil JOCTiAKEeHO eBOJIIOIiI0 XeMi-
YHOTI'O CKJIALYy MeXX 3epPeH IIiJ uac HallapyBaHHA MiKpoo6’eMiB MeTasy Ha II0-
BepxHi Teprs. IlokaszaHo, 1110 HalIapyBaHHS MeTaJy Ha IIOBEPXHi TepPTs CyIIpo-
BOM’KYEThCA PO3UMHEHHAM KapOimHoi ¢asu Ta HacuueHHAM OKCHUI'€HOM 3 PO-
6ouoro cepegoBuiiia. binbina uacturna aromiB Oxcureny it aromu Kap6ory po-
3UMHEeHUX KapOifiB mepeOyBaioTh y I1apax TePTA Y BUTJIALL TBEPAOTO POSUUHY
B CTPYKTYPHO [e30pTraHi30BaHUX HPUMEKOBUX 00JIaCTAX 3epeH. 3a IOIOMO-
roI0 aHaJIi3W IIPOTSKHOI TOHKOI CTPYKTYPHU CIEKTPiB BTpaTu eHeprii poacis-
HUX €JIeKTPOHIB BM3HAUEHO iHAWBimyasibHe HANWOJIMIKUYEe aTOMOBE OTOUYEHHS
JTOMIIIIKOBHUX aTOMiB y IPUMEKOBUX 00J1aCTAX 3epeH. BcTaHOBIIEHO, 110 aTOMU
Kap6ory Ha mMerkax sepeH ae(opMOBAHOIO BUXiJHOTO MeTaJy 3HAXOAATHCSI B
okramopax OIIK-cromy 3asiza 3 XpoMoM i yTBOPIOIOTH AUCIEPCHY KapbigHy
dazy tuny (Cr, Fe);Cs. B mpume:koBuX 06JIaCTAX 3epeH IMOBEPXHEBUX ITapiB
TepTs ApibHOoAMcepcHa KapbigHa dasza (Cr, Fe);Cs saukae. Ilpu ibomy 3HauHA
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KimbkicTs aTomiB KapbOony mmepexoauTh y HOBi KPUCTAJIOCTPYKTYPHI MO3UIIiT,
110 YTBOPIOIOTH pa3oM 3 aromaMu OKCUTeHy if aToMaMu MeTajay MeTacTabiabHi
atomoBi kaactepu Fe—0O—C (Fe—Cr—0—-C). 3a nomoMorowo 30HHUX PO3PaXyHKIiB
B LAPW-mHabiu:KeHHi 3 BUKOPHUCTAaHHAM OBHOTO IIOTEHITIAIY Ta I'Pagi€HTHOL
Kopekii erekTpornoi ryctunu (GGA — generalized gradient approximation)
JIOCJIiI3KEeHO BIIJIWB AOMIIIIKOBUX aTOMIiB Ha €JIeKTPOHHY CTPYKTYPY Ta Xapak-
Tep MiKaToOMOBHX 3B’S3KiB y IIPHMeXKOBUX o0JacTax 3epeH. IToxkasaHo, II10
aromu Kapb6ony B okTanopax crony OI[K-3aniza 3 XpomMoM yTBOPIOIOTH MimHiL
KOBAJICHTHI 3B A3KM 3 IXHIMHU JOBKiJIPHUMU aTOMaMU MeTaJay. BOHM MOHMMKY-
IOTh PYXJIUBIiCTH aTOMIiB i 30imbITyIOTE AedopMaliititne amMiliHeHHA MeTany. Me-
tactabinbHi aTromoBi KaacTepu Fe—O—C (Fe—Cr—0-C) it aToMmu mMeTasy HaBKO-
JIO HUX PO3ALIAIOTE 00JIaCTi 3 MOHMMKEHOI0 eJIeKTPOHHOI0 rycTruHoo. Hacaiz-
KOM IILOTO € O0OMEXKEeHAa yYacTh BAJIEHTHHUX €JIEKTPOHIB y ()oOpMyBaHHI 3B’ A3KiB
MiK aToMaMu MeTaJIy I aromaMu KJjactepiB. Tomy Ha giisHKaX MesK 3epeH 3i
CKYOUEeHHSIM MeTacTabilIbHMX aTOMOBHUX KJacTepiB MO:Ke BifOyBaTuCH JIeTKe
py#HYBaHHA MiKaToMOBUX 3B’fA3KiB 3a JokaabHOI medopmartii meraay. Ta-
KOMK IIbOMY CIPHSE HECTiKicTb MiskaToMoBuUX 3B’A3KiB, copmoBamux 3d-
eJICKTPOHAMHM aTOMiB MeTajy, IO BXOIATH OO CKJIAAy KJIACTepiB, IO BimHO-
IIeHHIO 10 3cyBYy aTroMiB. IlokasaHno, 1110 HAKOIIMYEHHA HA MerKaxX 3epeH MeTac-
TabinpHUX aToMoBUX KJactepiB Fe—O—-C (Fe—Cr—0-C) i yapTpaaucriepcHoi
okcugHoi Gasu o-FeyOs Moke cupusaATM BUHHUKHEHHIO IIiJl Yac HalllapyBaHHS
MeTaJly Ha IIOBEPXHi TepTd AMHAMIUHMX CHCTeM, MexaHidM medopMaiii aKmx
OB’ A3aHUI 3 KOJeKTUBHUME (opMaMu pyxy AedeKTiB KpUCTaTidYHOI I'PATHH-
mi. A y BUIaAKY AyKe iHTeHCUBHUX iMIIyJIbCHUX BUCOKOCHEPTeTUYHUX BILJIM-
BiB BUKJMEKAaTU nepexin HacuueHux Okcurenom i Kapbonom yabTpaguciepc-
HHUX CHUCTEM Yy KBa3UPiAKUNA CTPYKTYPHO HECTINKUY CTaH, 3a SKOTO (pOPMYETH-
cs KpUCTaI0aMOP(PHUNA HaHOCTPYKTYPOBAHUMA MaTepisi.

KarouoBi ciioBa: eIeKTPOHHA CTPYKTYPA, MisKaTOMOBI 3B’ sI3KH, HAHOCTPYKTY-
PoOBaHUI MaTepifdJ, yIabTpaAuCIepcHa CTPYKTypa, IIJacTUYHa medopmariisd,
IedeKTH KpHUCTAJIUHOI I'PATHHUIN, HAlOJIM)KUe aTOMOBE OTOUEHHS JOMIIIKO-
BUX aTOMiB, IIOBEePXHEBi IIIapu TePT4.

The evolution of the chemical composition of grain boundaries during layer-
ing of metal microvolumes on the friction surfaces is studied using Auger
electron spectroscopy. Metal layering on the friction surfaces leads to its sat-
uration with oxygen from the working medium and dissolution of the carbide
phase. Most of both the oxygen atoms and the carbon atoms of dissolved car-
bides are in friction layers in the form of a solid solution in structurally dis-
organized near-boundary regions of grains. The individual nearest atomic
surrounding of impurity atoms in the near-boundary regions of grains is de-
termined by analysing the extended fine structure of the scattered electron
energy loss spectra (EELS). The carbon atoms at the grain boundaries of the
deformed original metal are located in the octahedral pores of the b.c.c.-iron—
chromium alloy and form a dispersed carbide phase (Cr, Fe);Cs. The finely
dispersed carbide phase (Cr, Fe);C; disappears in the near-boundary regions
of the grains of the friction surface layers. In this case, a significant number
of carbon atoms are transferred to new crystal structure positions. Together
with oxygen atoms and metal atoms, they form metastable Fe—O-C (Fe—Cr—
0-C) atomic clusters. The effect of impurity atoms on the electronic struc-
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ture and character of interatomic bonds in the near-boundary regions of
grains is studied using zone calculations within the LAPW approximation
using the full potential and the generalized gradient correction of electron
density (GGA). As shown, the carbon atoms in the octahedral pores of the
b.c.c.-iron—chromium alloy form strong covalent bonds with the surrounding
metal atoms. They reduce the mobility of atoms and increase the work hard-
ening of the metal. Metastable Fe—O—-C (Fe—Cr—0—C) atomic clusters and the
metal atoms around them separate regions with low electron density. The
consequence of this is the limited participation of valence electrons in the
formation of bonds between the metal atoms and the clusters’ atoms. These
bonds are easily destroyed during local deformation of the metal. This in-
creases the plasticity of the metal in places of accumulation of metastable
atomic clusters. The instability of the interatomic bonds formed by 3d elec-
trons of clusters’ metal atoms with the shift of the atoms also contributes to
this effect. As shown, metal layering on the friction surfaces causes the ac-
cumulation of metastable atomic clusters Fe—O—C (Fe—Cr—0-C) and ultrafine
oxide phase a-Fez03 at the grain boundaries of friction layers. This one con-
tributes to the formation of dynamic systems in the friction layers. The
mechanism of deformation of these systems is connected with the collective
forms of motion of defects in the crystal lattice. Therefore, a high-energy
impulse impact on the ultrafine systems saturated with oxygen and carbon
can transfer them into a structurally unstable state. In this case, a crystal-
amorphous nanostructured material is formed.

Key words: electronic structure, interatomic bonds, nanostructured materi-
al, finely dispersed structure, plastic deformation, crystal lattice defects, the
nearest atomic surrounding of impurity atoms, surface layers of friction.

(Ompumano 26 gepecusa 2022 p.; ocmamour. eapiaum — 4 sacoemusa 2022 p.)

1. BCTYII

IIpakTuuHO OyAbL-sIKA OisT HA MATEPisJ BY3JiB TEPTs IepeJacThCca uepes
pobouy MOBEPXHIO, TOMY BJACTHBOCTI ii ITOBEpXHEBUX IIapPiB, AK IpaBU-
JIO, BUBHAYAIOTH IMOBEAIHKY Ta €KCILIyaTalliliHi XapaKTePUCTUKU BCHOTO
BupoOy. Hesparxatoun Ha BeJHKY KiIbKICTh HAYKOBUX MIpallb B rajysi
TpKUOOJIOTii, CbOTOAHI BiACYTHSA HOCTATHA KiJIbKicTh PyHIAMEHTATHLHUX
3HAHb Ipo PismKo-xeMiuHi ImpollecH, IO BiAOYBaIOTLCA B IMOBEPXHEBUX
Iapax MeTaJiB mpu TepTi. Ile moB’ss3aHO 3 THM, 1110 MiKP00O6’ €M MeTaay,
MPUJIErJIi 70 ILIAM KOHTAKTY B3a€EMOJINHNX ITIOBEPXOHb, MiAMTal0ThCA iH-
TEHCUBHUM iMIYJbCHUM 30BHIITHIM TepMOMeXaHiYHUM BILTIUBaM. Tomy
CTPYKTYPHO-(a30Bi MEepeTBOPEHHs B 30HI KOHTAKTy TiJ, IO TPYThCS,
MOKYTh TOKOPIiHHO BipPi3HATHCA Bim TpaguIiiHMX MexaHi3MiB (isuKo-
XeMiYHIX B3a€MOIill MeTaJiB B yMOBaX, OJIM3bKUX 10 PiBHOBAXKHIUX.

B momepenniii uacTuHi 1miei craTTi 0yJI0 BCTAHOBJIEHO, IO Iepexim y
BOJIHO-IIOBITPSITHOMY cepemoBuIli mapu Teptsa Kpuila 130X17—-wkpumsa
20X13 B cramioHapHHU#l pe:XuM POOOTH 3 MiHiMAJIBLHIMU 3HOCOM i Koe-
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dimieHTOM TEpPTA BigOyBaEeThCA 3aBAAKY caMOOpratisaIlii Ha IMoBepXHAX
KOHTaKTy 000X TiJl BHOCOCTIHKMX HaAApiOHOAMCIIEpCHUX TOKPUTTiB. 11i
MMOKPUTTSA CKJIATAIOTHCS 3 SKiCHO HOBOTO HAAIPiOHO3ePHUCTOTO MaTepi-
ANy, AKUN Moke mictutu 1o 25 ar.% Oxcureny ta Kap6orny. Marepisn
caMoopTraHidoBaHUX ITOKPUTTIB Mae BUCOKIi B MMOPiBHAHHI 3 medopmMoBa-
HUM BUXiTHUM METAJIOM TBEePIiCTh i MPYKHICTD i OiNbII CTIHKUH 0 30-
BHIITHIX IUKJIIYHAX TePMOMEXAHIUHMX HABAHTAMKEHb. SaBOAKM I[UM
BJIACTMBOCTSM CAMOOPTaHi30BaHi 3HOCOCTIHMKI MOKPUTTA 3a0€3IIeUyIOTh
mepexiJ KOHTaKTHOI Hapy TEPTA B CTAIliOHAPHUN PeKUM POOOTH 3 MiHi-
MaJbHUMHJ 3HOCOM i KoedilieHToOM TepTs.

ByJio mokasamno, 110 caMOOpPTraHi30BaHi 3HOCOCTIKiI MOKPUTTSA CKJIa-
IaloThCA 3 OKPEMUX ITIapiB i € MpoayKTOM 6araTopasoBOro HaIlllapyBaH-
HA Ha IOBEPXHi TEPTA MiKPOBUCTYIIIB MeTajly, IKi yTBOPIOIOTHCA B pe-
3yJbTATi aAre3ifiHoi B3aeMoAil KOHTAKTYBAJbHUX TiJ HiJ yac MPUPOOKHT
By3JiB Teprsa. HamapyBanua Ha MOBEepXHi TepTA MiKpoo0’eMiB MeTary
BigOyBaeThCA B yMOBaX iMITyJILCHIX BUCOKOEHEPTEeTUYHUX BILJIUBIB, ITI0
OPUBOAUTE 10 BUHNKHEHHSA JUHAMIUYHNX CHUCTEM, MeXaHi3M medopMmarrii
SIKUX OB’ SI3aHUH 3 KOJEKTUBHUMHY hopMaMu pyxy AedeKTiB KpucTaJri-
yHOI r'paTHHUIli. BiH cyTTEBO Biipi3HAETHCA BiJ TPaAUIINHUX MeXaHi3-
MiB medopmMmaiiii, 1110 cImocTepiraloThCAa y BUIIAAKY TPOKATKUA MaCUBHUX
3paskiB. Uepes Iie 11apu TEPTA CKJIANAIOTHCA 3 VIABTPAAUCIIEPCHUX CHUC-
TeM 3 IIPOCTOPOBO MI€30Pi€HTOBAHMMMU 3epHAMH, MEXKi AKUX yTBOPEHi
posrany:KeHuMH AUCIOKAI[INHUMU CKYITUeHHAMHU i MalOTh IPOCTOPOBO
OpoTakKHY popmy. IHTeHcuBHA maacTuuHA AedopMallis MiKpoob’eMiB
MeTaJy NpU YTBOPEHHI IIOBEPXHEBUX INAPiB TEPTA CYIPOBOIKYETHCA
po3unHeHHAM KapOimuoi ¢dasu i macuuenuaaM mMetany OKcureHoM 3 po-
00YOT0 cepeoBUINA 3a PAXYHOK TEPMOMEXaHiuHOI JeCTPYKITiI MOJIEeKyJI
BOAM B MICI[IX KOHTAKTy MIKPOBHCTYIIiB. IlepeBaskHa uacTuHa aTOMiB
Oxcureny i atomu KapOony posumHeHnX KapOifiB mepeOyBaioTh B IIa-
pax TepTA Yy BUIJIALL TBepAOTO PO3YMHY B CTPYKTYpPHO-
Ie30pTaHi30BaHUX IPUMEKOBUX 00JIaCTIX 3epPeH, He YTBOPIOIUYN OyIb-
AKUX XEMIUHUX CIIOJYK 3 aTOMaMU BUXiTHUX MeTaJiB.

Taxosx OyJ0 BCTAHOBJIEHO, IO Y BHUIAAKY BEJUKOI iHTEHCHUBHOCTHU
iMIIyJIbCHUX BUCOKOEHEPTreTUUYHUX BILJIMBIB, KOJU KOJEKTHUBHI (hopmMu
pPyxy medeKTiB KpucTadiuHOl I'paTHUIII He 3JaTHiI 3a0e3meunTH IozAa-
JBINY MIBUAKiCHY medopMalliro MiKpoob’eMiB MmeTasy, I0 HaIIapoBYy-
IOThCS Ha MOBEPXHi TepTdA, BimOyBaeTheA (has3oBUM mepexis HaCMUEHUX
Oxcuresom i Kap6GoHOM yJILTPAZUCIEPCHUX CHUCTEM B KBa3UPIOKUI
CTPYKTYPHO HecTifikuii cran. HacaigkoM 1nboro € modBa KpuUcTaJjoa-
MOP(}HOTO HAHOCTPYKTYPOBAHOTO MaTepidsy B KiHIleBi#i uacTuHi JIe-
AKUX IapiB TepTA. HaHOCTPYKTYpPOBaHUM MaTepifal Mae UiTKy MeXy 3
YJIBTPAOUCIEPCHNMM CHCTEMAaMM, MICTHUTL MaKCHUMAaJbHY KiJbKiCcTb
aromiB OKcureny i BiipisHaeThLCA BeTMKOIO TBEPIiCTIO Ta IPYKHICTIO.

Taka moBemiHKa MeTaay He € cTaHAapTHOK. ToMy mocaimxkeHHA (i-
3UKO-XEMiUYHHUX IIPOIIECiB, IO 3[IaTHI BUKJNKATHU 3MiHYy MeXaHi3My JIe-
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dopmarii Mikpoo06’eMiB MeTasy IIpUW HaIllapyBaHHI Ha MOBEPXHi TepTs,
Mae BeJMKe 3HAUEHH JJIs POSBUTKY HAIIMX 3HAHb B rajy3i yHIaMeH-
TaJbHOI (isMKM i JacTb 3MOTy OiJbIN TNIMOOKO 3PO3YMiTH MeXaHisMm
YTBOPEHHS Ha MOBEPXHAX KOHTAKTY AKiCHO HOBOT'O YJIbTPaAUCIIEPCHOTO
Ta HAHOCTPYKTYPOBAHOTO MaTepidANy IapiB TepTd 3 YHiKaabHUMU (i-
BUKO-MeXaHIYHUMMU BJIACTUBOCTAMMU.

Bimomo, 1m0 miractuuHa gepopmalris MeTaay OysKe 3aJIe:KUTh BiJ Bja-
CTUBOCTEN MexK 3epeH. MaTepidais moBepxHEBUX NIapiB TepTA BiApisHA-
eThbCs BeJuKuM BMicTom aromiB Oxcureny i Kapoony (mo 25 at.%), 6i-
JBIIICTh 3 AKMX 3HAXOJIUTBLCA caMe B CTPYKTYPHO-Ie30praHi3oBaHUX
MIPUMEKOBUX 00JIaCTAX 3€pPeH, He YTBOPIOIOUYU OyIb-AIKMX XeMiuHUX
CIIOJIYK 3 aToMaMM BuUximHux MetairiB. Ile MosKe icTOTHO BOJIMHYTH Ha
BJIACTHUBOCTI MeTaJIy Ta MOro MOBEAiHKY B YMOBaxX iHTeHCHUBHOIL IMIBUIKI-
cHOI medpopmarrii.

Tomy BeJqmKU# iHTEpec BUKJINKAE KOMILIEKCHE MOCTiIyKEeHHSA: eBO-
JIIOITii XeMiuHOro CKJIaIy IPUMeKOBUX 00JacTeil 3epeH B IPOIIeci yTBO-
PeHHs ImapiB TepTsd, iHAMBIAyaIbHOTO HANOIMIKYOTO aTOMOBOTO OTO-
YeHHS JOMIIITKOBMX ATOMiB B IIPHMMEKOBHUX O0JIACTAX 3€peH, BILIUBY
JOMIIIIKOBUX aTOMiB Ha €JIEKTPOHHY CTPYKTYPY 1 XapaKkTep MiKaToMO-
BUX 3B’A3KiB B IPUMEKOBUX 00JIaCTAX 3epPeH.

ExcrepuMeHTaIbHI Ta TEOPETHUYHI JOCIiAKeHHs B I[ill ray3i JagyThb
MOXKJIMBICTE TIMOIITe 3pO3yMiTH MeXaHi3M BILIMBY aKTUBHUX XE€MIiUHUX
eJeMeHTiB Po00UYOro cepedoBHUINA i JOMIIIIKOBMX aTOMiB BUXiTHUX MeTa-
JIiB Ha XiJ miacTiuyHOl fehopmallii moBepxHEBUX MIaPiB TePTs i MOACHUTHI
VHiKaJbHI (PisMKO-MeXaHiuHi BJIACTHUBOCTI iXHBLOI HAAAPiOHOAMCIIEPCHOL
CTPYKTypu. BUBUeHHIO IUX MUTAHDb IPHUCBAUEHA JaHa YaCTUHA POOOTH.

2. METOOUERMN JOCJAIIKEHD

Amnajiza JIOKaJIbHOTO PO3IOLINY AOMIIIIKOBUX ATOMIiB B IIOBEPXHEBUX
mapax TepTs IpoBoamaacsa MmeTono Oke-eJeKTPOHHOI CIIEKTPOCKOiT,
OCKiJBbKU 3 I JOIIOMOI'0I0 MOKHA BU3HAUUTHY BMiCT XeMiUHIX eJIEMeHTiB
B TIOBepxHeBOMY Imapi ToBmmHOK 1-3 aromoBux mapiB [1]. Hocuri-
mxeHHa npopoauanca Ha npuiaani LAS-2000 («RIBER»). [na Busna-
YeHHSA BMICTY XeMiuHMX eJIeMEHTIB Ha MeKax 3epeH 0e3mocepegHbO B
npuiaai sgificHioBasocsa KPUXKe pyMHYBaHHA 3pasKiB 3a TeMIepaTypu
-196°C i Bakyywmi 1,3-10°8 ITa. IToBepxHi pyliHyBaHHs OyJIX PO3TAIIIOBA-
Hi IepOeHInuKYJIIpHO MoBepxHAM TepTsd. g Oxke-aHamisy IIOBEPXOHD
3JIaMy CIIEIifAJLHO BUOMpAINCA JIMAHKY MiKKPHCTAJIITHOTO PYHHYBaH-
Hs MaTepidaay, 10 BiAIOBiAal0OTh MeKaM 3epeH. Yac peecTpallii cieKTpiB
O:Kxe-eJIeKTPOHIB OyB BUOPAHMM TaKMM UMHOM, 11100 BUKJJIIOUNTH MOKJIM-
BiCTBH BILIMBY Ha HUX aJCOPOILii JOMIITIOK i3 3a/IMIITKOBUX Ta3iB Ha IOBEP-
XHIO, II0 aHAJIi3yeTheA, a00 ix audyaii 3 06’emy Tina.

Hna posyminaa ¢ismyHOrOo MexaHisMy 6araToKOMIIOHEHTHOI BHYT-
pimmHEBOI amcopOIrii, sKa PO3BUBAETHCA B 30HAX KOHTAKTHOI B3aeMOil



20 B. B. TUXOHOBINY

METaJIiB B YMOBax TepPTs KOB3aHHA, MOCJIIMKYyBaJocAd iHIAMBiIyaJbHe
HaMOJIMKUe aTOMOBE OTOUCHHS ATOMIB JOMIIIIOK. 3 I[i€}0 METOI0 IIPOBO-
IuJiacsa aHajlisa MPOTAMKHOI TOHKOI CTPYKTYPH CIEKTPiB BTpaTu eHepril
poascissHux emekTpouiB. Ila meToma, TOKJIAIHO BUKJIaeHa B poborax [2,
3], mae 3MOr'y 3 BHCOKOIO TOUHICTIO YABUTU I'eOMETPil0 OJMIKHBLOTO II0-
PAIKY, a B TPAHNYHOMY BHIIQAKY — OJEP:KaTU IIapIlisgjJbHiI pagiaiabHi
(PyHKILI i BUBHaUNTH MiKaTOMOBi BiacTaui. IIpoTsaKHY TOHKY CTPYK-
TYpPy CIIEKTPiB BTpaTU eHePrii eJIeKTPOHIB Bij cerperaiiiii Ha Mmexkax 3e-
peH peecrpyBasu Ha npuiani ESCALAB-MK-II, ¢pipmuz VG. Tax camo
AK y momepeqHbOMY BHUIIAAKY Oe3locepefHLBO B KaMepi Impuaany 3maific-
HIOBAJIOCA KPUXKe PYHHYBaHHA 3paskiB 3a Temmepatypu —196°C i Ba-
kyymi 107° I1a. IToBepxHi pyliHyBaHHA OYyJIM PO3TAIIOBAHI IIEPIEHIANKY-
JAPHO HMOBepXHAM TepTd. HocaimryBanuca HiTAHKN IHTePKPUCTAJIIT-
HOTO PYWHYBaHHS, 3 PO3TAIIIOBAHMMI HAa HUX MeKaMu 3epeH. I'apmo-
HillHA aHaJIi3a aMILIITYJHUX MOAYJISIIN B €JIEGKTPOHHUX CIIEKTPax JaJia
3Mory izeHTu@ikyBaTu HallbJIMKUe OTOUEHHA aTOMIB B cerperartii i ozge-
paxaTu inopMmaIliro Ipo MixkaTomMoBi Bizcrawi 8 TounicTIio 1o 0,2 A.

Amnajiza BIIMBY DOMIIITKOBUX aTOMiB Ha €JEKTPOHHY CTPYKTYpy i
XapaKTep Mi’KaTOMOBUX 3B’ A3KiB B IPUMEKOBUX 00JIaCTAX 3€PEH IIPO-
BOAMJIACS 3a MOIOMOrOI0 Iporpamuoro xKominiexcy « WIEN2k». Byan
mpoBefeHi 30HHI pospaxyuku B LAPW-ma6au:xenni [4] 3 Bukopucras-
HAM IOBHOTO IMOTEHIIANY i I'paZieHTHOI ampoKcuMaIlii eJJeKTPOHHOI I'y-
crunau (GGA — generalized gradient approximation) B popmi [5]. asa
PO3pPaxyHKY IIOBHOI i MapIidJbHUX T'YyCTUH €JeKTPOHHUX CTaHiB BUKO-
PpHUCTOBYBAaBCS CIiH-oApu3oBanuii BapianT LAPW-metonu [6]. B ako-
CTi HeOOXiZHMX NJIA PO3PAXVHKIB BUXITHUX CTPYKTYPHUX HapaMeTpiB
OyJIu BUKOPUCTAHI JaHi eJJeKTpPOHHOI MiKpocKomii mpo dasoBuii cKIan
METAaJIiB i CIEeKTPOCKOIIil BMCOKOI PO3AiJIbHOI 3aTHOCTH €HEPTeTUUHUX
BTPAT PO3CiTHUX eJIeKTPOHIB IIPO HAKOJIMKUe OTOUEHHA aTOMiB B cerpe-
raii.

Pagitocu MT (muffin-tin)-cdep Bubmpanucsa 3 MipKyBaHHSA MiHiMi-
3a1rii poamipiB miskcdepnoi obmactu. IIpu pospaxyHKax I'yCTUHHY CTaHiB
BukopuctoByBasocsa 1000 Touok B He3Bimuil vacTuHi mepiroi Bpimtioe-
HOBOI 30uHu. [[o0yTOK pamiroca MT-chepu minimanabuOro 06’emy (Rumt) i
MaKCHUMAaJIbHOTO 3HAUEHHA XBUJIHOBOTO BEKTOPA IJIACKUX XBUJID (Kmax)
O0yJio oopaHo piBHUM ceMu. MaKcuMaIbHe 3HAUEHHS KBAHTOBOI'O UMCJIA
=10, nna mapmisgJbHNX XBUJIb BcepeanHi cdep, i [=4, B 00UnCIeHHAX
non-muffin-tin MmaTpuyHUX ejIeMeHTiB.

3. PESYJIBTATH TA IX OBTOBOPEHHSA

Amnajiza XxeMiuHOTrO CKJIAAy MeK 3epPeH Ta JIOKAJIbHOI'O PO3IOALIY JOMi-
IIKOBUX aTOMiB B ix 006’eMi mpoBommiaca mMeTomoo Oxxe-eIeKTPOHHOI
creKkTpockomii. JlocaimkyBaiuch MexXi 3epeH, po3TallloBaHi Ha pisHil
BimcTami Big moBepxoHb TepTd. HesBarkawouum Ha Te, IO PYHUHYBaHHSA
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3pasKiB B KaMepi npuiaany 3mificHioBaJaoch 3a TeMmuepatrypu —196°C, da-
CeTKHY KPUXKOTO BiJKOJY MOBEPXHEBUX IIAPiB TEPTS BAAJIOC OePKaTH
Jullle Ha MiIAHKAX 3 MaKCUMaJbHUM PO3MipOM 3epeH Ta MiHiMaJabHUM
BMicToMm aTomiB Oxcureny. Ili ginauxkwu Oysm posrarmoBaui 6is moyar-
Ky IIapiB TepTdA, AKIIO PYyXaTHCh B3IOBK HAIPAMKY HaIllapyBaHHS Mi-
KPpoo0’eMiB MeTaJ Iy Ha po00Ui IIOBEPXHi.

Ha pucynrky 1 HaBemeno cuekTpu Oike-eJIeKTPOHIB, 3HATI Big Mex
3epeH Ha OiJIAHKAX, PO3TAIlIOBAHWX HA IOYATKY IIOBEPXHEBUX ITapiB
TepTs, 0e3IMocepeHbO i HUMHY i HA IIuOMHI 3paskiB. 3 pUCyHKa BU-
HO, III0 XeMiUYHIH CKJIAJ MEK 3epeH IMIapiB TEePTs CYTTEBO BiApidHAETHCA
BiJl XxeMiuHOT0O CKJIaay MexX 3epeH 1e)opMOBaHOI0 Ta HegedhopMOBaHOTO
BUXigHOTO MeTrany. HamrapyBaHHS Ha IIOBEPXHiI TepTsa MiKpoo6’eMiB

2
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1 1 1 1 L ]
100 300 500 700
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Puc. 1. Coextpu O:xe-eIeKTPOHIB Bim Mexx 3epeH miapy tepts (1—7), nedopmo-
BaHOTO (8, 9) i HemedopmoBaHoro (10) BuxigHoro merany Kpuni 130X17 Ges
IaBJIeHHA HOHHUM nyukoM (1, 8, 10) i 3 maBiaerHAM nporarom 2 (2), 5 (3, 9),
10 (4), 15 (5), 20 (6)1 35 (7) xB.

Fig. 1. The spectra of Auger electrons from the grain boundaries of the friction
layer (I—7), the deformed (8, 9) and the non-deformed (10) initial metal of steel
130X17. The spectra were taken without surface etching by ion beam (1, 8, 10)
and after surface etching during 2 (2), 5 (3, 9), 10 (4), 15 (5), 20 (6) and 35 (7)
min.
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MeTaJly IIPY YTBOPEHHI ITapiB TepTA IPUBOIUTE O CYTTEBOTO 30arayeH-
HA MexK 3eper atromamu Oxcureny i Kapoomy. Mexi sepeu gedopmoBa-
HOTO BUXiZHOTO MeTany, 0e3locepeqIHbO MPUJIErJIOTo M0 INapiB TepTsd,
TaKoK 30arauyroThbca aromMamMu OKcureny, aje iX KiJbKicTh € HesHaud-
HOIO.

Amnaiiza popmu miky Oxxe-enexrponiB Kapbony cBiguuTh mIpo Te, 110
aromu KapOoHy Ha Meskax 3epeH IIapiB TepTHd i JeopMOBAHOTO BUXif-
HOT'O MeTajly 3HaXOJAThCA MepeBa’kKHO y TBEPAOMY PO3UMHi. ¥ TOM uac
SIK Y HemedopMOBaHOTO BUXigHOrO Metaay aroMu KapboHy Ha Mexax
3epeH 3HAXOAATLCA IepeBaskHO B Kapbinuiii dasi.

JocaimxeHHa PO3IOALNTY AOMIIITKOBUX aTOMiB IIPU IIepexXoi Bil Mex
3epeH J0 iX 00’eMy 3HiMCHIOBAJIOCA IIIJIAXOM IIO€TAIIHOTO IIABJICHHS
aHaJi30BaHOI IIOBEPXHI MOHHUM IIYYKOM 3 IIOJAJIBIIIOI0 PeecTpallicro
cuexTpiB Oxxe-eneKTpoHiB. Ile pobuocs 7OTH ITOKM aHaJlidoBaHa IIOBe-
PXHs He 3aryIn0OJI0Baaca B 00’eM 3epHa Ha CTLIbLKHU, [0 KOHIIEeHTPAIlid
TOMIIITKOBUX €JIEMEHTiB IlepecTaBajia 3MiHIOBATHCS YIIPOLOBIK YePTroOBO-
T'0 IIOIIIaPOBOTrO IMABJIeHHs. 3 PUCYHKY 1 BUIHO, ITIO0 3 PyXOM BiJ MeK 10
00’eMy 3epeH IMOBepXHEBUX INAapiB TepTsd KiabKicTh aTomi Kapbony i
Oxcureny icToTuao saMeHInyeTbesA. Illupuua mpuMeskoBoi 30HM1, 30araue-
HOI IIMMHU eJIeMEeHTaMM, IIOPiBHAHA 3 IMUPUHOIO AUCJIOKAMiAHUX CKYII-
YeHb, III0 YTBOPIOIOTHL MeXKi 3epeH, AKi cmocTepirajanch 3a JTOIIOMOIOIO0
TPAHCMIiCiTHOI eJIEKTPOHHOI MiKPOCKOIIil B MonepeaHi YacTUHI cTaTTi.
ToMy MoOKHA 3pOOMTH BUCHOBOK IIPO T€, II[O JOMIIIIKOBi aTOMHI B IIOBEP-
XHEBUX IlIapaX TepPTs IepeBaKHO 3HAXOAATHCA B YTBOPEHUX CKYIIUeH-
HAMU OUCJIOKAIIiH IPUMEKOBHUX 00JIACTAX 3epeH. AHajmiza GopMu IiKy
O:xe-enexkTpoHiB KapboHY CBifUMTEH IIPO Te, IO B IPUMEKOBUX 00JIac-
TaX 3epeH aTroMu Kapbony 3HAXOAATHCA MEPEBAYKHO B TBEPIAOMY PO3UN-
Hi, B TOIi Uac AK, B 00’ eMi 3eper KapOoH 3HaxoauThCcA B KapOigHii ¢asi.

Y 3epen medopMOBAHOTO BUXiTHOTO MeTaJy, PO3TAIIIOBAHOTO 6e3IIo-
CepeaHbO ITi T TOBEPXHEeBUMU IITapaMU TePTH, KiabKicTb aTomiB Kapbony
MalKe He 3MiHIOETLCS IIPU IIepexomi Big Mexx 1o 06’ emy. Illupuua mpum-
MesKOoBOl 30HU, 30arauenoi OKcureHoM, BiAIIOBiZae AeKiJIbBKOM aTOMO-
BuM miapam. AHairiza gopmu miKy Oxxe-enexTporiB KapOboHy cBigunTh
Ipo Te, IO HA MeXXaX 3epeH ne(hopMOBaAHOT'O BUXiJHOTO MeTAJIy aTOMU
Kapbony 3HaX0gATHCA MePEeBAKHO B TBEPAOMY PO3UMHi, B TOM Uac AK, B
00’emi 3eper Kap6oH sHaxomuTheA B KapOigHiit asi. ¥V sepen Hemedop-
MOBaHOTO BUXigHOro Merany KapOoH AK Ha Me)KaX 3epeH, TakK i B ix
00’eMi 3HaXOOUTHLCSA MepPeBaKHO B KapOiaHii dasi.

Pesyabpratu Oike-cIeKTpaabHOI aHANI3W HiATBEPAKYIOTh BUCHOBKU
IoIepesHbOl YaCTUHU CTATTI IIPO Te, IO iHTeHCUBHA ILIacTUYHA Aedop-
Malliss MiKpoo0’eMiB MeTay Ipu YTBOPEHHI ITapiB TepTsa CYIPOBOIKY-
€ThCS PO3UMHEHHAM Kapbiguoi ¢asu i HacuueHHaM meTany OKCUI'€eHOM
3 pobOUOTo cepemoBUINA 34 PAXYHOK TepMOMEXaHIiUHOI AeCTPYKIIil Mo-
JIeKYJ BOAW B MIiCIIX KOHTAKTy MiKpoBuUCTyHiB. ATomm OKcureny i
aromu KapOGoHY po3umMHEeHHX KapOifiB 3HaAXOOATHLCA B IIapax TepPTd B
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TABJINIIA 1. Ilapu aTomiB, 1o 3ycTpivuaioThbCcAd HA MeKax B3epeH KPHIli
130X17, i Bigcrani Mixk HUMH.

TABLE 1. The pairs of atoms meeting on the grain boundaries of steel 130X17
and the distance between them.

HedopmoBaHmit o .
: . OBEepPXHEBi 1mapu TepTd
Ne |KpucrajocTpyKTypHA BUX1JHUY MeTaJl
o/u MHO3UIIiA aTOMiB
/ . Happ Bigecrans, A Happ Bigcransb, A
aToMiB aToMiB
1 Fe—Fe 2,45 Fe—Fe 2,45
MeraneBa maTpuIla
2 Fe—Cr 2,44 Fe—Cr 2,45
Aromu C B oKTamopax _ _

3 OITK-saniza Fe-C 1,42 Fe-C 1,42
4 Cr-C 1,90

5 FKap6igu (Cr, Fe):Cs Cr—Cr 2,43

6 Fe—Cr 2,44

7 Fe-0O 1,91

Oxrcugu a-FesOs
8 Fe-0O 2,14
9 Fe-C 2,52
MeTacTabinbHi Kaac-

10 rep Fe—0—C Fe-0O 2,00
11 C-0 1,45

CTPYKTYPHO-Ie30PTraHi30BaHUX IIPUMEKOBUX 00JIaCTAX 3€PEH.

B pesyabTaTi TepMoMexaHidHOI HeCTPYKIIil MOJIEKyYJ BOOM KPiM aTo-
MiB OKkcureny BUAIIAIOTBCA TaKo:K atoMmu [izporemy. Tomy ixX HasAB-
HiCTH B MOBEPXHEBUX IIapaX TePTA KOHTPOJIIOBAJACA 3a JTOIOMOTOI0 yC-
ragoBKU Itnac DO-O1 dpipmu Adamele. PesyabraTu mociigskeHpb cBin-
YaTh PO BiJICYyTHICTh, HACUUEHHA MOBEPXHEBUX IIapiB MeTaJly aToMaMu
Tigporeny.

Hna posyminaa ¢GismyHOr0o MexaHisMy 6araToKOMIIOHEHTHOI BHYT-
pimHEBOI azcopObIrii, AKa PO3BUBAETLCSA B YMOBAX TEPTS IPU HACHUEHHI
nmoBepxHeBux ImapiB Oxcurenom i KapboHoMm, Ha MexXaxX 3epeH TOCJIi-
IKYBaJIOCA iHAWBiAyaJbHe HaANOJIMMKUYMM aTOMOBE OTOUEHHS aTOMiB
IToMimIok. 3 1iefo MeTo B poOOTi BUKOPUCTOBYBAaJIacsad aHAaji3a MPOTs-
JKHOI TOHKOI CTPYKTYpPH CIIEKTPiB BTpPaTU €Heprii po3cidHUX eJeKTpPo-
HiB.

CreKTpu 3HiMaInCa Bi MesK 3epeH Ha JiIAHKAX iIHTePKPUCTAIITHOTO
pyliHyBaHHA TOBEPXHEBUX INIapiB TepTA i A1ehopMOBaHOTO BUXiTHOTO
MeTaJIy, PO3TallloBaHOro mig HuMu. IIpoTsaKHa TOHKA CTPYKTypa CHEeK-
TPiB BTpaTu eHeprii pos3cigsHMX eJeKTPOHIB BijJ cerperaiiiii Ha Mekax
3epeH (ikcyBaJsiaca B o0JacTi HU3BKUX eHepriil B miamasoni go 200 eB
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Bim siHii mpy:KHBO PO3CITHUX eJIeKTPOHIB a00 MOOIM3Y XapaKTepUCTUY-
Hux OKe-ainii. FapMoniiina aHagiza aMILTITy JHUX MOIYJIAIi, IPUCY-
THiX B €JIeKTPOHHUX CIEKTpaxX, Jajia 3MOTY ifeHTu(iKyBaTH HANOJIMMK-
Yye OTOUYEHHS aTOMIB y cerperamiax i ogep:kartu iH(popMaIlriro mpo Mixka-
ToMOBi BigcTraui. B Tabauni 1 HaBemeno pisui mapu aTomis, 10 3yCTpi-
JalThCA Ha Mexkax 3epeH Kpuiri 130X17, i sigcTaHi Mix HUMMU.

3 marmux Tadbauii 1 BugHO, 110 aToMu Kap6oHy Ha Me:xxax 3epeH gedo-
PMOBAHOTO BUXiTHOTO MeTay mepedyBaioTh B IBOX KPUCTAJIOCTPYKTYP-
HUX IIO3UINiAX, 3HaxoAsumch B okramopax OIlK-sanisa i yTBopioioum
nucnepcHi Kapoigu tTumy (Cr, Fe);Cs. B po6ori [7] Oys1o moxasawo, I110
HamimenIni mizkaromoni Bigcrani Cr—C ta Cr—Cr gna xapb6imy Cr:Cs mo-
piBaIOIOTE 1,91 Ta 2,45A, Bigmosimmo. [aa 6imapmHoro Kapb6imy
(Cr, Fe):Cs crmocTepiraerhcs HeBeJMKe 3MEHIITeHHA ITapaMeTpiB I'paTHH’-
i 3i 36iabIeHHaM BMicTy Fe, 1110 BifmoBifgae ekcruepuMeHTaJIbHIM OITi-
HKaM aaa xap6igiB Cr:Cs ta FesCs [8]. O6’em ememenTapHoi KOMipKu
(Cr, Fe);Cs mpu mepexomi Big Kapbigy Xpomy 1o kapbiny Pepymy 3MeH-
myerbesa Ha 3% . Tomy HaBenmeni B Taba. 1 mapu aromiB 4—6 Bigmosiza-
0Th Kapbimuin dasi (Cr, Fe):Cs, 110 m06pe y3romKyeThCa 3 HaBeJeHN MU
B IIONEPEIHINA YaCTUHI CTaTTiI JAHNMM TPAHCMIiCiHHOI eJIEeKTPOHHOI MiK-
POCKoOIIii Ta JIOKAJIbHOI PEHTI'€HOCIIeKTPaJIbHOI aHAJIi3H.

B mpuMekoBUX 00JIACTSIX 3€peH HMOBEpPXHEBUX INapiB TepTsd 3HUKA-
IOTH mapu aToMiB 4—6, 110 BigmoBigaroTs Kapbiguiit ¢asi (Cr, Fe):Cs. Lle
Io0pe y3TOMKYEThCA 3 BUCHOBKAMHU TPAHCMIiCiliHOI eJIeKTPOHHOI MiKpO-
CKOIIil, pe3yJabTaTH IKOI HaBeIeHi B momepeqHili uacTuHi cTaTTi, i Oxe-
CIIEKTPaJBbHOI aHaJIi3M, Pe3yJabTaTH AKOl HaBeleHi B 1iif vactTuHi. Bung-
HO, ITIO0 iHTEeHCUBHA ILJTacTHUYHA medopmallis MiKkpoo6’eMiB MmeTanay mpu
YTBOPEHHi ITapiB TepTs CYMPOBOMKYETHLCA POIUMHEHHAM KapOigHOi
dasu. Hessaxxatouu Ha e aromu KapOoHY B IpHMMe;KOBUX 00JIACTIAX 3e-
PeH ToBepXHEBUX IIAPiB TepTs, SIK i B IIOIIepeTHLOMY BUIIAAKY, IIepedy-
BalOTh B IBOX PiBHMX KPUCTAJOCTPYKTypHUX mo3uitiax. Ilepria 3 Bigc-

Puc. 2. Meracrabinpuuit aromoBuii Kiactep Fe—0O—C.

Fig. 2. The metastable atomic cluster Fe—O—-C.
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ragHio C—Fe, mo mopisuioe 1,42 A, Bizmosizae oxramopi OITK-3amiza.
Amnajiza HaBemeHuX B Ta0J. 1 JaHUX A€ 3MOTY IPUIYCTUTH, 1[0 APyTa
nosutia Kap6ory 3 Bigcranrio C—Fe, mo xopiBaioe 2,52 A, Bignosizae
aToMapHOMY KJIacTepy, AKHUIl IpeacTaBJse coO00I0 OKTAIlopy, B IMEeHTPi
aKoi smaxoauTbea OKcures, a ABa atroma Pepymy y BepIInHAX 3aMilie-
Ho aromamu Kapbomy (puc. 2).

JJ1s mepeBipKY IIbOTO IPUNYINEHHA JOCHiAKyBaHiI 3pasKy BifmaJro-
BaJi B poOouiii Kamepi crmekTpomerpa mpu 200°C npotsarom 1 roguau y
Bakyymi 1,3-108IIa. Ilicia uoro Bij Mexk 3epeH IMOBEePXHEBUX IIApiB
TEepPTSA TOBTOPHO peecTpyBanu cuekTpu Oxxe-eneKTpoHiB. Omepskani ga-
Hi cBifuaTh Ipo Te, IO IIPU BiAIaji MoBepXHsI MeK 3epeH 30iJHI0OBaJIaACh
OxcureHom, Ipu IbOMY 3HHKAJO OTOUeHHs aToMiB Kapbomy aTomammu
®epymy 3 BigcramHo 2,52 A. Ha pucyHKy 3 IpefcTaBiIeHO pe3yIbTaTH
PEeKOHCTPYKIIiI HaliGJIMIKIOTr0 aTOMOBOT'O OTOUEHHS, AKa 0yJa IpoBee-
Ha 3a gomomMoroio Myp’e-mepeTBOPY MPOTAKHOI TOHKOI CTPYKTYPH CIIe-
KTPiB BTpPaTH €Heprii po3CigAHMX eJIeKTPOHIB AJIs BUIIAAKIB cerperaril
Ha MeXXax 3epeH MOBepXHeBUX IapiB TepTHd A0 i Imicisa Bigmany 3paskis.
Opep:xkani @yp’e-rpanchopmanTu F(R) xapakTepu3yOTh HanOJIMKUe
oroueHHs atomiB KapOomy B cerperarii. I[[a1s HeBimmaseHoro apaska
(puc. 3, a) nepmuii MakcuMyM Ha QyHKIII F(R) BiamoBimae oToueHHIO
Kap6ory 3 BinfcTaHHIO 10 HAHOMMKINX cyciniB 6:1usbko 1,42 A, npyruit
— Kap6ony 3 BificTaHHIO [0 HAH6IMKIOT0 AaTOMOBOTO OTOUeHHA 2,52 A.
3 pucyHky 3, 6 BUIHO, II[0 BiAIIaJg 3pasKa IPUBOAUTH A0 3HUKHEHHS
Ipyroro ImiKy, B TOH uYac AK IIEepPIIMi 3aauiiacTbesa. MadyTb, Iie
OB’ A3aHO 3 THUM, IIf0 aTOMOBi Kjaactepu Fe—O—-C, aki ¢popmyioThesa Ha

2

_ a - 6
& Sl
[ =T

rass _Av ] N

V \,/ MY NV

CL 1 1 | | — L 1 1 1 L 1 L 1 L 1 L

0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

R-10%%, M R-10™°, m

Puc. 3. dyp’e-TpaHcHOPMAHTH CIIEKTPiB BTPATH €HEPTril PO3CiAHNX eJIeKTPOHIB
mob6Jin3y Kpaio morJanHaHHS KapOoHy, 3HATI Bil Melk 3epeH ITOBEpXHEBUX Illa-
piB Tepra kpurti 130X17 mo (a) i nicasa (6) Bigmany.

Fig. 3. The Fourier transforms of the spectra of the scattered electron energy
loss near the absorption edge of carbon. Spectra were recorded from the grain
boundaries of the surface friction layers of steel 130X17 before (a) and after
(6) annealing.
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MeXKax 3epeH 3aBASAKU iIHTEeHCUBHIN macTuyHil medopmariil Mikpo-
00’eMiB MeTasly IpU YTBOPEHHI ITapiB TepTs, € MeTtacTtabiapaumu. IIpu
BifmaJii BOHM pO3IMagaioThes, B pe3yabTaTi uoro OKcureH ijge B aTMOC-
depy, a aromu KapOory mepexoqAaTh B OKTAIIOPH.

3 HaBeAeHUX B TabauIli 1 TaHUX BUIHO, IO HACMUYEHHS IOBEPXHEBUX
miapiB Tepta aromaMu OKcuUT'eHY 3 PoOOUOTro cepedOBUIIA CYIIPOBOIKY -
€ThCS MOSABOI0O Ha MeXKaX 3epeH APiOHOoaMCIepCcHOl OKCHAHOI (asu o-
Fe;0s. B pobori [9] 6ys10 TOKasaHo, 110 A cTaHAapTy o-FesO3 B meprrii
KoopauHaIliiiHil chepi aTromiB Pepymy, 1110 CKIamAEThHCA 3 aToMiB OKcH-
r'eHy, peasisyloThcs ABa Habopu MixkaTomoBuX Bigcrameit R=1,94 A (3
aroma)i R=2,12 A (3 aTtoma). Tomy HaBeseHi B TabauIri napu aromis Fe—
O sBigcramamu 1,91 Ai 2,14 A ma6yTs BixmoBigaroTs okcuaHii dasi.

TABJHUIIA 2. ITocrifini mpuMiTUBHOI KOMipKM, KOOPAWHATH KpucTajgorpadi-
YHO HEeeKBiBaJIEHTHUX aTOMiB B YacTKaX BiAMMOBiZHMX pebep KOMipKH i Bimmo-
Bigui pagirocu muffin-tin cpep (Rut) aTOMIB AJIA MOIEIBHOI MEXKi CTPYKTYPHUX
dparmenTiB OIIK-crony 3aiiza 3 Xpomom, yrBopeHoi aromamu Kap6oHY B OK-
Tarmopax KPUCTAJIiuYHOI I'DaTHUIII.

TABLE 2. The primitive cell parameters, the coordinates of the crystallo-
graphic non-equivalent atoms in parts of the edges of the primitive cell and
the radii of muffin-tin spheres (R.:) of atoms for the model boundary of the
structural fragments of the b.c.c. alloy of iron with chromium formed by car-
bon atoms in the octahedral interstices of the crystal lattice.

Atom | a=11,4658A | 5=5,7329A | ¢=5,7329A | Rut, Reor

0,500 0,250 0,250

C1 1,60
0,500 0,750 0,750
0,500 0,750 0,250

C2 1,60
0,500 0,250 0,750

Fe(Cr)3 0,500 0,000 0,000 2,06(2,04)

Fe4 0,500 0,500 0,500 2,06
0,330 0,250 0,250

Feb 2,06
0,670 0,750 0,750
0,670 0,250 0,250

Fe6 2,06
0,330 0,750 0,750
0,750 0,000 0,000

Fe7 2,06
0,250 0,000 0,000
0,750 0,500 0,500

Cr8 2,04
0,250 0,500 0,500
0,875 0,750 0,750

Fe9 2,06

0,125 0,250 0,250
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ITpodosxncenns TABJTHIII 2.
Continuation of TABLE 2.

0,125 0,750 0,750

Crl0 2,04
0,875 0,250 0,250

Fell 0,000 0,000 0,000 2,06

Fel2 0,000 0,500 0,500 2,06
0,500 0,500 0,000

Fel3 2,06
0,500 0,000 0,500
0,000 0,500 0,000

Fel4d 2,06
0,000 0,000 0,500
0,330 0,750 0,250
0,670 0,750 0,250

Felb 2,06
0,670 0,250 0,750
0,330 0,250 0,750
0,750 0,500 0,000
0,250 0,500 0,000

Fel6 2,06
0,750 0,000 0,500
0,250 0,000 0,500
0,875 0,250 0,750
0,125 0,250 0,750

Fel7 2,06
0,125 0,750 0,250
0,875 0,750 0,250

Twun, KiTbKicTh i iHAUBiIAYaIbHE aTOMOBE OTOUYEHHA aTOMIiB JOMIIIIOK
CYTTEBO BILJIMBAIOTHL HA €JEKTPOHHY CTPYKTYPY 1 XapakTep MiKaToMO-
BUX 3B’A3KiB mMpUMeXOBUX objacTeil 3epeH. BOHU MOXYTL 3MiHIOBATU
PYXJIHBICTHL aTOMiB, BILIMBAIOYM HA 3JATHICTHL MATEPiaAy 4O caMoopra-
HizaIlil CTPYKTypM Ta pejlakcallil MiKpoHaIIpyXeHb B yMOBax iHT€HCUB-
HOI mIacTUYHINA gedopmarrii.

3 HaBeeHUX JaHUX BUTHO, IIO0 iHTEHCHBHA IIJIacCTHUUYHA HedopmMalris
MiKpo00’eMiB MeTaJy, IO YTBOPIOIOTH IITapU TEPTHA, IPUBOAUTD A0 iCTO-
THOI 3MiHM XeMiuHOro i a30BOro cKJIaay MesK 3epeH. 3aMicTb KapOif-
HOI a3y Ha MerKaX 3epeH ITOBEePXHEBUX IIapiB TepTsd 3’ ABIAIOTHCSI Hal-
apioHomucoepcHi oxkcugu o-Fe:Os3;, a atomu KapOboHy 3HaxomsaThCS B
IBOX PiBHMX KPUCTAJOCTPYKTYPHUX ITO3UIIiAX, HE YTBOPIOIOUYN OyIbh-
AKUX XeMiYHMX CIIOJIYK 3 aTOMaMH BUXiZHUX MeTasiB. Bouu saifimaioTh
He TinbKm okTamopu OIlK-sanisa, sHauma uactuHa atomiB KapOomy
yTBOpIoe pasoM 3 aromMaMu OKcureny i ®epymy HOBiI MeTacTabiibHi
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aromoBi Kaactepu Fe—O—C. IuguBinyaibrHe aToOMOBE OTOUEHHS JOMIiIII-
KOBUX aTOMiB BIBHAUA€ XapaKTep eJIEKTPOHHOI CTPYKTYPH i BJIACTHUBOCTI
MisKaTOMOBUX B3aeMoZii. MoxXHa OIPUIIyCTUTH, 1[0 aToMu Kapbomy, 1110
BHAXOAATHCA B OABOX Pi3HUX KPHUCTAJIOCTPYKTYPHUX IIO3UIIAX, MOKYTH
110 pisHOMY BILIMBATH Ha (PisUKO-MeXaHidHi BJIaCTUBOCTI MeTaly.

3 MeToI0 3’sACyBaHHA IILOTO MOJEIOBAJNCA OB Mei CTPYKTYpPHUX
dparmenris OIIK-cTrony 3axaisa 3 Xpomom. Oxma 3 HUX OyJia yTBOpeHa
aromamu KapGoHy, IT0 3HAXOAATHLCA B OKTAIIOpPaxX KPUCTAJIIUHOI I'part-
HUIi; iHmIa — aromapHUMHI Kjaactepamu Fe—O—C, 110 npeacTaBiIsgioTh
co00I0 OKTaIopy, B IeHTpi AKoi 3HaxomauThbcAd aToM OKcuUIeHy, a IBa
aToma @Pepymy Ha BepIinmHax 3amimnierni aromamu Kapbomy. CTpyKTypa i
MiKaTOMOBI BiJicTaHi IILOT0 KJIAacTepy AJOKJALHO OIIMCAHI BUIIIE.

TABJUIIA 3. ITocrifini mpuMiTUBHOI KOMipKM, KOOPAWHATH KpucTagorpadi-
YHO HEeeKBiBaJIEHTHUX aTOMiB B YacTKaX BiAMMOBiZHMX pebep KOMipKH i Bimmo-
Bigui pagiycu muffin-tin chep (Ruwt) aToMiB 11 MOAEIBHOI MEKi CTPYKTYPHUX
dparmenTiB OIIK-crony 3asiza 3 XpoMoM, yTBOPEHOI MeTacTabiIbHUMU aTO-
mapuuMmu Kjaacrepamu Fe—O—C (Fe—Cr—0-C).

TABLE 3. The primitive cell parameters, the coordinates of the crystallo-
graphic non-equivalent atoms in parts of the edges of the primitive cell and
the radii of muffin-tin spheres (R.:) of atoms for the model boundary of the
structural fragments of the b.c.c. alloy of iron with chromium formed by met-
astable atomic clusters Fe—O—C (Fe—Cr—0-C).

Atom | a=11,4658A| b=5,7329A | ¢=5,7329A |  Rus, Reowr

0,500 0,250 0,250

01 1,41
0,500 0,750 0,750
0,500 0,750 0,250

02 1,41
0,500 0,250 0,750

Fe(Cr)3 0,500 0,000 0,000 2,05(2,00)

Fe4 0,500 0,500 0,500 2,05
0,375 0,250 0,250

C5 1,28
0,625 0,750 0,750
0,625 0,250 0,250

Cé6 1,28
0,375 0,750 0,750
0,750 0,000 0,000

Fe7 2,05
0,250 0,000 0,000
0,750 0,500 0,500

Cr8 2,00
0,250 0,500 0,500
0,875 0,750 0,750

Fe9 2,05

0,125 0,250 0,250




DOPMYBAHHS YVJIBTPAIVICITEPCHOI'O TA HAHOCTPYKTYPOBAHOI'O MATEPIAJIY 29

IIpodosicenns TABJIUI]I 3.
Continuation of TABLE 3.

0,125 0,750 0,750

Cr10 2,00
0,875 0,250 0,250
Fell 0,000 0,000 0,000 2,05
Fel2 0,000 0,500 0,500 2,05
0,500 0,500 0,000
Fel3 2,05
0,500 0,000 0,500
0,000 0,500 0,000
Fel4 2,05
0,000 0,000 0,500
0,375 0,750 0,250
0,625 0,750 0,250
C15 1,28
0,625 0,250 0,750
0,375 0,250 0,750
0,750 0,500 0,000
0,250 0,500 0,000
Fel6 2,05
0,750 0,000 0,500
0,250 0,000 0,500
0,875 0,250 0,750
0,125 0,250 0,750
Fel7 2,05
0,125 0,750 0,250
0,875 0,750 0,250

HesBarxaroum Ha Te, IO MeTaJl ITIOBEPXHEBUX ITapiB TepTA MiCTUTH
6ausbKko 16 ar.% Xpomy srigHo 3 mzammumu Tada. 1, aromu Kapbony B
OKTamopax Kpucrajiuuoi rpaTHUII i MeTacTabiIbHUX aTOMOBUX KJac-
repax Fe—O—C mepeBasKHO 0TOUYIOTE aToMu PepyMy. AJje Bce 3K MOKHA
OPHUIIYCTUTH, IO AeAKi aromu PepyMy B OKTaAIIoOpax KPHUCTAJIIUHOI I'pa-
THHUIII i aTOMOBUX KJIacTepaxX MOKYTh OyTH 3aMilfeHi aTromamMu XpoMmy.
Tomy masa Toro, 106 MO;KHA OyJIO OIiHUTH, AK IIe MOXKe BILIMHYTH Ha
€JIEKTPOHHY CTPYKTYPY i XapakTep MiKaTOMOBUX B3aEMOIill MOIEJIb-
HUX MEK 3epPeH, TEOPeTUYHI PO3PaXyHKM IXHBOI eJIEKTPOHHOI CTPYKTY-
pu poOUINCH AJIA BUMAAKIB BiICYTHOCTHY i TPUCYTHOCTHU aTOMiB XpPOMY B
OKTallopax KpuCTaJigvHOoI I'PaTHUIII i aTOMOBUX KJacTepax.

ITapameTpu NpUMiITUBHUX KOMipOK cuMeTpii P, KOOpAUHATH KpHUCTA-
JorpadiuHo HeeKBiBaJeHTHHX aTOMiB y UYacTKaX BiAMOBiZHUX pebdep
KoMipoK i BigmoBigHi pagirocu muffin-tin-cdep aTromis, 3a JomOMOT0I0
AKUX IJIs 30HHUX PO3PaxXyHKIiB MojieqioBaacd KpUcTaliuHa CTPyKTypa
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MexK cTPpyKTypHUX parmentis OILlK-cTrony saniza 3 Xpomom, HaBeIeHO
B Tabi. 2 i 3. BisgyaJsisamia KpucTtamiuyHol CTPYKTYPH MaTepidry 3maific-
HIOBajsaca 3a momomoroio mporpamu XCrySDen [10]. Oxep:kani 3 ii mo-
IIOMOT0I0 300parKeHHA IPUMiTUBHUX KOMipOK HaBemeHi Ha puc. 4—7.

Opmep:xaHi 3a JOTOMOI'0I0 30HHUX po3paxyHKiB B LAPW-nabau:xeHHi
[4] 3 BUKOpPHUCTAHHAM MOBHOTO IOTEHITIANY i I'paJie HTHOI ampoKcUMAaIrii
enxexkTponuoi migbHocT (GGA — generalized gradient approximation)
y ¢opmi [6] KapTu i30JiHil TPOCTOPOBOTO PO3MOIINY €JIeKTPOHHOI T'yc-
TUHU MOIEJbHUX Me:K CTPYKTypHuX (pparmenrtis OIIK-cromy 3axisa 3
XpomoMm, yTBOopeHux aromamMm KapOoHY B OKTamopax KpPHCTAJIiuHOL
rpataui i aromapaumu Kiaacrepamu Fe—O—-C (Fe—-Cr—0-C), nmpexacras-
JeHi Ha puc. 6 i 7. Kapru isoxiniii 0ygyBanuca Ha miaomuHi (110), aka
Oyla mepHeHAUKYIAPHA MeXXKaM i IPoXoAmJja uepe3 PO3TAIIOBAHI Ha
mesxax aromu Kapbomry i Okcureny. OCKilIbKM IPOCTOPOBUMA PO3MOIia
€JICKTPOHHOI I'yCTUHU MaiiKe He 3aJIeKUTh BiJ HAIIPSAMKY CIIiHY, 3 Me-
TOI0 eKOHOMii o0cary craTTi Ha puc. 6 i 7 HaBegeHi pe3yabTATH TiJIbKU
I eJIEKTPOHIB 3 HAITPABJIEHUM BTOPY CIIiHOM.

3 pucynka 6 BUAHO, III0 B MiCI[AX CKyIueHHs aTromiB Kapbony, BIopo-

Puc. 4. 3o06pakeHHS TPUMITHBHUX KOMIPOK MOAEJBHUX MEXK CTPYKTYPHUX
dparmenTiB OIlK-cTomy 3amiza 3 XpoMmoM, yTBopeHux aromamu Kap6oHY B OK-
Tamopax KpucraaiuHol rparaumi. Iaa BunaakiB BigcyTHOCTHU (@) i IprcyTHOC-
TH (6) aTromMiB XpoMy B OKTaopax KPUCTAJIiUHOI I'PDATHHIIII.

Fig. 4. The images of primitive cells of the model boundaries of the structural
fragments of b.c.c. alloy of iron with chromium formed by carbon atoms in the
octahedral interstices of the crystal lattice. The cases of absence (a) and pres-
ence (6) of chromium atoms in them are considered.
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BaI»KeHUX B OKTAIIOPY KPUCTAJIUHOI I'PaTHUIlI, BUHUKAE 00JIACTD 3 Mif-
BUIITEHOIO TYCTHUHOIO €JIeKTPOHHOTrO 3apAny. B maHoMy BUOAIKY IA 00-
JacTh YTBOPIOETHCS cyKymnHicTio aTomiB: Cl, Fe(Cr)3, Fe4, Feb, Feb,
Fe7, Cr8. Ha pucyHKy BoHA BUIijJeHA OiJbIII TEMHUM KOJIbOpoM. I'ycTu-
Ha eJIeKTPOHHOTO 3apAny, AKUi (JopMye 3B’ A3KHM MisK aTOMaMM, IO YT-
BOPIOIOTH ITI0 00JacTh, 3MiHIOeThea B iHTepBami Bim 0,060e/A® no
0,102 e/A3. B Toit uac K, TyCTHHA eJIeKTPOHHOIO 3apALy Mk aToMaMu
MeTajay Ha OiIdHKax, ge BimcyTHi atromu KapOGoHY, He IIepeBHUIIYE
0,060 e/A3. I1e cBigumTsL TIPO Te, IO BiTHOCHO CHJIBHI 3B’A3KU BUHUKA-
IOTh He TiIbKHU Mixk aTromamu Kapbony i aTromamu merany, AKi yTBOpPIO-
IOTHh OKTAIIOPU, ajie TAKOXK i aToMaMHu MeTaly 3 HalOJMKUoro iXHbOTO
oTOUYeHH:A. Bee 11e mepenrkomxae pyXJanBOCTi aTOMIB Ha ITUX AIISTHKAX.

3 pucyHKY 6 BUIHO, IIIO0 3aMiIlleHHA JeIKnX aToMiB Pepymy B OTO-
yeHHi aTomiB Kap6ory aromamu XpoMy IIPaKTUYHO He BILJIUBAE HA IIPO-
CTOPOBU POBIOiJ eJIEKTPOHHOI I'YCTUHHA.

IIpoTunexHa KapTHUHA CIOCTEPITraeThCA B MiCIIAX CKYIIYeHHA MeTac-
rabinmbHuX atomoBux KjactepiB Fe—O-C (Fe—Cr—0-C). 3 pucynka 7
BUIHO, III0 B ILOMY BUOAAKY Y340BK MOJEJIBHOI Mei BUHUKAE IIPOCTO-
POBO IPOTAKHA 00JIaCTh, 110 po3ainae aromu KaacTepiB Fe—O-C i Fe—
Cr-0-C (01, C5, C6, Fe(Cr)3, Fe4) 3 ixHiMU TOBKiIbHUMU aTOMaMHU Me-

Puc. 5. 300pakeHHs NPUMITHBHUX KOMIPOK MOJEJBHUX MEM CTPYKTYPHUX
dparmenTiB OLIK-cTromy 3aisiza 3 XpoMoM, yTBOPEHUX MeTacTabiJIbHUMU aTO-
mapuuMmu Kjaacrepamu Fe—O—C (a) i Fe—Cr—0-C (0).

Fig. 5. The images of primitive cells of the model boundaries of the structural
fragments of b.c.c. alloy of iron with chromium formed by metastable atomic
clusters Fe—O—C (a) and Fe—Cr—0—C (6).
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3
4
o

Puc. 6. KapTu i30iHi#l IpocTOPOBOro po3moailly I'yCTUHY eJIEKTPOHIB 3 HaIIpa-
BJIEHUM BrOpY CIIiHOM AJIA MOJEJBbHUX MeXX CTPYKTypHuX (dparmeHTiB OIIK-
cTomry 3ajiza 3 XpoMoM, yTBOpeHuX aroMmaMu KapOoHY B OKTamopax KpUCTaJi-
yHoi r'patuuUIi. [[a1sa BunaakiB BizcyTaHocTu (a) i mpucyTHOCTHU (6) aToMiB Xpomy
B OKTamopax Kpucrajiuuoi rpatauiti. Isominii OygyBanuca ma miaomiuHi (110).
Bunineni Ha pucyHKYy i30JiHil BiAIOBiZaOTh TAKUM 3HAUYEHHSAM €JIEKTPOHHOI
rycturn: 1 — 0,032 ¢/A3%, 2 — 0,046 ¢/A3%, 3 — 0,060 ¢/A% 4 — 0,074 e/A3, 5
—0,088¢/A3%,6 — 0,102 ¢/A3.

Fig. 6. The maps of isolines of spatial distribution of the electron density with
upward electron spin for the model boundaries of structural fragments of
b.c.c. alloy of iron with chromium. The model boundaries are formed by car-
bon atoms in the octahedral interstices of the crystal lattice. The cases of ab-
sence (a) and presence (6) of chromium atoms in them are considered. Isolines
were built in the plane (110). Contours marked in figure correspond to the fol-
lowing values of the electron density: 1—0.032¢/A3%, 2—0.046 ¢/A3, 3—
0.060e/A3,4—0.074 /A%, 5—0.088 ¢/A%, 6—0.102 e/A3.

rany Fe7, Cr8, Fe9, Cr10. Ha pucyHKY 115 00JIaCTh BUIijJeHA OiJIBII Te-
MHHUM KOJIbOpoM. I'yCTHHA JIOKaJIi30BAHOTO B Hill €JIEKTPOHHOIO 3apAay
Mae MiHiMaJbHY BeJIWYMHY, 3MiHIOIOUmMCh B iHTepBaJyi Bim 0,012 mo
0,044 ¢/A3. B Toit uac K, TyCTHHA eJIeKTPOHHOIO 3apALy Mk aToMaMu
MeTaJgy Ha JTiIAHKAaX, Oe BifcyTHiI MeracTabilbHi aTOMOBiI KJjacTepu,
sMiHIOETHCA B iHTepBasi Bix 0,044 1o 0,060 e/A3. Ile cBigunTs mpo 06-
Me:KeHy YYacTh BaJIEHTHUX eJIeKTPOHIB y (hopMyBaHHiI 3B’dI3KiB MiXK
aToMaMmu, IO HaJIe;KaTh MeTacTablIbHUM KJIacTepaM, i aToMaMHu MeTa-
JIeBOI MaTpHIIi.

3 pucyHKY 7 BUAHO, IO 3aMillleHHA B MeTacTa0iJIbHINX aTOMHUX KJIa-
crepax aromiB Pepymy Fe3d nHa atromu Xpomy Cr3 sameHIye rycTuHy Ba-
JEHTHHUX eJEeKTPOHiB, JJOKAJIi30BaHUX MixK HUMU i aTromamu OKCUI'eHY.
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I'yveTuHA eIeKTPOHHOTO 3apdAny, JIOKalizoBaHoro Misk aromamu Fed i
01, samirmoeTrsea B inTepBadi Bix 0,044 10 0,076 e/A%. B Toii uac gk, ryc-
THHA eJeKTPOHHOTO 3apsany, JoKaizoBaHoro mixk aromamu Cr3 i Ol,
sMiHIOETHCA B iHTepBasi Bix 0,044 1o 0,060 e/A%. Ile cBiguuTh PO Te,
1110 3aMillleHHs B MeTacTabiIbHIX aTOMOBHUX KJacTepax aTroMiB @epymy
Ha aTOMHU XPOMY IOHUKYE IXHIO CTablIbHICTh 38 paXyHOK ITOCJIa0IeHH S
3B’A3KiB Mik aTomamu MeTaiy i OKcuUTeHy KJaacTepis.

3 MeToI0 AKiCHOI aHaIi3y 3apsAgOBUX CTAHIB ATOMIiB PO3TJISHEMO IIOB-
HUHA i mapHmisaiabHi s3apsaay BaJleHTHUX eJeKTPoHiB (§) B cepemguHi
muffin-tin cdep aTomiB, He eKBiBaJIEHTHO PO3TAIIIOBAHUX IIOA0 MEXK.
IIi nani HaBemewni B Taba. 4. PosrainryBaHHA IIOA0 MeXKi KOMKHOTO TUITY
aToMiB BKasdaHo Ha puc. 6 i 7. 3amimennsa aromiB @epymy Fed aromamu
Xpomy Cr3 maiizke He 3MiHIOE IPOCTOPOBUIH POBIIOLLJI €JIeKTPOHHOI I'yc-
TUHU MOJEeJbHUX MeX (puc. 6 i 7). Tomy aj1a cKOpoueHHS PO3Mipy cTarT-

Puc. 7. Kaptu izosiHi#t IpocTOPOBOTO PO3IOiNy TYCTUHY €JIEKTPOHIB 3 Hampa-
BJIEHUM BTODY CIIIHOM AJA MOJEJbHUX MeXX CTPYKTypHuX ¢pparmentiB OITK-
cTomny 3aJiza 3 XpoMOM, YTBOPEHUX MeTacTabiJIbHUMU aTOMAapHUMU KJiacTepa-
mu Fe—0—-C (a) i Fe—Cr—0-C (6). Isoninii 6yayBanuca Ha miaomuHi (110). Bu-
IijeHi Ha PUCYHKY i30JIiHiI BiATIOBiZAIOTH, TAKUM 3HAUEHHSAM €JIEKTPOHHOI I'yc-
turn: 1 — 0,028 ¢/A3, 2 — 0,044 ¢/A%, 3 — 0,060 e/A3, 4 — 0,076 ¢/A3, 5 —
0,092 e/A3.

Fig. 7. The maps of isolines of spatial distribution of the electron density with
upward electron spin for the model boundaries of structural fragments of
b.c.c. alloy of iron with chromium. The model boundaries are formed by meta-
stable atomic clusters Fe—O-C (a) and Fe—Cr—O-C (6). Isolines were built in
the plane (110). Contours marked in figure correspond to the following values
of the electron density: 1—0.028 e/A3, 2—0.044 e/A3, 3—0.060¢/A3, 4—
0.076 ¢/A3,5—0.092 ¢/A3.
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Ti el BUIIAJI0K He PO3IJIALAEThC.

3 mammx TAOJUIIL BHUAHO, IO AJIA MOAEJIbHUX MEXK CTPYKTYPHUX
dparmenris OI[K-cromy 3aiiza 3 Xpomom, yrBopeHUX atromamu Kap6o-
HY B OKTalopax KpMCTaJiuHOl I'PATHUIli, TOBHUH 3apAld BaJeHTHUX
eJeKTPOHIB aTOMiB MeTasy 30iJIbIITyETHCA 3 PYXOM Bifl 00’€My CTPYKTY-
pHUX (¢parmMeHTiB A0 iXHixX Me:xx. MakcuMaJdbHUUN 3apdA] BaJeHTHUX
eJeKTPOHIB crmocTepiraeTbea y atomiB @epymy Feb i Fe6, poaramosa-
HUX B OesmmocepeaHil 01u3bKocTi Big atomis Kapbony.

3apAamgoBUI CTAH aTOMiB iCTOTHO 3MiHIOETHCS IPHU II€PEXOIi 0 MOJe-
JBbHUX MeXX CTPYKTypHuX ¢parmenris OIlK-cronmy saxisza 3 Xpomom,
YTBOPEHUX MeTacTabilbHUMH aToMapHuMHu KJjactepamu Fe—O-C. IIi
KJIacTepu cKJazamoThbed 3 aToMiB Fe3, Fe4, O1, C5, C6. B 1ibomy BUIIafg-
Ky IMOBHUI 3apsl BaJIeHTHUX eJeKTpoHiB aTomiB Fe7 i Cr8, mio sHaxo-
IAThCA B OesmocepenHil O0ams3bKocTi Bifg Kiaactepis Fe—0—-C, amenry-
€ThCs MOPiBHAHO 3 aHajgoriummM sapagom aromiB Fe9, Crl0, Fell i
Fel2, aki poaramoBaui ma Bigmami Big me:xi. Ile BigOyBaeThca uepes

TABJINIISA 4. IloBuui 3apaAx BaJeHTHUX eJeKTPOHIB (@) B cepenuui muffin-
tin cdep i mapuianapHi 3apAgU, 110 POPMYIOTH HOr0, (B OUHUIIAX €) AJIA KOXK-
HOTO THUIIY aTOMiB, HEEKBiBaJIEHTHO POSTAIIIOBAHMX IIOJ0 MOJAEJIbHUX MEK
CTPYKTYPHUX (hparMeHTiB, yrBopeHuX aromamMu KapOoHy B OKTamopax KpHC-
rajgiuroi rparuui (me:xa Fe—C) i meTacTabimbHUMU aTOMapHUMHU KJIaCTEPAMU
Fe—0-C (me:xa Fe—0-C).

TABLE 4. The total charge of the valence electrons (@) inside muffin-tin
spheres and its partial components (in units of e) for each type of atoms with
non-equivalent locations in the neighborhood of the model boundaries. The
model boundaries are formed by carbon atoms in the octahedral interstices of
the crystal lattice (Fe—C) and the metastable atomic clusters (Fe—O—-C).

Me:xa Fe—C Me:xa Fe—0O-C
@ | s [ » | d | s | p | d
Ccl 2,6572 0,9862 1,6710 01 4,4320 1,1508 3,2403

Fe3 6,4160 0,2122 0.2678 5,9360 Fe3 6,1586 0.1157 0.1509 5,8920
Fe4 6,3787 0,2102 0.2731 5,8954 TFe4 6,4845 0,1187 0,1554 6,2104
Fe5 6,5908 0.2890 0.2938 6,0080 C5 11,5246 0,6379 0.8867

Fe6 6,6038 0.2930 0.2998 6,0110 C6 1,5218 0.6376 0.8842

Fe7 6,5376 0,2972 0.2940 5,9464 Fe7 6,1942 0.1941 0,1705 5,8296
Cr8 4,1781 0.2286 0.2425 3,7070 Cr8 4,4919 0,2452 0,2550 3,9917
Fe9 6,3226 0.2629 0.2533 5,8064 Fe9 6,2790 0,2474 0,2278 5,8038
Cr10 3,9500 0.2048 0,2125 3.5327 Crl0 4,6206 0,3120 0,3247 3,9839
Fell 6,2358 0.2576 0.2387 5.7395 Fell 6,3410 0,2528 0,2307 5,8575
Fel2 6,2285 0.2577 0.2436 5,7272 Fel2 6,3332 0,2514 0,2385 5,8433
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mepexin s- i p-enexrpouiB Bix aromiB Fe7 i Cr8 mo poaramoBanmx Ha
me:xki aromiB Oxcureny O1 i Kap6ory Cb, C6. Ille 6inbinumii mepexin s- i
p-enekTpoHiB 10 atromiB Okcureny O1 i Kap6ony C5, C6 cmocTepiraersb-
ca aias aromiB @epymy Fe3 i Fe4, aki BXogaTh 10 CKJIaLy KJacTepis.
Haiibinpmie 1eii edexT cIocTepiraerbca MO BaJeHTHUX Fe s-
eJeKTPOHIB. SMEHIIIeHHA 3apAay BaJeHTHUX S- i p-eJIeKTPOHIB Ha aTo-
max @epymy Fe3d, Fe4, Fe7 i Xpomy Cr8 mpuBOIUTEH 0 MEHIIIOTO eKpa-
HYBaHHA IIUMU eJeKTPOHAMU BaJIEHTHUX d-eJIeKTPOHIB, B pe3yJbTarTi
YOT0 eJEeKTPOHHUI 3apAM IIPOCTOPOBO JOKANiI3yeThCA Ha ITMX aToOMAaX,
IIT0 BUHO 3 pucC. 7.

Amnajiza 1aHUX €HEePreTUYHOTO PO3IOAiIY eIeKTPOHHUX T'YCTHUH aTo-
MiB MOJeJIBHUX MeK, YTBopeHux aromamu KapOoHyY B oKTamopax Kpuc-
TaJiuHOl I'PATHUIIL, CBIIUNUTE PO Te, 1110 atromu Kapoouy C1 cTBOPIOIOTH
riopuauzoBaHi ctagu 3 aromamu Pepymy Fe3, Fe4, Feb i Fe6. Crann,
poaramtoBaui B o0Jacti enepriit —11,5 eB——14,5 eB € pesyabTaTom rio-
punusaiii BameHTHUX ejaexTpoHiB (C1) s-, (Fe3d) s-, (Fe3d) p-, (Fe3) d-,
(Fe4) s-, (Fed) p-, (Fed) d-, (Feb) s-, (Feb) p-, (Feb) d-, (Feb) s-, (Feb6) p-i
(Fe6) d-cranis. IIpu mbomy, BHECOK BaJIeHTHUX eJeKTpoHiB Fe d-cTanis
CYTTEBO 3MEHIITYEThCs IpHu mmepexoi Bix aromiB Fe3 i Fe4 go aromis Feb
i Fe6. Cranu, posramoBani B o0Jacti emepriii —2,0 eB—8,0eB € pe-
3yJabTaTOM Tibpuamsaiiii BajeHTHUX eyieKTpoHiB (C1) p-, (Fed) s-, (Fe3)
p-, (Fe3d) d-, (Fe4) s-, (Fe4) p-, (Fe4) d-, (Feb) s-, (Feb) p-, (Feb) d-, (Feb6)
s-, (Fe6) p- i (Fe6) d-craniB. 3amimieHHsa B OKTalopax KPHUCTAJiYHOI
rpatauIi atromiB @epymy Fe3 ma aromu Xpomy Cr3 npuBOAUTE 0 TOTO,
110 GiJIBITiCTEH BAJIEHTHUX 3d-eJIEKTPOHIB aTOMiB XPOMY JIOKAIi3yIOThCS
Ha piBHiI @epMi, 1110 IPUBOAUTE M0 HECTIHKOCTH MiKaTOMOBUX 3B’ A3KiB,
chopMoBaHUX ITUMHU eJeKkTpoHamu. Ile moB’sa3aHo 3 TuM, 110 gedopMma-
ifgd KPHCTAJIUYHOI I'DPATHHIII MOKe IIPUBECTH IO POS3IINEIJIEHHS BHUPO-
IKEeHUX eJIEKTPOHHUX CTaHIB B pe3yJibTaTi MOHUIKEHHA cuMeTpil OK-
Tammop abo 40 3Mill[eHHs eHeprii HeBUPOIKeHNX eJIEKTPOHHUX CTAHiB B
00saCcTh OLTBITT HUBBKUX 3HAUEHb. ¥ 3araJIbHOMY BHUIIAAKY OJHA 3 IIOTe-
HIIAJTBHUX TOBEPXOHb OIIYCTUTHCA HUMKUE eHEPTii BUCOKOCUMETPUUHOI
KoH(pirypaiii. A 1me o3Hauae, 1110 MiHiMyM Ha IOTEHIiAJbHINA mMOBepXHi
BifmoBimaTuMe He HaNOINBINI BUCOKiM mo cumerpii KoHpiryparii, a
meHmn cumerpuuHiii [11]. 3i ckaszaHoro BUILIIUBAE, IO aToMu Pepymy
Fe3, Fe4, Feb5 i Fe6, axi yrBopioioTh okTamopu OIlK-ctromy saxnisa 3
XpomoM, GPopMYyIOTh CUJIBHI KOBaJIeHTHI 3B’ A3KMU 3 aTromamu KapOoHy,
110 3HAXOAATHCA B HUX. IHITI aTomMu @epymy Ta XpoMy ydacTi y popmy-
BaHHI KOBaJIEHTHUX 3B’A3KiB 3 aromamu KapOony He 0epyTh. 3aMiIieH-
HA B OKTallopaxX KpucTajJiuHoi rpaTHuUIi aromiB ®epymy Ha aToMu
Xpomy poOUTH iX MEHIII CTINKMMU IO BiJHOIIIEHHIO A0 30BHIITHiX medo-
pMmarriii.

Ha Bigminy Big momepegHboro BHUIIAAKY, aHAIida JaHUX €HepreTHd-
HOT'0 PO3TOiNY eJIeKTPOHHUX I'YCTUH aTOMiB MOAEJIbHUX MeK, chopMo-
BaHUX MeTacTabinbHUMU aTroMapHuME KiaactepaMu Fe—O—C (Fe—Cr—O—



36 B. B. TUXOHOBINY

C), cBiguuTh PO Te, IO BaJeHTHI ejdeKTpoHm aTroMmiB Pepymy FeT i
Xpomy Cr8 , aKi smaxomaThcsa B OesImocepeaHil 0JIM3bKOCTI Big KJacTe-
pPiB, BHOCATH HEBEJIUKUI BHECOK YV (POPMYBaHHA IiOpUAN30BaAHUX CTAHIB
3 aromaMm KJjacrtepiB. Tax cranu, posrTaImioBaHi B obJjacTi emepriit
-25,1eB——26,1 eB, € pesyabTaToM Tribpuamsailii BaJeHTHUX €JIeKTPO-
uis (O1) s-, (CH) s-, (CH) p-, (C6) s-, (C6) p-, (Fe3d) s-, (Fe3) p-, (Fed) s-1i
(Fe4) p-cramiB. Cranm, posTamioBaHi B obsacti eHeprii —15,1 eB—
—17,0 eB € pesyabraTom riopuamsaiiii BageHTHuX ejaexTpouis (01) p-,
(C5) s-, (CH) p-, (C6) s-, (C6) p-cramis. Cranu, posTairoBaHi B obJacTi
euepriit -9,0 eB——12,5 eB € pesyabraTom riopuamsariii BaJeHTHUX eJje-
krpouis (01) s-, (O1) p-, (Fe3) s-, (Fe3) p-, (Fe3) d-, (Fe4) s-, (Fe4) p-,
(Fe4) d-crauiB. Banenrui 3d-enekTporu aromiB @epymy Fe7 i Xpomy
Cr8 yTBOPIOIOTH 3 aTOMaMH KJacTepiB ribpuamsoBaHi craHu, pos3Talro-
BaHi TinbKM y BasmeHTHIi# 30Hi (0.0——6,0 eB) i cmysi mpoBigaocTi. BoHu €
pesyJsbTaToM riopuausarii BaseHTHUX eJieKTpoHiB (CH) p-, (C6) p-, (Fe3)
d-, (Fed) d-, (Fe7) d- i (Cr8) d-cranis. Iamri atromu @epymy i Xpomy me-
TajJeBoi MaTpUIli yuacTi y GopMyBaHHI 3B’A3KiB 3 aToMaMu KJacTepiB
Fe—0O—C e npuiimaiors. BamenTtui erekrporu atromiB @epymy Fed i Fe4
3i cmiHOM HampaBJIEHMM BHU3 JIOKaJIi30BaHi Ha piBHI Pepmi, 110 IPUBO-
IUTH OO HECTiMKOCTH MiXKaTOMOBUX 3B’A3KiB, c)OPMOBAHUX IIUMHU eJIie-
KTpoHamMu. Tak caMo AK i B IIoIlepeHEOMY BUIIAAKY, 3aMiIlleHHs B KJIa-
crepax Fe—O—C atomi @epymy Fe3 aromamu Xpomy Cr3 IpuBOIUTE IO
TOT0, II[0 HE3aJIeKHO BiJ HANIPAMKY CIIiHYy OiJBIIiCTh BaJeHTHUX 3d-
eJIeKTPOHIB aToMiB XpoMy JIOKaJIi3yloThca O6ins pisua Pepwmi, 1110 po-
OUTH MisKaTOMOBIi 3B’A3KM, C(hOPMOBAHI MMM €JIeKTPOHAMMU, II[e MEHIII
CTiiKMMU IIPU 3CYBi aTOMiB.

Taxkum unzoM, aTromu Kapbomy, 1110 3HaX04ATHLCA B ABOX PisHUX KPU-
CTAJIOCTPYKTYPHUX MHO3UITiAX, II0 Pi3HOMY BILIMBAIOTH HA €JIeKTPOHHY
CTPYKTYPY, XapaKTep MiKaTOMOBUX 3B A3KiB i BIAcTMBOCTI MeTaiy.
Atromu Kap6oHy, 1110 3aliMalOTh B IPUMEKOBUX O00JACTAX 3epeH OK-
rarmopu OIlK-3aniza, yTBOpIOIOTh MiITHI KOBaJIeHTHi 3B’s3KHU 3 ixXHiMm
JOBKIMIBHMMM ATOMAMM MeTaJy i cTabilisyoTh CTPYKTYpPY. ¥ pasi, Koau
aromu Kap6oHY B IpUMEKOBUX 00JIaCTAX 3€pPEH BXOAATH A0 CKJIATy Me-
ractabinmbHuX aromoBux KiaactepiB Fe—O—-C (Fe—Cr—0-C), i Kiacrepu
i ixHi JOBKiNmbHI aTOMU MeTasy po3IiaA0ThL 00JIaCTi 3 TOHMIKEHOIO eJje-
KTPOHHOIO TYyCTHHOI. HacaigkxoM uoro € oOMekeHa y4acTh BaJEHTHUX
eJIeKTPOHIB y (hopMyBaHHI 3B’ A3KiB MiK aToMaMu MeTaJeBOi MaTpPHUILi i
aromaMmu KJiactepiB. Tomy mpu 3cyBi aTOMiB B3IOBMK JiJIAHOK CKYIIUEH-
HA IUX KJacTepiB Bim0yBaeThCA BiJHOCHO JIeTKe PYHHYBAHHA IIUX
3B’A3KiB, III0 3MEHIITYEe CYIPOTUB MeTaly JOKalbHiN nedopmarrii. Ilbo-
MY TaKOK CIIPHSAE HECTIiHKiCTh MilKaTOMOBUX 3B’fA3KiB, chopMoOBaHUX
3d-eleKTpoHAMM aTOMiB MeTaJay, III0 Hajle:KaTh MeTAaCTa0lJIbHIM KJIac-
TepaM, II0 BiTHOIIIEHHIO 10 3CyBY aTOMIB.

3 HaBeAeHUX B TabauIli 1 fTaHUX BUIHO, II[0 HACUUYEHHS IOBEPXHEBUX
miapiB Tepta aromaMu OKcuUT'eHY 3 POOOUOTro cepefOBUIIA CYIIPOBOIKY -
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€ThCA He TiTLKYM YTBOPEHHSAM B IPUMEKOBUX 00JIaCTAX 3epeH MeTacTa-
O0impHMX aToMoBUX KJjacTepiB Fe—0—C, aje i mosgB0I0 HEBEJIUKOI KiJb-
KocTHu ApioHoaucmepcHol oKcugHol pasu a-Fex03;. 3 MeToro ominKM Mo-
SKJIMBOTO BILIMBY APiOHOAMCIIEPCHUX OKCHUIIB HA MOBELIHKY HiJ uac iH-
TeHCUBHOI IMBUAKiCHOI medopMalii MeX 3epeH MeTasly IIOBEPXHEBUX
mapiB TepTd, O6yJa0 mpoBedeHe KOMII IOTEPHE MOJEJTIOBAHHSA eJIeKTPOH-
HOI cTPYKTypu rematuty o-Fe 0s. I1iff Temi mpucBAdYeHa BeqnKka Kijlb-
KicTb pobiT ([12, 13] Ta in.), me meTalbHO BUBUEHO BILJIMB IapaMeTpiB
TEOPETUYHUX PO3PAXyHKIB Ha CIEKTPU MOBHOI Ta JOKAJbHUX IapIlid-
JbHUX I'YCTHUH €JICKTPOHHUX CTAHiIB, 30HHY CTPYKTYPY i MarseTHi BJac-
THBOCTi reMaTUTy. BupimieHHa 3aBgaHb JaHOI poOOTH ITOTPebye aHAIi3n
MeXaHiuYHMX BJAacCTHUBOCTelli remaTtuTy. KapTu isoJiHili mpocTOpoBOTO
po3moiny I'yCcTHHU eJIeKTPOHiB B KpucTaiai a-Fe:Os MOXKYTL JOIIOMOTTH
B IboMYy. AJle B 3TaJlaHIX BUINE PoO0OTaxX BOHU He OyJiu oxgep:xkani. Tomy
3a IOIMOMOro0 nporpamuoro komiiekcy WIEN2k 6ysu mpoBeeHi 30HH
PO3PaxXyHKHU €JIEKTPOHHOI CTPYKTYPH i IIPOCTOPOBOT'O POSIIOAiNY I'yCTH-
HU eJIEKTPOHHOTO 3apany rematuty o-Fe:0s;. Po3paxyHKu IpoBOAUINCE
B LAPW-nabam:keHHI y MexKax Teopil pyHKIionany ryctunu (density
functional theory — DFT) 3 BUKOPHUCTAaHHAM IIOBHOT'O IOTEHIiAIY B
pamkax cmin-monapusoBamoi merogu DFT +U (DFT, mogudikoBanmi
nocritimoio T'abGbapma U) [5]. B sarocti ampoxcumariii o6miHHO-
KOPeJIAIiHOTO IIOTEHIIiIJIy BUKOPHCTOBYBaJiach y3arajbHeHa I'PagicH-
tHa anpoxcumallisg (GGA — generalized gradient approximation) B Be-
pcii Perdew—Burke—Ernzerhof 96 [5]. Sriguo manux po6ortu [13] BukKo-
pucramua Tak 3Banoi U-xkopekii (BBemennsa ['abbapaoBoro 'aminbToHi -
aHa U y cxeMy PO3pPaxyHKY) Ja€ 3MOT'Y BpaxyBaTH B3a€EMOJiI0 CHUJIBHO
KopeaboBaHUX 3d-eJeKTpoHiB PepyMmy, IO IMO3UTHUBHO IIO3HAUAETHCS
Ha pesyJbTaTax PoO3paxyHKY: CTPYKTypa KpaiB eHepreTUYHOl IIiJIUHU
TIOUMHAE BiAIOBiIaTH eKCclleprMMeHTAIbHill, 3HAUeHHS IITUPUHU 3a00P0-
HEeHOl 30HH Ta CHiHOBUX MATHETHINX MOMEHTIB MOKYTb HAOJIMKATHICS J0
eKcIlepuMeHTaJIbHUX BeauduH. Cepis po3paxyHKiB, MpoOBeIeHUX B PO-
6oti [13], mokasaa, mo onTuManbsHe 3HaYeHHA U = 5 eB.

HobyTok pazgiroca MT-chepu minimanbaoro 06’emy (Rumt) 1 Makcuma-
JIBHOTO 3HAUEHHS XBUJIbOBOT'O BEKTOPY ILIACKUX XBUJIb (Km.x) OYJI0 00-
paso piBHUM 7. Bennumnua HaAfOiILIIIOr0 BeKTOPY AJA Po3KIany Pyp’e
rycTuHu 3apany Gma.x TopiBuioBasa 12. KoedimieHT 3MinryBaHHS €JI€KT-
POHHUX T'YCTHUH Y IIPOIeAYPi caMoy3ToaKeHHsa OyB o0OpaHuii pisuum 0,2.
Ile sHaYeHHS € HOCTATHIM MIJIs TAKOTO CUJILHO KOPEJIbOBAaHOTO 00’ €KTa,
aK rematurt [14]. IIpu pospaxyHKax I'yCTUHU CTaHIiB BUKOPHCTOBYBAJIO-
c¢s 1000 k-Touok B He3BiAHi# yacTuHi mepiroi BpinioeHoBoi 30HM.

l'emaTuT Mae KpUCTAJIiUHY CTPYKTYPY THUITY KOPYHIY o-FesOs (mmpoc-
TopoBa rpyna cumetpii 161 R3c) [15]. ExemenTapHa KoMipKa € rekca-
rOHAJNIBLHOIO (puc. 8, a); eKCIepUMEHTAJbHI IMapaMeTpPy KPHUCTAJidHOI
I'PATHHUIII, IO BUKOPHCTOBYBAJHCL B maHiit pobori: a=5,0385A4,
c=13,747 A [16]. B ozHiit rekcaroHaspHill KoMipmi MicTuThCA IIicTh
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Puc. 8. T'ekcaronanbHa enemMeHnTapHa Komipka o-Feqx0s (a) pasom iz pombGoes-
PUYHOIO TPUMITHUBHOIO KOMipKoio (6). CuMmBosaMu A mo3HauYeHi mapu aToMiB
PepyMy 3 MEHIIMMHN MiKaTOMOBUMM BiJCTaHIMM, CEMBoJaMu B mosmaueHi
mapu aroMiB @epymy 3 GiIBIMIUMHY MisKaTOMOBUMU BiICTaHAMMU.

Fig. 8. Hexagonal unit cell of a-Fe;0s (a) together with the rhombohedral primi-
tive cell (6). Symbols A denote pairs of iron atoms with smaller interatomic dis-
tances, symbols B denote pairs of iron atoms with larger interatomic distances.

GOopMYJIbHUX OOWMHUIL. TaK0K KPUCTANIIUHY CTPYKTYPY IeMaTUTy MO-
JKHAa IIPeACTABUTH 34 JOIIOMOT0I0 POMOOEIPUYHOI IPUMITHBHOI KOMipKHu
(puc. 8, 0), y akKiii micTaTbea aBi popmyabHi oguHUIL o.-FesOs.

Pomboenpruna mpuMiTUBHA KOMipKa MicTUTh woTHpPHU aToMu Pepymy
ra 1mricts atromiB Oxcuremy. KpucramorpadiunHo HeeKBiBaJIeHTHUMH
aTroMmamu cepen Hux €: ogui aToMm O Ta nBa atromu Fe. B Tabs. 5 HaBemeni
KOOpPAMHATH aTOMiB B HNPHUMITHBHII KOMipIi Ta BiAmoBiZHiI pamirocu
muffin-tin cdep.

3 POoBrIALy KPUCTATIUHOI CTPYKTYPHU TeMATUTY MOYKHA 3POOUTU BU-
CHOBOK, ITI0 BCci aTroMu PepyMy MalOTh eKBiBaJIEHTHE OKTaeIPUUYHE OTO-
yenua. OKTaenpu, yreopeHi atomamu OKCUI'eHY Ta IIeHTPOBAHI aToMa-
Mu PepyMy TPOXM HOBEPHEHI OAWH IIOZ0 OZHOro. TaKkoyK MOYKHA BUII-
JUTHU ABa Tuiu nap atomiB Fe: poaniseHi MeHIT0O0 MiKaTOMOBOIO Bifc-
TaHHIO, IT[0 JopiBHIOE 2,896 A (mapu A Ha puc. 8, a), i Be1nKoo Mixa-
TOMOBOIO BificTaHHI0, iKa fopiBHIOE 3,977 A (mapu B Ha puc. 8, a)[16].

OcCKinTbKHM XapaKTep IPOCTOPOBOTO PO3IOALIY €JIeKTPOHHOI I'YCTUHHI B
Kpuctagi rematuty o-Fe;Os IPpUHIIMIOBO He 3aJ€KUTL BiJ HAOPAMKY
CIIiHy, 3 METOI0 €KOHOMiI 00cATy cTaTTi Ha puc. 9 HaBeIeHO JIUIIIe KapTy
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TABJINIIA 5. Koopaunatu KpucransorpadiuHo HeeKBiBaJeHTHUX aTOMIiB Bce-
penuHi poMboeIpUUYHOI IPUMITUBHOI KOMipKHY B YacTKaX IMOCTiHHUX I'PATHUILI
[16] B TepmiHax ABOX BHYTPiIIHiIX cTyneHiB cBoOoau (¢, w) i BimnmoBigHi paxiro-
cu muffin-tin cdep (Rut) aToMmis.

TABLE 5. The coordinates of the crystallographic non-equivalent atoms in-
side the rhombohedral primitive unit cell in parts of the lattice constants
units [16] in terms of two internal degrees of freedom (u, w) and radii of muf-
fin-tin spheres (R.t) of atoms.

Arom | a=11,4658A | b=5,7329A | ¢=5,7329A | Ru, Roa
0,56-u 0,5-u 0,5-u
Fel 1,96
0,5+u 0,5+u 0,5+u
u u u
Fe2 1,96
1-u 1-u 1-u
u=0,10534
w 1-w 0
1-w 0 w
0 w 1-w
0 1,69
0,5-w 0,5+w 0,5
0,5+w 0,5 0,5-w
095 095_w 0,5+w
w=0,3056

i30JIiHi# ITPOCTOPOBOTO PO3MOLLIY I'YCTUHU €JEKTPOHIB 3 HAIIPABJIEHUM
Bropy cminom. Kapra isoximiii OymyBajacs Ha ILJIOIMINHI, iHAeKcH
Minmepa—BpasBe sxoi nopiBHIOIOTE (1120).

3 pucyHKY 9 BUIHO, IIT0 KpUCTAJIU reMaTUTy o-FesO3 MaioTh 1mapyBa-
Ty KPUCTATIUHY CTPYKTYPY, AKA XapaKTepUayeThCAd HAABHICTIO IIJIO-
IIMH 3 MAJIOIO TYCTHUHOIO 3apAy BAJEHTHUX eJeKTPOHiB Mik HuMu. Ha
JiTAHKaX, BUAIJIeHNX Ha puc. 9 cipuM KOJILOPOM, I'yCTHHA €JIEKTPOHHO-
ro 3apany Baaraii He nepesuye 0,020 e/A%. Taka kpucraniuna 6ymosa
reMaTUTy IIPUBOAUTH 0 aHiBOTPOIiI fioro (hisUKO-MexXaHiuHUX BJIACTU-
BOCTel i JieTKOro pyHHYBaHHA B3AOBXK OKPEeMUX KPUCTAJIUHUX ILIO-
muH. [IinTBepAKeHHAM ITbOMY MOXKYTE OyTHu Aaxi podotu [17], aki cBi-
OJYaTh, IO AedopMaIliiHuil BOJIWB 3CYBOM IiJ THCKOM IIPUBOIUTEL IO
JIETKOTO pyHHYBaHHSA Ta IOJAJIBIIIOT0 PO3UYMHEHHS B MeTaJi MaJoCTii-
Koi okcuaHoi (pasu remaTuty o-Fex0s.

Takum umHOM, HaBeAeHi BUIIle JaHIi cBigUaTh IIPo Te, 10 AepopMarris
MeTaJy IIPU TePTi IPUBOAUTD A0 3MiHN KPUCTAJOCTPYKTYPHUX MO3UIIH
aromiB Kapbony. ¥ BUXiZHOMY MeTaJi KPHUIlb i Ha IIOYATKY IPUPOOKU
map TepTsda, KOJH CTYyIIeHb INIAaCTUYHOL AepopMarrii MeTasy BiTHOCHO Ma-
Jui, mepeBakHa OiIbITicTh aToMiB KapOoHy 3HaX0oauThCA B KapOigHil
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daszi. IIpupobxa map TepTa CYIPOBOIKYETHCS TONAIBIITOI0 MIJIACTUYHOIO
nedopmMalliero BUXiJHOrO MeTaly 30H KOHTaKTHOI B3aeMo/Iil Kpuilb. Ile
IPUBOAUTE A0 MOAPiIOHEHHS i YaCTKOBOT'O PO3UMHEHHA Kapbiguoi dasmu.
Aromu Kapbony posumHeHUX Kap0OiliB BUHOCATHCA B IPUMEIKOBi 00.1a-
CTi 3epeH AUCIOKAIiaMHU ab0 iX CKymueHHAMHU (TUCKJIiHaIigMM) i 3aii-
MalTh OKTamopu Kpucraniuuoi rparauili OILIK-cTony 3amiza 3 Xpomom.
BoHUN yTBOPIOIOTHL MiIlHi KOBaJICHTHI 3B’A3KHK 3 IXHIMM TOBKiIbHUMU
aToMaMM MeTaJly i CyTTEBO MOHUKYIOTh PYXJIUBICTh aTOMiB, 1[0 CIIPUSE
OinmbiromMy medopMaIiifHOMy 3MiITHEHHIO KpHuIlb. IIpo YacTKoBe po3um-
HeHHA KapObifHol a3y B X0l PO3BMHEHOI IIJIacTUUYHOI fedopMalrii mpo-
KaTaHOoro 3aji3a cBiguaTh TaKOXK JaHi poboru [18].

CaMoopraHizoBaHi 3HOCOCTiMiKi MOKPUTTS CKJIAJAIOTLCA 3 OKPEMUX
mIapis i € mpogyKkTOM OaraTopasoBOTO HAIIIaPYBaHHSA HA IIOBEPXHIi TepTs
MiKPOBUCTYIIiB MeTaly, IKi yTBOPIOIOTHCS B pe3yJIbTaTi aaresiiiHol B3a-
eMoii KOHTaKTyBaJbHUX TiJ IiJ yac IpupoOKU BY3JiB TepTd. [HTeHCHU-
BHa ILTacTUYHA JedopMallisa Mikpoob’eMiB MeTaly, 1[0 HAIIIaPOBYIOThCA
Ha ITOBEPXHi TepTsd, BiA0OyBaeThCA B YMOBaX iMIOYJIbCHUX BUCOKOEHEpTe-
TUYHUX BIJIUBiB. BoHa CympoBOMKYETHCS MOAAJBLININM PO3UMHEHHIM
Kapbiguoi ¢asu i HacuuenuHamM MeTayasy OKCUT'eHOM 3 PoOOUOro cepemno-

Puc. 9. Kapra i301iHill 1pocTOPOBOro PO3IOAiNY I'YCTUHU €JIeKTPOHIB 3 HamIpa-
BJIEHUM BTOPY CIIiHOM MOHOKpHUCTaJiuHOTO reMaTuTy o-Feq0s. Isominii 6yayBa-
aucsa Ha miromuHi (1120). Buninzeni #Ha pucyHKy isoaimii BigmosizaioTs Takum
3HAUeHHAM eJeKTpoHHOI ryctmrm: I — 0,007e/A3, 2 — 0,020¢/A3%, 3 —
0,033 ¢/A3, 4 — 0,046 ¢/A3,5 — 0,056 ¢/A3.

Fig. 9. The maps of isolines of spatial distribution of the electron density with
upward electron spin for the monocrystalline hematite a-Fe;0s. Isolines were
built in the plane (1120). Contours marked in figure correspond to the follow-
ing values of the electron density: 1—0.007 e/A3, 2—0.020e¢/A3, 3—
0.033 ¢/A3,4—0.046 ¢/A3%, 5—0.056 e/A3.
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Bumia. Ilpu nbomy atromu Kapb6ony i Okcurery B mapax TepTsd IIepeBa-
JKHO 3HAXOMATHCS B CTPYKTYPHO Ae30pPraHizoBaHUX IPUMEIKOBUX 00JIa-
cTax sepeH. Kapbigna ¢asza Ha MesKax 3epeH IIOBepXHEBUX ITapiB TepPTs
3HUKAaE, a aroMu KapboHy 3HaX0AATHLCS B IBOX Pi3HUX KPUCTAJIOCTPYK-
TYPHUX IMO3UIIIAX, HE YTBOPIOIOUN OYIb-AKUX XeMiUYHUX CIIOJYK 3 aTo-
MaM¥ BUXigHUX MeTasiB. HacTuHa 3 HUX, AK i paHiine, 3aiiMae OKTaIIoO-
pu OIIK-cTomy 3anisa 3 XpomoM, ajie 3HaYHA KiTbKicTh aToMmiB KapOomy
epexoAUuTh B HOBiI KPUCTAJOCTPYKTYPHI IM0o3uIlili, yTBOpO0Yi pasoMm 3
aromamu Okcureny i @epymy meracrabinbai aTromoBi Kaactepu Fe—O—
C. I1i xnacrepwu i ixui moBKinbHI aTomMmu Pepymy Ta XpoMy PO3TiIAIOTH
00J1acTi 3i MOHMYKEHOIO eJIEKTPOHHOIO I'ycTruHO0. Hacaigkom uoro € 06-
MelKeHa yYacThb BAJIEHTHUX eJIEKTPOHIiB y (opmMyBaHHi 3B’I3KiB MiK
aToMaMM KJIACTEPiB i aToMaMu MeTaJIy, 0 OTOYYIOTh 1X, i BIZHOCHO Je-
rKe iX pyliHYBaHHS IIPU 3CYBi 3epeH B3IOBK MeK. JIeTKOMY 3CyBY 3epeH
B3IOBXK MEK TaKOMK CIIPUSIE HECTiNKiCTh II0 BiIHOIIIEHHIO O 30BHIITHIX
medopmariin MixkaToMOBUX 3B A3KiB, chopMOBaHMX BaJeHTHUMU 3d-
eJeKTpoHaMu aToMiB @epymy KJacTepiB. 3i 30iJIbIIIeHHAM CTYIIEHIO Je-
dopmarrii MiKpoob’eMiB MeTay, IO HAIIIapOBYIOTLCSA HA IMOBEPXHi Tep-
TsI, 3pOCTa€ IPUCYTHICTL B HUX aToMiB OKcureny. Atomu OKcureny, aki
He BXOIATH 0 CKJAaAy MeTacTabilbHuX aToMoBUX KJjactepiB Fe—0O—C,
YTBOPIOIOTH B IIPUMEKOBUX 00JIACTAX 3€PEH YIbLTPAAUCIEPCHY OKCUIHY
dazy a-Fe:03;. Bona jerxko pyiHYeTbCA 3 MOLAJBIINM MOYKJIUBUM PO3-
ynHeHHAM opu ngedopmarii scyBom. Ile Taxko:k poOuTh Me:xki 3epeH
MEHIII CTIHKMMM II0 BiZHOIIEHHIO OO0 30BHIIIHIX medopmariii. Takum
YMHOM, HAKOIIMYEeHHA IIiJl Yac HAIllapyBaHHA MeTaJy Ha IOBEePXHi TepTs
B IPUMEXKOBUX 00JacTAX 3epeH MeTacTabiIbHMX aTOMOBUX KJACTepiB
Fe—0-C i yaprTpagucuepcHoi okcuaHol pasu a-FexOs mecTabimizye cTpy-
KTYpYy MeXK 3epeH i MoKe CIPUATH BUHMKHEHHIO B IITapax TepPTA AUHA-
MiUHMX cHCTeM, MeXaHi3M gedopMallii AKMX MOB’A3aHUN 3 KOJIEKTUB-
HuUMU dopMaMu PyXy AedeKTiB KpucTariuHol I'paTHUIlI. A y BUOAIKY
KOJIM iHTEHCUBHICTh 30BHIMIHIX iMOyJbCHUX BIIJIMBIiB € TaKOIO, IO KO-
JeKTUBHI hopMu pyxy AedeKTiB KpUCTaAJIiUHOI I'DATHUIL He 3JJaTHI 3a-
0es3meunTy MOMAJIBLINTY IMBUAKiCHY medopMalriio MeTaay IapiB TepTs,
BUKJINKATHU nepexin Hacuuenux Oxcurenom i KapoonoMm ybTpagucoep-
CHUX CHCTEM B KBa3UPiAKUU CTPYKTYPHO HECTINKUH CcTaH, 3a AKOTO pe-
alisyeThecd iXHSA TiApoAMHAMIUHA Teuis 0e3 BTpaTHU CYIiJILHOCTH Ta (o-
pMyeThcA KpucTagoaMophHIM HAHOCTPYKTYPOBaHU M MaTepid.

4. BUCHOBKH

Ilepexinm y BOIZHO-IOBITPAHOMY CEpPeNOBUIII IIapwm TEePTA KPUILA
130X17—xkpuna 20X13 B cramionapuuii pe;xuM poboTH 3 MiHiMaJIbHU-
MU 3HOCOM i Koe(iIlieHTOM TepTsa BigOyBaeThCA 3aBAAKM caMOOpTraHiza-
11ii Ha ITOBEePXHAX KOHTAKTY 000X TiJl BHOCOCTIHKMX HaAAPiOHOAMCIIEPC-
HUX HOKPUTTIB B KiJIBKOCTi, JOCTATHil IJsd IIOBHOTO €KpPaHyBaHHS B
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mporieci poboTu nedopMoBaHOro Buxiguoro merany. 11i mokpurra yTBo-
peHi 3 AKicHO HOBOTO HAAAPiOHO3ePHUCTOTO MaTePidAay, AKUIHA MOMKe Mi-
ctutu g0 25 ar.% Oxcureny ta Kap6ony.

CaMoopraHizoBaHi 3HOCOCTiMKi MOKPUTTS CKJIAJAIOTLCI 3 OKPEMUX
I1apiB i € MpoAyKTOM 6araTopasoBOro HAIllapyBaHHS Ha IIOBEPXHIi TepTs
MiKPOBUCTYIIiB MeTaly, IKi yTBOPIOIOTHCSA B pe3yJIbTaTi aaresiiiHol B3a-
eMOil KOHTAKTYBAJbLHUX TiJ IIiT Yac MpUPOOKY By3JIiB TEPTH.

IaTeHcuBHA maacTHuHa gedopmMallid MiKpood’eMiB MeTaJy, IO Ha-
IITapOBYIOTHCA HA ITIOBEPXHi TePTHA, CYIPOBOIKYETHCA POSUNHEHHAM Ka-
poigHol pasm i HacuueHHaM MeTasry OKcuUTr'eHOM 3 PpOOOUOTO cepesoBUIIa
3a PaXyHOK TePMOMEXAaHIUHOI HeCTPYKIil MOJIEKYJ BOOYM B MiCI[AX KOH-
TaKTy MikpoBucTymiB. IlepeBakHa wacTtura atomiB OKcureny i aromu
Kapbony po3dunHeHNX Kap0OimiB 3HAXOAATHCA B IIapaXx TePTs B CTPYKTY-
PHO Ie30opraHi3oBaHUX IPUMEKOBUX 00JIACTAX 3€PEH Y BUTJISAAL TBEPIO-
T'0 PO3UUHY.

Atromu Kap6oHy Ha Mexxax 3epeH Je(opMOBAHOTO BUXiJHOTO METAJIy
mepedyBalOTh B JBOX KPUCTAJOCTPYKTYPHUX IMMO3UIIAX, 3aiiMalOun OK-
ramopu OIIK-cTomy 3a;isa 3 XpoMoM i yTBOPIOIOUM AUCIIEPCHY KapOigHy
dazy tuny (Cr, Fe);Cs. B mpumexkoBux 00JaCTIX 3epeH MOBEPXHEBUX
mapiB Tepta apiOHomucmepcHa KapbOimma dasa (Cr, Fe);Cs suukae, a
atromu KapOGoHy IepexomAaTh B HOBI KPUCTAJOCTPYKTYPHi IT03WUILii,
yTBOpIOOUi pazoMm 3 aromamMu Pepymy i OKcureny meractabiibHi aTo-
moBi Kjaactepu Fe—0—C, aki mpeacTaBiasaioTh coOO0I0 OKTAIOPY, B IIEHTPi
Kol sHmaxoauThbesa Oxkcurew, a ABa aromu PepyMy Ha BepIIMHAX 3aMi-
mreni aromamu Kap6ony.

Atromu Kap6ony, 1110 3aifiMaioTh B IPUMEKOBUX 00JACTAX 3€PEH OK-
rarmopu OILK-ctomy saimiza 3 XpoMoM, YTBOPIOIOTh MillHi KOBaJeHTHI
3B’ABKM 3 IXHIMU JOBKIILHHMEN aTOMaMM MeTajay. BoHU HMOHMKYIOTH
PYyXJAuBicTh aToMiB i 30inbITyIOTH AedopMalliliHe 3MilTHEHHSA MeETATy.
MeracTabinbui atromosi kaactepu Fe—O—C i ixHi gJoBKiIbHI aToMU Me-
TAJIy PO3MiIAIOTE 00JIaCTi 3 MOHMIKEHOIO eJIEKTPOHHOIO TyCcTHHOI0. Hac-
JiZKOM ITLOTO € 0OMerKeHa YUacTh BAJIEHTHUX eJIEKTPOHIB y DOpMyBaHHI
3B’A3KiB MisK aTOMaMM KJIaCTEPiB i aToMaMu MeTaJy, II0 OTOUYIOTh iX, i
BiTHOCHO JIeTKe iX pyiHYyBaHHA IIPU 3CYyBi 3epeH B3JA0BK MeXK. Jlerkomy
3CYBY 3€peH B3JOBXK MeK TAKOK CIIPUIE HECTINKiCTh II0 BiJHOIIIEHHIO 40
30BHIIIHIX AedopMaIliii Mi:KaToMOBUX 3B’ sI3KiB, CDOPMOBAHUX BAJICHT-
HuUMU 3d-eleKTpoHaMu aToMiB Pepymy kKiacrepiB. Atomu Oxcureny,
AKi He BXOASATH M0 CKJIAAy MeTacTabiJIbHUX aTOMOBUX KJacTepiB Fe—0O—
C, YyTBOPIOIOTH B IPUMEIKOBUX 00JIACTAX 3€PeH YJIbTPAAUCIEPCHY OKCH-
nuay dasy o-Fe:0s. Bora jerko pynHYeThCS 3 IOMAJBIINM MOYKJINBUM
posumueHHAM Tpu aedopmarii scyBoM. Ile TaKoK pPoOUTL MeXKi 3epeH
MEHIII CTINKMMH II0 BiJHOIIIEHHIO 40 30BHIITHIX AepopMaIriii.

HakonunueHHA IIif yac HalllapyBaHHS MeTaJly Ha IIOBEPXHi TepTdA B
IPUMEKOBIUX O0JIACTAX 3epeH MeTACTaOlILHMX aTOMOBUX KJIACTEpiB
Fe—0-C i yasrTpagucuepcHoi okcuagHol pasu a-Fex0s mecTabimizye cTpy-
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KTYpy MeXX 3epeH i MoKe CIPUATHA BUHUKHEHHIO B IITapax TepTdA AWHA-
MiUHMX cHCTeM, MeXaHi3M gedopMallii AKMX HOB’A3aHUN 3 KOJIEKTUB-
HUMU QopMaMu PyXy AedeKTiB KpUcTaJTiuHOol rpaTHuIli. A y BUnaaky,
KOJIM iHTEHCUBHICTh 30BHIMTHIX iMOyJbCHUX BIIJIMBiB € TaKOIO, IO KO-
JeKTUBHI hopMu pyxy AedeKTiB KpUCTaAJIiUHOI I'DATHUIIL He 37JaTHI 3a-
0esmeunTN MONAJIBLINTY INMBUAKiCHY medopMalriio MeTaay IapiB TepTsd,
BUKJINKATHU nepexin Hacuuenux Oxcurenom i KapoonoMm yabTpagucoep-
CHHUX CHCTEM Yy KBa3UPIAKWI CTPYKTYPHO HECTiWKU cTaH, IPU AKOMY
peanisyeThcsa iXHa TigpoAuHaMiuHa Teuisa 0e3 BTpaTH CYILILHOCTU Ta
(dhopMy€eThCA KPUCTAI0aMOP(PHUT HAHOCTPYKTYPOBAHNI MAaTEPiAI.

ABTOD POGOTH BUCJIOBJIIOE BEIUKY TMOAAKY 3a JOTIOMOTY B IPOBEIEeHH1
excrepuMeHTiB MeTogamMu Oxke-eeKTPOoHHOI creKkTpockomii O. 1. Cwmi-
SIHY i cIeKTPOCKOIIii BTpaTu emeprii poscianux emekTporis O. I. Kosa-
JHOBY.
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Afresis eTeKTPOiCKPOBHX XPOMOBUX IMMOKPHUTTIB HA KPUI[EBUX
IeTaax

H. B. 3aiinera, [I. C. I'epupuxken, I0. O. Bpoucska, M. I. CaBuyk

ITnecmumym memanogisuxu im. I'. B. Kypdomosea HAH Ykpainu,
oyave. Axademirxa Bepradcvrozo, 36,
03142 Ruis, Ykpaina

HocaigsxkeHo aaresiro eJeKTPOICKPOBUX XPOMOBUX NOKPHUTTIB HaA AeTalAX i3
kpuii 30XT'CA. ITokasamo, 1[0 aAresisa MOKPUTTIB 3aJI€KUTh BiJl BHYTPiIIHix
HAIIPYyKeHb Pi3HOI MPUPOAN, BUKJIUKAHUX PiKHUIEI0 Koe(dillieHTiB Tepmiu-
HOrO PO3HIMPEHHSA KOHTAKTYBaJbHUX MATEPidAjiB, HEBiAHOBigHicTIO KpucTa-
JIYHUX I'PATHUIL MOKPUTTS Ta MiAKJIAAUHKY, 110 IOPOAKYIOTh HAIIPYKEHHA
HeBiAIOBiZHOCTH, Ta HASIBHICTIO B IIOKPUTTI Ta IMiAKJaAUHI Je(eKTiB CTPYK-

TypH.

Karouoni cioBa: Kpuig, XpoM, IOKPUTTHA, €JIEKTPOICKPOBe JIeTyBaHHA, ajre-
3isa, Hanpy:KeHHA, fedeKTH.

The adhesion of electric-spark chromium coatings on 30XI'CA steel parts is
studied. As shown, the adhesion of coatings depends on internal stresses of
different nature: the difference of coefficients of thermal expansion of con-
tact materials, mismatch of crystal lattices of the coating and substrate, gen-
erating mismatch stresses, and the presence of structural defects in the coat-
ing and substrate.

Key words: steel, chromium, coating, electric-spark alloying, adhesion,
stress, defects.
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1. BCTY1II

ITosepxua meranis i3 kpuii 30XT'CA micas erexkTpoeposiiitEoro o6poo-
JIeHHS MAa€ XapaKTepHY IJA eJeKTPOiCKPOBUX HOKPUTTIB CTPYKTYPY,
IO CKJIAIAETLCA 3 eJIEKTPOEePO3IMHUX KpaTepiB 3 BIAHOCHO PiBHUM JHOM
Ta OTOILIEHUX JTiJAHOK MiK HuMH. IIo BchboMy moJi0 30py, 30KpeMa Ha
PiBHUX OLISTHKaX, CIIOCTEPIira€ThCs PO3CHUII AUCIIEPCHUX YACTHHOK Be-
anurHoio 1-3 mxM. OgHak OyJIu TaKOMK BUABJIEHI BeJIUKi, posMipaMu 10
40 MKM OKpeMi YacTUHKU, iHOMi H0oBOJIi mpaBuabHOI popMu. Benumunta
PO3MipiB eJeKTPOepPO3iNHNX KPaTepiB 3aJeKUTh Bijl pesKuMy HaHECeH-
HA Ta MaTepidany Jier'yBajJbHOI eJeKTpoAu. B po3ridaHyTMX BUMIaJKax
BoHa cTaHOBUTH 20—50 MKM. CHiBBiZHOINIEHHSA IIJIOIUH IIOBEPXHi, IO
MICTUTL KpaTepHd Ta OTOILIEHUX MiJIAHOK mpubam3HOo mapurterHi. Tpi-
IV H Ha MOBEPXHi eJIEKTPOiCKPOBUX IMMOKPUTTIB MaJjo. 3arajoM BOHHU PoO-
3TAIIOBYIOTHCS B TOHKUX, TOBIITNHOIO 1—2 MKM, OKMCHHUX ILTiBKaX, AKi €
Oy:Ke KPUXKNMU Ta PO3KPUIIYIOTHCA HABITh IIiJ YKOJOM iHAEHTOpA Mi-
KpOTBepaoMipa, BUABJIAIOUU IIiJi c000I0 OJIMCKYUYy TJIaJleHbKY IIOBEepX-
Hio. IllepcTKicTh mOBepXHiI HOKPUTTIB BapiloeThca Bix 0,4 MKM 10
1,35 MM (puc. 1).

2. MATEPIAJIN TA METOIU JOCJIIJKEHD

OcHOBHI JocIig;KeHHA IPoBeAeHo Ha 3paskax i3 Kpuii 30XIT'CA i3 eie-
KTPOICKPOBHUMHU IIOKPUTTAMM XpPoMoM. IIOKpUTTS HAaHOCHUJINCSA IIOBiT-
pam Ha mpomucioBii yeranosiii EJIPA-541. Pexxumu jier'yBanua HaBe-
IeHoy Tabu. 1.

XpoM € OgHUM 3 eJIeMEHTiB, 1[0 HalOiJIbIIl BUKOPUCTOBYIOTHCA IJIA

Puc. 1. CTpyKTypa n0BepxHi €JIEKTPOICKPOBUX XPOMOBUX IOKPUTTIB Ha KPUILL
30XTCA.

Fig. 1. Structure of the surface of electric-spark chromium coatings on steel
30XT'CA.
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TABJHUIIA 1. Pe:xxum er'yBanHsa XpoMOBUX MOKPHUTTiB Ha Kpuiti SO0XTCA.
TABLE 1. Alloying mode of chromium coatings on steel 30XT'CA.

EJIeKTpOJ.Ia‘ N pexxumy I, A C, Mk® ‘ f, T ‘ U, MM/XB.
Cr 1 12,8 0,68 66 80

€JIEKTPOiCKPOBOTO JIeTYBaHHS KPUIEBUX AeTalliB. Bin yTBoproe i3 3ari-
30M OesmepepBHUI PAJ TBEPAUX PO3UNHIB, Mae MalyKe OTHAKOBY i3 3a-
J130M T'yCTHUHY, TeMIIEpPATypy TOILJIEeHHSA Ta Koe(illieHT TerJa0BOTO Po3-
mupenHs. i ocobmuBocTi 3a6e3meuyoTsr X0poIry MikdasHy MiIHICTD
IMIOKPUTTSA OCHOBHOTO MaTepisay.

BumiproBaHHA 3HaUeHb MiKPOTBEPOCTU IIPOBOAUINCA II0 MOBEPXHi
MMOKPUTTIB i TopieBux muaidax Ha mpuaani IIMT-3 3 Takum HaBaHTa-
JKeHHaM, m100 raumbuHa BimbuTka Oysa He 6inbie 1/3 TOBIMIMHU IIOK-
pHUTTA.

IloBepxHIO €JEKTPOICKPOBUX IMOKPUTTIB AOCTiPKyBal B PacTPOBO-
My esneKkTporHOMY MiKkpockoni TESLA-BS-300 3 peHTT'eHiBCLKUM eHEp-
rogucHnepciiinum cuekrpomerpom Link Analytical. Hocaimsxenus pos-
MIOAiJy OCHOBHUX JIET'YBAJIbHUX €JE€MEHTIiB ITPOBOAUIN AK Y ILJIOITMHAX
MOKPUTTA Ta nepexiguoro mapy (Link-860-2, 3a 1oIoMoroio ssKoro oje-
PiKyBaJM CIeKTPHU IPUCYTHIX eJIeMeHTiB), TaK i Ha ImomepeuyHoMy HuLIidi
(CAMECA-MS-46), 110 gajo 3MOTr'y OJep:KaTy KOHIIEHTPAIiMHUHA PO3-
TIOJiJI eJIeMeHTiB II0 TJIMOMHI JOCTiIKyBaHUX ITIapiB, 3aCTOCOBYIOUM JIO-
KaJILHY PEHTI€HOCIIeKTPAJIbHY aHATIi3y.

3. PESYJIBTATH TA IX OBTOBOPEHHSA

EnexTpoickpoBe Jer'yBaHHS IIPUBOAUTEL OO IIOSBH B IIOBEPXHEBUX IIa-
pax BHCOKOIMCIIEPCHOI 6araToIapoBoi CUCTEMHU, IO SIBJIAE COOOI0 BJIA-
CHe MMOKPUTTA TOBIMUHOW y 10—15 MKM, Ta mepexigHy 30HY MiK IIOK-
pUTTAM i KpuiieBoro matpuileto. ToBIHA epexigHOI 30HU, 3a3BUYa,
BABiui OiJIbIITIa 38 TOBIIMHY IIOKPUTTS.

B cBoI0 uepry mMOKPUTTA CKJIAJAETHLCA 3 ABOX TBEPANX PO3UMHIB.
Opuu 3 HUX moumHae (popMyBaTHCA 3 HEPIIUMU PO3TOILJIEHMMHU Kpai-
JAMHU MaTepisay Jer'yBaJbHOI KaTOOU, IO IEPeHOCATHCS, Ta CKJana-
€ThCA 3 KPUCTAJIB Ha OCHOBI o-3ajriza. 3 HaCMUeHHAM OBEPXHi Jier'yBa-
JBHOIO PEUYOBMHOIO TOUMHae hopMyBaTHUCA APYTUMN TBEPAN PO3UNH, aJie
B)Ke Ha OCHOBI marepisny raroau. Mixk mumu gBoMa posumHamMu (op-
MYETHCSA IPOMIAPOK iHTePMEeTaJIiIiB OCHOBHUX JIeT'YBAJIbHUX €JIEMEHTIB,
a TaKOXK eJIeMEeHTIiB 3B’A3KYy Jer'yBaJbHUX eJeKTpon. Tak, BiIacHe B
XPOMOBHUX IOKPUTTAX, a TaAKOK Yy IIOBTOPHO JeroBanux Kympymom Ta
AoMiHieM XPOMOBUX IIOKPUTTAX cIIocTepiraBes inTrepmeradtin o-FeCr,
B HOKPUTTSAX Ha ocHOBi HiTpuny Turamy — TiAls ra CrMns, B HIOKPHT-
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TAX Ha ocHOBi Kapb6ixy Turany — y-Cr.Ti.

B ToHKOMY IpHMIOBEPXHEBOMY ITapi ramOMHOIO0 M0 4 MKM PO3TAaIIlo-
BYIOTBHCS OKCHUOM Ta HiTPUIAM AK Pe3yJbTaT B3aEMOJil OCHOBHUX XeMiu-
HUX eJIeMeHTiB 3 KOMIIOHeHTaMu aTMochepu. B rimbmux mporrapkax
MOKPUTTSA, OKPiM iHTepMeTandifiB, po3TalIOBYIOThHCA Kapbigm Ta cuii-
IUAN, VTBOPEHHA AKX MOB’A3aH0 3 nudysieio Cuaimiro Ta Kapbony i3
KpureBoi matpuri [1]. CKkian Ta KinbKicTs mux (a3 3ayiekaTsb Big maTe-
pignay eIeKTpoau, AKUM JIeTVIOTh moBepxHio Kpuili 3S0XT'CA.

IlepexinHa 30Ha, AKYy Ile HasuBaloTh AUGY3iiiHOIO, (opMyeThCA B
IPOIleci eJJeKTPOICKPOBOrO JIeT'yBaHHA i Ii€io I'PaJi€HTIB TeMIIepaTyp
i KOHIIeHTpaIliii, eJJeKTPOMarHeTHUX IIOTOKIB Ta HAIIPYKEeHb, [0 BUHMU-
KaloTh BHacaimox JerysanHs. Came B Hill BifOyBarThCA BCi mpoiiecu
MacoIlepeHeceHHsI, IOABY HAIPYKeHb Ta IXHIX peJakcalliii, 1o BpemITi
M CTBOPIOIOTH JIETOBAHOIO €JIEKTPOEPO3ilfHOI0 METOHOI0 Iap, AKUUN OO
TOT'0 K Ma€ MeBHi BiIMiHHi BJIACTUBOCTI Ta XapaKTepPUCTUKH.

EnekTpoeposiiiHuii BIJINB, TOOTO «TeIJIOBUH yaap», IPUBOAUTEL IO
YTBOPEHHS Ha MOBEPXHi, IIT0 00PO0II0ETHCS, BEINKOI KiTbKOCTH BaKaH-
cilt, MOTOKM AKUX HaIpaBJieHiI BcepeAUHY MaTepiday, IPU IIbOMY CTBO-
prooun yMOBU AJA Au(y3ii K eJleMeHTiB IIOKPUTTA BIJINO, Tak i eaeMe-
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Puc. 2. Posoozin mo rambuHi JeroBaHOTO Iapy eJeKTPOiCKPOBUX XPOMOBUX
MOKPHUTTIB OCHOBHUX JIEI'YBAJbHUX €JIEMEHTiB.

Fig. 2. Depth distribution of the alloyed layer of electric-spark chromium
coatings of the main alloying elements.
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HTiB MaTpPUIli B HOKpUTTA (puc. 2).

IIpoHUKHEHHS eJIeMEHTiB MaTepidAay JieTr'yBaJbHOI eJIeKTPOAN B MaT-
puirio, a Cuaimniro, Kap6ory Ta Maurany — B HOKPUTTS HiATBEPIKYE
BaKaHCIMHMI MeXaHi3M MacollepeHeCeHHA B CUCTEMi, ITIT0 YTBOPIOETHC.

IcToTHY pOoJsib ¥ (DOpMyBaHHI IIOKPUTTIB HaJIEXKHOI AKOCTU Bimirpae
CTPYKTypa 00po0bsioBaHOi KpulieBoi migkaamzmuaku. [lomiueno, 1o me-
GeKTHICTh CTPYKTYPU MAaTpHIli, TOOTO HASBHICTL B Hi¥l TpimmuH, mop,
HeMeTaJIeBUX BKJOUEHb UM OKPEMUX BEJIUKNX YaCTUHOK, IPUBOIUTD 10
noABU AedeKTy Ha IoBepXHi mokpuTrrtsd. Ilpu nmpomy po3mipu gedeKTiB
MATPHUIIL HiOW «IPOEKTYIOTHLCSA» Ha MOKPUTTs, 30epiratoun cBoi po3amipu
(puc. 3).

OueBUIHO, B TaHOMY BUIIAAKY BiOyBaeTbCs 3MiHa I'yCTHUHU €JIEKT-
POMAaTHETHOTO MO0JIfA, a TAKOXK IMOPYIIYETHCA CYIIIBHICTh IOTOKIB BaKa-
Hcilt 1 quysitinux moTokiB. IligBuNTeHe TOPOYTBOPEHHA B ALJIAHIT MidK
IedeKTaMu IIOKPUTTA Ta MATPHUIIL TOB’A3aH0 3 raIbMyBaHHAM IIOTOKiB
BaKaHCil Ha JedeKTi MaTpUIli Ta 3JIUTTH iX y IIOPH.

Opmiero 3 BAXKJIMBUX XapaKTEePUCTUK IMOKPUTTIB € He JIUINe iXHA AK-
icTh, a ¥ MimHiCTE 3UenyIieHHs (aATe3ida) TIOKPUTTS 3 TOBEPXHEI0 Kpuile-
BoOro meraJio. JKopcTKi yMOBY BILIMBY Ha IOBEPXHIO AeTajiB, TOOTO Uac
BuBy 1073 ¢ Ta mBuakicTts Bigsoxy remna 1000 K/c, mpuBogars mo
BUHUKHEHHS B JOBOJIi TOHKOMY HmoBepxHeBoMYy Irapi (mo 100 MmxM) BHY-
TPilTHIX HaNpPy:KeHb pisHoi mpupoau [2]. Yum BuIli aaresiiini BiacTu-
BOCTi HIOKPUTTIB, TUM MEHIIIA BeJINUYNHA HAIIPYKEeHb HA MeKi KOHTaKTYy.

IlosiBa BHYTpPiIIHiX HAIPYyKEeHDb B reTepoCUCTEMaXx 3yMOBJIE€HA B OCHO-

Puc. 3. JedekTu eIeKTPOiCKPOBUX XPOMOBUX MOKPUTTIB Ha Kpuili 3S0XT'CA.

Fig. 3. Defects in electric-spark chromium coatings on steel 30 XI'CA.
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BHOMY HACTYIHUMHU UMHHUKAMHU: PisKHUIIEI0 Koe(illieHTiB TepMiuHOTO
POBIINPEHHS KOHTAKTYBAJIbHIUX MATEPiAJiB, IKi BUKJIMKAIOTh TEPMid-
He PO3UINPEHHS; HEBIATIOBIIHICTIO KPUCTATIUHNX I'DATHUIL IOKPUTTSI
Ta OiIKJIAQAWHKHN, IO IIOPOJKYIOTHL HAIIPYsKEeHHS HeBigmoBigHoCTH f;
HaABHICTIO B IIOKPUTTI Ta MigKJIagNHIIL fe(DeKTiB CTPYKTYPH.

ITokasano [1], 110 3a aaresito eJIeKTPOiCKPOBUX XPOMOBUX IIOKPUTTIB
BiZITIOBiIaI0TH, B OCHOBHOMY, SAKiCTh CTPYKTYPU KPHUIEBOI MaTpPHUIIL Ta
BiractuBocTi mepiioro OIIK-TBepaoro po3unuy, siKi yTBOPIOIOTLCS B 00-
JIACTI CIIOJTYUYEeHHSA IIOKPUTTSA Ta IIePEeXiTHOTOo ITapy KPUIeBOl MAaTPHUILi.

IIpu oxoJyoasKeHHi cucTeMHu 10 KiMHATHOI TeMIIepaTypu B Hili BUHU-
KaloTh TePMiuHi HAIIPYy:KEHHSA, BHACIIZOK pi:KHUIIL KoedilieHTiB Tep-
MiYHOTO PO3IINPEeHHA KOHTaKTyBaJIbHIX MaTepianis [2]. BinmoBigHo xo
[3] B e1eKTPOiCKPOBUX XPOMOBHUX IIOKPUTTIX 3a BiICYyTHOCTH IIPOIleciB
penakcaliii MOKYTh BUHHKATH TEePMiuHi HAIpy:KeHHS [ BeJIMUYUHOIO
3,5-10° H/m?%. OmHak pospaxyHKM GyJI0 BUKOHAHO B HAOJIM KEHHI PiBHO-
BajKHOI TepMOAMHAMIKU, a IJId pealbHUX TePMOANHAMIUHO BiAKPUTHUX
cucTeM HeoOXiTHO BpaxOBYBATU BEeJUKY KiJIbKicTh HeBpaxoBaHUx y [3]
YMHHUKIB, 1110 BILIMBAIOTh Ha (pOPMYBaHHSA CTPYKTYPH JIeT'0OBAHOTO ITIa-
py. OmiHKa ocTaTOYHMX TEPMIiUHMX HAIPY:KeHb 3a (opmyioio CroyHi
[10] poia BunagKiB TOHKKUX ILUTiBOK TOBIMUHOKI y 10—15 MKM, 1110 3HAYHO
MeHINa 3a ToBIMuHY nigkiaagsuHKH (3000 MKM), i 3a Mali:ke OTHAKOBUX
MOJYJIiB IIPYsKHOCTH HTOKPUTTA Ta Expowy=183—235TTla, Eipumi=183—
223 I'lla, cBiguaTh, 110 CTYHiHBb OAHOPiAHOI AedopmMaIrii y miaiBIi mpuob-
JIM3HO JOPiBHIOE

Snoxp.s_ftz_f- (1)

B posrasgryTOMYy BHUIIAAKY 3aJIeKHICTh CTyHeHdA medopMarlii € y miis-
I1i Ta pajiifoca KPUBUHU CUCTEMU Y, II10 BUTMHAETHCA i Ai€l0 MOMEHTIB
CIJI, MPUKJIAAeHUX 0 ILIiBKY Ta TiAKJIaIUHKN, MA€ BUTJIAL:

SIIJI. = _X’ (2)

ne di, ds — MOMEHTHU CIUJI, IPUKJIAAEHI 0 ILIiBKY Ta MiAKIaINHKH.
Papiroc KpuBuUHU Y, 3HAK AKOTO BU3HAUAETHCSA 3HAKOM HEBiAIIOBiAHO-
cTHU t, 3a1a€ThCS (POPMY.JIOIO:
6ft(d, +d,)
Y= #, (3)
r
e
d? d?
F:S—1+S—2+6d1d2+4d12+4d22. 4)
d d

2 1

3 ypaxyBaHHAM d1<<d2 i S=Ey,/Enixs. =1 3Haiizemo 3 (1), 10 &mo.
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«p.=0,01-102 H/Mm?. 1le 3HAUHO MEHIIIe 3HAUEHL TEPMIUHUX HAIPY KEHb
— 10" H/™m?, 1110 IPpUBOAATE 40 MEeXaHiUYHOr0 pyHHYBaHHA IOAI0OHUX Te-
repocucteM [2]. TakuMm YnMHOM, B HAIIIOMY BUIIQIKy HasABHiCTL TepMiu-
HUX HaAOPY:KeHb He Bimirpae cyTTeBOro 3HaueHHA y (DOpPMyBaHHI aare-
3ifHMX BJIACTUBOCTEN MOKPUTTA.

PixxkHUIA KoedillieHTIiB TepMiUYHOTO POIIINPEHHA He €UHA ITPUYUHA
BUHMKHEHHA BHYTPIITHIX HapysKeHb B rerepocucteMi. He MeHIT BaK-
JUBUM € HEBiANOBiZHICTHL KPUCTAJTIUHMX I'PATHUIL HOKPUTTS Ta IIiIK-
JaguHKU. 3 GOPMYBAHHAM IIOKPUTTS 34 BiICYTHOCTH HiAKJIAANHKU Mae
BUHMKHYTU KpHUCTaJiuHa I'PATHUILA 3 PIBHOBICHOIO BiJICTAHHIO MiXK aToO-
mamu A°. OgHAK HaABHICTE CWJI 3B’A3Ky HA MEXI MOALIy 3 IigKJIaguH-
KOIO0 IPUBOAUTE A0 AedopMaIlil MOKPUTTS Ta IiAKJIaIUHKN, B Pe3yJIbTaTi
YOro MiKaTOMOBI BificTaHi cTal0OThL OGHAKOBUMHU, TOOTO Ipu 2 = 0 Maemo:

1 2 ..
Arlorcp.(]' + Sij) = Animm.(l + Sij)’ aetj=x,Y. (5)

3Bigcu BUILIUBAE, 110 CTPUOOK medopmMalrii Ha MeKi Momiay TP’ Anoxp. T
Auizgn., AKI He HAZTO PIBHATHCSH,

1
g —gl="t_—1=—f, (6)

He 3aJIeKUTh Bil KoopauHAaT x Ta y. BeauuuHa f (HeBigmoBigHOCTH Ia-
paMeTpiB rpaTHHUIIb), TOOTO IIOBEPXHEBa HECYMiCHIiCTL medopMalliii Ha
MeXKi moiny, € MpUUYNHOI0 BUHUKHEHHS HaIPYy:KeHb HeBiATIOBiAHOCTH.

VYV BumagKy 4MCTHX 3aJIida Ta XpOMY CIIOCTepiraeThbcs moraHa aaresis
IIpU OJlepsKaHHi eJeKTPoicKpoBoro nmokpurrd [4]. B mamomy Bunaaky,
KOJIM B CHUCTEMi HaABHI iHIII eleMeHTH 3 ABJISETLCSI MOXKJINBICTL (op-
MYBaHHSA TBEPAOTO PO3UMHY 3 TAKMM IIapaMeTPOM I'PAaTHUIl, 3a SIKOTO
HaIpy:KeHHs HeBiATIOBiAHOCTY Oy Ay Th MEHIITNMHU.

Bigomo [5], m10 aTomMu pisHUX eJIEMEHTIB IpU PO3UUHEHHI B 0-3aJIisi
M0-pPiBHOMY BILIMBAIOTH HA BeJIMUYNHY MOCTiMHOI 10T0 aTOMOBOI I'PaTHU-
i. Taxk, Xpowm i MaHr'an maioTh OinbIIni, HisK y @epymMy, aTOMOBUH pa-
Iiroc, i 361IBIITYIOTE ITapaMeTep I'PaTHUILI o.-3ai3a (Tada. 2).

Cuinizi 3 MmeHIIUM 3a PepyM aTOMOBUM PaIiloCOM BimIIOBigHO 3Me-
HIITye mapamerep 3ajisHoi rpatHuili. Tomy B ymMoBaxX TepMOAMHAMIUYHO
BiIKpUTOI cucTeMH, AKOIO € MOKPUTTHA, IO (GOpMYeThCs, HOAAaBaHHS
Cuinito B TBepaAui posunH 1 OPUBOAUTH A0 3MEHIIIEHHSA HAIIPYXKEHb

TABJHUIIA 2. ATomoBi pagitocu e1eMeHTiB.
TABLE 2. Atomic radii of elements.

A | Fe Cr Mn si
Ra 1,239 1,246 1,365 1,29
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HEeBiATIOBIHOCTY Ta MOKpAaIlleHHI0 ajresil mokpuTTta. llum MoyKHaA mO-
SCHUTH BiAcyTHicTh Buammoil nugdysii Manrany B IIOKPUTTS Ta B IIepe-
xigHui map (puc. 2) Ipu eJIeKTPOiCKPOBOMY JieT'yBaHHi TOBEePXHi KPUITi
30XT'CA Xpowmowm [1].

Y Bcix poO3TIAHYTMX HaMU BUIIAAKaX JIeT'YBAHHSA MHOBEPXHiI KPHUIi
30XT'CA B mepeximHoMy IIapi BUABJIEHO BUCOKOJEI'OBaHMUII MeTacTa0i-
JBHUI ayCTeHiT, 1110 Ma€ MigBUINEeHY 3JaTHICTEL 10 PO3UNMHEHHS 0iIbIITol
KiJIBKOCTH eJIeMeHTiB IIPOHNKHEHHS Ta 3aMiIlleHHd i, BiAIIOBigHO, MOXKe
icToTHO 3MiHIOBaTHM mapamerep cBoei rparuuili. OKpiM pO3TIIAHYTHUX
das y mepexiTHOMY IIapi TAKOK YTBOPIOIOTHCA CHJIIIMAM, KapOigu Ta
iHTepMeTaNigu, CKJIaL AKHX IEeI0 BiPi3HAETLCA Big CKJIamy IIUX Ke
¢as3 y mokpurri[1].

4. BUCHOBKH

Anresia (MiITHiCTS 3UelIeHHA MOKPUTTA 3 TOBEPXHEI0 KPUIIEBOTO AeTa-
JII0) eJIEKTPOiCKPOBUX XpoMoBUX MOKpuTTiB Ha Kpuiti 30XIT'CA B ocHo-
BHOMY 3aJIEKUTh BiJl AKOCTH CTPYKTYPH KPUIEBOI MATPUIlL Ta BJIACTHU-
Bocteit mepiroro OITK-TBepmoro posunny, SKuii yTBOPIOETHCI B 00JIaCTi
CIIOJIYYEHHSA IIOKPUTTS Ta IIePEeXiHOTOo ITapy KPUILeBOI MATPHUIIL.

Y BumaakKy eJeKTPOiCKpPOBUX XPOMOBUX IIOKPUTTIB Ha KpHIi
30XT'CA HasBHiCTh TepMIiUYHMX HAIPY'KeHb, IKi 3HAUHO MEHIIIE 3Ha-
YeHb TepMiuHuX Hanpy:xeHb (10" H/M?), 1110 IpuBOAATE 10 MEeXaHiYHOTO
py#HYBaHHA MOAiOHMX TreTepocucTeM, Ta momaBamua Cuirimiio B TBep-
Iuii posurH 1 IPUBOAUTE OO 3MEHINEeHHSA HANPYXKeHb HeBilmoBigHOCTH
KPUCTAIIYHUX I'PATHUIDL IIOKPUTTA Ta MiAKJIAANHKN, He BiIirparmTh ic-
TOTHOT'O 3HAUEHHA Y (hopMyBaHHI aAre3iiiHMX BIACTUBOCTEHN TIOKPUTTS.
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In this study, bilayer thin films with different layers’ order, Ni/Ti/Si (100)
and Ti/Ni/Si (100), are prepared by magnetron sputtering at room tempera-
ture followed by the thermal annealing in a vacuum in the temperature range
from 400°C to 600°C for 1 h. The combination of XRD and SIMS techniques is
used to investigate the effect of the layers’ inverse arrangement on the crys-
talline structure, phase formation and elemental composition upon thermal
treatment. As revealed, the annealing of the Ni/Ti bilayer leads to the diffu-
sion of Ti atoms through the Ni grain boundaries towards the outer surface.
For the case of Ti/Ni bilayer, interdiffusion between Ni and Ti is not detected
upon heat treatment, whereas the thermally induced diffusion between Ni
and substrate resulted in the formation of NiSi silicides is revealed. The like-
ly structural and thermodynamic reasons for such behaviour are discussed.

Key words: thin films, NiTi, diffusion, thermal annealing, solid-state reac-
tions.

Y mamomy mociimiKeHHi ABOIMApPOBi TOHKI IJIIBKYW 3 Pi3HMM IIOPAAKOM IIIapis,
— Ni/Ti/Si (100)i Ti/Ni/Si (100), — 6ys0 ofep:kaHO MEeTO0I0 MarHeTPOHHO-
IO OCa/I’KeHHA 3a KiMHATHOI TeMIepaTypHu 3 MOJAJbIIIUM TEPMIYHUM Bimaaom
y BakyyMi B remneparypuomy iHTepsaJi Bigx 400°C mo 600°C yaopomor:k 1 rog.
3 MeTOoI0 JOCTi:KeHHs BILIMBY iHBepcii po3raiiryBaHHA IIIapiB Ha KPUCTATIUHY
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CTPYKTYPY, (pa30yTBOPEHHSA Ta XeMIiUHUI CKJIAJ ITIicJig TePMidYHOTO 00pobIeH-
HA 3acTtocoBaHo Kombimaiiro meronm PCPA i BIMC. Busasieno, 1o Bigman
nBoirapoBoi cucrtemu Ni/Ti symoBiaioe audysito atromiB Ti uepes map Ni 3a
3ePHOMEKOBUM MeXaHi3MOM [0 30BHIIIIHBOI ITOBEPXHi. ¥ BUOAIKy CUCTEMU
Ti/Ni gudysiiina Bsaemogisa misk Ni i Ti mig uac repmiuzoro o6pobsieHHA Bif-
CYTHA, TOJi AK TepMiuHO iHgyKoBaHa mudysia mix Ni i migkaagumHKOO mIpu-
BOJAUTH A0 yTBOpeHHA cuainuniB NiSi. O6roBopioioThca HMOBIpHi CTPYKTYpHI
Ta TePMOIMHAMIUHI MPUUYNHY TaKOl IIOBEIiHKU.

Karouosi caosa: Touki mirisku, NiTi, nudysis, repmiuuuit Bigmaa, TBepaoTi-
JbHI peakIrii.

(Received October 4, 2022)

1.INTRODUCTION

NiTi is one of the most well-known representatives of shape memory
alloys (SMA) which are widely applied in biomedicine [1]. However, the
set of unique properties of NiTi alloys such as large recoverable strain,
high work output and good corrosion resistance enables their high po-
tential of application in micro- and nanoelectromechanical systems
(MEMS and NEMS) as thin-film actuators and sensors [2]. Besides, the
annealing of Ni—Ti thin-film system is one of the routes to form Ni sili-
cides [3, 4], which are widely used in silicon integrated circuit devices
due to their high electrical conductivity, temperature stability, and
corrosion resistance [5].

To achieve the desired functional properties, NiTi thin films are
conventionally fabricated by physical vapour deposition (e.g., by mag-
netron sputtering) of equiatomic alloy from a high-purity NiTi target
[6]. An alternative approach is the sequential deposition of Ni and Ti
separated metal layers followed by their thermally induced diffusion
intermixing and formation of intermetallic phases. One of the ad-
vantages of the alternately deposited Ni and Ti layers is connected with
the appearing of the shape memory effect at a lower annealing temper-
ature as compared with annealed NiTi alloy thin films [7], which are
usually condensed in an amorphous state during PVD growth. Fur-
thermore, the deposition of Ni/Ti layered stacks with separate metal
layers promotes the formation of fine grain microstructure even being
heated to high temperatures [8]. It also enables better control over the
chemical composition and in-depth homogeneity [9] of the final prod-
uct as compared with the conventional NiTi alloy deposition as well.

As worth noting, during the synthesis of the Ni/Ti layered thin
films, the sequence of deposited layers could strongly affect the ther-
mally induced structural phase transitions and consequently the func-
tional properties of the system. Depending on the application scope,
the order of Ni and Ti layers deposition could vary, while there is no
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widely accepted regularity on the metals’ arrangement. Sometimes, Ni
is applied as a top layer material and Ti as a bottom layer [9—11], while,
in other studies, the inverse layers configuration with Ti as a top and
Ni as a bottom layer is successfully utilized [12—-14]. However, for the
authors’ best knowledge, the effect of the Ni and Ti layer alteration on
the diffusion-controlled reactions and structural phase formation has
not been studied directly yet.

Therefore, this study is aimed to reveal the influence of the deposit-
ed layers sequence on the features of diffusion, phase formation and
chemical elements depth distribution in the thin Ni/Ti/Sub. and
Ti/Ni/Sub. films annealed in the temperature range from 400°C to
600°C in a vacuum (1072 Pa).

2. METHODS AND OBJECT

Two series of bilayer thin films with inverse order of layers, namely
Ni/Ti/Sub. and Ti/Ni/Sub. (which will be referred to as Ni/Ti and
Ti/Ni, respectively, in the following text), were prepared by magne-
tron sputtering onto Si (100) substrate from high-purity targets at
room temperature. The thickness of layers was adjusted to 100 nm and
400 nm and was controlled using the quartz microbalance. Before the
deposition, substrates were subjected to standard RCA cleaning proce-
dure. After the deposition, thin films were annealed in a vacuum of
1072 Pa in the temperature range from 400°C to 600°C for 1 hour using
a heating rate of about 2°C/s. The temperature upon annealing was
measured using the K-type thermocouple mounted at the samples’ sur-
face.

For phase identification and structural characterization, XRD
measurement was accomplished in 6-20 scanning geometry on a
Rigaku ULTIMA IV diffractometer equipped with 1.5405 A (CuK,) x-
ray source. XRD patterns were recorded at room temperature under
the similar conditions for all samples. An average crystallite size in
thin films was estimated using Scherrer’s equation [15] by determin-
ing the broadening of the diffraction lines using Gaussian approxima-
tion. It should be noted that the applied approach did not consider the
microstrains in the crystal, which could also contribute to the diffrac-
tion peak broadening.

Chemical elements distribution was studied by secondary ion mass
spectrometry (SIMS) technique at MC-7201M device. Primary beam of
Ar*ions with 10 keV-energy was applied for the etching, while the dis-
charge current of the gun was of 0.4mA, current density was of
2 uA/mm?, and the basic pressure in the chamber was of 5.5-107° Pa. In
addition to the primary components of the film, the distribution of C'2
and O light impurities secondary ions through the stack depth was
also obtained.
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3. EXPERIMENTAL RESULTS

Figure 1, a shows the 6—26 XRD scans of the Ni/Ti bilayer films after
deposition and annealing in vacuum in the temperature range of 400—
600°C for 1 h. For the as-deposited Ni/Ti, two peaks are clearly seen at
44.62° and 52.06° diffraction angles, corresponding to the (111) and
(200) fundamental peaks of face-centred cubic (f.c.c.) Ni phase. The
absence of diffraction peaks from Ti layer most likely indicates its
amorphous structure as formed at the deposition stage, which has been
already observed in other studies [16].

Annealing in vacuum at 400°C does not induce the change of the
phase composition of the system, the diffraction pattern looks very
similar to the one obtained from as-deposited film. The phase composi-
tion of the Ni/Ti film remains unchanged even after the higher tem-
peratures of 500°C and 600°C were applied. The only difference be-
tween the diffraction scans is observed in the slight redistribution of
integral intensity of the Ni (111) and (200) diffraction peaks fixed for
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Fig. 1. XRD scans of thin Ni/Ti (a) and Ti/Ni (b) films after deposition and
annealing in a vacuum at 400°C, 500°C and 600°C for 1 h.
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the higher temperatures as compared to the 400°C annealing.

The as-deposited Ti/Ni film demonstrates the similar diffraction
spectrum to the one observed for Ni/Ti sample (Fig. 1, b). However, the
following annealing at 400°C leads to the emergence of a new set of dif-
fraction peaks, in addition to the already existing Ni lines. The new
peaks appear at 45.91°, 47.42°, and 56.37° diffraction angles that fit
well to the (112), (211) and (013) peaks of orthorhombic NiSi silicide
phase. This means that even a relatively low annealing temperature of
400°C is enough for the interdiffusion between Ni and Si resulting in
the formation of the Ni monosilicide (the enthalpy of NiSi formation is
-42,4 kJ/mole [17]). As worth to note, the formation of NiSi ortho-
rhombic silicide is usually observed at higher annealing temperatures
[18]. However, for the case of thin films, the activation energies are
particularly lower compared to the bulk materials and the phase tran-
sitions are traditionally taking place at much lower temperatures than
it could be expected from the corresponding binary diagrams. When
the heat treatment temperature rises to 500°C, the NiSi silicide phase
is further developed that is evidenced in the arising of new peaks (101),
(002), (200), (102), (210), (103), (020) corresponding to the ortho-
rhombic NiSi crystal structure. Simultaneously, the diffraction peaks
from Ni vanish, indicating that the metal layer has been completely
consumed in reaction with the Si substrate. Ultimately, there are no
noticeable changes seen in the phase composition of the Ti/Ni sample
when the temperature is further increased up to 600°C.

The values of Ni lattice constant (Fig. 2, a) are close for the as-
deposited Ni/Ti and Ti/Ni films and are of ~0.351 nm. Annealing at
400°C induces the slight drop of the Ni lattice constant to ~0.350 nm
for both thin-film systems, which is likely associated with the anneal-
ing of structural defects and relaxation of residual stresses formed at
the deposition stage. For higher temperatures (> 400°C), only data for
Ni/Ti bilayer are given due to the absence of Ni peaks on the XRD
scans of Ti/Ni film caused by the appearance of silicides. It can be seen
(Fig. 2, a) that annealing of Ni/Ti film at elevated temperatures of
500-600°C leads to the return of Ni lattice parameter to its initial val-
ue, which is most likely associated with the thermal expansion of Ni
[19].

Figure 2, b shows the change of Ni crystallite size as a function of
annealing temperature. The crystallite size (or coherence length) has
been evaluated from the value of the full width at half maximum of Ni
(200) diffraction pike using the Scherrer equation [20]. The typical
grain recrystallization behaviour is observed during thermal anneal-
ing evidenced in the increase of the Ni crystallite size from 12-13 nm
to 32—-36 nm for both Ni/Ti and Ti/Ni samples. It should be noted that
the increase of annealing temperature from 400°C to 500-600°C does
not affect the average crystallite size that remains in the range of 30—
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35 nm.

The change of initial layers configuration causes some difference of
fundamental peak intensities of Ni phase. For instance, when Ni is de-
posited as a bottom layer, the ratio of I(111)/1(200) is 3 times higher
than when it is used as a top layer (Fig. 3, ¢). This discrepancy may be
related to the presence of partial preferential grain orientation during
the film growth; however, it is impossible to draw the clear conclusion
now.

For a better understanding of the diffusion reactions, which take
place in the studied thin-film systems upon heat treatment, the chemi-
cal depth profiling using dynamic SIMS technique was employed. SIMS
spectra for thin Ni/Ti and Ti/Ni films after deposition and annealing
in a vacuum at 500°C are shown in Fig. 3. The depth profile of Ni/Ti
bilayer after deposition (Fig. 3, a) demonstrates a clear separation of
Ni, Ti and Si layers. The different sputtering time of Ni and Ti layers
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Fig. 2. The change of the nickel lattice constant and crystallite size of thin
Ni/Ti films as a function of temperature.



EFFECT OF LAYERS’ INVERSION ON THERMALLY INDUCED DIFFUSION 61

observed at the depth profiles is attributed to the difference of their
sputtering yields (1.9 nm/s and 0.8 nm/s for Ni and Ti, respectively).

Thermal annealing at a temperature of 500°C leads to the significant
changes of in-depth elemental composition. For the case of Ni/Ti film
(Fig. 3, b), the segregation of Ti atoms on the outer surface of the Ni
layer is observed, which can be associated with the high affinity of Ti
to oxygen. While there is no noticeable change of Ni signal distribution
after annealing, a small splash of its intensity, which appeared at the
surface, indicates the surface oxidation [21]. It can be concluded from
the complex analysis of XRD and SIMS data that Ti atoms diffuse to-
wards the outer surface via the Ni grain boundaries without interac-
tion with Ni crystal lattice, since no intermetallic NiTi phases have
been found at 6—20 scans in detectable quantities.
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Fig. 3. SIMS elemental distribution of the as-deposited thin Ni/Ti (a) and
Ti/Ni (c) films, as well as after annealing at 500°C for 1 hour (b, d, respective-

ly).
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For the case of Ti/Ni bilayer (Figure 3, d), the annealing at 500°C
does not affect the initial depth distribution of Ti, whereas the inter-
face between Ni layer and Si substrate completely vanishes and mutual
intermixing of these layers is clearly observed. This observation is well
agreed with the XRD data and affirms the NiSi silicide formation dur-
ing annealing. Therefore, no visible marks of interdiffusion between
Ti and Ni layers were observed in Ti/Ni stack, and the applied heat
treatment in vacuum does not lead to the formation of NiTi intermetal-
lics.

Ni—Ti thin-film system exhibits a large negative Gibbs energy of
mixing, which contributes to the interfacial solid-state reactions and
amorphization taking place even under local heating conditions [22].
However, the Ni—Ti amorphization could lead to a rise of Gibbs free
energy and slowdown of the diffusion processes [23]. In the present
case, the Ti layer has been formed in the amorphous state right after
deposition and remained amorphous even after annealing at elevated
temperatures, so that can affect the Ni reaction with silicon substrate
instead of Ni-Ti interdiffusion. From the thermodynamic point of
view, the formation of NiSi monosilicide is more preferable since it has
lower enthalpy of formation (ranging from -42.4kdJ/mole to
—67.3 kJ/mole [17]) as compared to the Ni,Ti, intermetallic phases
(-25.3+1.7kJ/mole for NiTis, —-31.1+1.1kJ/mole for NiTi and
-43.8 + 1.6 kJ/mole for NisTi, respectively [24]).

4. CONCLUSIONS

This study is aimed to explore the effect of Ni and Ti layers arrange-
ment on the diffusion and phase formation in submicron Ni/Ti and
Ti/Ni films magnetron sputtered on Si (100) single-crystal substrate
and next annealed up to 600°C in a vacuum. XRD data revealed the
formation of polycrystalline Ni phase and amorphous Ti in both sys-
tems after deposition. However, the significant discrepancy between
studied bilayers has been observed in the diffusion behaviour of its
components upon heat treatment. When Ni is applied as a top layer,
the vacuum annealing leads to the overwhelming Ti atomic diffusion
towards the outer surface through the Ni grain boundaries and its ag-
glomeration at the surface. This process is likely induced by the high
affinity of Ti to oxygen. On the other hand, in the case of annealing of
a film with Ti top layer, no interdiffusion between Ni and Ti layers is
taking place, while Ni completely consumes in reaction with Si sub-
strate. Therefore, the diffusion-induced phase formation in Ni—Ti bi-
layers strongly depends on the spatial layers arrangement which
should be taken into account and adjusted depending on the application
goals.
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A molecular dynamics study in combination with experimental research is
applied for investigation of diffusion-zone formation on the phase interface
between aluminium-based alloy 116 (2024) and Fe-alloyed layer on its sur-
face formed in the process of ultrasonic impact treatment (UIT) of [[16 alloy
by Armco-iron pin. The formation of surface-layer structure, its thickening
and diffusion zone formation between base material and alloyed layer is stud-
ied by scanning electron microscopy and energy-dispersive x-ray spectroscop-
ic analysis of cross-section of treated samples. In the UIT process, the micro-
structure in the surface layer becomes finely fragmented and the diffusion
zone becomes thicker with increasing of UIT duration. The molecular dynam-
ics simulation is applied to investigate atom behaviour on the phase interface
between Al- and Fe-layers, to observe defect formation and its migration in
the process of impact loading, which contributes to the formation of diffu-
sion zone and restructuring of near-phase interface layers.

Key words: impact treatment, dislocations, molecular dynamics, diffusion-
zone, alloying, surface structure.
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IVUKU 3 BUKOPUCTAaHHSAM yJIBTPAa3BYKOBOI'O YIaPHOTO 00PO0JIEeHH S aJIIOMiHi0BO-
ro cromy J[16 GoiikoM i3 apMKO-3aJiza JOCIiAKEeHO MeXaHi3MU YTBOPEHHS IU-
QysiifiHol 30HM Ha MeXKi IMOAiay MisK MaTepisjoM-OCHOBOIO Ta JIETOBAaHUM IIla-
poM, YTBOPEHUM BHACTiTOK 06p0o0IeHHsI. POPMYBaHHA CTPYKTYPU ITIOBEPXHEBO-
TO IITapy, 3MiHy HOT0 TOBITUHY 0YJIO JOCTiAKEeHO 3a JOIIOMOT0I0 CKaHyBaJILHOTO
eJIEKTPOHHOTO MiKpockomy. Tako IIpOBedeHO XeMiuHy MiKpPOPEHTI€HOCIEKT-
pajbHYy aHaJIi3y IIOIepevHoro mepepisdy o0podaeHnx 3pasKiB AJId JOCIIiAMKEeHH
TOBIUHU AUQY3iAHOI 30HM Mi’K MAaTepisiloM OCHOBU Ta JIETOBAHUM IIIapOM.
Bceranosneno, 1110 B mpolieci yapTpa3ByKOBOrO yAapHOro o0pobsenusda cromy 116
0OMKOM i3 apMKoO-3ajiza TOBII[MHA JIETOBAHOIO IIIapy 3pPOCTa€, a Horo MiKpo-
CTPYKTYpAa IOAPiOHIOEThCA 3i 30iIbIIIeHHAM TPpUBAJIOCTH 00pobaeHHA. ToBIIHA
yTBOpeHOI Au(y3iiiHOI 30HM HA MeXKi MoAiTy MiXK MaTepifAIoM-0CHOBOIO Ta JIET0-
BAHUM IIIAPOM TaKO:K 3pocTae. MeTo1010 MOJIEKYIAPHOI AUHAMIKY JOCIiI:KeHO
MOBeAiHKY aToMiB Ha Mexxi moginy Al-Fe y mporieci ymapHOro HaBaHTaXKeHHS Ta
BCTAHOBJIEHO, ITT0 HASABHICTH MeKi mominy crpuse ne)eKTOYTBOPEHHIO Ta B3a€-
MHIi# mirparmii aTromiB y Takiii cucremi, 1110 IPpUBOAUTE A0 (hopMyBaHHA IUPY-
3ifHOI B0HU Ta 3MiHU CTPYKTYPU B IIPUJIETJINX A0 MEKi MOJiIy I1apax.

Kuarouori cioBa: ygapHe o0poOJieHHsI, AUCJIOKAIlii, MOJIeKyIdApHA AUHAMIiKa,
nudysiiina 30Ha, Jer'yBaHHSA, IOBEePXHEBa CTPYKTypa.

(Received September 2, 2022; in final version, November 2, 2022 )

1.INTRODUCTION

Depending on required properties, most metals and metal composites
undergo thermal or mechanical treatments before exploitation. Ther-
mal treatment mostly provides close to homogeneous microstructure
of materials because of completed diffusion processes. Mechanical
treatment mainly leads to strain hardening of materials. The signifi-
cant property of constructive materials is surface hardness obtained by
surface alloying with the following mechanical treatment. One useful
example of such procedure is ultrasonic impact treatment (UIT) of al-
uminium-based alloy by the iron pin [1-3]. As shown, the surface alloy-
ing takes place by iron cladding on the aluminium-based specimen in
the process of ultrasonic impact loading [4]. Impact treatment pro-
vides defect formation and atom migration on the phase interface and
those atom-transfer processes are mechanically activated, as mechani-
cal activated diffusion described in [5—7].

The main aim of this work is to study how does the mechanical alloy-
ing by UIT with Armeco-iron pin contributes to the formation of diffu-
sion zone on the phase interface between aluminium-based alloy 116
and alloyed by Fe layer and what processes underlie it.

This work aims to reveal the contribution of the mechanical alloying
by UIT with Armeco-iron pin to the formation of diffusion zone on the
phase interface between aluminium-based alloy 116 and alloyed by Fe
layer. The underlying processes are particularly addressed.



MECHANISM OF DIFFUSION-ZONE FORMATION AT THE Al-Fe PHASE INTERFACE 67

2. MATERIALS AND METHODS

Two samples of an aluminium-based alloy 116 were treated using UIT
by Armco-Fe pin in air conditions. The amplitude of the ultrasonic
transducer was 25 um, the treatment times were 90 s and 180 s. Treated
samples were studied by the scanning electron microscope (SEM)
Tescan Vega 3 to find out changings of near-surface microstructure and
the thickness of alloyed layer. Energy-dispersive x-ray spectroscopic
(EDS) analysis of cross-sections for both samples were done by EDS mi-
croanalyser OXFORD X-MAX 50 mm? to study out the thickness of the
diffusion zone on the phase interfaces. SEM parameters were as follow:
high voltage (HV) was 20 kV, magnification (Mag) was 10000, beam in-
tensity (BI) was 13, working distance (WD) was 15 nm, accelerating
current (AC) was 450 pA, spot size (SS) for EDS chemical analysis was
180 nm.

Another part of research was a molecular dynamics study of the in-
terface region between f.c.c. Al and b.c.c. Fe under impact loading for
better understanding of defect occurring and mass-transfer processes
in near-surface layers under UIT. The model was built using modified
embedded-atom method for describing interatomic interactions [8].
The modelled samples consisted of a big layer of Al (18.6 nm in X direc-
tion, 22.2 nm in Y direction and 3.1 nm in Z direction) and a layer of Fe
with the same dimensions in X and Z directions and different thickness
(7nm, 21 nm, 63nm) in Y direction in order to sample. The impact
loading was realized by displacing of fixed atom layer on the surface of
modelled sample in the only X direction. Another two directions (Y and
Z) were built with the periodic boundary conditions. The molecular dy-
namics models were studied at temperature 300 K with previous slow
heating of the modelled samples from 0 K to 300 K and next atom dis-
placing. The equilibrium lattice parameters at 0 K and 300 K for Al
and Fe, modelled using potential [8], were calculated (Table 1) by estab-
lishing zero stresses in a calculating cell.

Given deformation rate, contributing by atom displacing, in mod-
elled samples was of 13 m/s that is close to the deformation rate under
UIT. Full modelling time, including heating and atom displacing was
of 66 ps, modelling time step was of 0.003 ps.

Images of modelled samples and some analysis of dislocations were

TABLE 1. Al and Fe equilibrium lattice parameters at different tempera-
tures.

Lattice parameter a, A
Al | Fe
0 4.0335 2.8553
300 4.0377 (4.04[9]) 2.8572(2.86[9)])

Temperature, K
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20 ym 20 um

Fig. 1. The under-layer structure and the thickness of alloyed layer in 116 al-
loy after ultrasonic impact treatment by Armco-iron pin during: 90 s (a), 180 s

().
made with the help of OVITO package [10].

3. RESULTS AND DISCUSSION

In the process of UIT, the surface layer of I116 alloy cowers by iron lay-
er, forming a Fe-alloyed layer of Al, and following impact-loading
leads to the Fe-alloyed layer thickening. According to SEM data, the
thicknesses of alloyed layers are as follow: 12.7 um after 90 s of treat-
ment and 18.1-18.5 pum after 180 s of treatment (Fig. 1).

t
- ' ] A ]
H ' ' \ i i -
g ; Wb
H ! ! ~ C% wt
= E E E - 0% wt
= : ) ) Al % wt
- E ! ~ Te%hwt
o 105 : ' Mg % wt
R E Mn % wt
20% !
0 et

Distance from surface, pm

Fig. 2. The formation of diffusion zone in /116 alloy after ultrasonic impact
treatment by Armco-iron pin during 90 s.
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In addition to thickening of alloyed layer with the duration of UIT,
the surface structure becomes more dispersive, as can be seen from the
comparison between Fig. 1, a and b. It may be caused by defect for-
mation and its migration in near surface layers in the process of impact
loading.

Chemical analysis of cross section of I16 alloy after Armco-iron pin
UIT shows the formation of diffusion zone under alloyed layer near
surface of specimen (Fig. 2, 3). The diffusion zone provides better ad-
hesion between alloyed layer and base material.

As can be seen from the concentration profiles, the thickness of the
diffusion zone after 90 s of UIT is 3.1 um (Fig. 2), the thickness of the
diffusion zone after 180s of UIT is 4.6 um (Fig. 3). In some cases,
where the near-surface layer is more dispersed after 180 s of impact
treatment, the diffusion zone thickness increases up to 7.5 um.

A near-surface layer is not homogeneous and Fe forms segregations
in the near-surface volume of aluminium alloy. Moreover, a small
amount of Al segregates closely to the surface in the Fe-alloyed layer.
The grain structure of alloyed layer crashes and grain size decreases
with treatment continuance.

For better understanding of occurring on the phase interface pro-
cesses and processes that lead to the formation of diffusion zone a mo-
lecular dynamics study has been applied.

At the beginning of modelling, f.c.c. structured Al atoms on the

Weight, %

A o AADN L, ALY 214 At oA A AN &-
0 2 4 G 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Distance from surface, pm

Fig. 3. The formation of diffusion zone in /116 alloy after ultrasonic impact
treatment by Armco-iron pin during 180 s.
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 Fe[110] /
Al[111]

/! m o d| Z
Fe oAl Y -« % Fe[111]/

Fe[112]/ Al[112] Al[110]
a b

Fig. 4. A rebuilding of f.c.c. Al structure into b.c.c. on the phase interface Al—
Fe (a part of modelled sample): initial lattice (a), after relaxation (b).

phase interface Al-Fe reconstructs into b.c.c. structured (Fig. 4) in the
process of heating for three modelled samples with the different Fe-
layer thickness.

Such Al structure transformation on the phase interface occurs be-
cause of more weight and higher binding energy of Fe atoms than Al
atoms (that is why Fe atoms attract the nearest Al atoms to them-
selves). Besides, difference in lattice structures leads to the formation
of a big amount of crystal defects. The subsequent impact treatment is a
reason for the formation of point defects (mainly interstitial atoms)
and glide dislocations. As the study of the structure in the process of
modelling shows, the phase interface is a source of dislocation for-

d X
| o Fe[110] /
All111]

— ao zZ
Y -« % Fe[111]/
Fe[112] / Al[112] Al[110]

Fig. 5. Atom migration on the phase interface Al-Fe in a sample with 7 nm Fe
layer (a part of modelled sample). Green lines are dislocation lines.
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Fig. 6. Restructuring of Fe layer in the process of impact loading modelling (a
part of modelled sample). Green lines are dislocation lines.

mation in both materials. During the heating and deformation, Shock-
ley dislocations (Burger’s vector b =(a/6)<112>) appear a lot in Al near
the phase interface with Fe layer. Dislocations with Burgers vector
b=(a/2)<110> appear in Al layer only in a process of crystal defor-
mation.

In a sample with thin Fe layer (7 nm), where stresses in Fe volume
are the highest, a big amount of dislocations (b=(a/2)<111>) in Fe ap-
pear during heating, what is not observed for samples with Fe layers
21 nm and 63 nm, where first dislocations appear only after beginning
of deformation. Such behaviour of sample with the thinnest Fe layer
can be described by a significant contribution of face interface stresses
like the influence of surface in nanostructured materials, which leads
to the deformation of surface shape and to changings of thermal prop-
erties of those materials[11, 12].

Moreover, plastic deformation in modelled samples promotes the
mutual migration of atoms on the phase interfaces. Defects, especially
dislocations, occurring on phase interfaces, help to transfer diffused
(interstitial) atoms into the volume of material in the way described in
[5, 6].

There was observed that the mutual atom migration on the phase in-
terface is more active in a case of the thinnest Fe layer (Fig. 5), because
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the thickness of that layer is not enough for the phase interface stress
relaxation in its volume and a large amount of compression and tension
zones, in addition to defect formation, contributes to atom migration.

Besides, dislocation amount in Fe layers increases with the defor-
mation time. It contributes to the appearance of grain structure, and
this structure begins more dispersive with increasing of deformation
time (Fig. 6).

By the way, dislocation formation in Fe is much higher in a case of
thicker Fe layers. In this case two kinds of dislocations with Burgers
vectors b! = (a/2)<111> and b*> = a<100> appear in Fe layers. Those dis-
locations in Fe in addition to dislocations in Al, formed through the
deformation process, can promote the accelerated mass-transfer on the
phase interface Al-Fe forming the diffusion zone and contributing
good adhesion of alloyed layer with the base material. Besides, the re-
dundancy of vacancy formation, which occurs on the phase interface,
contributes to the accelerating of diffusion processes in real crystals,
but vacancy mechanism of diffusion is not high speeded as a disloca-
tion mechanism and is not realized in the modelled samples due to
short time of modelling.

4. CONCLUSIONS

The UIT processing of 116 alloy by the Armco-iron pin leads to the for-
mation of alloyed layer on the surface of base material. The thickness of
alloyed layer increases with the treatment duration and is 12.7 um after
90 s of treatment and 18.1-18.5 um after 180 s of treatment.

Impact treatment contributes to the formation of diffusion zone on
the phase interface between aluminium alloy and Fe-alloyed layer,
which provides better adhesion of alloyed layer with the base material.
The thickness of the diffusion zone is mostly 3.1 um after 90 s of UIT
and 4.6 um after 180 s of UIT.

The molecular dynamics research of atoms behaviour on the phase
interface between f.c.c. structured Al and b.c.c. structured Fe under
impact deformation showed that the phase interface is a source for the
dislocation formation in both materials, which leads to the mutual at-
oms migration through the face interface and can contribute to the ac-
celerated mass-transfer under impact treatment in the processed sam-
ple in addition to the redundancy of vacancy formation on the phase
interface in real crystals.
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CTpyKTypa BHCOKOEHTPOIIi HHUX IMIPHUJIIOTKIB i JIIOTOBAHUX IIBiB
HA OCHOBI mepexigHux d-meraiis

C. B. Makcumoga, B. E. Cyxoapcbkuii

ITuecmumym enexkmpossapiosarns in. €. 0. [ lamona HAH Ykpainu,
ey.. Kasumupa Manesuua, 11,
03150 Kuis, Ykpaina

YaockoHaleHHsA Ta IPorpec B 00JaCTi CTBOPEHHSA KOHCTPYKILH BiAmoBigadnb-
HOTO MPU3HAUEHHSA B PISHUX rayiy3ax IIPOMUCJIOBOCTU CIIOHYKAE HAYKOBY CIIi-
JBHOTY IO BIOCKOHAJEHHS Ta PO3POOKM HOBUX MATEPiANiB 3 MiABUIIEHUMU
eKCIIyaTaIl[ifHUMHU XapaKTepPUCTUKaMU, SKi IIOEIHYIOTh BUCOKY MiITHiCTh,
TBEPAiCTh 3 BUCOKOIO IJACTHYHICTIO 3a KiMHATHOI Ta IiABUINEHUX TeMIepa-
Typ, KOPO3iiiHy cTifikicTh Ta iHIII BaKIMBiI (PidMKO-MexXaHiuHi BJIACTUBOCTI.
ITocrifinmii momyx i pyHgaMeHTAIbHI SOCHIAMKeHHA B AaHill o0acTi mpuBean
IO ITOSIBY HOBOTO VHIKAJILHOTO KJAaCy MaTepisijiB — BHUCOKOEHTPOHiMHUX CTO-
miB — CKJAJHUX 0araTOKOMIIOHEHTHHX CHCTEM, SKi MalOTh BHUCOKUI €HTPO-
OiHHUHA PaKTop i XxapaKTepusyoThes (IIepeBakHO) CTPYKTYPOIO TBEPAUX PO3-
ynHiB. B ocTamHiI pOKU BeJIUKY yBary IpPUIiIAIOTH HE TiILKHW PO3POOITi KOoHC-
TPYKIIMHUX BHUCOKOEHTPOIIIHMX MAaTepidajiB, a I CTBOPEHHIO BUCOKOEHTPO-
MiAHWX OIPUJIIOTKIB, SKi 3aCTOCOBYIOTE IJId OfePKaHHAa HeEPo3’eMHIX 3 € JHAHb
IIJIAXOM JIIOTYBaHHSA. B JaHOMY OTJIsifi TpeACTaBJIIEHO CTPYKTYDPY BUCOKOEHT-
POIIHNX IPHJIIOTKIB (Ha OCHOBi mepexigHuUX d-ejleMeHTiB) 3 OmZHO(MA3HOIO
CTPYKTYPOIO TBEPAOTO PO3UUHY, EBTeKTUUHOIO, IKi CyMiCHi 3 OCHOBHUM MeTa-
JoM i 3abes3meuyioTh HeOOXiAHUIT TeMIlepaTypHUE iHTepBaJ JIOTYBAHHSA, XO-
poiIuii piBeHb MOT0 3MOYYBaHHA Ta MEXAHIUHI XapaKTePUCTUKYU JIOTOBAHUM
3’emfHaHHAM. PO3TJIAHYTO 0COBJIUBOCTI (DOPMYBAHHSA CTPYKTYPHU JIIOTOBAHUX
3’eMHaHb i3 3aCTOCYBAaHHSIM BMCOKOEHTPOIINHMX HPUIIOTKIB 3a HASABHOCTU
I'PafieHTy KOHIEHTpPAIlili i B3aeMHUX AUPY3iHMUX MPOIleciB Ha MisK(pasHil
MexKi I oflep;KaHHSA BUCOKOEHTPOIIIMHNX KPUCTATIUYHUX CTPYKTYP Yy JIIOTOBa-
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HOMY IIIBi.

KarouoBi cjoBa: BHCOKOEHTPOIIINHUN IPUIIOTOK, JIOTYBAaHHS, JIIOTOBAHUM
III0B, MiKPOCTPYKTYpPAa, TBePAUI PO3UNH, EBTeKTUKA, TU(Dy3is.

Improvement and progress in the field of creating structures with a responsi-
ble purpose in various branches of industry prompts the scientific community
to improve and develop new materials with increased operational characteris-
tics, which combine high strength, hardness with high plasticity at room and
elevated temperatures, corrosion resistance and other important physical and
mechanical properties. Permanent search and fundamental research in this
area led to the emergence of a new unique class of materials—high-entropy
alloys—complex multicomponent systems, which have a high entropy factor
and are characterized mostly by the structure of solid solutions. In recent
years, great attention is paid not only to the development of structural high-
entropy materials, but also to the creation of high-entropy solders, which are
used to obtain non-separable joints by brazing. This review presents the struc-
ture of high-entropy solders based on transition d-elements with a single-
phase structure of a solid solution, eutectic, which are compatible with the
base metal and provide the necessary temperature range of brazing, a good
level of its wetting and mechanical characteristics of the soldered joints. The
peculiarities of formation of the structure of soldered joints, when using a
high-entropy solder, in the presence of a concentration gradient and mutual
diffusion processes at the interphase boundary and with obtaining high-
entropy crystal structures in the soldered seams are considered.

Key words: high-entropy solder, brazing, soldered seam, microstructure, sol-
id solution, eutectic, diffusion.

(Ompumano 15 eepecns 2022 p.; ocmamoun. 6apiaum — 8 aucmonada 2022 p.)

1. BCTYII

OpHielo 3 aKTyaJ bHUX 3aBIaHb CyYaCHOTO METaJI03HAaBCTBA € CTBOPEHHS
HOBUX MeTAJIiUYHUX MATEePidajiB 3 migBUIIeHUMU (PismKo-MeXaHiuYHUMU
Ta eKCILIyaTAI[ilHUMHN XapaKTepUuCTUKaMu, SKi 3yMOBJIEHI XeMiuHUM
CKJIQIOM Ta CTPYKTYPHUM cTaHOM. TOMYy ofiep:KaHHA TaKUX MaTepidriB
BUMAarae 3HaAUYHOI yBarw i HOBMX IiAXOAiB mpu iX mpoekTyBaHHi. IToc-
TIHHUH MOIMYK i pyHIaMeHTaJIbHI JOCTiMKeHHS HayKOBOI CIILJILHOTHU B
JaHiil obJiacTi mMpUBEIN OO IOABH HOBOTO VHIKaJLHOTO KJacy MaTepi-
AJIiB — BucokoeHTpotmiiHux crouis (BEC), ckaagHux 6araToKOMIIOHEH-
THUX CHUCTEM, AKi MAOTh BUCOKHI €HTPOIIINHUHN (PAKTOP i MicTATH II10-
HaliMeHIIe II’ATh eJIeMeHTiB (a 3a3Buuaii iX KiJIbKicTh CTAHOBUTH OJIN-
3bKO JecATH i 6inbIle), ajle KOHIEHTPAIlid »KOJHOI0 3 IKUX He IepeBu-
mrye 35 at.% [1]. Ha Bigminy Big TpaguiiifiHuX CTOIIB, AKi MalOTh OAUH
uyn gBa 6a30BMX KOMIIOHEHTA, a Bei iHIIi BigirpaioTh poJb Jier'yBaIbHUX
JIOMIIIIOK, Y BUCOKOEHTPOIIHUX CTONAaX HeMa€e «OIHOTr0 XassdiHa», T0oO-
TO HEe MOsKHa CKa3aTH, IO Ile CTOII Ha OCHOBi AKOTOCh KOHKPETHOTO eJie-
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meHTY [2].

Y mamiit pobOTi IpeACTaBIEHO OIVIAL JiTePaTyPHUX JaHUX 3 BICOKOE-
HTPOIIMHUX IPUIIOTKIB Ha 0a3i d-ejleMeHTiB, AKi XapaKTepusyoThesd (B
BUXiJTHOMY CTaHi) CTPYKTYPOIO TBEPAOT0 PO3UNHY abo eBTeKTuKM. [loKa-
3aHO 0COOJIMBOCTI (pOPMYyBaHHA CTPYKTYPHU IIBiB B YMOBaX BUCOKOTEM-
nepaTypHOTO JIOTYBaHHA 3a HAABHOCTU I'DPajlieHTa KOHIleHTpaIliii i B3a-
€eMHUX IU(py3iiHNX OPoIeciB Ha MisK(pa3Hil MeKi IPUII0TOK—OCHOBHUHA
MeTaJl.

2. RIIACU®DIRAIIA CTOIIIB 3A EHTPOIIICIO SMIITAHH 1

Hapasi cTBopeHo HU3KYy BUCOKOEHTPOHIMHMX CTOIIiB Ha 0a3i pisHux cuc-
TreM: FeCoNiCrMn [3], CrMnFeCoNi, CrMnFeCoNi,Cu [4],
FeCrNiCorMnAl, TiZrHfNbTa [5], AlCrFeCoNiCu [6], TiZrVCrNi-
CuFeSnSi, CrMoVTaTiNiNbSi, NbCrAITiZrSi, TiSiAlX [2, 6], AICrFe-
CoNiCu, AICuCrFeSi, AICuCrSiMnTi, AlICuFeCrMnNiMg ra iammx [1—
9]. Bouu xapaKTepusylThCA YHIKAILHUMU MeXaHiUHMMU BJIACTHUBOC-
TSIMM: BUCOKOIO ILJIACTUYHICTIO, TBEPAiCTIO, MIITHICTIO ITPY MHiABUIIEHiN
(KpumorenHiii) remmeparypi, KOpo3iiiHOIO CTifiKicTIO, APiOHOAMCIIEPCHOIO
CTPYKTYPOIO i TOKpAaIleHNMH JIUBAPHUMHU BaacTuBocTaAMuU [6—9].

3 (pismuHOI TOUKM 30py 0AaraTOKOMIIOHEHTHUII CTOI Oy/Ie BHCOKOEHT-
pomiiiHuM, AKIIO iforo enTpomiiinuii paxTop TAS (3a dpopmyroro I'i66ca
AG =AH — TAS) 6inpimuii, HidK eHTandbOisg yTBopenuda (AH) maiicTiiKi-
IIIOTO XeMiuHOro 3’€JHAHHA B MOABIHNX Ta MOTPIiNHUX AidrpaMax cTa-
HY eJeMeHTiB, IIf0 YTBOPIOIOTL maHy cuctemy [1]. Ax mpaBumno, oxmep-
JKaHHA TAKMX MaTepisariB 6asyeThcsa Ha MiHiMmisarii emeprii Ti66c¢a, 10
€ HaNIIOIIUPEHINTO METOA0I0 MMPOTHO3YBaHHA TepMOAUHAMIUHUX (has,
AKi MarTh MiHiMyM™m eHeprii. IHTepmeTaninHi ¢asu xapakTepusyOThCA
HU3bKOI0 EHTPOIIEI0 i BUCOKOIO €HTaJNbIIi€I0 YTBOPEHHA B MOPiBHAHHI 3
TBepAuMu posurHamu [10]. A B ereprii Ii66ca BUIagKOBUX TBEPIUX PO-
3UMHIB ImepeBakae KOH(pirypamiiiHa eHTPOIIisA, IKa PO3PaxoOBYEThCS 3a
dopmyoro [10]:

S = —Rin Inx,,

Ie S — xoudirypailifina eHTPOIidA, X; — MOJIIPHA JOJII eJIeMeHTy i, B —
rasoBa mocTiiiua.

3 dopmMyau BUILIMBAE, IO 30iIbIIeHHA KOHMIirypaiiiiHoi eHTpomii
MOJKe OyTH MOCATHYTO 3a PAXYHOK 30iJbINTeHHA KiJIbKOCTU CKJIAZOBUX
€JIEMEHTiB 3 eKBiMOJIAPHUM cIiBBigHOIIEeHHAM (puc. 1, a).

IIpu xmacudikamii 3a eHTpPOIi€l0 3MiIIaHHS 0araTOKOMIIOHEHTHi
CTOIIX TOMiJIAIOTH HAa HUBBKO-, CEPeIHbO- i BUCOKOeHTpotmiiiHi (puc. 1,
0). Makcumanbua KoH(piryparmiiina earpormia 5-eaxementaoro BEC cra-
HOBUTH 1,61R (I eKBiMOJISIPHOrO CTOITY), ajie MiHiMaJbHe 3HAUEHHS
— 1,39R (mas cromy 3 5% A, 5% B, 20% C, 35% Di35% E)[12-14].


https://uk.wikipedia.org/wiki/%D0%94%D0%B6%D0%BE%D0%B7%D0%B0%D1%8F_%D0%92%D1%96%D0%BB%D0%BB%D0%B0%D1%80%D0%B4_%D2%90%D1%96%D0%B1%D0%B1%D1%81
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BHCOKOEHTDOIIHH]L cTOTH

om o

R<AS,<1,5R

a o

Puc. 1. 3mina enrpormii sminranasa eKBiaTOMOBOrO CTOIY B 3aJI€KHOCTI Big Ki-
JBKOCTH CKJIQIOBUX eJIeMEeHTiB (a) i yMoBHaA cxema KJacu@ikailii BUCOKOEHT-
pomiiirux cromis (6)[11, 12].

Fig. 1. Change in the entropy of mixing of an equiatomic alloy depending on
the number of constituent elements (a) and a conventional classification
scheme for high-entropy alloys (6)[11, 12].

Jlo cepeTHBOEHTPOIIIHOTO HAJEKUTh TPUKOMIIOHEHTHUM eKBiaToM-
uui cron CrCoNi 3 ogHOMa3H0I0 CTPYKTYpOoio TBepaoro posunny (I'IK-
rpatHHUIEI0). BiH XxapaKkTepusyeThcsa BUCOKOIO MiITHICTIO 3a KiMHATHOI
remnepatypu (1 I'lla), a npu KpuorenHii TremmnepaTypi BoHa HigBUIITY-
etbea no 1,3 I'Tla[15].

3a BusmauenHaMm Mirachle [16] € HM3Ka OCHOBHUX €JIEMEHTIB, AKi
HaAMOiNBIIT YaCTO BUKOPUCTOBYIOTH s cTBoperua BEC (puc. 2).

3. CTPYKTYPA BUCOKOEHTPOIIIMHUX CTOIIIB
HA BAS3I d-EJIEMEHTIB

CTpyKTypa BUCOKOEHTPOIIIHHINX eKBiaTOMHMX CTOIIIB XapaKTePU3yETh-
cA HaABHICTIO TBEPAUX PO3UMHIiB, 110 MatoTh OIIK- a6o 'l K-r'paTHuIio,
dAKa Ay’Ke 1acTo CIOTBOPEHa, 110 i 3abe3meuye CTOIY VHiKaJbHI BJIACTH-
Bocti. Bimomo [10], mo maaBuicTs 'IIK-rpaTHUIIi cupuse BUCOKii mia-
CTUYHOCTH, ajie He 3a0e3meuye JOCTaTHLO BUCOKY ILTMHHICTD i TBEPAiCTh
Ha nporuBary OIIK-rparaumni. @opMyBaHHSI CTPYKTYPH TBEPAUX PO3-
YUHIB i BifiIcyTHicTh iHTEpMeTaNifHUX (ha3 B cTOIAX 3yMOBJIEHI BUCOKOIO
€HTPOIIieI0 3MIITaHHA 3a eKBiMOJIApHOI abo Maliyke eKBiMOJIAPHOI IIpo-
IOpIIii, III0 € OCHOBHOIO KOHIIEIII[i€(0, AKA JIEXKUTh B OCHOBI CTBOPEHHSA
BEC [10, 13, 17, 18]. HaaBui Ki1acuuHi npaBuja YyTBOPEHHS TBEPAUX
posunuiB (3a FOM-Poszepi) merro posiiupeHi mpu ofepKanHi BUCOKOEHT-
POIiHUX CTOMNiB, B AKX KOXKEH aTOM CKJIaJOBOTO eJIEMEHTY Ma€ PiBHY
MMOBIipHICTD 3afHATH JIf00€ TTOJOKEeHHA B KPUCTANIUHI I'paTHUIT. 3Ti-
IHo [7] € 3 OCHOBHI IPUHIINIIN YTBOPEHHS TBepAUX po3unHiB B BECax:
I Ofep:KaHHS BMCOKOI eHTPOIIii 3MilllaHHA HeoOXimgHOo, 100 YMCIIO
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Puc. 2. CraTucTuka BUKOPUCTAHHA XEMiUYHUX €JI€MEHTiB B 6araTOKOMIIOHEHT-
HUX BUCOKOEHTPOIIiHUX cTomax [16].

Fig. 2. Statistics of various elements used in multiple HEA compositions [16].

CKJIAZOBUX €JIEMEHTIiB OyJI0 He MeHIIe I’ ATH; MaKCUMAJbHA PisKHUILI
aTOMOBUX PaailociB esleMeHTiB Mae He nmepesuirysatu 12% ;

i 1/2
5= 100[Zci (1—%} :
i=1 r

SBl,Z[KI/I Cepeﬂ;HlH pa,I[lIOC I[OplBHIOG r = ch I Ci — KOHHeHTpaHiH i-To
i=1

eJIeMeHTY, I, — Ppajiioc i-ro eJIeMeHTY; €HTAJbIIisd 3MiIlIaHHSI Ma€ 3Mi-
HIOBaTUCA B Aianasoni Big —40 1o 10 xIxx-K-moun !

n

AH,, = > Q.cc, 8Binkn Q, = 4AH,

mix ijrivj? mix ?
i=1,j#i

4AH*® — eHrambmia sMmimaHHA GiHADHOTO PiAKOTO eKBiaTOMOBOTO

mix
crony AB.

Jlo He MEHIIT BasKJIUBOI XapaKTEePUCTUKU HAJIEXKUTh eJeKTPOHeraTu-
BHICTB, IKa Ma€ OyTHU TexX OJIM3LKOIO AJIA XeMiUYHUX eJIeMeHTiB, 1110 BXO-
IATH 10 CKJIaly BUCOKOEHTpPOIifHOTO cTomry [14].

Ha crorogni uacTuHa HayKOBI[iB IIPUHIIILIA OO BICHOBKY, 1110 BEC me
000B’A3K0BO Mae OyTH TBepAUM po3uMHOM. KpuTMuHa aHasiza i Bu-
BUEHHS OCHOBHUX e(eKTiB B BHCOKOEHTPOIiMHMX cTomax (eHTpoImii
3MillTaHHS, CIIOTBOPEHHSA I'PATHUII, B’ 01 11dy3ii i eheKTy KOKTENIIIO)
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IPHUBiIiB 70 PO3UINPEHHA HEEKBiaTOMOBOT'O HPOCTOPY i M0 Kjaacupikarmii
TaKUX CTOIIB i3 ypaxyBaHHAM KOMIIO3UITIHHUX 1 MiKPOCTPYKTYDPHUX
OiIXOomiB Ta 4O MOABU 3araJIbHOTO TEPMiHY — «KOMILIEKCHI KOHIIEHTPO-
BaHi cTomu» (JIaTyHi, 6POH3M, a TAKOMK €BTEeKTHUUHI BUCOKOEHTPOMiHHi)
[17]. Hapasi eaTpomnis smimnanusa He € JOCTATHLOIO 1 HE0OXilHOI0 yMO-
BOIO (0a30yTBOPEHHSA BUCOKOEHTPOIIINHUX CTOMIB i B CTPYKTYPi BUCOKO-
€HTPOIIINHOTO CTOIYy AONMYCKAETHCA IIPUCYTHICTh HEBHAUHOI KiJIBKOCTU
YyacTouoK iHmux ¢as. BiamoBigHo i posmiupuBcs Iepeiik OCHOBHUX IIa-
pameTpiB, 3a AKUMH MoKkHAa KJjgacudixysatu BEC [17]: mikpocTpyKTy-
poro (HaHOKpPHUCTATIIUHOI0, aMOp(dHOI, abo ImoJiKpucTagdiuHol (AKa
MoxKe OyTu omHO(pasHO abo 6araTodasHOo0 i MOKe MiCTHUTH He3HAUHY
KimpkicTh ¢as JlaBeca (C14, C15), curma-dasu (tuny FeCr) mio-dasu
(tunty Fe:Mos), R-dasu (tunmy MosFe;Crz); KpucranaiumHoo I'paTHHIIEIO
(TOK, OIIK, TIIII), ckmagoBMMM eJeMeHTaMU, HANIPUKJIAL, d-
nepexiguumu merasamu (Al, Co, Cr, Cu, Fe, Mn, Ni, Ti ta V) [19], Ta-
JKKOTOOKUMH MeTajaMu (IJIsT BUCOKOTEMIIepaTypPHOrO 3aCTOCYBAHHA),
JIeTKUMU eJIeMeHTaM!, JOPOTOIIiHHUME MeTaJaMu Ta 3a rycTuHoo. [Ipu
kaacudikaiii BEC 3a MiKpocTpyKTyporo BU3HAUEHO, IIT0 BUCOKA KOH(Di-
r'ypamiiHa eHTPOHmiA TaKOoK cIpuse (GPopMyBaHHIO aMOpP(PHOI MiKpoO-
CTPYKTYpu B 00’eMmHOMY amopduomy ckJiai [20, 21]. Oxep:kaHHIO BuCO-
KOeHTpomiiHoro eKkBiaTromoBoro ctony PdzoPt20Cu2oNizP20 B amopduo-
My CTaHIi cIpusae Tou (paKT, IO CKJIALOBI eJIeMEeHTH XapaKTepu3yIOThCA
aHAJIOTIYHOIO XEeMiUHOI0 IPHUPOI0I0, IXHi aTOMOBI pagilocu MaJIo Bigpis-
HAIOTHCA i 3 I’ ATH CKJIAJ0BUX €JIEMEHTiB, IIIOHANMEeHIIIe JBa MAIOThL O -
HaKOBi BesmumHM [21].

Ho HaibigbIn mocaimixenux BimHocuTheA omuHodasuuit cron KanTopa
CoCrFeMnNi 3 I'lTK-r'paTuuIeo, o Ma€ BUCOKY €HTPOMII0 3MiTanu4 i
MicTuTh d-nepeximgui mertanu [19], aKi 3aCTOCOBYIOTHCA IIPH BUTOTOB-
JIeHHi 6araTboX iHIITKUX CTOIIIB.

Bimomo, mio (paszoBuii ckJan IBOKOMIIOHEHTHUX CTOIIB BU3HAYAIOTh
OimapHi miArpaMu cramy MeTajJeBUX CUCTEM, ajie IIpU BU3HAUEHHi ()aso-
BOTO CKJany 6araToxkomnoHeHTHuUX cucteMm (BEC) BmHUKaAOTH TpyAHO-
m1i. OCKiTbKM, IMOBHICTIO JOCHiAKeH] ueTBepHi i I’ ATipHI cucTeMu Mme-
TaJiB 3ycTpivaloThCA He YacTo, ToMmy mpu crBoperHi BEC akTuBHO KO-
PHUCTYIOTHCS eKCTPAIOJLOBAHUMH TifArpaMaMu, AKi 0ep:KaHo IIJIAXO0M
MOJIeTIOBaHHA 3 sacrocyBaHHAM Meroxu «CALPHAD». MmoBipHicTb
dopmyBaHHA OaratodasHoi CTPyYKTypu B OaraToxomimoHeHTHOMY BEC
MOJKJIMBA 32 HASBHOCTH MPOMiKHUX (a3 (XeMiuHUX CIIOJYK) IIPU TOII-
JeHHi OimapHOi cucTeMu. BaraTrodasHi CTPYKTYpPH TAKOMK MOXKYTE (pop-
MYBATHCA 3aBAAKMN IIPOBEIEHHIO TEePMOMEXaHIiUHOTO O0OpPOOJIeHHs, IO
nmokasano Ha cromi Kauropa i cromax cucremu Al.CoCrFeNi [18, 22,
23]. Anajiza BIacTUBOCTEH Pi3HUX MATEpPiAIiB IMOoKasye, IIIO0 B OaraTo-
(pa3HNX BHCOKOEHTPOIINHMUX CHCTEMAaX CIIOCTEPiracThbcA Kpalle II0€l-
HaHHS MEeXaHiYHUX XapaKTEePUCTUK, B TOMY YHMCJII Mei MJINHHOCTH Ta
IIacTuaHoCTH (puc. 3).
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Puc. 3. KopenAllia Mei IINHHOCTH Ta ILJIACTUYHOCTH (3a KiMHATHOI TeMIiepa-
TYypH) AJIA PisHUX MaTepisaiis [24].

Fig. 3. Correlation of yield strength and plasticity (at room temperature) for
various materials [24].

4. 3ACTOCYBAHHSA BUCOKOEHTPOIIIMHUX ITPUJIIOTKIB
3I CTPYRTYPOIO TBEPJ0OI'O POSYHNHY

ITigpuitieHHA eeKTUBHOCTHY eKCILIyaTallii KOHCTPYKTUBHUX €JIeMeHTiB
B Pi3HUX Tajy3AXx IPOMMCJIOBOCTU TOCATAETHLCA 3a PAXyHOK 3aCTOCY-
BaHHA HOBUX MEPCIEKTUBHUX BUCOKOMIITHUX i IIJIACTUYHUX MAaTepPidIiB
i, BigmoBimHo, MeTox ix 3’eqHanHsa. ToMy B OCTaHHI POKM BeJIMKY yBary
MPUALIAIOTE He TIIBKY PO3PO0Ii KOHCTPYKIIIHHNX BUCOKOCHTPOIIMHMIX
MaTepisriB, a 1 CTBOPEHHIO BUCOKOEHTPOIINHNX MPUIIOTKIB, AKi 3acTO-
COBYIOTH IIPU OJEP:KaHHI Hepo3’€eMHUX 3 €THAHDb ILJISIXOM JIIOTYBaHHS.
IIpu pospo6ii nmpuaoTkiB-BEC BUHHNKAIOTE TPYAHOII, AKi 3yMOBJIeHi
XeMiYHUM CKJIaZOM, MiKpPOCTPYKTYpOIO, 3a0e3leueHHAM 3MOUYyBaHHS
KOHKDPETHOT'O OCHOBHOT'O METaJy i eKCILIyaTal[iiHuX XapaKTepUCTUK
JIIOTOBAHUX 3’€NHaHb. [0 OJHOTO 3 Ba'KJMBUX IIapaMeTPiB IPUIIOTKY
BiITHOCUTBCSA HOTO TeMIIepATyPHUU iHTepBasJ TONJEeHHS (TeMIepaTrypa
coJimyey i JikBimycy), AKUl He MOBUHEH MEePEeBUIIYBATH TEMIEePaTypPy
aBTOHOMHOT'O TOIIJIEHHsS OCHOBHOI'O METaJly i He MOTipITyBaTu 110ro BuU-
XigHY CTPYKTYPY, a, BiImoBigHO, i pisuKo-MexaHiuHi BJIaCTUBOCTI.
Bepyum 10 yBaru oCHOBHY KOHIIEIII[i}0 CTBOPEHHSI BUCOKOEHTPOITil-
HUX cTomiB [7, 13, 18], MoKHaA IPUITYCTUTH, 110 BUCOKA €HTPOIid Ipu-
aoTkiB-BEC 0yxe cipusaTu (popMyBaHHIO caMe TBEPAUX PO3UNHIB B JIIO-
TOBAaHUX IIIBaX, a He KPUXKUX iHTepMeTaaiguux ¢as (6opumgis i curinu-
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Puc. 4. MikpocTpyKTypa IeHTPaJIbHOI 30HU JJIOTOBAHOTO IIBY (@) i raaTeabHOI
minaaku (0) 3’emHaHb KoposiiHocTritikoi kpuii 1X18H10T, omep:kauux i3 3a-
crocyBaHHAM npuiaioTky Ni—7Cr—4,5Si—3Fe—3,2B[26].

Fig. 4. Microstructure of the central zone of the soldered joint (a) and the fil-
let area (6) of the joint of corrosion-resistant steel 1X18H10T obtained using
Ni—7Cr-4.5Si—-3Fe—3.2B solder [26].

IiB), AKi BigHOCATHCA MO0 HeDaKaHUX CKJAMOBUX CTPYKTYP i yTBOpIO-
IOThCA, HAIIPUKJAL, IPU JIOTYBaHHI HiKJIEBUX CYIIEPCTOMIB CTaHAAPT-
HUMHU IPOMHUCJIOBUMEU npuiaoTKkamu Ha 6asi cucrem Ni—Cr—B i Ni—Cr—
B-Si[25, 26]. Okpim ToTO, mig yac TIOTYBaHHA 38 HAABHOCTHU I'PASIi€HTY
KOHIIeHTPAaIliil Ha MisK(asHill MexXi criocTepiraerbesa augysia gempeca-
HTY Bopy B ocHOBHUIT MeTaJi, [0 IPUBOAUTD A0 YTBOPEHHSA JIETKOTOII-
KHUX eBTeKTUK (puc. 4) mo Mmesxax 3epeH [26, 27] i 1o mOHMIKEHHS ILIac-
TUYHOCTA ¥ eKCILIyaTaI[ifHMX XapaKTePUCTUK JIOTOBAHUX 3’ €IHAHD
[28].

SMeHIIUTHA KiTbKicTh TaKUX a3z MoKHA IIJIAXOM 3aCTOCYBaHHS TPU-
BAJIOTO TepMiuHOTO 06pPOOJIEeHHA, IO 3HAUHO YCKJIATHIOE IPOIIEC OJep-
JKaHHA 3’¢JHAHL Ta He 3a0e3leuye MOBHOTO BUKJIOUEHHS KPUXKOI
CKJIAZOBOI 31 CTPYKTYpHU JIOTOBAHOTO MIBY [29]. YHUKHYTH YTBOPEHHS
JETKOTONMKMX €BTEeKTUK 1 iHTepMeTadimHUX (pasd B JIOTOBAHMX IIBax
MOMKJIMBO IMJIAXOM 3aCTOCYBAaHHA 1HININX XeMIiUHMX eJIeMeHTiB-
nmerrpecaHnTiB: Aumtominito, lHlupkonito (I'adnio) mpu cTBopeHHi 6araTo-
KOMIIOHEHTHUX IIPUJIIOTKIB Ha 0a3i HikJgeBoi cuctemu [30] abo BuKopuc-
TaHHAM BHCOKOCHTPOHIMHUX MOPUIIOTKIB, AKI 3MOMKYTHL 3a0e3meunTu
¢dopMyBaHHSA CTPYKTYPHU TBEPAOTO PO3UNHY B JIIOTOBAHOMY ITIBi.

3a pesyabTaTaMu JOCaidsKeHb [31] BcTaHOBIEHO, IIT0 IPH JIOTYBaHHI
HiKJeBoro cymepctrony Mapku Mar-M 247 ekBiMOJISPHUM BUCOKOEHT-
pormiitaum npuaioTkoM CoCrCuFeNi (puc. 5, a), B IKOMy B SIKOCTi ze-
IIpecaHTy BUKOPUCTAHO Tasiit, B MeTaJIi JIIOTOBAHOTO IIIBA (POpMYyIOThCA
IBi ocHOBHiI (pasu TBepmoro pos3umHy Ha ocHOBiI Hikmo 3 TI'TIK-
I'PaTHUIECI0, AKi XapaKTepu3yITbCS BHCOKNM 3HAYEHHAM eHTPOmil
(1,7311,75R), 1110 mae migcTaBu BilHECTH iX 40 KJacy BUCOKOEHTPOITiTi-
HUX.
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Puc. 5. MikpocTpyKTypa HPUJIIOTKY B BUXimHOMY cTaHi (a) i JroToBaHOTO
3’eIHAHHA HiKJIeBOTo cynepcromny mapku Mar-M 247 (6) [31].

Fig. 5. Microstructure of the solder in the initial state (a) and the soldered
joint of Mar-M 247 nickel superalloy (6) [31].

OkpiMm TOTO, TIO MeKaxX 3epPeH TBePAOTO PO3UNHY CIIOCTEePiraloThCs AU-
ciepcHi BKJIOUeHHs (puc. 5, 0) pasu Ha ocHosi cuctemu Ti—Ta Ta mpo-
moBryBaTi BugiseHHs cuainmuaiB NisSi (a6o GaNi), mio miaTBepaxeHo
MiKPOCTPYKTYPHUMHU HOCJiKEHHAMU Ta PO3PAXyHKOBUMHU METOAAMU 3
sactocyBaunHaM nporpamu CALPHAD [31].

Taki cTPYKTYpPHi 0COBJIMBOCTI JIIOTOBAHUX 3’€IHAHb 3a0€3IMeUnIn IIi-
IBUIIEHI MeXaHiuHi XapaKTepUCTHUKU B ITOPiBHAHHI 3 3aCTOCYBAHHAM
craggapTHux npuiaoTkiB BNi-2, BNi-5, MBF 50 (ua 6asi cucrem Ni—
Cr—B i Ni-Cr—B-Si). 3a remneparypu agioryBauua y 1275°C (t=30 xB.)
MiIlHiCcTL Ha 3cyB cKJagaaa 388 + 73 MIla 3a Benmuuau 3azopy y 200
MKM, Ky 3yMOBJI€HO TOBITHUHOIO IIPUIIOTKY.

Hna sMeHIITeHHA KiIBKOCTH KPUXKUX iHTepMeTaldigHux (a3 B JIOTO-
BaHMX 3’egHAHHAX Kepamikm (SiC) 3acToCOBaHO BHCOKOEHTPOITiHHMIIA
npuiaoTok CoFeCrNiCu, Akuil y BUXiZHOMY cTaHi TeX XapaKTepusy-
€ThCsA ABO(a3HOIO CTPYKTYPOIO (puc. 6, a) Ta micasa JoTyBaHHA 3abesIie-
gyye (hopMyBaHHS BUCOKOCHTPOIIIMHOI CTPYKTYPH B IIBi — 3HAYHOI Ki-
JIbKOCTU HEBIIOPAIKOBAaHOro TBepaoro posuuny 3 'IIK-rpatuumero [32].

Ha mexxi posminy mpuaOTOK—OCHOBHUM MaTepida (opMyeTbea Kap-
6ig XpoMy B BUTJIALL CYIIiIbHOTO I1apy. Tumosa MiKpocTPyKTypa JIOTO-
BaHoro 3’egHauuA MictTurh HacTynHi ['IIK-dasu — Cu (TBepauii pos-
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umH), Si (TBepaui posuud ) i CrzsCe (puc. 6, 6). MinHicTh Ha 3CyB JIOTO-
BaHOTO 3’egHaHHA gocaryaa 60 MIla micis roTyBaHHS 3a TEMIIEPATYPHU Y
1180°C 3 BuTpuMKoOIO T= 60 XB., II[0 3HAYHO BHUIIE, HiXK MIig yac JIOTY-
BaHHJA cpiboHuM npuaorkom AgCuTi[32].

Cripx sasHaumTH, IO 3a 3acTOCyBaHHA IPMIAIOTKIB cuctemu AgCuTi
TeMIepaTypa JIOTyBaHHA 3HAYHO HUIKYA, ITT0 KOPEeJIIoE 3 MeXaHiuHuMHU
BiaactuBocTamMu. OKpiM Toro, cpiOHI MPUIIOTKE He 3a0e3IIeUyIOTh eKC-
IJIyaTamiiigi XxapaKTepuCTUKHU JIOTOBAHNM 3’ €THAHHAM 3a MiJBUIIEHOI
TeMIIepaTypH, II[0 00MeKye 001aCTh IX 3aCTOCYBaHHA.

Sk mokasaJsia aHaJIida JriTepaTypu, BUKOPUCTAHHS BUCOKOEHTPOIIili-
HOT'O CTOIY B SIKOCTi IPUJIIOTKY He 3aBiKAU I'apaHTyE OfdepPs:KaHHA BUCO-
KOEHTPOIIMHOro MeTaJIy IIIBa B JIIOTOBaHOMY 3’e¢mHaHHi. Tax, 3a BucCoO-
KOTeMIIEPATyPHOT0 BAKYYMHOT'O JIOTYBAHHSA BHMCOKOEHTPOIIIMHUM IIPH-
aiotkoMm AlCoCrFeNiy; Byraemnesoro kommosury (Cf/C, 1o npusuaue-
HUU IJd eKcIlyaTallii B eKcTpeMaJbHNX YMOBax 3a TeMIepaTypu, BU-
mroi 3a 2500°C) omep:KaHO reTePOTeHHY CTPYKTYPY B IIIBi Ta BUCOKY Mi-
IIHICTDH JIOTOBAHUX 3’€qHAHD [33]. 3aBAAKM Jier'yBaHHIO 6a30BOT0O IPU-
JIOTKY XPOMOM, AKHI Ma€ BHCOKY coopigHeHicTs no KapOomy, 3ab6es-
IeYeHO XOPOoIlle 3MOYYBAHHA KOMIO3SUIIITHOTO BYIJIEIIEBOT'O MATEPiaIy
3 (opmyBaHHAM KapbOimiB Xpomy Ha MiKdasHilI MeKi TPUIIOTOK—
OCHOBHUU MaTepiaji, a HagBHICTh ¥ MPUIIOTKY cyMmimti ctpykryp 'K i
OIIK 3abesmneuye BUCOKY MiITHiCTh (MeKa MIiITHOCTH Ha PO3TAT IPUJIIOT-
Ky — 1350 MIIa) i yHiKamsHy IaacTUYHICTh (IOZOBXKEHHS 0 PYHHY-
BamHsa — 15,4%) [33]. Oxpim TOro, 3acToCyBaHHSA HAHOI'O IPUJIIOTKY
CIIpuA€e 3MEHIIIeHHIO PisKHUII KoedillieHTiB TepMiUuHOT'O PO3MIMPEHHA
Mi’K OCHOBHUM MAaTEePifAJoM i IPUIIOTKOM (IIOHUKEHHIO 3aJIUIIMTKOBUX

Puc. 6. MikpocTpykTypa BrucoxoeHTpoimiiinoro npuiatoTky CoFeCrNiCu y Buxi-
npHoMy craHi (a) i sroroBaHoro mBy 3’egHamusa Kepamikm (SiC+ SiC mpu
T.=1453°C, 60 xB. SiC) [32].

Fig. 6. Microstructure high-entropy CoFeCrNiCu solder in the initial state (a)
and the soldered joint of ceramics (SiC + SiC at T, = 1453°C, 60 min SiC) (6)
[32].
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HAIIpPyKeHb), ITT0 ITO3UTUBHO BILJIMBAE€ HA MeXaHiuHi BJIACTUBOCTI JIOTO-
BaHUX B3’¢gHaHb. MinmHicTs Ha 3CyYB JIIOTOBAHUX 3 €IHAHL JOCATJIA
21,9 MIla (3a Temmneparypu JiotyBauasa 10 1440°C, t=10 xB.) 3aBaaxku
B3aEMO/Iil IPUIIOTKY 3 OCHOBHIM MaTepisajoM, 3alIOBHEHHAM MiKpOIIOp
i @opmyBaHHIO TiOPUIHOI CTPYKTYPH B METAJIi JJIOTOBAHOTO 3’ €THAHHA.
BucokoeHTpOITifiHI TPUIIOTKA He3aJeXXHO Bifl IXHBOTO CTPYKTYPHOTO
CTaHy XapaKTepH3yIOThCA BUCOKMMM MEXaHIiYHMMU BJIACTHUBOCTSIMU:
eBreKkTrnuHul TpuaoToK-BEC AlCoCrFeNis,; qeMoHCTPYE BHCOKi BTOM-
Hi BJIACTUBOCTI i BUCOKY MIITHiCTh Ha PO3TAT (HiCJIs XOJIOZHOTO IPOKa-
TYyBaHHA i HACTYOHOTO HAarpiBy) saBAsaku (opMyBaHHIO iepapxiuHoi
CTPYKTYPHU i HAABHOCTHY 3MillTHIOBATLHUX BKJIIOUEHD [34].

Mo:xkHa MaTH IPUIIOTOK, KU Y BUXIZHOMY CTaHi (IO JIOTYBaHHS)
BiHOCUTBCSA 40 HOBOTO KJacy matepianis — BECiB i xapakTepusyeTrbes
HUBKOIO IIepeBar, 1o IpuTaMaHHi TaKUM MaTepisjgaM, ajie B KiHIleBOMY
pesyJabTaTi, micjd JIIOTYBAaHHA MU OAEeP:KYEMO iHITUN XeMiuHUU CKJal
MeTaJTy JIOTOBAaHOTO IIIBa, iHIIMY (Da30BUI CTaH i, BiAMOBigAHO, iHIIIL Me-
xamiuni xapaxrtepuctuku [14, 35]. Hanpukaazn, 3a JasepHOTro JIIOTY-
BaHHA HiKJeBoro cymepcromy IN718 [35] BucoxkoeHTpomilitHUM mpu-
JIOTKOM 3 HOMiHAJIbHUM MOJAPHUM caiBBiguomernHAM Ni:Cu:Co:Fe:Mn
1:1:1:0,25:1,75, 1o Mae B BUXiZHOMY CTaHiI CTPYKTYPY TBEPAOTO PO3-
YUHY, B JIIOTOBAHOMY IIBi ()OPMYETHCA JIOTOBAHUM ITIOB, B AKOMY KiJb-
KiCTh CKJIaJOBUX €JEMEHTIiB 30iJIbIIYEThCA 3 I’ ATHOX MO0 IIiCTHOX, IO
3yMOBJIEHO B3aeEMHUMU AuUGYy3iiHUMU TpollecaMM, AKi IpoTiKarwTh 3a
TeMIIepaTypu JIOTYBaHHA, 1 3BMiHOIO XeMiUHOT'O CKJIaly MeTaJy JI0TOBa-
Horo mrBa [35]. Ilicas mroTyBaHHA TiABUIYETHCI TBEPAICTD JIOTOBAHOTO
1mBa B 3—4 pasu B IOPiBHAHHI 3 BUXITHUM CTAaHOM ONPUIIOTKY. Taki ami-
HY aBTOPHU IOSCHIOIOTH KOMILJIEKCHUM e(deKToM 3MimaHHA («KOKTeH-
JII0»), CHOTBOPEHHAM KpHUCTaTiuHOl r'paTHUI i Audysicio. CTpyKTypHi
epeTBOPEHHA 3YMOBJIEHI HAABHICTIO I'DaliEHTY KOHIEHTPAIill HA MiMK-
dasHill MexXi OCHOBHUI MeTaJ—TPUJIIOTOK i BBaeMHUMU AUGYIiHHUMU
mpollecaMu, AKi IIPOTiKaIOTh 3a TeMIIeEpaTypH JIOTYBaHHA, 1[0 1 TPUBO-
IUTH OO 3MiHM XeMidHOT0 CKJaay Ta MopdoJiorii meraJry msa.

Ha npuriaazi JgOTyBaHHA JKApPOMIITHOrO HIKJEBOTO CYIEPCTOIY
Inconel 600 Bucoxoenrpomiiiaum npuatoTkoMm Fe;Co20NizoMns;Cugo 1mo-
KasaHO BILIMB BUTPUMKHU 3a TEeMIEpPATypH JIOTYBaHHA HA CTPYKTYPY
JIFOTOBAHOTO IITBA Ta MIiIlHiCTh JIIOTOBaHUX 3 €aHAHL [36]. CTpyKTYypa oc-
HoBHOr0 Metany Inconel 600 micasa JaOTyBaHHSA He 3MiHIOETHCA i 3aJIH-
IaeTbeA OMHO(A3HOI0, a B MeTaJli JIOTOBAHOTO IIIBA CIIOCTEPiraeThCs
cerperaiis, AKka BUpPaskeHa B OiJbIIiil Mipi B MOpiBHAHHI 3 BUXiZHUM
JUTHUM CTAHOM BHCOKOEHTPOIIIMHOTO IPMIIOTKY. IIpu JroTyBaHHiI CIIoO-
cTepiraerbea nudysia ckiaagoBux enemMeHnTiB npuaioTKy Co, Cu ta Mn B
OCHOBHUM MeTaJI, a 3 ocHoBHOTO0 Ni Ta Cr 1udpyHAYIOTh Y MEeTaJ JIOTOBA-
HOTrO IIBY. B3aemui nudysiiiHi Ipoiecu MOMKYTh BIJINBATH He TiJIbKY Ha
CTPYKTYPY i MOp(oJIOriio JIOTOBAHOTO IIIBa, a 1 HA TeMIIepaTypPHUH iH-
TepBaJI TOILIEHHA IPUIIOTKY (IigBuItyBaTm).
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ABTop nmokaasye [36], 110 36ibIIIeHHS BUTPUMKY IPHU JIOTYBaHHi 3 15
1o 90 xB. IpUBOAUTDL A0 MiABUINEHHS MilfHOCTH Ha 3pis 3 255 MIla 1o
530 MIla (3a remmeparypu aotyBanua y 1200°C, TOBITUHI OPUIIOTKY Y
300 MmxM) i mosAACHIOE TaKi 0COOJIMBOCTI B3aeMHUMEU AUPY3iHHUMHU TPO-
mecamu. ITpu 30inbITeHHI BUTPUMKH B IIPOIIECi TIOTYBaHHA 3MEHITYETh-
cs I'PaJi€eHT KOHIIeHTpaIlil Ha MiK@asHill Mexi IpPUIIOTOK—OCHOBHUMI
MeTaJI, BiOyBaeThCsA YaCTKOBE PO3UMHEHHS MPUIIOTKY, 3MEHIIEeHHS
0T0 TOBIITUHMY, 10 CIIPUAE OJIEPKAHHIO OiJIBITT TOMOTeHHOI CTPYKTYPHU B
JoToBaHoMmy 1iBi. OmHakK, Tpeba BpaXoBYBAaTH, IO HAABHICTE nu()y3iii-
HUX i1 epo3iiHUX MPOIleciB Mae KpUTUYHEe 3HAUEHHA NIPU JIOTYBaHHI TO-
HKOCTiHHMX BUPOOiB i MOJKe HeraTHBHO BIJIMBATH HAa IIiJIiCHIiCTDH JIOTO-
BaHOI KOHCTPYKIIii.

IIpu nmpoexkTyBanHi mpuaroTKkiB-BEC BaskanBe 3HAUeHHA Mae€, 3 OJHi-
€l CTOPOHM, EHTPOIIisA 3MiIlIaHHA, a 3 IHIIIOI — TeMIIepaTypPHUH iHTepBaJI
TOILJIEHHA, AKUN aKTyaJbHUN JIUIe O KOHKPEeTHOI ITapy MaTepidaiiB,
IO TMOeTHYIOThCA. SIKIMo BBaskaTu metas mBa BECom micis mporecy
JIOTYBaHHS, TO IIPX CTBOPEHHI IPUIIOTKY CJIiJi BPaXOBYBATHU CKJIAIHI
B3aeMHi n1u@ysiiiHi mpormecu, aKi OyayTh BigOyBaTucs Ipu JIOTYBaHHI i
MOXKYTb IIPUBOIUTHU 0 3MiHM XeMi4HOTO CKJIaxy i mopdoJiorii merairy
JioroBaHoro mea. OcTaHHIN IIIAX AYKe CKJIATHWI 1 Hapasi TAXKOo IIe-
penbauyBaHmii Ta IoTpedye JeTaabHOTO JOCIiIKeHHA.

5. 3ACTOCYBAHHS EBTEKTUYHHUX BUCOKOEHTPOIIIHHUX
ITPUJIIOTKIB

PesyiibraTi BUBUEHHSA BUCOKOECHTPOIIIMHNX IPUJIIOTKIB IIOKa3yIOTh, IO
€ IOCTAaTHBO MAaJo CKJAaiB IPUJIIOTKIB 3i CTPYKTYPOIO TBEPAOTO PO3UU-
HY, 9Ki 0 BigmoBimaam xjgacuunoMmy BusHauenuio BEC 3a eHTpotmieio
smimanHaga. € Huska npuaoTKkiB-BEC Ha 0asi eBTeKTUK, SKi TOILIATHCA
3a (pikcoBaHOI TeMIIEpPATypPH i He MalOTh TeMIIEPATYPHOTO iHTEpPBaJIy TO-
IJIeHHSA, 10 Ay Ke BAaYKJIMBO IIPHU JIOTYBAHHI TOHKOCTIiHHUX KOHCTPYK-
mifi. BoHu mepcoeKTuBHI JAJd BUKOPUCTAHHSA 3a BHCOKOI TeMIepaTypHu
3aBIAKKN MiKPOCTPYKTYPHiM cTabilbHOCTI, BiIcyTHOCTI cerperarrii ese-
MEHTiB, BUCOKOMY OHOPY ILIa3YYOCTU, XOPOIIIUM JIMBAPHUM BJIACTHUBOC-
TSIM, XOPOIIIi# PigKil TeKy4ocTi, 1110 3abe3meuye 3MOUyBaHHA OCHOBHO-
ro meranay. JloeBTeKTUYHiI ab0 3aeBTEeKTHUYHI IIPUIIOTKU XapaKTepusy-
IOThCS IIEBHUM TEMIIEPATYPHUM iHTEPBAJIOM TOILJIEHHS, STKUM MOXKHA
BapiloBaTH 3aBAAKM XEeMiUHOMY CKJIAAy CKJIAZOBUX KoMIoHeHTiB [10,
14].

3acTocyBaHHS €BTEKTHYHOTO BHCOKOEHTPOHIHHOTO IIPUJIIOTKY
Nbo,7sCoCrFeNiz: (puc. 7, a) 3a JIOTyBaHHA KOPO3ifiHOCTINKOI Kpuiri
Crofer 22 APU 3 merasizoBanoio 'apriem i cTabimizoBanoio ITpiem Ke-
pamikoio (3YSZ) zabesneuniio popmMyBaHH 6e3nedeKTHUX PisHOPIZHMX
3’emHaHb (puc. 7, 6) [10] 3 reTeporeHHoI0 MiKpPOCTPYKTYPOIO JIOTOBAHOTO
mBy: peakmiinum mapom (HfO;) ma wmikdasmiin mexi Kepamika—
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Puc.7. MikKpoCcTpyKTypa BHCOKOEHTPOIIIHOIO €eBTEKTHUYHOTO MPUIIOTKY
Nbo,73CoCrFeNis ; y Buxignomy crani (a) i micas morysanus (6) crauai Crofer 22
APU 3 kepawmikoio (3YSZ) (0) [10].

Fig. 7. Microstructure of high-entropy eutectic solder Nbo.73CoCrFeNis ; in the
initial state (a) and after brazing (6) Crofer 22 APU steel with ceramics
(8YSZ)[10].

MPUJIIOTOK 1 eBTEKTHUKOIO, IKa MIiCTUTD (hasdy JlaBeca Ta TBepAnii pO3SUNH
FeCrNi (110 mpuTaMaHHO JAHOMY IIPUJIIOTKY B BUXiZHOMY cTaHi) (puc. 7,
0).

MimuicTs Ha 3pis Jr0TOBAaHUX 3’€AHaHb cTaHOBUTEL 97 + 7 MIla, B Tolk
yac K 3a 3acrocyBanHAa npuiaioTKy AgCuTis BoHa He mepeBHIITyE
=52+ 2 MIla. Astopu [10] 3a3HaUa10Th, 1110 3 METOI0 YHUKHEHHS iHTEH-
cuBHOI auysii 1 eposii KpuIeBoi HiAKJIAIMHKY INBUAKICTh HATPiBY #
oxoJyomxeHHda cranoBuiaa 50 K/xB.

B 3B’s3KYy 3 BiiCyTHIiCTIO BiZIOBiAHNX 6AaraTOKOMIOHEHTHUX AifArpam
cTaHy MeTajJeBUX CHUCTEM i 3 METOI0 CKOPOUEHHS eKCIIEPUMEHTIB 3 pPo3-
POOKOI0 IPUIIIOTKIB 3aCTOCOBYIOTH Pi3HiI MeTOAM MOJEIOBAHHS, SKi ITe-
pendauaioTh MPOrHO3YBaHHS (has0BOTO CKJIANY, TEMIIEPATYPHU COMiAyCY i
JikBigycy. Ilpy BUKOpUCTAHHI METOOW «MAIIMHHOTO HaBUaHHA» (ma-
chine learning) B 0oCHOBY MOei0 BKJIIOUEHO TepMOAWHAMIUHi maHi,
eJIeKTPOHHI IT aTromoBi mapamerpu [37], AKi 3abe3nmeunau omep;KaHHA
eBTEeKTUYHOI CTPYKTYPHU B BUCOKOEHTPOIIi MHNX MPUIIOTKAaX Ha 6asi cuc-
rem Hfo4FeCoCrMnNiz i NbosFeCoCrMnNiz. PospaxyHKOBUMU MeETO-
IaMu JOBEIEHO, IO JaHi MPUJIIOTKM MICTATH ABi CTPYKTYPHI CKJIAOBIi:
eBTeKTUKY (iHTepMeTasis + TBepaAuii po3unH) i TBepauii posunH (puc. 8 ).
Hauuit MeTox NMPOTHO3YBaHHA ()asoBOr0 CKJIAAy IIOKa3aB BUCOKY TOY-
HiCTB i KOpeJIAIito 3 eKCIIepUMEHTAIFHUMHY JaHUMU ITPU BUBHAUYEHH] Ha-
SIBHOCTHY UMOBipHUX (pas3, KpHUCTATi3aIlia AKX 3yMOBJIEeHA €BTEeKTUUYHUM
nepeTBopeHHAM. [IBo(asHa cTpyKTypa 3abesmeuye BHCOKY MIiITHiCTH 3i
30epesKeHHSIM XOPOIIOi IJIACTUYHOCTH Ta BUCOKiI BTOMHI BJIAaCTHMBOCTI
[37].

OKpiM TOTrO, B3JIOBIK JIIOTOBAHOTO IITBA HA MeKi 3 OCHOBHUM METAJIOM
dopMyeThCA peaKkIliiiHUI I1ap, KU MICTUTL OKCHUI, IO 30araueHuii
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Puc. 8. EnexTponHe 300pakeHHA MiKPOCTPYKTYPU BUCOKOEHTPOIIiMHOTO eBTe-
ktuuHoro crony Hfy sFeCoCrMnNi, [37].

—a

Fig. 8. Electronic image of the microstructure of the high-entropy eutectic
alloy Hf 4FeCoCrMnNi; [37].

Amominiem, Xpomom, MaHranom. XeMiuHu# CKJIaL OKpeMux (pas Jiio-
TOBAHOTO IIIBY ITiCJISI JIOTYBaHHS He3HAUHO 3MiHIOETHCSHA, ajle eBTeKTUY-
Ha CTPYKTypa 30epiraerwes (puc. 9, 6).

3a pesyJbTaTaMi BHCOKOTEMIIEPATYpPHOI Au(depeHIlitHOl aHaIisdy Te-
MIIepaTypHUIl iHTepBaJ TOILIEHHS MPUJIIOTKY 3HAXOAUTHLCA B MeKax
1180-1260°C. XapaKTepHUCTUKN MiIlHOCTH JIIOTOBAHUX 3’ €IHAHbL aBTO-
pu [38] He HaBOAATH, a JUIIIE IIOKA3YIOTh, 110 IPOIlEC JIIOTYBaHHA 34 Te-
mnepatypu 1300°C (t =20 xB.) 3abe31meuye DigBUIIIeHHI MiKPOTBEpI0C-
Tu JiroToBaHoro mBy 3 500 MIla (1o xapakTepHO O IPUJIIOTKY B JIH-

22XC/22XC

Puc. 9. Mikpoctpykrypa npuiaioTKy-BEC Nby,73sCoCrFeNiz; B tuTomy crani (a)
Ta JoToBaHoro 3’eguanna 22XC + 22XC (6) [38].

Fig. 9. Microstructure of solder-HEA Nby.73CoCrFeNiz; in the cast state (a)
and brazing joint 22XC + 22XC (6) [38].



CTPYKTYPA BUCOKOEHTPOIIIMHUX ITPUJIFOTKIB I IIOTOBAHUX IIIBIB 89

EprexTHuna dasa
TiZrCuNi

o

Ta Teepauil PO3THH
TiZrNbMoCuN1i

Puc. 10. MikpocTpyKTypa JIOTOBAHOTO 3’€THAHHA TAHTAIY, AKE OJEePIKaHO 3
3aCTOCYBaHHAM BHUCOKOEHTPOIIIHOTO IIPUIIOTKY TiBraze202
(Ti4ZI‘1Nb1MO1CU1,5Ni1,5) [14].

Fig. 10. The microstructure of the tantalum-brazed joint obtained using high-
entropy solder TiBraze202 (TisZriNb;Mo1Cu 5Nii5) [14].

Tomy ctaHi) o 700 MIIa. OueBugHO, 110 IiABUIIIEHHA MiKpPOTBEPAOCTHU
3YMOBJIEHO Au(Y3iiHUMU IIPOIlecaMu IIiJl yac JoTyBaHHi [38].

Hnsa BucokoremnepatypHoro Bukopuctaufs (600—800°C) TutanoBux
CTOIiB, MOJi6eHy Ta TAHTAJy CTBOPEHO BICOKOEHTPOIIIfiHI IPUIIOTKIM:
TiBraze200Nb (TisZriNb;Cui,sNii5, Tron=920-950°C), TiBraze202
(T]..4ZI'1Nb1MO1C'll1,5N]..1,5, Trmn = 1040_106000) i TiBraze1201
(CosNi;SiiMo:Cri,3+ 6,8 at.% (Fe, W, B, C), Twor=1120-1170°C) [14].
s cTBopeHHS iXx BUKOpHUCTOBYBasium nmpasuja IOm-Posepi, Aki Bpaxo-
BYBaJIM PLXKHUINIO B ATOMOBUX pafifocax (He mepepuiityBasa 15% ); Kpu-
CTAJiuHi CTPYKTYpPHU U eIeKTPOHETaTUBHICTh PO3UMHHUKA 1 eJIeMeHTy,
AKUN PO3UMHAETbCS, Oyau O0ausbKuMU (200 3HAXOAUJIWCA Ha OTHOMY
piBHi). 3acTocyBaHHS TaKMX IIPUJIIOTKIB I/ JIOTYBaHHS TUTAHY Ta TH-
KKoTonKkux metaniB (Mo, Ta) mpuBoAuUTh A0 30iJIbIIEHHS MiI[HOCTH
3’emHanb Ha 50% Yy mOpiBHAHHI 31 cTaHAapTHUMHU OpuaoTKamu [14].
Aule B TI0TOBAaHUX IIIBaX OJEP:KATHU OTHO- a00 ABO(Ma3HY MiKPOCTPYKTY-
Py He 3aBKAU BAAETHCH, III0 3YMOBJIEHO aKTUBHUMHY ATUDY3iHHUMH IIPO-
mecamMu Ha MixK(asHIiN MeKi OCHOBHUII MaTepPifAJI—BHUCOKOECHTPOIIIMHUHA
MIPUJIIOTOK i iArpamMaMu CTaHy MeTaJIeBUX CHUCTEM.

JIfoTyBaHHAM TAHTaJy BUCOKOCHTPOHifiHuM npuaoTkoM TiBraze202
ozep:kaHo ABoMa3Hy CTPYKTYPY B MeTaJli JIIOTOBAHOTO IIIBY, AKa YTBO-
pena tBepaum posunHoM (TiZrNbMoCuNi) 3 BKIIOUEHHAMHN €BTeKTHY-
uoi pasu (TiZrCuNi), kinbKicTs AK0I € HesHauHoio (puc. 10).

6. BUCHOBRH

HaHi pesyJbTaTu CBiuaTh IIPO HACTYIIHE: 3aCTOCYBAaHHSA BUCOKOEHTPO-
MiffHOTO IPUJIIOTKY (B BUXiZHOMY cTaHi) He rapaHTye ofepKaHHs BHCO-
KOEHTPOMiMHOI CTPYKTYPH MeTay JIIOTOBAaHOTO IBa. Ilig yac roTyBaH-



90 C. B. MAKCHUMOBA, B. E. CYXOSIPCbKI

HA € KOMILJIEeKC iHMIMX UYMHHUKIB, AKi BIJIMBAIOTh Ha (opMyBaHHSA
CTPYKTYpPU, MOPGOJIOTiUHI 0COOJIMBOCTI Ta XeMiUHUI CKJIal MEeTaJIy JIIo-
ToBaHOrO IIBY. OCHOBHUM 3 HUX MHOJIATAE V B3aEMHUX AUQPYIiNHUX IPO-
1mecax, AKi IpPoTiKamTh g vac goTyBanua (abo BiacyTHI) i AKi 3ymoB-
JIeHI HaABHICTIO I'PaJi€cHTY KOHIIEHTPAIIIA CKJIAJOBUX €JEMEHTIB IpH-
JIOTKY 1 OCHOBHOTO MeTajly Ha MikdasHili Mexi Ta HepiBHOBaAKHUMU
yMOBaMM KpucTajisallii Mmerasy JOTOBaHOroO IBa. BaemHa nugysisa
MMOYMHAETHLCA 3 MEPINUX CEKYH/ 3a IeBHOI TeMIIepaTypHu JIOTYBaHHA a00
3a TeMIepaTypu, AKa HUKYa 3a TeMIlepaTypy aBTOHOMHOTO TOILJIEHHSA
OPHUJIIOTKY, aje 3a YMOBU KOHTAKTHOI B3aEMOIl CKJIAJOBUX €JIEeMEHTIiB
OPUIIOTKY Ta MeTanxy. KoxeH xeMiuHI CKJIAL IPUIIOTKY afalTOBAHMIMI
0 KOHKPETHOTO OCHOBHOT'O MAaTepisjy; TOMYy Iporpec B o6JacTi cTBO-
pPeHHA HOBUX IIEPCHEKTHMBHUX MAaTepidANiB 3 yHIKaJIbHUMU (isuKo-
MeXaHiYHMMHU BJIACTUBOCTAMHU MOTPEOY€E ITPOBEIeHHA CUCTEMHUX TOCJIi-
I:KeHb B 00JIaCTi JIOTYBaHHSA 3 METOIO PO3POOKY HOBUX MPUCATHUX Ma-
TepidaiB AJA ofep:KaHHA HaNiHHMX JIOTOBAHUX BY3JiB, AKi HeoOXigmi
IpHU BUTOTOBJIEHHI KOHCTPYKIIi#l B PisKHUX Tajy3dX IIPOMUCJIOBOCTH.
[ame HaITpaBIeHHS MOTPedye TPOBedeHHA TOJANBINNX CUCTeMHNX I0C-
JiIsKeHb 3 3aJyYeHHAM CYYaCHHX MaTeMaTUUYHUX MeTol OO0poOJIeHHS
ITaHuX (TeEpMOAMHAMIUHNX PO3PaXYHKIB) IJId IPOTHO3YBAHHSA ()a30BOTO
CTaHy He TLJIbKU BUCOKOEHTPOIIIMHIUX MIPUJIOTKIB, a i1 CTPYKTYpPHU MeTa-
JIy JIIOTOBaHUX IIIBiB 3 METOI0 OfepsKaHHA JIIOTOBAHUX 3’€THaHb (eMImi-
PUYHUM IILIAXOM) 3 HiABUIIIEHNMY MeXaHIUHUMU XapaKTePUCTUKAMU.
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HedAaki cyyacHi MeTOIM MiIBUIEHHS BJIACTUBOCTE 3aeBTeKTHYHUX
CUJIYMiHiB

A.T. Bopucos, T. I'. Iip

Dizuro-mexrnoaoziuHuil incmumym memadnie ma cnaasie HAH Ykpainu,
6ynve. Axademira Beprnadcvrozo, 34/1,
03142 Ruis, Ykpaina

B orssazai BimoOpaskeHo OoCTaHHI JOCATHEHHSA B OCHOBHUX HaIpsMaxX BILINBiB Ha
3a€BTEKTUYHI CUJIYMiHU, IO JAIOTh 3MOTY iCTOTHO HiJBUIUTU KOMILJIEKC 1X-
HiX MeXaHiUYHWX BJACTHUBOCTEH, AK Y TPAOUIINHUX HaOmpsaMax THUIY MoAudi-
KyBaHHSA a00 YMOB JIUTTS, TaK i €HEPTeTUYHUX, 110 3’ ABUJINCS IIOPiBHAHO He-
IaBHO. BinsHauaeThca xapakTepHeE IJI OCTAHHBOT'O Yacy KOMILJIEKCHE 3aCTO-
CYBaHHS Pi3HUX METOIUK.

KarouoBi croBa: 3aeBTeKTUYHI cunyMinu, MoaudiKyBaHHA, YIbTPa3BYK, CIIe-
MiAJAbHI METOAU JIUTTS, BIJINB 3aJi3a.

The review reflects the latest achievements in the main areas of influence on
hypereutectic silumins, which make it possible to significantly increase the
complex of their mechanical properties, both in traditional areas such as
modification or casting conditions and in relatively recent energy ones. The
complex application of various methods, characteristic of recent times, is
noted.

Key words: hypereutectic Al-Si alloys, modification, ultrasonics, special
casting methods, iron-content impact.
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1. BCTY1II

AnoMiHiTI0BO-KPEMHIiOBi cTONN 3HAKIIIIN IINPOKE 3aCTOCYBAaHHSA B CY-
YacHOMY CBiTi, 30KpemMa, HAIPUKJIAL, B aBTOMOOiIBLHUX ABUTYHaX 3a-
BIAKM IXHIM IepeBaraM y HOPiBHAHHI 3 YaBYHHUMMU, AKi Ha Iei uac
Maike 3acrapinu. Kpemwuiii, 1mo Mae OiJbIII BHCOKY TBEpPIiCTb, HixK
aJIIOMiHi#, 38 BUKOPHCTAHHSA CTOIIIB 3 BUCOKMM MOT'0 BMiCTOM HOJIIIIIITY€E
iXHi MexaHiUHi BJIACTHMBOCTi, BKJIIOUYAIOUN TBEPAiCTh, 3HOCOCTINKiCTh i
r.1. [1, 2]. TyT caig BigsmauwnTu, 1110 MexaHiuHi BjiacTUBOCTI cTomis Al—
Si sHaUHUM YMHOM € (PYHKIIi€I0 MiKPOCTPYKTypu, (hOpMHU Ta PO3IMipy
YacTUHOK Si B mepBuHHIiH dasi[3—5].

3aeBTeKTrnuHi cucremu Al-Si B mificHOCTi ABIAIOTE COO0I0 KOMIIO3U-
MifiHiI MaTepisgayu Ha OCHOBI MeTaJIeBOI MAaTPHILL 3 BKJIIOUEHHSIMU TBEP-
IUX KPUCTAJIB KPEeMHiI0; TAKMM UMHOM BOHH IIOETHYIOTH yV CO0i JIeTKY
Bary i 4yoBi 3HOCOCTIHMKi BJIACTHUBOCTI 3 BUCOKMMY MOAYJIAMM MiITHOC-
TH, HU3bKUM TEeIIJIOBUM PO3MIMPEHHAM 1 BUKJIIOUYHOIO CTiKiCTIO 4O IIifg-
BUITIEHUX TEMIePaTyPHUX YMOB eKCILIyaTalrii.

Tpaguilitfino mpobjieMu JUTTA TAKKUX CTOINB IIOB’fA3aHiI 3 IeBHUMHU
TPYAHOIIaM1, PEr'yJI0OBaHHAM PO3Mipy i po3moaijioMm IIEPBUHHOI KpeEM-
Hi10BOI (pas3m i 3 BUCOKOIO TEIJIOTOIO TOIJIEHHS KpeMHio. OCHOBHUM He-
IOJIKOM BUKOPHCTAHHS 3aeBTeKTUYHUX cTomiB Al-Si e yTBopeHHs
KPYOHUX YACTHMHOK Si uepe3 HU3bKI IMIBUAKOCTI OXOJOMKeHHA abo Io-
rani ymoBu TBepgHeHHA [1, 6—9]. Hanpurnaan, m’axuit Al mBumko
BHOIMYETHCS (ITOPiBHAHO 3 HabaraTo 6iabIT TBepAuM Si), IO TPUBOIUTD
0 «BUXOIY» KPYOHUX yacTUHOK Si Ha moBepxHio [10]. Ili xpynHi uac-
TUHKMY JIeTKO BUKPUIIYIOTHCA, 8 TAKOMK CTAHOBJIATHCA JKepeoM BUHU-
KHeHHS TpimmuH [1, 4, 11]. ¥V nux ke BUOAIKaX, KOJU IMOABU KPYITHUX
YaCTUHOK KPEeMHiI0 BIAEThCA YHUKHYTU 3a PO3PAXyHKY PiBHOTO pOAY
BILIUBiB (DuUB. Aaji), Mae MicIie ITiABUINEHHA AK MeXaHiYHUX, Tak i Tpu-
Oosioriurmx BactuBocteii [12, 13].

2. MOJUPIKYBAHHA SAEBTEKTHYHUX CUJIYMIHIB

Tpaguriiaum Moan(piKaTOpoM KPeMHiI0 B 32aeBTeKTUUYHUX CUJIYMiHaX €
Dochop. IIpuiiHATO CTBEPAKYBAaTH, IO MOT0 AiA 3BOAUTLCA IO YTBO-
PeHHs B po3Toli HeMeTaniunux yactTuroK AlP, aki cayskars nigriasy-
HKaMH [JIs TeTePOTeHHOT0 3apoaKeHHA mepBuuHOro Si. Xoua P y Bu-
risani yactuHOK AlP 3a3Buuail crocTepiraeTbCs B LEHTPI IEPBUHHOTO
Si, iHTepec TaKOX ABJAE AeTaJbHUI pos3noAia P mo BchoMy 00’eMy Bif-
JauBKa. B pobori [14] BigsHavaeThCs, 1110 He 0yJI0 BUABJIEHO 3HAYHOIL Ki-
Jbpkoctu P y nepsurHOMY Si, eBreKTHuHOMY Si Ta Al-MaTpuiri. 3amicTs
mporo P cocrepirasea ma mexxi misk marpuiieio Al i eBreKTKoI0 Si, 1110
BKasye Ha Te, 110 pochoposmicHi vactTuuaku AlP (abo «maactuuu» AlP,
B 3aJI€KHOCTI Bif KoHIeHTpaIrii P) Mmoryiu 3apoauTucs Ha IIOBepXHi Ma-
Tpuri Al i TMM caMHM IIOCHJIUTU T'eTEePOTeHHE 3apPOKeHHS JJis YTBO-
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PEeHHS eBTeKTUYHOTO Si.

s ycyHeHHA 3a0pyAHEHHS HAaBKOJUIITHLOTO CepeloBuUINa Ta 3abes-
neyeHHA BUCOKOe(heKTHUBHOIO i Hegopororo Mmoaudikaropa aad padiny-
BAHHS IIEPBUHHOrO Si B 3aeBTeKTNYHUX cTomnax Al—Si 6yau pospobieri
agirarypu Al-Fe—P, 1o mictare 2,0—-5,0% docdopy (TyT i maxi gasa xe-
MIiYHOTO CKJIAZy CTOIIiB MalOThCs Ha yBasi macosi % ). Jlirarypu Al-Fe—
P Mo:xyTh OyTHU JIETKO ofiepsKaHi, a epekTruBHA Moagu(piKaIlia Moske OyTu
Jocarnyra nnraxom gogaBaHHsa 0,3—0,8% wmac. girarypu Al-Fe—P B
crouu Al-Si, mo mictuts 12—25% Si. IIpu iboMy KiIbKiCTb IEPBUHHO-
ro Si 30iJbINTyeThCS, a cepefHi po3Mip 3epHA MEePBUHHOTO Si 3HAUHO
amenmyerbesa (meuine 50 mxm). Kpim Toro, airarypu Al-Fe—P marors
baraTo ImepeBar, TaKMX K HU3bKa BapTiCTh, 3pyUYHA TEXHOJIOTiA €KC-
miryaraiii, BiZcyTHicTh 3a0pyAHeHHSA, CTAOLIBHMHA i MOBroTpHUBAJIHNM
edexT mogudiKyBaHHs, IPocTOoTa 30epiranua i T.g. [15].

B pob6ori [16] moBigzoMasseThCS PO YCHIIITHY CHHTE3Yy HOBOI JIiraTypu
Al-6Zr—2P 3 vactuakamu ZrP. JlocaigkeHHs 3a SOIOMOTOIO aBTOEMi-
CifiHOTO CKaHyBaJILHOTO ejleKTpoHHOTr0 Mikpockomna (FESEM) dasu, Bu-
JIYUEHOI 3 JIirarypu, mokasajo, Irfo Jyckara (asa ZrAl; npueayeThes 10
yacTok ZrP, 1o BKasye Ha Te, 1m0 (asa ZrP cmouaTKy BUALISIETHCSI B
mporieci TBepAiHHA, a motiMm (dasa ZrAl; mpuesHyeTbHCA OO IOIEPESHbO
chopmoBaHUX yacTUHOK ZrP i pocte. IIpuunHa BUCOKOI e(DEKTUBHOCTU
padinyBanna jgirarypu Al-6Zr—2P mabyTs mosArae B TOMy, 1[0 KJacTe-
pu Si MOKYTE cupuATHu IeperBopenHio ZrP B AlP, i B ocTranHBOMY (hasa
AlP nisiya AK IIeHTP reTepPOreHHOro 3apOLKOYTBOPEHHS IePBUHHOI (pasu
Si. 3acrocyBauusa jgirarypu Cu—14P nna cromy Al-24Si—Cu—-Mg moci-
I:keHo B pobori [17]. CriocTepiramocsa moapiOHeHHA TK ITEPBUHHOTO, TaK
i eBTeKTUUYHOTO KpeMHio. ONTUMaJIbHIUNA ePeKT OYB JOCATHYTHH JOnaa-
pauHam 0,4% mirarypu, Ipu IIbOMY CEPenHili po3Mip IePBUHHOIO KPeM-
Hifo 3MeHITyBaBca Big 51,9 MM (e moxudikoBanmii) no 21,5 mkm. Me-
XaHIYHI BJIACTHBOCTI TaKOXK MOKPAIIUJINCI — MerKa MIITHOCTH Ha PO3-
puB migBuimuiaaca Big 174 MIla mo 211 MIla, BigHOCHE IOIOBXKEHHS 3
0,94% m0 1,56% , TBepaicTh 3a Bikkepcom — 3 138 HV 10 160 HV,

Kpim P, mocaimxyBanacs TaKOK MOKJINBICTL 3aCTOCYBAHHSA PigKo-
3eMeJIbHUX eJIeMeHTiB, Takux aK Camapiit, Illepiit i Jlamran, gia monu-
¢dikyBaHHA 3aeBTEKTUUYHOI KPEMHiM0BOI hasu Ta IMOJIIIIIIeHHA BJIaCTH-
Boctei [18]. Bigsumauaerbces, mo aximno P «moapidmioe» mepBunumit Si,
0 P3SM B 0CHOBHOMY MOAU(MIKYIOTh €BTEKTUUHY KPEMHIiOBY (dasy —
BeJIUKI TOJIKOTOAi0HI CTPYKTYPH 3MiHIOIOTHCA TOHKOBOJIOKHUCTIME a00
IJIACTUHYACTUMU CTPYKTypaMu. 3 iHIimoro 00Ky, mobaBKmu JlanTamy i
Ilepiro, mo OKpPeMOCTi Ta B MMOEAHAHHI, ITO3UTUBHOTO e(DEKTY He IIPUHEC-
au [19], a nobaBxku Camapito cIpuUaan MOAPiIOHEHHIO JeHIPUTIB aa0Mi-
HiI0 Ta eBTeKTUYHOI'0 KPEMHIiI0, IO JAJIO AesdKe IIOJIIIIIIeHHS MeXaHid-
Hux BiaactuBocteii [20]. I[TosutuBHMM ehekT TaKOXK CIOCTepiraBcsa mpu
momaBauHi Mn [21]. MomgudikyBaabHUN eeKT MIMPOKOTO CIEKTPY Pin-
kKicuosemenpHux meranis (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
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Tm, Yb i Lu) Ha eBrekTury Al-Si Bigsuauaerbcsa B [22]; mpu mboMy
HaMOLIBII IOMIiTHNII e(DeKT CIPUUNHAE ToAaBaHHSA €BpOIIiio.

3acTOCOBYIOTBCS TAKOMK iHINT MommdikaTopu; HAIPUKJIAL, B poboTi
[23] 3aeBTexTuuHnmit cron Al-18Si MmogudikyBaim 3a JOIOMOIOIO Jira-
typu Al-3B. PesyinbTaT mIOKasyoTh, II[0 PO3Mip MepBUHHOrO Si mpu
JTomaBaHHI JiraTypu CIOYaTKy 3MEHIITyBaBCA, a IMOTIiM 30iIbITyBaBCS;
mpu oMy MiHiMyM cmoctepiraBcs mpu 0,2% mac. gdirarypu. Takox B
AKocTi «MmoamdikaTopa» BUKOPUCTOBYBANMCA HaHOUACTUHKU Y-Al,Os
[24], aki BBoguaucs B crou Al-16Si. B pesyabrari criocrepiraaocs mo-
JINIIeHH K 3HOCOCTiHKOCTH, TaK i TBepaocTH. 3a JaHNMU PEHTI'€HOC-
TPYKTYPHOI aHAJIi3y IPUUYNHOIO I[Oro 0yao yrBopeHHA Pas SiOz, Al:O;
Ta iHTepMeTaJiTHUX CIOJIYK 3 BUCOKMM BMicToM AntoMiniio. Beauuwnma
TBEPIAOCTH CTOIIY 30iIbINyeThCs Maike Ha 6% y moemHaHHI 31 30ib-
mmeHHaM ryctuau Beboro Ha 0,8% . CymicHe mogaBanmusa 4% wmac. y-Al.Os
i 0,1% Sr maa cromy Al-20Si 6yso mocaimxeno B [25]; mpu mbomy
Crpontiit MmogudikyBaB eBTeKTUYHUI KpeMHill, a y-Al.Qs — mepBuH-
Huii. MeToauKa eKCIIepuMEeHTY (3 YCMOKTYBAHHAM PO3TOIY) 3a0e31euy-
BaJia IMIBUAKICTL oxosomKkeHHa ~ 563°C/c. B pesyinbTari TBepaicTh ofe-
poxaHOTO 3paska mepesuInuiaa 54% TBEPAOCTH MaTEPisiay, OLepPKaHOTO
rpaBiramnifiaum gutsoM. CepeHs MesKa MIiITHOCTH Ha PO3PUB CKJagaja
355 MIla, a cepenua miactuuHicTs — 7,1% .

3. CIIEIIIAJIBHI TEMITEPATYPHI PE;KUMH

IIBuaKOCTI OXOJIOMKEHHSA Ta TBEPAiHHSA MAIOTh BUpPIMIaJbHEe 3HAUYECHHS
Ias1 GOpMyBaHHA MiKPOCTPYKTYPH i 30eperkeHHA rereporenHocTu. Tak,
miis croay Al-16Si 6yso Bigmsmaueno [6], 110 uepes meperpis pos3ToOIry
CTOII Ma€ TeHJEHITiI0 Oy Ty MEHII YYTJIUBUM JIO IITBUIKOCTEHN OXO0JIOAKEH-
HS Ta TBePAiHHA, B Pe3yJabTaTi uoro GopMyeThbca OiNBIIT OgHOpPiZHA Ta
IpibHa MiKpocTpykTypa. ¥ poboTi [26] upu mocaimxkenHi cromis Al-15,
18 i 25Si BusABIeHO, 10 HiABUINEHHA IIIBUIKOCTH OXO0JOIKEHHS Ta TeM-
mepaTypu IIeperpiBy 3MEHINYIOThL BHUIIJIEHHA HepBMHHOTO Si i fioro
00’emMHuy (pakifito, a oro Mop@oJIoria 3MiHIOETHCA BiJ JeHAPUTHOI Ta
OKTaenpuuyHOl haceToBaHOI 10 MJIACTUHYATOL CTPYKTYypu. Bnme msuj-
KOCTH OXOJIOIKeHHs 1A croiry Al—16Si 6yJsi0 BuBueHo B po6oti [27]. Pi-
3HiI IIBUAKOCTI OXOJIOMKEHHSA JOCATANNCS 34 PAXYHOK BUKOPUCTAHHSI
YOTHUPBLOX PiBHUX MeToJ JUTTA — r'paBitamiiiae (GC), TUTTa mig THCKOM
(DC), 6esnepeprHe jurta (WC) i mBuake rapryBanas (RWC). Kpim
TPaAUI[ifHOTO BUCHOBKY, IO PO3Mip YaCTUHOK IIEPBUHHOTO KPEMHIiO
3MEHIITYETHCS 3i 301IBITTEeHHAM IITBUAKOCTY OXO0JIOMKeHHs (puc. 1), OyJio
3po06JIeHO IiKaBUii BUCHOBOK: IIEPBUHHI YaCTUHKU KPEMHiI0 HE MOXKYTh
MMOBHiCTIO chOPMYBaATUCA, KOJHU HMIBUIKICTH OXOJIOMKEHHSA IIEPEBUIIYE
20°C/c, npibHi yaCTUHKY IEePBUHHOTO KPEMHIiIO, IIT0 3apOAUINCA Ta He
«yMep3Jr» B MaTPHUITI0, MiI'PYIOTH B 00J1aCTi, Jie IMTBUAKICTh OXOJIOAKEH-
HS MEHIIIe, i MOKYTh ar'per'yBaTHCs 3 YTBOPEHHAM KPYITHUX YaCTUHOK.
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Puc. 1. 3anmexHicTs giAMeTpa IIePBUHHOIO KPEMHII0 Bif ITBUAKOCTH OXOJIOIKEHHA.

Fig. 1. Primary silicon diameter versus cooling rate.

TBepAHEHHs PO3TOMIB 3aeBTeKTUUHMNX cToHiB Al—Si 3 pisHuM BMicTOM
Si (mixx 27 i 50% mac.), neperpitux ma 70°C Buie JikBigycy, it oxoJo-
mxenux 3i mBuakoctamu Bix 50 mo 300°C/xB. BuBuaiocsa B [28]. Bera-
HOBJIEHO, IO PO3Mip mepBUHHOI (asu Si 3MeHIITyBaBCcA 3i 30iIbIIIeHHAM
IIBUAKOCTU 0X0oJaomkeHHsa Big 50 7o 300°C/xB. i moHMKEeHHAM BMicTy Si
Bix 50 1o 27% wmac. ByJio BusABIIeHO 3HAUHE IIiJBUINEHHS MaKPOTBEPIOC-
T i3 36iabIenHamM BmicTy Si Bix 27 mo 50% mac. 3HOCOCTIHIKiCTh CTOMIIB
TIOCTiMHO moJIinITyBagacs 3i 301IbITeHHAM IIIBUKOCTH OXOJIOMKEeHHA Ta
3MEeHIIIeHHAM BMicTy Si. AHOMaIbHUIT 3B’ A30K OYB TOMY, IT110 TBEPAICTD i
3HOCOCTIHKIiCTb 3MiHUINCA B MIPOTUJICKHUX HAIIPAMKAX.

Metoio pobotu [29] OyJyi0o BUBUEHHSA BIJIMBY CUJIBHOTO IIEPErpiBy Ha
MexaHiYHI BJACTHMBOCTI Ta MiKPOCTPYKTYpPYy IEepPBUHHUX KpPUCTAJIB
KpeMHi0 B auTomy cromi Al-17Si—5Cu—1Mg. ByJio mpoBemeHO 40THPU
excrnepuMenT (3HaueHHA T i Tk ofep:KaHO 3a MTOIOMOIOI0 TEPMiUHOL
aHaijism): 1 — sammBKa BUXiZHOTO cTOMy, Tsn=806°C, TL=648°C,
Te=570°C; 2 — cron, wmomudikosanuii 0,05% P, T;..=802°C,
T.=668°C, Tg=572°C; 3 — zanmBKa BUXIZHOro cTONY, 1= 921°C,
T.=641°C, Tg=568°C; 4 — crou, wmozupikosaumii 0,05% P,



100 A.T. BOPUCOB, T.T. IIIP

Ts0n=919°C, T.=668°C, Tg=574°C.

OnepskaHi HACTYNHI 3HaUeHHA MeXaHIUHINX BJIACTHUBOCTEIH: TBEPHiCTh
3a Bpumennem — 109, 133, 148, 165; mesxa minmmoctu [MIla] — 176,
237, 240, 239; mexxa nmauaHOCcTU [MIla] — 136, 168, 178, 180. IToka-
3aHO, 10 CIIITLHUY BIJIUB BUCOKOTO NeperpiBy Ta moaudikyBanHa do-
chopoM Jae HaMTKpalle IIoeHAHHS BJIaCTUBOCTE i Api6GHOI CTPYKTYpPH.

3pasku crony Al-208Si, omepskaHi METOLO0 CHIHIHI'YBAHHSA HA MiTHOMY
nucky [30] (uBuakicTs oxonomxenus 1,11-105°C/c), mokasauu, 110 Mop-
osIoris IepBUHHOIO KPEMHIiI0 y c(h)OPMOBaHIN i3 pO3TOMYy CTPIUIli CYyTTEBO
sMiHmnaca i HabyJsa opmu ApiOHMX GJIOKIB (MaKCUMAaJIBLHUHI PO3MIip IIep-
BMHHOT'O KPEMHIiI0 CKJIamas 5 MKM, MiHimanabauii — 0,5 MKM, a cepenHiii
— 2 MKM). EBTeKTHUHIT KPEMHi¥ TaK0K iCTOTHO ITOIPiOGHMBCA.

B [31] 3 mopomuky Al-17Si, omep:KaHoro MIBUAKUM rapTyBaHHIM PO-
3MOPOIIeHHAM (IMIBUAKiCTL oxomomkxernHsa 105°C/c), Oy1u CKOMIOHOBA-
Hi mig ogroBicHUM TcKoM 400 MIla 3a KiMmHaTHOI TeMIepaTypu IUJIiH-
IPUYHI 3pasKu, AKi coikaames 3a Temmoepatyp 623—773 K mporarom
360—20400 c. Cepenniii miaMeTep YaCTHHOK KPEMHiI0 B OAep:KaHUX
KOMIIaKTaX 30iJbIITyBaBCcA K i3 3pOCTAHHAM TeMIIEpaTypH, TaK i gacy
cuikamua Bixm 0,01-0,03 mxMm (y BuXiganomy mopommky) mxo 0,85 mMrm
(cuikamua 773 K, 20400 c). TBepaicTh 3a BikKkepcom 3miHIOBasIacs 3Bo-
poraiM umuoM Bix 250 HV niasd CKOMIAKTOBAHOTO, ajie HECIeUeHOI'O
3paska, 70 120 HV (cuikauua 773 K, 20400 c).

4. IIEPEMIITIYBAHH{A PO3TOIIY

Mopdosorisa YacTHHOK KPEeMHiI0 iCTOTHMM YHMHOM 3MiHIOETHLCSA BHACJIIi-
IOK HasABHOCTHU IIePEeMiIlTlyBaHHSA B IpoIleci Kpucrajisamii posromy. B
[32] BuBuaBca cron Al-17Si—0,3Mg, omep:;KaHUI METOIOI0 PEOJIHUTTS
SSM (mompoburii meromu auB., Hampukiaazn, [33]). Ilpu mocaimskenHi
3HOCY JINTOT'O CTOIY BCTAHOBJIEHO, IO 3Pa3KM, OJlepKaHi i3 mepemMinry-
BaHHAM MOKa3aJu MEeHIITY BTPaTy Barv NOPiBHAHO 3i 3BUYAHUM JIUTUM
crormoM. OnITMUYHA MiKPOCKOITiA ITOKAasaja 3MEHIIIeHHsS PO3Mipy dacTu-
HOK IepPBUMHHOTO KpeMHio Ta MOoAU(IKYBaHHA KPEMHiII0 eBTEKTUUHOIO
BHACJIIIOK IIepeMiIlTyBaHHA B Ipolieci TBepaHeHHs. B poboTi [34] pos-
ron Al-22Si—0,4Mg mepeMiIryBaBcsa B IIPOIIECI OXOJIOMMKEHHSA IPOTS-
rom 12 xB. mpu 400 06./XB. i 3anBaBCsa B MUJIIHAPUYHNN KOKiIb. ¥ pe-
3yJBLTATi PO3IMOAiJ MEePBUHHOTO KPEMHiI0O cTaB OiJILINT PIBHOMiIpHUM SK
IO Kpalo, TaK i 110 MeHTPy 3pas3KiB 3 BIIHOCHUM 3MEHIIIeHHAM CePeIHbO-
ro po3Mipy yacTuHOK KpeMuio Ha 34% i 37% BigmoBigHO B IOPiBHAHHI
3 BimmmuBKOIO Ge3 mepemirryBaHHsA. [[ocmimKeHHsA BILINBY ITBUTKOCTH
nepeMinryBaHHsa Ha MOP(OJIOrilo IIePBUHHOI0 KpeMHiro B cromi Al-25Si
B migmasoui mBuakocteit mepemimryBamuaa 100—500 06./xB. IpoBeIeHO
B [35]. BcTanoBieHo, 1110 0JHAKOBi# K0Ji TBepmoi ¢asu 3i 36iIbIIIeHHAM
IIBUIKOCTH IIEPEeMillTyBaHHA BiAMMOBimaroTh 6igbIn apibHi Ta okpyriaeHi
YaCTUHKU KpeMHito. AHajsioriunuii epeKT cnocrepirascs B [36]. Hoci-
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mxyBasesa crorr Al-15% Bar. Si; npu 1bOMYy Bif3HAUYAETHLCS, IO iIHTEH-
CUBHE IIepeMilTyBaHHA B PO3TOIIi IIPUBEJIO A0 OiIbIIIOro moapiOHeHHA Ta
OiJIBINI ITOCHJICEHOTO 3aPOAKeHHA IIePBUHHOTO Si, HisK 0YJI0 JOCATHYTO 3
nopasaHHAM DPochopy. IlopiBHAHHA BIACTHBOCTEH BiJINTOTO TPALV-
mifigoro ta BiggitHOro mpu nepemimnrysanni 400 06./xB. cromy Al-20Si—
0,5Mg—1,2Fe mokasajyo, I[o Meka MimHOCTH 30indbimmiaaca 3 160 mo
171 MIla, a Bigmocue mogoB:xenusa 3 1,2 mo 2,3% [37]. Bukopucraunusa
€JIEKTPOMArHeTHOTO IIOJISA IJIsI IMePEeMiIlIyBaHHA IPUBOLUJIO OO CIIEIH-
¢iuaux pesyasrarie [38]. Cron Al-20Si—-1,8Cu-0,5Mn—-0,7Mg mepe-
MiIlTyBaBCsI B IIPOIlECi OXOJIOAKEHHS 3a PaXyHOK MArHETHOI iHAYKITil
PisHOI iHTEHCHMBHOCTH, AKA BU3HAYAJACA CHUJIOI CTPYMY B YCTAHOBILI.
Busasiieno, mio po3Mip YacTMHOK KPEMHIiIO 3aJie’KaB BiJi BeJIWYUHU
CTPYyMy HEMOHOTOHHO — Y BuXigHoMy (0e3 mepeMiImmyBaHHs) BiH CKJa-
maB mopanky 150 mxMm, mpu 36iabIiieHHi cTpyMmy A0 8—12 A BiH 6yB mo-
panky 50 MKM, a IpH IOAAJBIIIOMY 30iJbIIIeHHI cTpyMy M0 32 A 30i1n-
muBea go 250 mxM. OgHAK aBTOPH IIOB’SI3VIOTH Ie He 3i 30iJbIIIeHHAM
PO3Mipy OKpeMux YacTHUHOK, a 3 IXHIM «3JIHUIIaHHAM» V BEeJIUKi OJIOKMH.

5. OBPOBJIEHHS YJIbTPASBYRKOM

B pobori [39] mocamim:xeHo BILIMB OOpPOOJEHHS PO3TONY YJILTPA3BYKOM
(20 xkI'r, moryxuicTs — 50 Br, ammrityna — 4 MEM) g1 crory Al—-23Si.
B pesyabTaTi 06po0sieHHA PO3Mip UYaCTHHOK IIEPBUHHOIO KPEeMHil0o 3MeH-
muBca B 2—2,5 pasu, a BificTaHb MijK JIAMeJIIMH KPEeMHiI0 B eBTEeKTHIIL
30iIBIIINIIACS, II[0 aBTOPU IIOB’ A3YIOTh 3 THUM, IO IIiJl BILIMBOM YJIbTPAas3-
BYKY 30iIbIINIacAa KOHIIEHTPAaIliliHa OMHOPiAHICTE PO3TOIY Iepen (PpoH-
TOM €BTEeKTHKHU, II[0 3POCTAE. Y IbTPa3ByKOBe 00pobaenHs cromy Al-17Si
B IIPOIIECi OXOJIOMKEeHHS IIPOBOIMJIOCS B Pi3HUX AiANIa30HAX TeMIEPaTyp
[40]. ITpu mbomy crmocTepiraBcs IiKaBuii epeKT: B HeOOPOOJIEHOMY CTOITi
po3Mip yacTMHOK mepBMHHOTO Si cranoBuB 45 MmxM. Ilicasa obpobieHHs
posaTony B pigkomy ctaHi B iHTepBaJi 720—690°C cepenHiii po3Mip uacTu-
HOK KpeMHi0 3MeHIITUBCA A0 18 MKM. ¥ Toi1 »Ke yac 06pobieHHA y OiIbI
IITUPOKOMY iHTepBasni Temmeparyp, (20—620°C (axx mo Kpucrasisarii)
OPUBOAMIIO 10 ()OPMYBAHHS IIEPBUHHOIO KPEMHII0 3 cepeqHiM pPo3MipoM
35 MKM. Bucoky edeKTuBHICTE 00p00IeHHA YILTPA3BYKOM 3a TeMIepa-
TYP BUIIIE JiKBiyCy aBTOPHU OB’ A3YIOTh 31 30iIbIIIeHHAM K1JIBKOCTH Mif-
KJIQIWHOK IJIS TeTePOTeHHOTO 3apOM:KeHHS 3a PaXyHOK IIePeTBOPEHHS
HEe3MOUYBaHUX ITIAKJAIMHOK Y 3MOYYBaHi I aiero yiabTpasByKy. Ilo-
HIKeHHA e(D)eKTUBHOCTH 00POOJIeHHS 3a TeMIepaTypu HUKUe JIKBigycy
3B’SI3YETHCS 3 TUM, IIT0 ITOABA YACTUHOK TBePAoi (hasu yCKJIATHIOE IOIIH-
peHHA yabTPasByKYy (KaBiTalrii).

JBocTamifiHy TeXHOJOrii0 3 BUKOPUCTAHHAM YJIbTPa3BYKY 3aIIPOIIOHO-
Bauo B [41]. CyTs moJisirae B Tomy, 1110 yactuHa crory Al-18Si—5Cu o6po-
o0nsaerbesa yabTpasBykoMm (30 c, 18 k', 1 kBr) 3a Temmeparypu y 690°C
(T.=650°C), sika gomaeThCs B HEOOPOOIeHMIA PO3TOII.
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OnepsxaHi pesyJIbTaTH IIPECTABIEHO Ha puc. 2. ABTOpU OB’ A3YIOTh
edeKT, 1o cIocTepiraeTbes, 3 TUM, IO JOJaBaHHSI 00p00OJIeHOTO PO3TO-
Iy IPUBOAUTH N0 (DOPMYBaHHA ABIMHUKIB 3 BXiJTHUM KYTOM, BHACJIiJOK
YOro Ma€ MicIie 3MiHa JIYyCKaTOr0 KPEMHiI0 BOJIOKHUCTUM OJISI €BTEKTH-
Ku. [lJ14 mepBUHHOTO KPEMHiI0 TaKUU MeXaHidM IIPUBOAUTH 0 Ae(EKT-
HOCTU T'pPaHel Ta yImOBiJIbHEHHSA POCTY, IO Ja€ MOMKJIUBICTH MOABU HO-
BUX IPiOHUX KPUCTAIIB.

CroiBcTaBlieHHA e(PEeKTUBHOCTH YJILTPA3BYKOBOTO OOpPOOJEHHA Ta
eJIEKTPOMATHETHOTO IIepeMilllyBaHHA IpoBeneno B [42]. Busmauascsa
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Puc. 2. PesyabratTu metasorpadiuHux mociimkeHb BuauBKiB Al-18Si—5Cu:
KiZTbKiCTh YACTMHOK MEePBMHHOTO KPEMHIiI0 Ha ONWHUITIO IJIOIIi (a), cepemuii
PO3Mip YaCTMHOK KPEeMHiI0, Ciphil CTOBIUNMK — IIEPBUHHUNA KPEMHill, YOpHUI
— eBTeKTHuKA (0).

Fig. 2. Results of metallographic studies of A1-18Si—5Cu castings: number of
primary silicon particles per unit area (a), average particle size of silicon,
grey column—primary silicon, black—eutectic (6).
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poO3Mip YACTMHOK KpPeMHiro s HeobpobJsenoro cromny Al-18Si—5Cu,
00po0JIeHOT0 IIepeMilnTyBaHHAM, 00pPOOJIEHOTO YILTPA3BYKOM i 00poO0-
JIEHOTO CYMiCHMMM 3MIiIlTyBaHHAM i yabTpasBykoM. Omep:xaHi cepenHi
3HAYEHHA YaCTUHOK CTAHOBJATH BiIOBiTHO (IePBUHHNI /€ BTEK TUYHI I
KpeMHil) B MKM: 42/21,17/12,13/61 16/6. B6auaernc4, 110 y pasi of-
HOYAaCHOTO BILJIMBY YJBTPa3BYKY Ta HepeMillTyBaHHS OCTaHHE MHOCJA0-
JII0€ KaBiTamitHuii e(peKT.

B po6ori [43], me mociim:xeHO BIJINB YJILTPA3BYKY MPAKTUYHO HA Ta-
Kuit ke cron Al-18,5Si—4Cu, moBigomMiIseTbCs, 1110 00POOIEHHA PO3TO-
my B misimasoui Temmepatyp 750—800°C 3HauHO MOJiMIITye AKicTh Imep-
BUHHOTIO Si, ajie MaJIoO BILINBAE HA po3Mip 3epHa nepBurHOro Al. Ilepexn-
0auaeThbCdA, 3HAUHE 30iIBITIEHHS TBEPIOCTH MATPHUILi, a TAKOK MIiITHOCTH
HaA PO3PUB JUTOT'0 MATEPisAIy IIOB’A3aHO 31 3MIiITHEHHAM TBEpPIOTrO PO3-
yury. JIurra mig Tuckom cromy Al-16,5Si, 00pobiieHOr0 YJIbTPasBy-
KOM, PO3TIAHYTO B [44]. EdQeKT yIbTpPasByKOBOIr0o MOAPiOHEHHS OCJIi-
I:xeHo 0e3 i 3 momaBamuam Pochopy. ExciepuMeHTH BKJIOYAIKN TOII-
JIeHHS CTONY B THIJIi, BILIUB yJILTPA3BYKYy 3a TeMIlepaTyp He MeHIIe,
Hik Ha 60 K BHUIlle TeMIepaTypu JiKBiAyCy, BUTPUMKY PO3TONY IPOTS-
rom 20—-80 c i 3ajMBaHHA HOr0 B MifHY BUJIMBHUITIO METOJOIO I'paBiTa-
mifiHoro JuTTA. Byso BUABIEHO, 1110 e(PEeKT IMOAPiOHEHHS 3a/IeKUTDL Bif
BMicTy Pochopy i yacy BUTpUMKHU. BcTaHOBIIEHO, IO YABTPA3BYKOBE
BUIIPOMiHeHHs 30i/bIye KigbKicTs vacTuHoK AlP, mirounx aK rerepo-
TeHHi MicIld AJ1d MepBUHHOTO 3apOoAKOoyTBopenHd Si. EQekT padinyBan-
Hsa OyB 3HaunuM mpu yaci BurpumMiru 20—-50 c. Ilorim, r'pyHTYyIOUNCEH Ha
HaBeJIeHUX BUIIe pe3yabTaTax, 0yJau BU3HAUEHI ONITUMAaJIbHI YMOBY JJIs
JauTTA mig TuckoMm. KiaouoBum mMomeHTOM OyJio Te, 1o edeKT padimy-
BaHHA Ta TeKYYiCTh PO3TOIY IiATPUMYIOTHCA Ha GasKaHOMY PiBHi mpo-
TATOM IIepioAy uacy micjsa oOpo0JeHHSA YIbLTPa3BYyKOoM. MiKpPOCTPYKTY-
PHi JocaimiKeHHA IMOKA3aJM 3HAUHE HMOAPiOHeHHs IMEePBMHHUX KPHCTAa-
Jgis Si i cmonyk Al-Fe—Mn—-Si. Bignusku mig Tuckom, 00podaeHi yianT-
Pa3BYKOM, ITOKa3aJiy MOJIiNIIeHy MiITHiCTh Ha PO3PUB.

6. OBPOBJIEHHA BUCOROEHEPTETHYHUM IITYYKOM
(CTPYMEHEM)

s 6araTb0X OPaKTUYHUX 3aCTOCYBaHb BJIACTUBOCTI TOBEPXHEBOTO
IIapy MaTepisanay € BusHavadbHUMHU. (15 GOopMyBaHHS TaKOTO «IIOK-
PUTTA» 34iMCHIOETHCSI a00 00PO0JIeHHS MOBEPXHi caMoro MmaTepisairy, abo
HaTOILJIEHHS OJHOI'0 MaTepidaay Ha iHmuii. B ocTaHHiIN Yac po3BUBAIOTh-
cA TeXHOJIOTiI, AKi MOKHA Ha3BaTU «TPUBUMIPHUM JPYKOM», KOJIX Ha-
HeCeHHJ IIIapy Ha Iap YTBOPIOE AKUICH BUPiO.

B po6Gori [45] moBepxHs cTomry Al-17,5Si 06pobiisaiacsa BECOKOEHED-
reTUYHUM IyJIbCYyBaJbHUM eJIeKTpoHHNM mpomeHeMm (10—40 xeB, 10%—
103 A/cm?, TpuBaiicTs immnynascy — 1 mc, imTepBan — 10 c.). Skmo y
BUXiTHOMY MaTepifi mepBUHHUYN KPeMHil MaB po3mip y 30 MKM, a eB-
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TeKTnuHUN — 10 MKM, micsia o6pobiieHHs 3HaYeHH cranoBuan 100 HMm
i 50 uM BigmOBiAHO. 3HOCOCTIHKiCTh 00p0bIeHOI MOBepXHi 36iabIINIaCS
mpubIn3HO B 8 pasis.

BmiuB n’aATh0X 103 eIeKTPOoHHOro npoMeHns 16,5—36 kB Ha moBepxHi
crorry Al-17Si—4,5Cu mocaig:xeno B [46]. ByJso BcTamoBeHO, 10 30i-
JIBITIEHHS IIPUIIBUAINTYBAJIbHOI HAIPYTH CIIOYATKY HPUBOLUJIO IO 3Me-
uimenaa (Ra=1,4 MKM), a motim — 36inbmrenusa (Ra =4,0 MKM) cepe-
HiX 3HaUeHb IIEPCTKOCTU IIOBEPXHi, IO 3B’A3YBAJOCA 3 YTBOPEHHAM
KpaTepiB uepes TOIJIEHHA IIPUIOBEPXHEBUX YACTHMHOK KpemHito. Tpu-
0oJioriuHi BUIPOOYBaHHA OyJaM IIPOBEJEHI B yMOBaX CYX0Oro KOB3aHHS 3
mapomo migmumHuKoBoi Kpuii 52100 B ymMoBax  3BOPOTHO-
nmoctynaabHoro pyxy. Cepenui xoeditieHTr TMHAMIYHOTO TEPTS CKJIATHT
oinprre (0,9) mopiBuaHO 3 HeoOpobaeHoOI0 MoBepxHeto cromy (0,6) BHa-
CHLTOK GiNBIITOTO CTyHeHA 3UeIlJIeHHA 3 KOHTPTiJIOM.

B [47] mocaig:xeno obopobiienHs moBepxHi cromiB Al-17Si i Al-20Si
COgz-masepom TpuBajoi Aii 3 goB:xuHO0O XxBuai y 10,6 MKM Ta JazepoMm
Trumpf Yb:YAG 3 gosskunoro xsuiaiy 1,03 MKM; gissMmeTep IpoMeHsT —
1 MM, mBUAKiCTh cKanyBaHHA — Big 5 7o 100 mMm/c. MikpocTpyKTypa
HeoOpoOJIeHNX CTOIIiB aHAJIOTiuHA, cepelHiil po3Mip ImepBUHHOrO Si —
70-100 MKM, eBTEeKTHKA HeJAMEJIIpHa, BicTaHb MijK IJIACTUHAMHU —
2—10 mxM, TBepaicts HV — 60—-70. B miporieci 00po0JieHHsA B 3aJI€:KHOC-
Ti Big pemumy chopmyBasiacs 30Ha IIPOTOILIeHHA riambumomo y 0,3—
3 MM, IITBUAKICTH OXOJIOAKEHH (OIliHeHAa 3a JeHAPUTHUM IIapaMeTpOM)
cranoBuia 6-103-3-10%°C/c. B 06pob6aeniii 30Hi (popmyBaacs JsaMess-
PHa eBTeKTHKA; BifcTaHl MiK Jameaamu — 15—40 um. MikpoTBepaicTs
HV crnagana mopanky 120 gusa Al-17% sar. Sii 150 giasa Al-20% Bar.
Si. 3i 30iIbIIIeHHAM IMIBUAKOCTH OXOJOM:keHHA Bix 6-10% mo 3-105°C/c
ITeHApuTHUN napamerep o-Al smenmmusesa 3 3 MKM g0 0,5 MKM, a MixKII-
JacThHUYAaTa BigcTaHp B eBTeKTuIli 3meninuaaca 3 1000 am go 30 um. B
pesyJabTaTi 00pobIeHHS BigOyaaca 3HauHa 3MiHa MOpP@OoJIorii KpeMHiio
— BiJ MACHMBHOTI'O Ta MJIACTHUHYATO-TOJIYATOTI0 A0 CYMIiIIli JIyCOUYOK i3 3a-
KPYIVIEBHUMH KyTaMM Ta BOJIOKHOM. BiJIBITiCTH YyTBOPEHHX UYACTHUHOK
KpeMHil0 OyJaM CHJIbHO PO3TANY:KeHi Ta MIiCTHIAM 3HAYHY KiJbKicThb
nsittHuKiB. IIIBUAKe OXOJOMKEHHS IPHUBEIO OO0 3HAUHOTO 30iJIbIITeHHS
posumuHOocTH CHIiliio B aoMinil mpubausHo 10 5% Mmac. y mopiBHAHHI
30,5% Mmac. 3a MOBiJIBHOI'O OXOJOIKEHHA.

PesynbTaT HaHeCEeHHS IMOKPUTTS (METOHa IIPSMOr0 OCAAKEHHS Me-
TaJly, Ha IIOBEPXHIO II0JAETHLCA IIOPOIIOK, IKUI HATOILIIOETHCS JIA3EPOM)
3 mopomkie Al-11,3Si—0,18Fe—0,03Cu (100 mxm) + SiC (70 MmxM) Ha
MMoBepxHi asomiriitoBoro cromy 6061 (Al-1Mg—0,6Si) gocraig:xysanucsa
B [48]. Oxmepsxamo IOKpUTTA 3 yabTpaauctnepcHuM (< 10 MKM) mepBUH-
HuM Si. 3i 301IbIIIeHHAM MIBUAKOCTY CKAHYBAHHS Ta IMOTYKHOCTH Jase-
pa 36imbITyeThCcs 00’ eMHA H0aA Ta po3mip mepBuruoro Si. [1lo cTocyeTh-
¢ KPEeMHiI0 eBTeKTHYHOT0, TO i3 301/IBIIIeHHAM IIBUAKOCTY CKAHYBAMHHS
0r0 po3Mip 3MeHIyeThCA. 13 301/IBIITeHHAM MOTYKHOCTH JIa3epa eBTeK-
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TUYHUU Po3Mip Si mocsarae MiHiMalbLHOrO 3HAUYEHHS 3a IOTY:KHOCTH Y
850 Br. MikporBepaicts HV moxkpurrtsa npubausuo B 2,5 pasu BHIIE,
HiK 1us Buxigaoro mopomky (100 kr/mMm?) i B 3aJIeKHOCTI BiJ pesKuMiB
cranoBuTh 200—250 Kr/Mm2. AHasOriuHy MeToAy (X04a aBTOPU BUKOPH-
CTOBYIOTH AJbTEPHATUBHY HA3BY — «CeJeKTUBHE Ja3epHe TOIJIEHHS»)
3actocoBauo B [49]. [I1d MOKPUTTA BUKOPUCTOBYBAJIMUCS IIOpormku Al—
12Si (30 mkm) i umernii Si (6 MKM). 15 fOCATHEHHA XE€MiUHOTO CKJIALY
Al-188Si 11i xBa mopomKy 3Minrysaau B 6apabaHHOMY 3MiIllyBadi IIpoTH-
rom 60 xB. npu macosomy cuissiguomrenui Al-12Si go Si=92,6:7,4. 3a
MMOCTifiHOI IMTBUAKOCTH JiadepHOTo cKkanyBaHHA (0,5 M/c) MOTYyKHiCTH Jia-
3epHOTO IIPOMEHA Ma€e CUJIbHNY BILJIUB HA MiKPOCTPYKTYPY Ta MeXaHiuHi
BiacTuBOCTi MarTepisany. Ilpu 36inbmrenni morysxuocTu 1o 210 Bt mikpo-
TBEPAICTh 3pasKiB mocTiliHo 36inbmyerbea Bixm 80 o 100 kr/mm2, mpu
MiABUINEHH] LOr0 3HAYEHHA BOHA PI3KO IMOHMKYEThCA 40 60 Kr/mm2,
ABTOpHU TIOB’A3YIOTH Iie 3 TUM, IO 30iJIbIIIeHHA Yacy TBEPAiHHS IPUBO-
IUTHL OO TOTO, IO 30iMBIITYETHLCA PO3Mip YaCTMHOK KpeMHilo. 3pasKw,
ozep:kaHi 3a mory:xuocT ¥ 210 BT, MarThL TAK0OK caMy HU3LKY IIIBU-
kicte 3HOCY — 7,0-10* MMm3H M !. B po6oti [50] 6yaiu mpoBemeHi aHa-
JIOTIUHi JOCTiAKeHHs, 3aCTOCOBAHI IIOPOIIKY YHNCTOI0 KPeMHIiI0 i umncTo-
ro ajJOMiHio Aad ozepskauua ckaany Al-50Si y cuiBBigmommenni 1:1.
Haiixpatri pesyabTaTi 0yau ofep:kaHi 3a moTy:KHOCTHU Jasepa y 350 Br:
MikporBepgicts HV =188 kr/mm?, mBugkicrs 3mocy — 5,5-10™*
vmm3 H .Ml TIpuroroBaHuii 3a CIEmiAILHOKN METOAUKOI IIOPOIIOK Al—
22Si—0,2Fe—0,1Cu—Re 3 onTuMizoBaHMMU BJIACTUBOCTIMU BHUKOPUCTO-
ByBaBcsa B [51]. BeraHnoBieno, 1o BHACIiJOK BUCOKOI IITBUAKOCTH OXO-
JIOISKEHHS B IIpolieci popMyBaHHsa po3unHHICTE Si B Al 36iabInmiaca Ha
8,25% , a posmip IepBUHHOIO KpeMHiio gocarae ~ 0,5 mKm. BigHocua
ryctuHa 3paskiB cramoBmia 99,54 +0,25% . Mexauniumi BiacTHBOCTI
oIepKaHUX BUPOOiB 3HAUHO HMOKPAIYIOTHCS B MOPiBHAHHI 3 BUXiTHUM
MaTepisgaoMm. 3aBIAKU APiOHi MiKPOCTPYKTYPi, 1110 3a0€3IIeUyeThCa BU-
COKOIO INIBHUAKICTIO OXOJIOM:KEHHSA, TBEpPHicTh 3a BikkepcoMm mocdArae
~ 170 HVy,2, a MinTHiCTL HA BUTHMH 301IBIITyeThC g0 644,0 + 43,7 MIla.

7. OBPOBJIEHHS CTPYMOM

JocaimxkyBaBcsa BILJIMB IIPOIIyCKaHHA IIOCTIHOTO CTPYMY i3 I'yCTHHOIO
ommsbko 500 MA /cm? mig uac TBepaHeHHA cromiB Al-13Si ta Al-20Si
[62]. BHAcHigoK MbOro JEeHAPUTHUN IIapaMeTep V BCiX BUIAAKaX 3MeH-
IIIyBaBCs, KPiM HUKHBOI yacTuHu BUInBKY Al-20Si. IIi1s 11b0r0 cTOmy
NPOIIyCKAaHHA eJeKTPUUYHOIr0 ITOTOKY He NPHUBEJO A0 3MiHU pPO3Mipy
KPYIHUX YACTUHOK Y «IIOMYJIAIMii» ImepBUHHOTO KPeMHiio, ajie 36iJb-
IIUJIO0 KinbKicTh Api6HuX KpucTaais. s cromy Al-13Si nponyckanusa
CTPYyMYy He BUSIBUJIO BILIMBY Ha po3Mipu mepBuuHOro Si. Poamip, posmo-
IiJI 3a posMmipamMu Ta MOP(}OJIOTisa eBTeKTUYHNX YACTHHOK KPEMHiI0 He
3MiHIOIOTBLCS ITi I BILTUBOM €JIEKTPUUYHOTO CTPYMY MIJIA 000X CTOIIiB.
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B pob6orTi [53] B mmporieci 0xX0JI01:KeHHA TOYNHAIOUY 3 TEMIIEPATYPU JIi-
kBigycy (710°C), uepes 3pasok cromy Al—22Si, mio rBepaue, xoxHi 20 ¢
MIPONyCKAaBCA eJIEKTPUUYHUI IMITYJIbC (PO3PAAKa KOHIEHCATOPY, HATIPYTH
pospany 6yau 3 KB i 6 kB). Bigsnauaerbcs, 1110 B He0OpOOJIEHOMY CTOITi
MIEePBUHHUN KPEMHIN Ay:Ke KPYIHUHA, 00po0IeHHA IPUBOIUIO IO HOTO
icTroTHOrO MOAPiOHEHHA. 3a HATIPYTHU Po3pAny y 3 KB mepBunuuit Si mas
TeHIeHI[il0 301upaTuCcs Ha MOBEpPXHi 3pasKa, Ipu IIbOMY B IIEHTPi HaKO-
nuuyBaBeda o-Al. 3a Hanpyru pospazny y 6 kKB mepBuHHUI KpeMHiil OyB
OinbIn Api6HUM i posnoainsaBcs mo 06’ eMy OiabIN piBHOMIpHO.

ITomiTHII epeKT crmocTepiraBes 3a eJIEKTPOiIMITYILCHOTO OOPOOIeHHA
(1000 B, 22T'mr) poatony Al-22Si nepexn sanuBKom mporarom 0—15 xB.
3a TemIieparyp Buie JikBigycy — 800, 900 i 1000°C [54]. JIutTa Bigpa-
3y IIicJasA eJeKTPOiMIIyJIbCHOIO MOAM(MIKYBaHHS Ta€ 3MOIYy OJEepKaTu
IIOMiTHe IMOAPiOHEeHHS MePBUHHOTO KPEMHiI0, oro Mopdosoria saMiHio-
€ThCS BiJ BEJIMKOIJIACTUHYATOI JO KOMIIAKTHOI 3 PIBHOMipHUM PO3IO-
gijgoM i mucmepcHicTio. 3i 30ibIIIeHHAM TPUBAJIOCTH 00pO0IeHHS e(hpeKT
HNOHIMKYEThCSA. Taxka TeHIeHI[iT — IIOHMMKeHHS MOAN(iKyBaJIbLHOTO
eeKTy 3i 30iIBITeHHAM TPHUBAJIOCTHA O0POOIeHHI — MaJia MicIle 3a BCix
JocJaimKyBaHux Temiepatyp oopobaenus: 800—-1000°C. AsTopu BBa-
JKaioTh, IIT0 32 YMOB CHJILHOTO IIEPEeTrPiBy CTPYKTypPa PO3TOIY 3aJI€KUTh
BiJl KOHKYPEHITil MiK TENJIOBUM PYXOM Y PiIKOMY MeTaJi ¥ iHOKYJIAIi-
€10, BUKJINKAHOI eJIEKTPUYHUM IT0JieM. BILIMB OCTaHHBOTO TPUBOAUTH
IO 3MEHIIIeHHs PO3MipiB KJacTepiB KPEeMHiI0 B PO3TOIli, SIKi IIOTiM €
IeHTpaMu 3apoikenus. I1ig yac TpuBaIol BUTPUMKHU 34 YMOB CUJIBHOT'O
TEIJIOBOTO PYXY APiOHi KiIacTepu po3magaloThC.

8. CIIEIIAJIBHI METOIU JINTTS

MeTozma BiAIleHTPOBOro JUTTS 3acTocoByBasiacd B [55] muna cromy Al-—
20Si. Posron 3a Ttemmneparypu 800°C zammBaBcsa B KPHUIIEBUH KOKiJb,
monepenHbo Harpituii go 800°C, mo obepTaeThcaA 3i IIBUAKICTIO
1000 06./xB. Ilicna posmomiay MeTasly IO CTIHKaX CHUCTEMAa OXOJIOIKY-
BaJiacdA i popMyBaBCcsa BUIMBOK 30BHIimIHIM miamerpom y 100 MM 3 TOB-
IIIHOIO cTiHku y 12 mMm. Mertasorpagiuni gocaigxeHHA ITOKa3aau, IO
BHYTpIimmHiI 00sacTi micTuim G6araTo mepBMHHOTO KpeMmuiro (Bixm 20 mo
150 mKM) i rpy0y eBTeKTHRY (20 10 50 MKM), ¥ 30BHIIITHIX YacTUHAX Ki-
JbKicTs mepBuHHOTO Si (15—100 MKM) mTOHH3UIACA, a4 eBTeKTUKA OyJia
npiomime (15-40 MmxM). 3pa3Kku 1A MeXaHIYHUX BUOPoOyBaHb BUpisa-
JUCS B IEHTPAJIbHIN YacTHUHI 3pa3Ka, oJep:KaHi 3HAUEHHS: 'PaHHUYHA
MinuaicTs Ha posTaryBanua — 60 MIla, TBepzaicTs 3a Bikkepcom — 79,
BiZICOTOK mOJoBKeHHaA — 3% , KoedimienTt repra — 0,3.

s omep:kaHHSI MaTEPiANy 3 I'PAJi€HTHUMHY BJIACTUBOCTSIMU B POOOTL
[66] 6yno mpoBemeno TBepxmimasa croumy Al-20Si, marpitoro mo 750°C
(T.=670°C), B ymMoBax IOCTiAHOTO OO0EPTAHHA IWJIiHIPUYHOTO TUIJIS
(po3TalroBaHOT0 rOPU30HTAILHO) 3i mBUAKicTIO y 700 00./XB. B IIpoIeci
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0e31mepepBHOTO OXOJIOMKeHHA. Y BHYTPIITHI#T YacTUHi 3pasKa cImocTepi-
raJiocs 3HAYHE YMCJIO YaCTHHOK IIePBUHHOTO KPEMHil0, OTOUEeHUX I'PY-
0010 eBTeKTUKOMI. CepenHs vacTMHa 3pa3ka B OCHOBHOMY 3allOBHeHA
IPiOHOI0 eBTEKTUKOIO, B AKill 3HAXOAATHCA KiJbKa YaCTHMHOK IEePBUH-
Horo Si i KineKa meHgpuTiB o-Al. ¥V 30BHIiNIHIA yacTuHi 3paska B Apio-
Hill eBTEeKTHIII cIIocTepiraeThesd 3HaUYHa KiJIbKicTs geuapuris a-Al. Tse-
paicts 3a BpuHeniem 3MiHIOETHLCA Bif 78 Ha BHYTPIIIHINA MOBEepXHi IO
54 HB Ha 30BHINTHLOMY Kpalio 3paska. IIpunyckaernes, 1110 TIePBUHHN KT
KPeMHill BIINBA€E Ha TBEPIiCTh iCTOTHIiIIE, HI’K KPEMHIN B eBTeKTHUII].

Metroma pigKol IIITAMIOBKY BUKOPUCTOBYBABCS AJIA JUTTA cToiry Al—
18Si—4,5Cu 3a pisaux tuckis: 0—180 MIla [57]. Bcranosieno, 1110 3 mif-
BUIMEHHAM TUCKY IITAMIIOBKY PO3Mip IePBUHHOr0 KPEMHII0 ITPAKTHUYHO
JiHifiHO 3MeHITyeTheA Big 42 MKM 0 18 MmxMm. O0’eMHa S0 €BTEKTHY-
HOT'O KPeMHiI0 TaKOXK 3SMeHIIIUJIacAa 3 HiABUIIleHHAM TUCKY. IIpomopiriii-
HO IILOMY 3MEHIIIEHHIO 30iJbITyBajiacsad MIiITHICTh HA PO3PUB i BiACOTOK
moZoB)KeHHsa BignmoBiguo Big 185 MIla i 0% mo 380 MIIai0,75% 3a Tuc-
Ky v 180 MIIa. TeepzaicTe 3a BpunenneMm mociaimxyBaiacsa B iHTepBaii
TrcKy mraMmooBKY Big 90 o 180 MIla i 3pocrana Big 78 mo 84.

s Toro, 1100 YHUKHYTH TaKOT0 HEIOIIKY, K HU3bKA ILJIaCTUYHICTh
3aeBTEeKTUUYHUX CcTOIIiB Al—Si, 3yMoB/IeHA BeJIMKUMU YACTHUHKAMU IIEP-
BUHHOTO KPEMHiI0 ¥ MiKPOCTPYKTYPi, 110 06MeKye MOMKJINBOCTI iX 3a-
CTOCYBaHHA, B poOoTi [58] Oys0 3ampoIIOHOBAHO HOBY METOAY JIUTTS,
dAKa mepegbauae 3MilIyBaHHA ABOX CTOIiB. Bysu BUKopucTaHi 1Ba CTO-
mu — Al-6Si (ctom A) i Al-30Si (ctomr B) pismoi macu. Cron A mepef
amimyBanaaM MaB Temnepatypy y 850°C. Cron B y rpadiToBomy Turi
oxoaomkyBaBea Bixm 950°C 3i mBuakictio y 20°C/XB. 10 TeMIlepaTypu
700°C; 3 TOCATHEHHAM Iliel TeMIIepaTypHu B I[el TUI'eJIbL 40 cTony B Biu-
BaBCA CTOHI A; pe3yabTat 11boro nodHauascs K cron C. Cron C 3aiuBas-
cA B momepeHbo Harpituii 7o 250°C crammgapTHUN KPUIEBUIl KOKiJb,
sarajgbHa KoHIleHTpaIris cromny C cranoBuia Al-18Si. AKimo posmip me-
pBuHHOTO Si B «3BHuUaiiHoMy» cromi Al-18Si cTaHOBMB IOPAIKY
100 mxM, To B cTomi C — 30—40 mKM. ABTOpHU 3B’ A3YIOTH 1€t (haKT 3 ua-
CTKOBMM PO3TOILJIEHHAM IEepPBUHHOTO KPEMHil0, III0 YTBOPUBCA Uepes
OXOJIOM:KeHHA CTOITy B 3 TomaBaHHAM BUCOKOTEMIIEPATYPHOTO CTOITY A.
Taroxx y cromi C cmocrepirases o-Al TpboX BUIIB — JEHAPUTU, «T'AJI0»
HABKOJIO KPUCTAJIiB KpeMHiio i oKpeMi cepuuni vacTuuaku. O6’eMmHa
JIOJISA IePBUHHOTO Si B «3BHuaiinomy» croui Al-18Si ckaamana 7,5% a
o-Al — 0% ; B eromi C — 11,1% i 20,1% signosiguo. Mexaniuni Biac-
TuBOCTi cTonry C icTOTHO IIepeBUINTyBaI «3BUYAMHI» cTonu (uepes apid
/), BimmoBigHO TBepaicTh 3a Bpunennem — 72/65 HBW, mesxa MiItHoC-
i — 172/159 MIla, BigaocHe mogoB:xenns — 1,98/0,95% . Cxoxa me-
TOAUKA 3aCTOCOBYBaJiacsa B [59]: amimryBanucsa B piBHUX DOJIAX ABA CTO-
nmu — Al-308Si, marpituit o 900°C, i Al1-108Si, oxomomxenuii o 580°C,
Si («rapAYnii» BIUBABCA Y «XOJIOAHUI» ); IPU I[BOMY OJEPKYBaBCs CTOII
Al-208Si. Ogepsxaumnii «3MiIIaHuii» CTOII HArpiBaBCA 0 Pi3HUX TeMIIe-
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Puc. 3. 3anexHicTh po3MipiB IEPBMHHOTI0 KPEeMHiI0 Big yMoB 00pobieHHs. Be-
pTUKAaJIbHA Bich — PO3Mip mepBUHHOTO Si, TOpMU30HTAIBHA Bich — TeMIIepaTypa
HarpiBy, HOPOKHUCTI KBagpaTu — 0e3 3MiIllyBaHHSA, 3a40OpHEHi — 3i sMmiry-
BaHHAM.

Fig. 3. Dependence of primary silicon dimensions on processing conditions.
Vertical axis—size of primary Si, horizontal axis—heating temperature, hol-
low squares—without mixing, curled—with mixing.

patyp (800, 900, 1000 i 1100°C) i BuTpuMyBaBcsa 15 XxBuauH. AHaJIOrI-
YyHO HarpiBaBcs «3BmuaiiHuii» Al-20Si. 3ajmexkHicTh PO3MipiB IIEePBUH-
HOT'O KPEeMHilo BiJi yMOB 00pO0/IeHHA HaBeIeHa Ha puc. 3.

3MeHIIIeHHA PO3MipiB IIePBUHHOrO KPEMHiI0 B 3MiIlTaHOMY CTOITi 3i
30iJIBIIIEHHAM IIeperpiBy aBTOPU IIOB’SI3YVIOTh 3 peKoMOiHaIliero xemiu-
Hux 38’ a3KiB Al—Al, Si—Sii Al-Si B poaTomni 3a1eXHo BiJ TeMIiepaTypu.

9. BUCHOBKH

Hai6insmr yeminamM Ha Cy4acHOMY eTalli PO3BUTKY BUPOOHUIITBA BU-
po6iB i3 3aeBTEKTUUYHUX CUJIYMIiHIiB y HOZOJIAHHI TPoOIeMu «KPYITHOTO
KpeMHiI0» € miaxim, aKkuil mependauaec KOMILIEKCHE MOETHAHHSA PisHO-
MaHITHUX cI0c0o0iB BILIUBY. [[JIsS IILOTO IIPEACTaBIAAETHCA HEOOXigHUM
moJaJbIlle IMOTJINOJieHe BUBUEHHS CKJIAJHNX MeXaHi3MiB IpolieciB 3a-
pomkeHHA Ta GopMyBaHHA KpeMHiMBMicHUX (as.

IODUTOBAHA JIITEPATYPA—REFERENCES

1. F. Alshmri, H. V. Atkinson, S. V. Hainsworth, C. Haidon, and S. D. A. Lawes,



IEIKIMETOOW IIIBUIITEHHS BJIACTUBOCTEN BAEBTEKTUYHUX CUJIYMIHIB109

[\

~

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.
28.

29.
30.

31.

Wear, 313, Iss. 1-2: 106 (2014).

A. Wang, L. Zhang, and J. Xie, J. Rare Earths, 31, Iss. 5: 522 (2013).

Z. Cai, C. Zhang, R. Wang, C. Peng, K. Qiu, and Y. Feng, Mater. Design, 87:
996 (2015).

K. G. Basava Kumar, Adv. Mater. Res., 685: 112 (2013).

P. Li, V. I. Nikitin, E. G. Kandalova, and K. V. Nikitin, Mater. Sci. Eng. A, 332,
Iss. 1-2: 371 (2002).

Z.Cai, R. Wang, C. Zhang, C. Peng, L. Xie, and L. Wang, J. Mater. Eng. Per-
form., 24: 1226 (2015).

H.S. Kang, W. Y. Yoon, K. H. Kim, M. H. Kim, and Y. P. Yoon, Mater. Sci.
Eng. A, 404, Iss. 1-2: 117 (2005).

M. Okayasu, S. Takeuchi, and T. Shiraishi, Int.J. Cast Met. Res., 26, Iss. 2: 105
(2013).

L. Lasa and J. M. Rodriguez-Ibabe, Mater. Sci. Eng. A, 363, Iss. 1-2: 193 (2003).
B. K. Prasad, K. Venkateswarlu, O. P. Modi, A. K. Jha, S. Das, R. Dasgupta,
and A. H. Yegneswaran, Metall. Mater. Trans. A, 29: 2747 (1998).

S. Bhattacharya and A. T. Alpas, Wear, 301, Iss. 1-2: 707 (2013).

T. M. Chandrashekharaiah and S. A. Kori, Tribol. Int., 42, Iss. 1: 59 (2009).

S. A. Kori and T. M. Chandrashekharaiah, Wear, 263, Iss. 1-6: 745 (2007).
J.Li, F. S. Hage, X. Liu, Q. Ramasse, and P. Schumacher, Sci. Rep., 6: 25244
(2016).

G. H. Qi, Adv. Mater. Research, 721: 282 (2013).

M. Zuo, K. Jiang, and X. Liu, J. Alloys Comp., 503, Iss. 2: .26 (2010).

B. Ganiger, T. M. Chandrashekharaiah, and T. B. Prasad, 4th International
Conference on Advances and Management Sciences (Feb. 12—14,2017 ) (Barce-
lona: ICAMS: 2017), p. 1.

A.N. K. Jadoon and R. A. Mufti, Tribol.—Mater. Surf. Interfaces, 4, Iss. 2: 61
(2010).

C. Chen, Z.-X. Liu, B. Ren, M.-X. Wang, Y.-G. Weng, and Z.-Y. Liu, Trans.
Nonferr. Metal. Soc. China, 17, Iss. 2: 301 (2007).

S. A. Alkahtani, E. M. Elgallad, M. M. Tash, A. M. Samuel, and F. H. Samuel,
Materials, 9, Iss. 1: 45 (2016).

Z.Hu, H. Yan, and Y.-S. Rao, Trans. Nonferr. Metal. Soc. China, 23, Iss. 11:
3228 (2013).

Z.Qian, X. Liu, D. Zhao, and G. Zhang, Mater. Lett., 62, Iss. 14: 2146 (2008).
K. Nogita, S. D. McDonald, and A. K. Dahle, Mater. Trans., 45, Iss. 2: 323 (2004).
C. Gong, H. Tu, C. Wu, J. Wang, and X. Su, Materials, 11, Iss. 3: 456 (2018).
J. Majhi, S. K. Sahoo, S. C. Patnaik, B. Sarangi, and N. K. Sachan, IOP Conf.
Ser.: Mater. Sci. Eng., 338: 012048 (2018).

M. Acharya, S. Mondel, and A. Mandal, Mater. Sci. Technol., 36: Iss. 5: 623
(2020).

B. Korojy and H. Fredriksson, Trans. Indian Inst. Met., 62: 361 (2009).

J. Zeng, C. Zhu, W. Wang, X. Li, and H. Li, Phil. Mag. Lett., 100, Iss. 12: 581
(2020).

J. Piatkowski, Metalurgija, 3: 511 (2015).

C. L. Xu, H. Y. Wang, F. Qiu, Y. F. Yang, and Q. C. Jiang, Mater. Sci. Eng. A,
417, Iss. 1-2: 275 (2006).

K. Matsuura, M. Kudoh, H. Kinoshita, and H. Takahashi, Mater. Chem. Phys.,
81, Iss. 2—3: 393 (2003).


https://doi.org/10.1016/j.wear.2014.02.010
https://doi.org/10.1016/S1002-0721(12)60313-5
https://doi.org/10.1016/j.matdes.2015.08.106
https://doi.org/10.1016/j.matdes.2015.08.106
https://doi.org/10.4028/www.scientific.net/AMR.685.112
https://doi.org/10.1016/S0921-5093(01)01864-0
https://doi.org/10.1016/S0921-5093(01)01864-0
https://doi.org/10.1007/s11665-015-1386-4
https://doi.org/10.1007/s11665-015-1386-4
https://doi.org/10.1016/j.msea.2005.05.041
https://doi.org/10.1016/j.msea.2005.05.041
https://doi.org/10.1179/1743133612Y.0000000040
https://doi.org/10.1179/1743133612Y.0000000040
https://doi.org/10.1016/S0921-5093(03)00633-6
https://doi.org/10.1007/s11661-998-0315-7
https://doi.org/10.1016/j.wear.2013.01.081
https://doi.org/10.1016/j.triboint.2008.05.012
https://doi.org/10.1016/j.wear.2006.11.026
https://doi.org/10.1038/srep25244
https://doi.org/10.1038/srep25244
https://doi.org/10.4028/www.scientific.net/AMR.721.282
https://doi.org/10.1016/j.jallcom.2010.05.017
https://doi.org/10.1179/175158310X12678019274200
https://doi.org/10.1179/175158310X12678019274200
https://doi.org/10.1016/S1003-6326(07)60089-2
https://doi.org/10.3390/ma9010045
https://doi.org/10.1016/S1003-6326(13)62857-5
https://doi.org/10.1016/S1003-6326(13)62857-5
https://doi.org/10.1016/j.matlet.2007.11.035
https://doi.org/10.2320/matertrans.45.323
https://doi.org/10.3390/ma11030456
https://doi.org/10.1088/1757-899X/338/1/012048
https://doi.org/10.1088/1757-899X/338/1/012048
https://doi.org/10.1080/02670836.2020.1724403
https://doi.org/10.1080/02670836.2020.1724403
https://doi.org/10.1007/s12666-009-0066-1
https://doi.org/10.1080/09500839.2020.1824081
https://doi.org/10.1080/09500839.2020.1824081
https://doi.org/10.1016/j.msea.2005.10.040
https://doi.org/10.1016/j.msea.2005.10.040
https://doi.org/10.1016/S0254-0584(03)00030-0
https://doi.org/10.1016/S0254-0584(03)00030-0

110

32.
33.
34.
35.
36.

37.
38.

39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.

51.
52.

53.
54.
55.
56.
57.

58.
59.

A.T. BOPUCOB, T.T. IIIP

T.V.S. Reddy, D. K. Dwivedi, and N. K. Jain, Wear, 266, Iss. 1-2: 1 (2009).
A. G. Borisov, Protsessy Lit’ya, No. 4: 33 (2013) (in Russian).

A. S. Alghamdi, M. Ramadan, K. S. Abdel Halim, and N. Fathy, Eng., Techn.
Applied Sci. Res., 8, Iss. 1: 2514 (2018).

Q. Wang, L. Li, R. Zhou, Y. Li, F. Xiao, and Y. Jiang, J. Mater. Res., 34: 2105
(2019).

Z.Zhang, H-T. Li, I. C. Stone, and Z. Fan, IOP Conf. Ser.: Mater. Sci. Eng., 27:
012042 (2012).

P. K. Sood, R. Sehgal, and D. K. Dwivedi, Sadhana, 42: 365 (2017).

D. Lu, Y. Jiang, G. Guan, R. Zhou, Z. Li, and R. Zhou, J. Mater. Process. Tech-
nol., 189, Iss. 1-3: 13 (2007).

H.K.Feng,S.R. Yu, Y. L. Li, and L. Y. Gong, J. Mater. Process. Technol., 208,
Iss. 1-3: 330 (2008).

L. Zhang, D. G. Eskin, A. Miroux, and L. Katgerman, Light Metals 2012

(Ed. C. E. Suarez) (Springer Cham: 2012), p. 999.

R. Haghayeghi, E. J. Zoqui, and G. Timelli, J. Mater. Process. Technol., 252:
294 (2018).

R. Haghayeghi, L. C. De Paula, and E. J. Zoqui, J. Mater. Eng. Perform., 26:
1900 (2017).

Y. H. Cho, J. M. Lee, W. H. Yoon, and J. G. Jung, Mater. Sci. Forum, 794—796:
89 (2014).

K. Oda, S. Komarov, and Y. Ishiwata, J. Japan Institute of Light Metals, 61,
Iss. 4: 149 (2011).

B. Gao, Liang Hu, Shi-wei Li, Yi Hao, Yu-dong Zhang, Gan-feng Tu, Thierry
Grosdidier, Appl. Surf. Sci., 346: 147 (2015).

J.C. Walker, J. Murray, S. Narania, and A. T. Clare, Tribol. Lett., 45: 49 (2012).
J. Abboud and J. Mazumder, Sci. Rep., 10: 12090 (2020).

L. Z. Zhao, M. J. Zhao, L. J. Song, and J. Mazumder, Mater. Des., 56: 542 (2014).
N. Kang, P. Coddet, H. Liao, T. Baur, and C. Coddet, Appl. Surf. Sci., 378: 142
(2016).

N. Kang, P. Coddet, C. Chen, Y. Wang, H. Liao, and C. Coddet, Mater. Des., 99:
120 (2016).

C. Yin, Z. Lu, X. Wei, B. Yan, and P. Yan, Metals, 11, Iss. 4: 528 (2021).
https://www.gvsu.edu/cms4/asset/777A03CA-E5D1-90B3-
8FF97BTEAG6E9ECB3/engineering thesis 1.pdf Refinement of the Cast Mi-
crostructure of Hypereutectic Aluminum-Silicon Alloys with an Applied Elec-
tric Potential.

C.Y.Ban, Y. Han, Q. X. Ba, and J. Z. Cui, Mater. Sci. Forum, 546—549: 723
(2007).

Z.F.Zhao,J.Z. Wang, J. G. Qi, S. Dai, and D. J. Zhang, Adv. M ater. Research,
299-300: 566 (2011).

K. Raju, A. P. Harsha, and S. N. Ojha, Trans. Indian Institute of Metals, 64: 1
(2011).

E. Oveisi and F. Akhlaghi, Adv. Mater. Research, 47—50: 865 (2008).

F.F.Wu, S. T. Li, G. A. Zhang, and F. Jiang, Bull. Mater. Sci., 37: 1153 (2014).
S. Luo and X. Wei, Int.J. Mater. Research, 107, Iss. 5: 422 (2016).

L.D. Wang, D. Y. Zhu, Z. L. Wei, Y. L. Chen, L. G. Huang, Q. J. Li, and

Y.S. Wang, Adv. Mater. Research, 146—147: 79 (2010).


https://doi.org/10.1016/j.wear.2008.05.003
https://doi.org/10.3103/S1068798X13070034
https://doi.org/10.48084/etasr.1795
https://doi.org/10.48084/etasr.1795
https://doi.org/10.1557/jmr.2019.52
https://doi.org/10.1557/jmr.2019.52
https://doi.org/10.1088/1757-899X/27/1/012042
https://doi.org/10.1088/1757-899X/27/1/012042
https://doi.org/10.1007/s12046-017-0609-9
https://doi.org/10.1016/j.jmatprotec.2006.12.008
https://doi.org/10.1016/j.jmatprotec.2006.12.008
https://doi.org/10.1016/j.jmatprotec.2007.12.121
https://doi.org/10.1016/j.jmatprotec.2007.12.121
https://doi.org/10.1002/9781118359259.ch174
https://doi.org/10.1002/9781118359259.ch174
https://doi.org/10.1016/j.jmatprotec.2017.09.032
https://doi.org/10.1016/j.jmatprotec.2017.09.032
https://doi.org/10.1007/s11665-017-2602-1
https://doi.org/10.1007/s11665-017-2602-1
https://doi.org/10.4028/www.scientific.net/MSF.794-796.89
https://doi.org/10.4028/www.scientific.net/MSF.794-796.89
https://doi.org/10.2464/jilm.61.149
https://doi.org/10.2464/jilm.61.149
https://doi.org/10.1016/j.apsusc.2015.04.029
https://doi.org/10.1007/s11249-011-9865-8
https://doi.org/10.1038/s41598-020-69072-1
https://doi.org/10.1016/j.matdes.2013.11.059
https://doi.org/10.1016/j.apsusc.2016.03.221
https://doi.org/10.1016/j.apsusc.2016.03.221
https://doi.org/10.1016/j.matdes.2016.03.053
https://doi.org/10.1016/j.matdes.2016.03.053
https://doi.org/10.3390/met11040528
https://doi.org/10.4028/www.scientific.net/MSF.546-549.723
https://doi.org/10.4028/www.scientific.net/MSF.546-549.723
https://doi.org/10.4028/www.scientific.net/AMR.299-300.566
https://doi.org/10.4028/www.scientific.net/AMR.299-300.566
https://doi.org/10.1007/s12666-011-0032-6
https://doi.org/10.1007/s12666-011-0032-6
https://doi.org/10.4028/www.scientific.net/AMR.47-50.865
https://doi.org/10.1007/s12034-014-0056-8
https://doi.org/10.3139/146.111368
https://doi.org/10.4028/www.scientific.net/AMR.146-147.79

Metallophysics and Advanced Technologies © 2023 Publishing House ‘Akademperiodyka’,

Memanogi3. HOBIMHI MexXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2023, vol. 45, No. 1, pp. 111-125 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407 /mfint.45.01.0111 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACS numbers: 06.60.Vz, 61.43.Gt, 68.55.jm, 81.20.Ev, 81.40.Ef, 81.40.Lm, 83.50.Uv

TekcTypa i aHI30TPOIiA MeXaHiYHUX BJIACTUBOCTEH BUPOOiB
3i cromy Inconel 718, onep:xanux 3D-IpyKoM 3 MOPOUIKiB

B. B. Ycos, H. M. lllkarynak, H. I. Pubak, M. O. Ilaperko,
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ITig0ennoykpaincvkuil HayioHaavHUll nedazozivHuil yHigepcumem
imeni K. J[. YVwuncvrozo,
sya. Cmaponopmogpankisecvka, 26,
65020 Odeca, Yrpaina
"HauyionaavHuil yHisepcumem «3anopizvbka noiimexHiKa»,
ey.a. Hyroecvrozo, 64,
69063 3anopixcaucs, Ykpaina
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npocn. Momopobydienukis, 15,
69068 3anopixcacs, Ykpaina

Hocaigsxkeno xpucranorpadgiuyay TeKCTypy Ta MexXaHiuHi XapaKTepPUCTUKH
(rpaHUIIi MiITHOCTH, IIMHHOCTHY Ta BilTHOCHE BUJOBXKEHHA) 32 BUIPOOYBaHb Ha
poaTsar 3paskis 3i cromy Inconel 718, omep:xaHux 3a HOIIOMOIow 3D-APYKY Y
ropusoHTanbHOMYy (XY) Ta BepTUKaIbHOMY (Z) HAIPAMKAaX METO0I0 CeJIEKTH -
BHOTrO JiazepHoro ToiienHs mopomikiB PREP ta VIGA. Texcrypa omep:xaHux
3pas3KiB XapaKTepus3yeTbCS TUM, III0 OCHOBHI OPi€HTYBaHHSA KPHUCTAJIB po3Ta-
mroBaHi B3moB:K cTopoHu [001]-[111] cTrepeorpadiuHoro TPUKYTHUKA 3 MaK-
CUMAaJIbHUMU 3HAUeHHSIMU OPi€HTAIiHOI I'yCTHHY B IoJocax <533> i <100>.
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BennunHa MakcuMyMiB i po3KKJ OpieHTAaIlil KpUCTAJiB 3aJIeKUTh Bil HaIps-
MKy m0o0yA0BU 3pas3KiB i BuAy mocTApyKapchbKoro oopobienusa. CymapHa ryc-
TUHA opieHTaIiil KpucrauiB B3oB:x cropoHu [001]-[111] crepeorpadiunoro
TPUKYTHUKA AJA TOPUBOHTAJIBHUX 3Pa3KiB BUIIE, HivK y BepTUKaJAbHUX. [1pn
IIbOMY BCTAHOBJIEHO, IITO0 BJIACTUBOCTI MiITHOCTM IOPU30OHTAJbHUX 3Pas3KiB Ta-
KOK BHUIIi, Hi’K y BepTUKAJbHUX, a BiIIOBiAHO, IIJIACTUYHI XapaKTEePUCTUKN
TOPU30HTANLHUX 3Pas3KiB HUIKUE, Hi’K Y BepTuKanbHux. Kopensaiiiiina aHaiiza
3B’A3KY MiK ITapaMeTpaMu TeKCTYPH IJIA 3PasKiB y TOPU30HTAJILHOMY Ta Bep-
THUKaJIbHOMY HANIPAMKAaX MO0YyA0BU HAIPAMY Hicasa 3D-ApyKy Ta MOCTAPYKap-
CBLKOT'0 00pO0JIeHH, 3 OAHOTO OOKY, Ta BiAMIOBIAHMMU XapaKTePUCTUKAMM Mi-
IHOCTH (TPAaHUIIEI0 MiITHOCTY, YMOBHOIO I'PAHUIIEIO IIJIMHHOCTH) Ta MJIaCTUYHO-
CcTH, 3 iHITIOr0 OOKY, Majia 3MOTY OB’ A3aTH ITapaMeTPU TeKCTYPHU Ta MiIlTHOCTH.
3 ii JOIIOMOT 00 Ta 3aCTOCYBaHHSAM perpeciiiHoi aHaji3u BCTAHOBJIEHO JiHIHHY
KOpEeJISIiIo 3 BUCOKMMHU 3HAUeHHAME Koe(illieHTa HagililHOCTH almpoKCcUMAaIrii
(0,64-0,86) mik mapamMeTpaMH TEKCTypPH Ta MeXaHIUHMMHU XapaKTepPUCTUKA-
mu. TakuMm YMHOM, ITIOKa3aHO, III0 aHi30TPOMIii0 BUIE3TaJaHX BJIACTHUBOCTEH,
IO CIIOCTepPiraeThcsi, 3yMOBJIEHO KpucTajorpadgiuyHoio TexcTtypoio. PairioHa-
JbHE BUKOPUCTAHHA KpucTajorpadgiyHoi TEKCTypHU y HPOIleci BUTOTOBJIEHHA
IeTajiB MeTOH0I0 CeJeKTHUBHOTO JIa3ePHOT0 TOMJIEHHA Y BiAIOBIZHUX HAIIPAM-
Kax 3D-IpyKy JacTh 3MOTY OJEepP:KYyBaTH JeTaJli 3 ONTUMAJbHUM KOMILJIEKCOM
BJIACTUBOCTEII.

Kuarouogsi caora: 3D-IpyK, TeKCTypa, HOPOIIKK, MiIlHICTE, IJIACTUYHICTD, IIOC-
TAPYKapchKe 00pO0IeHHA.

The crystallographic texture and mechanical characteristics (ultimate
strength, yield strength, and relative elongation) during tensile tests of In-
conel 718 alloy samples are studied. Appropriate samples obtained by 3D-
printing in the horizontal (XY) and vertical (Z) directions by the method of
selective laser melting (SLM) of the PREP and VIGA powders are studied.
The texture of the studied samples is characterized by the fact that the main
crystal orientations are located along the [001]-[111] side of the stereograph-
ic triangle with the maximum values of the orientation density in the <5633>
and <100> poles. The magnitude of the maxima and dispersion of crystal ori-
entation depends on the direction of sample construction and the type of post-
printing processing. The formation of the texture component <100> is prob-
ably because columnar crystals grow fastest, in which the orientation forms a
minimum angle with the direction of the greatest heat removal. In alloys with
an f.c.c. lattice (which also includes the Inconel 718 alloy), the [111] orienta-
tion deviates from the [001] crystallographic direction by 54°. As a result,
after selective laser melting in the 3D-printing process, the crystallization of
grains with [111] orientations can be suppressed by any neighbouring grains
of other orientations. It is probably for this reason that, on the reverse pole
figures, the pole density <111> is low, and the pole densities <533> and
<100> are relatively high. The total density of crystal orientations along the
[001]-[111] side of the stereographic triangle for horizontal samples is high-
er than for vertical ones. At the same time, it is established that the strength
properties of horizontal samples are also higher than those properties of ver-
tical ones, and accordingly, the plastic characteristics of horizontal samples
are lower than those properties of vertical ones. In addition, the strength
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characteristics of the samples obtained using the VIGA powder, as a rule, ex-
ceed the corresponding values in the samples based on the PREP powder that
may be due to the different morphology of the powders used. Correlation
analysis of the relationship between texture parameters for samples in the
horizontal and vertical directions of construction directly after 3D-printing
and post-printing processing, on the one hand, and the corresponding charac-
teristics of strength (strength limit, conditional yield strength) and plastici-
ty, on the other hand, is carried out. It allows linking texture and strength
parameters. With its help and the application of regression analysis, a linear
correlation with high values of the approximation reliability coefficient
(0.64-0.86) is established between texture parameters and mechanical char-
acteristics. Thus, as shown, the observed anisotropy of the aforementioned
properties is caused by the crystallographic texture. The rational use of crys-
tallographic texture in the process of manufacturing parts by the method of
selective laser melting in the corresponding directions of 3D-printing will
allow obtaining of parts with an optimal set of properties.

Key words: 3D-printing, texture, powders, strength, plasticity, post-
printing processing.

(Ompumano 14 sepecrs 2022 p.; ocmamouH. eapisnm — 1 epydnsa 2022 p.)

1. BCTYII

B ocTanHi poKHM Bce yacTiIe JOCaiIKyIOThECA Ta BIPOBAAKYIOTHCA HOBL
TMePCIeKTUBHI MaTepisaan Ta TeXHOJIOTII A BUPOOHUIITBA Ta30TypOiH-
HUX IBUTYHIB [1]; TOMy BCTaHOBJIEHHS BJIACTMBOCTEH IIMX MaTepPisdIiB
HaI3BUUAMHO BaKJINBE AJIS OIiHIOBAHHSA IXHBOI HecHOoI 3maTHOoCcTH. OcC-
HOBHOIO METOIO 3aCTOCYBaHHS HOBUX TeXHOJIOTIi! € TOHMKEHHA cobiBap-
TOCTH JEeTAaJIiB i3 OMHOUACHUM IIiABUINEHHAM IiXHIiX eKCIIyaTaliliHuX
BJacTuBocTel. OgHiIEI0 3 TAKMX TEXHOJIOTill € BUPOOHUIITBO JETAJIB ce-
JdektTuBHUM JazepHuM ToimteHHAM (CJIT). 3D-mpyxk SK TeXHOJIOTid
IIBAAKOTO BUTOTOBJIEHHS METAJEBUX BUPOOiB PisHOro MpuU3HAUESHHA 34
ocrauHi 20 POKiB PO3BUHYBCS Ta AOCAT CTAAii TOTOBHOCTH IO CEPiHiHOTO
BUPOOHUITBA. ¥ 3B A3KY 3 UM IHUTAHHSA CTA0LILHOCTU IKOCTH Ta KEPY-
BaHHSA TePMiHOM CJIY:KOM CTaJIM OCHOBHUM HAIPSIMOM IOLAJIBLIIIOTO PO3-
BUTKY. 1le 0co0I1MBO BasKJINBO [JIsI IPUAATHUX A0 3D-APYKY CTOIIB Ha
OCHOBi THTaHy, aJIOMiHiIO, HiKJII0 TOIMO, AKi OCTaHHIM YacoM CTaJI
3HAXOAUTH AeNaJi MupPIe 3aCTOCYBAHHA B aepoKocMiuHiit [2], aBTOMO-
OinbpHIM Ta eHepreTHuHiil npomucaoBoctaAx. Hampukaazn, cron Inconel
718 IHPOKO BUKOPHCTOBYETHLCA B SANePHUX peaxKTopax, aBiamiiiHmx
IBUTYHAX Ta iHINMNX BHUCOKOTEMIIEPATYPHUX MPUCTPOAX 3aBASIKU BHICO-
Kili MiIHOCTi, OIOPY HOB3YYOCTi, 3aJOBiJIbHIA KOPO3iHiIN CTIAKOCTL
roto [3, 4].

OfHMM i3 BaXKJIMBUX IMOKA3HUKIB CTPYKTYPHOTO CTaHy IOJiKpHCTAa-
JiYHUX TiJ € KpucTtanorpadiuma TekcTypa. Bona BuHUKae 3a 0y Ib-IKHUX
30BHIMIHIX BILIMBiB Ha MeTaJI i MOsKe IPUBOANTH A0 3HAUYHUX 3MiH BJjac-
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TUBOCTEH OJepP:KYBAHMX 3arOTOBOK y Pi3HUX HaNpAMKAaX, HaIPUKJAI,
3a eKcTpysii [5, 6]. TexkcTypa MoxKe OyTH IIPUUYMHOIO BTPAT IIiT Yac BU-
TOTOBJICHHS IPOMMCJIOBOI IIPOAYKITil, HATIPUKJIAI, 3a TTTHO00KOI BUTIMK-
Ku [7] abo cupruumHNTH KaTacTpodiviHe KpUxXKe PYHHYBaHHSI KOHCTPY-
KITii Ta MacIITabHy aBapiio 3 TAXKKUMU HaCTigKaMu, HAIIPUKJIAL, Y TPY-
oompoBigHOMY TpaHcmopTi [8] abo B aBiartii [9].

¥ Toit camuii uac, 3a parioHAJIbHOT'O BUKOPUCTAHHS TEKCTYPH MOMKHA
oJlep:KaTH IIiABUNIEHHA IIEBHUX BJacTuBocTelt matepiany. Hanpukian,
Y BUPOOHUIITBI TparmcopMaTOPHOI KPHUIli BUKOPUCTAHHSA IIEBHOI KpUC-
rajiorpadgiuHol opieHTaIlii icTOTHO MOHUKY€E BTPATU €Hepril Ha 1mepema-
THeTYBaHHA y TpamchopMaTopax, elekrpoaBurynax toiro [10]. Iammm
IPUKJIALOM MOKe OYTH iCTOTHE IIOJIIIIIIeHHA XapaKTePUCTUK MiIlHOCTH
Ta IJACTUYHOCTH 3 OJHOUYACHUM 3MEHIIIeHHSIM MacOBUX IIapaMeTpiB Je-
TaJiB Ta KOHCTPYKILil (moran 20% masa turamosux cromiB) [11]. Ognax
e(eKTH TEKCTYPHU JOCTAaTHBLO PiIKO BPaXOBYIOThCA B iHKEHEPHIN mpakK-
THITi.

CyuacHOI0 MeTOIOI0 OJleP:KaHHA IPOAYKINiI 3i ckaIagHuM mpodigeM €
TaK 3BaHe aJUTVUBHe BUPOOHUITBO (AB) cesleKTMBHUM JIa3€PHUM CITi-
KaHHAM, IO Ja€ 3MOory BupoOasaTu 3D-Bupobu mormraposBo [12]. Ilpu
boMy ocob0nBicTio AB € Te, 1110 Ha BigMiHYy Bif iHIITX MeTO[ ofep KaH-
HS 3arOTOBOK JIETAJIiB MAIllNH, HAIPUKJIAMA, PidaHHAM, 3MiHUTH IIPOCTO-
POBe IIOJIOKEHHA JIeTaJo 1010 3aroTiBKU HeMOo:KJAnBoO. Ile migkpecitoe
POJIb TEKCTYPH B OIIiHIOBAHHI HAAiMHOCTM MIITHOCTU AeTajiB, omep:Ka-
HUX 3a TexHoJoriero AB 0co0anBo 3 ypaxyBaHHAM PisdHOI IIPOCTOPOBOL
opieHTAaIlil iIXHiX OKpEMUX KOHCTPYKTUBHUX ejieMeHTiB. [[o 3ajexHOC-
TH BJIACTUBOCTEN JAEeTaJIiB BiJf HAIPAMKY APYKY MOMKYTH IPUBOAUTH Ta-
KOK medeKTH, 1o (GopMyIOThCSA Ha CTalil IIOMIapoBOi CUHTE3W 3aroTo-
BOK [13].

2. 0TJIA 4 JIITEPATYPH

BpaxoByloun BILINB peskuMiB i mapamerpiB AB ma BiacTuUBOCTI omep-
JKyBaHUX BUPOOiB, IXHe HOCTimKeHHA Ta OINTHMIi3allii Mae 0co0JmBe
3HAUEHHS 3 MOTJIALY PO3IIMPEHHA 00JIacTi KOMepPITiltHOr0O BUKOPUCTAH-
Ha AB-texHojoriii. ¥ 3B’a3Ky 3 IIUM y JiTepaTypi 3 ABIA€TLCSI Bce Oi-
JBIIIE OOCJiIKeHb, IIPUCBAYEHUX BILJIMBY SKOCTH BUXiTHMX IIOPOINKIB i
TeXHOJIOTii IPYKY Ha CTPYKTYPY Ta BJIACTUBOCTI 3aroToBOK [14, 15, 16].
BaxxauBy poJsib y (pOpPMyBaHHI BJIACTUBOCTEH KAPOMIITHHNX HiKJEBUX
CTOITiB I'pae TepMiune o6podaenusa [17]. B pobori [18] migxpecatoeTbes,
1[0 PEKUMHI TePMiuHOT0 00PO0IeHHA BiAPisHAIOTLCA 3aJIeKHO BiJ CIIO-
co0y BUTOTOBJIEHHS MeTaJieBUX BuUpPoOiB. Ha choroaui po3pobieHo mo-
CTaTHBO PEKUMIB TePMiUuHOTO 00POOJIEHHS AJIS JUTOTO Ta JedopMoBa-
Horo crauy; npore aad Inconel 718 micasa CJIT 3D-apyKy HpOmoOBIKY-
IOTBCSA JOCJIIIMKeHHS 100 BU3HAUEHHS PAIiOHAJLHUX PEKIMIB TePMO-
00pobsenHss. B 3asHaueniii pobOTI BCTAHOBJIEHO pallioHAJIBHI PEKUMU
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TepMiuHOI0 00pPO0IeHH AeTais 31 crony Inconel 718, BurorossieHux 3a
TeXHOJIOTi€I0 cesieKTuBHOrO Jasepuoro cuikauuda (CJIC) gina ogep:xraHH
BHCOKOT'0 KOMILJIEKCY MeXaHiYHUX BJIaCTUBOCTEH.

3ajesKHicTh MeXaHiYHMX BJIACTUBOCTEH BiJl HATIPAMKY ITOOYIOBH 3pa-
3KiB BusiBJIeHa y 3paskax cromy Inconel 718 micaa 3D-apyKy. Beranos-
JIEHO, II[O ITicJIg TePMiuHOro OOpOOJIEHHSA OfAep:KaHrii MAaTepPida Xapak-
TEePUI3YETLCA ITiJIHLHOI0, OTHOPiMHOIO APiOHO3EPHUCTOI0 MiKPOCTPYKTY-
poro. Takox Mae Micile MexaHiuHa TEKCTypa 3epeH, AKi BUTATHYTI B Ha-
IpAMKY mobynoBu 3paska [15, 18].

Y pobori [2] nmpu mocaimkenui BupobiB, omep:kaHmMx MeTomoio 3D-
IpykKy cromy AlSi;oMg (RS-300), BuABIeHO aHi30TPOIII0 3AIUIITKOBIX
HaIpyKeHb. ByJo ImoOKasaHO, III0 BUCOKHI PiBeHb PO3TATryBaJbLHUX i
CTHUCKAJbHUX 3aJUIITKOBUX HAIPYKEHb IlepefacThesa y cuagok sig CJIT
3D-apyKy Ta 30epiraerhcsa 6isbime 6 micamnis. Hanpy:xkeHnus BapiroBasin-
ca (Bix 80 mo 180 MIIa) i mocsranu Big 1/3 mo 3/4 rpauuili IINHHOCTH
MaTepisiry.

Kpucramorpadgiuny cupsMOBaHICTh 3POCTAHHA MiKPOCTPYKTYPHUX
CKJIAZOBUX 3paskiB 3i cromy Inconel 718 B 3asmexHOCTi Bij HAIPAMKY
mooymoBu 3a TexHosoriero CJIC 6yso sHaliIeHO TAKOXK Y OiIBINT paHHixX
nocaimxenaax [19, 20, 21].

Crocobu KepyBaHHs TeKCTypoio B cromi Inconel 718 3 Buxkopucras-
HAM JBOHAIIPABJIEHOTrO JIA3€PHOTO CKAHYBAHHS B IIPOIIECi TOILJIEHHS Y
IIapi JJa3epHOro MOPOINKY AJA KepyBaHHSI MeXaHIiUHUMU BJIaCTUBOCTSI-
MU y mporieci 3 D-IpUHTIHT'Y 3aIIPOIIOHOBAHO y poboTi [22].

Amnajriza siTepaTypu mokasaja, IIT0 He3BaXKalouud Ha JOCTATHBO BUCO-
Ky edeKTuBHicTEL 3acTocyBaHHA TexHoJorii CJIT mas merasiB 3i cromy
Inconel 718 ocobumBocTi hopmyBaHHA Kpucrajorpadiuaol TeKcTypu
BUBYEHO HeJOCTaTHLO. HeqocTaTHhO MOBHO AOCJIIIMKEHO BILJIMB METOJ i
PEeKUMiB MOCTAPYKApPCHLKOro 00pobIeHHS HA TEKCTYPOYTBOPEeHHA, a Ta-
KOYK IMMTaHHA 3B A3KY aHI30TPOIIil MeXaHiuHMX BJIACTHUBOCTEH 3pas3KiB
crorry Inconel 718, BuUroToBI€HUX 3a HOIOMOrow 3D-APYyKYy B PisHHUX
HaIpAMKaX Mo0yA0BHU, 3 KPUCTAJIOrPadgivHOO TEeKCTYPOIO 3pas3KiB.

Meroio maHOi PoOOTH € BCTAHOBJIEHHS OCOOJMBOCTEH (DOPMYBaHHS
KpucTajorpadiuHoi TeKcTypu Ta ii 3B’ A3KY 3 aHi30TPOIIi€0 MexXaHiuHNX
BJIACTHBOCTEH 3paskKis 3i cromy Inconel 718, BurorosjieHuxX 3a AOIIOMO-
roro 3D-npykry y miaoniuHi XY (Tak 3BaHWX TOPU3OHTAJIbHUX 3Pa3Kax)
Ta y HaIPAMKY Z (TaK 3BaHUX BEPTUKAJbHUX 3pasKax), a TaK0K MicJas
PisHHX BHAIB iX MOCTAPYKaAPCHKOTO OOPOOIeHHS.

3. MATEPIAJNU TA METOIHU JOCJIIIKEHHSA

3pasKy BUTOTOBJIAJIN METOL0I0 3D-IPYKY 3 KapOMiIlHOTO CTOIIY Ha HiK-
Jesiit ocuosi Inconel 718 (Cr: 17,0-21,0; Ni: 50,0-55,0; Mo: 2,8-3,3;
Nb: 4,75-5,50; Ti: 0,65—1,15; Al: 0,0; Co<1,0; Ta<0,05; B<0,06;
Mn<0,35; Si<0,35; P<0,015; S<0,015; C<0,08). Ileit cTon npusHa-
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YeHO JIJIsI BUTOTOBJIEHHS BUCOKOHABAHTAKEHUX JIEeTAJNiB rapAadoi 4acTu-
HU ra3oTypOiHHUX ABUTYHIB, IO IPAITIOOTh 3a TeMiepatyp a0 700°C.

3aKoHOMipHOCTI hopMyBaHHS KpHCTAIOrpaiuHoi TeKCTypPU BCTAHO-
BJIIOBAJIM Ha IPU3MATHYHUX 3pPasKax, BUPOIIEHMX HA YCTAHOBIIL IIPs-
Moro JjasepHoro cuikaaasg mertanaiB «EOS M400». Buxiguum marepis-
JoMm Oynu chepuuni rpamysu (mopormku) [23—25], omep:kaHi 3a TeXHO-
JIOTisIMM TIJIAa3MOBOT'O POBIIOPOIINEHHA eJIEKTPOAM, IO MIBUAKO o0epTa-
erbesi (PREP — Plasma Rotating Electrode Process) i razosoro posiio-
POIIIeHHS MeTaJy, PO3TOILIEHOTO Y BAKYYMHI KaMepi IMIIAXoM iHIYK-
mifimoro HarpiBy (VIGA — Vacuum Induction Melt Inert Gas
Atomization) komnaniit «LPW» Ta «Sino Euro».

BwmicT xucHio B mopomkax He nepesuriysas 0,007% (3a macoro), ce-
penuiit posmip wacTuHOK — 20-45 MKM, 3JATHICTh A0 IIJIMHHOCTH —
12-15¢/50r, yasua rycruna — 4,4—4,9 r/cm?.

ITopomiku, omep:xani 3a texuosoriamMmu PREP ta VIGA, mupoko Bu-
KOPHCTOBYIOTHCS B aepPOKOCMIiuHill, MEIUYHiHN, iHCTPYMeHTAJbHiN, aB-
TOMOOLNBbHIl, MexXaHiuHill, eJIeKTPOHHI Ta iHIIINX 00JIaCTIX, aJaITo-
BaHUX JJIS IIPEeCyBaHHA Ta CIIIKAHHA, TapsavY0T0 Ta XOJOAHOTO PO3IOPO-
ITeHHA, afUTUBHOTO BUPOOHUIITBA. SIK moOKasaHo B pobori [14], xapak-
TEPUCTUKY IIUX IIOPOIKiB icToTHO BiapisuaoThea. ITopormok VIGA mi-
CTUTh 3HAYHY YACTHUHY YaCTUHOK HEIPAaBUJIbHOI (POPMMU, YACTHUHOK i3
carejJiTaMu, a TAKOK YACTHMHOK i3 3aKPUTHUMM IIOpaMu. ¥ IIOPOLIKY
PREP oKpyriicTh YaCTUHOK 3HAYHO BUIIE, HixK ¥ mopommky VIGA. Che-
puuHy (hopMy MaiOTh MaliKe BCi YaCTUHKM IOpOMIKY. IIpu 11boMy B mo-
pomiky PREP BincyTHiI yacTUHKH i3 caTesiTaMu, YaCTUHKU HEIIPaBUJIb-
HOI (hopMU Ta YACTHUHKU i3 3aKPUTHUMHU IIOPAMHU, IIIO CIIOCTEPIraroThCA Y
mopomkax VIGA. IloBepxua mopomky PREP 6inbm rimagka, HisK y 1m0-
pomkry VIGA.

HocaimxyBanu 3pasku, HaAPYKOBaHi y pisHUX HanpAMKax y BUXiJ-
HOMY CTaHi (Iicjasa ApYyKY) Ta micd J0IaTKOBOTO O0pOOJIeHHS y Pi3HOMY
HOETHAHHI. ¥ TOPM30HTAJILHOMY HAIIPAMKY IleHTpajJbHA Bich 3pasKiB
poasTaloByBajach ImapajejbHo CTONY yecTaHoBKHY (y miomuHi XY y Ha-
nTpAMKY oci X), Yy BepTUKAIbHOMY — IePHeHINKYJIAPHO CTOJY YCTAHO-
BKH (y momuHi YZ y HampaMKy oci Z) (puc. 1).

Ax momaTkoBe (mocTApyKapchbKe) 0O6po0IeHHSA BUKOPUCTOBYBAJIU Te-
pMmiune o6pobaenua (TO) Ta rapade isocratTuune mpecyBamaa (I'IIT).
3pasku micaa ApyKy migmasanu TO 3a pe:XKMMOM: rapTyBaHHsA 3a TeMIIe-
patypu 1140°C, crapimaa 3a Tremuepatrypu 900°C Bupomos:x 16 roguu
3a PeKMMOM: IIOUYATKOBUI TUCK B KaMepi — 25 + 5 MIIa, miBugKicTs mi-
niiomy mo remneparypu y 850+ 10°C — 8-10°C/xB., BUTPUMKA 34 TEM-
neparypu y 8560+ 10°C — 1,5 roguuu 3a tucky y 120 MIla, miBuakicTs
migiiomy mo temueparypu y 960 + 10°C — 3-4°C/xB., BUTpuMKa 3a Te-
mneparypu y 960+ 10°C — 4,5 roaunu 3a tucky y 140 MIlIa, oxoJio-
mxennsa go 300°C.

BunpoOyBaHHs 3pa3KiB Ha po3TAT IPOBOAUIIN Ha YHiBepcaJbHiil cep-
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BeIPTI/IRaJIbHI/Iﬁ
HAIPAMOK DYXY

I‘oa%nsoHTaJILHm‘&
HANPAMOK PYyXY

Puc. 1. 3pasku 3i cromy Inconel 718 ma croxi yecramoeku «EOS M400», Bupo-
IIeHi y TOpPU30HTAJIBLHOMY Ta BePTUKAJILHOMY HAaIPAMKAaX.

Fig. 1. Samples of Inconel 718 alloy on the table of the ‘EOS M400’ machine
grown in horizontal and vertical directions.

porigpasaiuniit mamrai INSTRON 8801. OminioBanu rpaHUITIO MiI[HO-
ctu (Gp), YMOBHY T'PAHUIIO IIJINHHOCTHU (Go,2) TA BiTHOCHE BUIOBIKEHHS
micysa pospuBy (8). 3a pesyJbTaTaMu BUIPOOYBaHb 3pasKiB AJA BigIo-
BiHOTO HAIIPAMKY HOOYJZOBU Ta PEKUMY IMOCTAPYKAPChKOTO 00p00IeH-
Hs PO3PaxOBYBaJIU CepelHE 3HAUECHHS JJIs KOMKHOI BUMipIOBaHOI BeJu-
YUHU.

TexcTypy 3paskiB micia 3D-IpyKy Ta JOLaTKOBOrO 00POOJIEHHS IOC-
JiMKyBaau pPeHTIeHiBChbKOI Meromor. Ilepen mociimKeHHAM 3pasKku
XeMiuHo moJjipyBaiu Ha ranouuy 10 0,1 MM 114 3HATTA Je)eKTHOrOo II0-
BepxHeBoTo mapy. IlpoBogunu 6—20-ckaHyBaHHSA 3a JOIIOMOTO0 Au()pa-
kromerpa [IPOH-3M y ¢insrpoBanomy MoK ,-BUIpOMiHEHHi 3a reoMeT-
pieto Bperra—BpenTrano [26]. 3a pesyabraTamMmu 3fioMKu OyayBaiu obep-
HeHi nosrocHi ¢irypu (OII®) aia pisuux HanpAMKiB 3paskis. IIpu mody-
nmoBi OII® sacTocoByBasii HOPMYBaHHS, 3anpornoHoBane Moppicom [27].

4. PE3YJBTATH TA IX OBTOBOPEHHSA

ObGepHeHi mosiocHI (irypu spaskiB mgociaimskyBaHoOro cromy Iricasa 3D-
IPYKY Ta Pi3HOro mocTApyKapchbKoro obpobJsienHs (taba. 1) mpeacras-
JIeHO Ha puc. 2. 3araJbHUM I Beix npenacraBieHux OII® e Te, 1110 Ma-
KCUMAaJIbHi 3HAUEHHS MHOJIIOCHOI I'YCTHUHM CIIOCTEPiraloThbCs B ITOJTIOCAX
<533> (BigcrTanpb Bixm <111> ma = 14°) i <100>. Posmip makcumMymiB i
XapakTep PO3CiAHHA 3aJIeKUTh BiJl HAIPAMKY MOOYIOBHU Ta METOIU II0C-
TAPYKapchbKoro oopobsenus. Tak, momtocHa ryctuua Ha OII® B mosroci
<b533> Bapiroerbcsa Big makcumymy 2,17 y 3pasky Ne2, BupoleHomy B
Z-HanpaAMKY 0e3 MoHaJIbIIIoro TepMooOpobIeHHsa, 40 MiHiMmymy 1,21 y
3pasky Ne8, BUDOIIIEHOMY TaKOK B Z-HAIIPAMKY, aJie micas TO.
Mexanismu ¢opmyBaHHA Kpucrajgorpadiuunoi rtexcrypu B T'IIK-
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TABJINIIA 1. MexaniuHi BIacTHBOCTI 3pasKiB HOCIiAKyBaHOr0 CTOMY Ta CY-
MapHAa IIOJIIOCHA T'YCTUHA Xi001]-[1111Prk B3HZOBK [001]-[111] cTopoHU cTepeorpa-
¢iuHOTO TPUKYTHUKA Ha 00epHEeHUX HmoIIocHuX Qirypax (OIID).

TABLE 1. Mechanical properties of studied samples and total pole density
Zroo11-r111P kX [001]-(111] Paxi @long the [001]-[111] side of the stereographic tri-
angle on the inverse pole figures (IPF).

w| B 250 | 23588 o0 |om |su| 3

| Bii | g|EFe| il | wik :

S| E%F |2 E5: 5
2 KI'l PREP T — 1109 802 24,0 6,83
1 KB1 PREP B - 1021 686 30,0 6,45
4 KI'6 PREP T TO 1537 1291 20,0 7,86
3 KB6 PREP B TO 1436 1245 8,0 6,43
6 KI'4 PREP T T'III + TO 1425 1197 22,0 7,83
5 KB4 PREP B T'III+ TO 1374 1097 22,6 7,20
9 T'6 VIGA I TO 1552 1335 20,0 7,87
8 B6 VIGA B TO 1429 1242 16,8 7,25
11 T3 VIGA T T'III+ TO 1399 1173 26,0 7,22
10 B3 VIGA B T'III+ TO 1361 1139 25,0 6,62

MeTajaxX Ta CTOIaX Iicjsa pisHMX BUAIB AedopMallii Ta mIogaIbIIOro Te-
pMmiuHOro 06pobsieHHA JOCUTH H00pe Bimomi [28]. YTBopeHHA KPUCTAJIO-
rpacdiuHoi TeKcTypu y mporeci 3D-IpyKy BUBUEHO 3HAUHO MEHIIIE, K
3raJyBaJjiocs BUIIIE.

dopmMyBaHHS TEKCTYpPHOro KoMmnoHeHTa <100>, iMOBipHO, 3yMOBJIE-
HO THM, III0 HAWIIIBUAIIIE POCTYTh CTOBITYACTI KPUCTAIHU, Y AKUX OPi€H-
Talid yTBOPIOE MiHIMAJIBHUY KYT 3 HAIPAMKOM Hal0iJIbIIIOro BigBe eH-
HAa Temyna. ¥ cromax 3 I'lIK-rpatHuiieo (4o AKMX BiZHOCUTHCA i cTOm
Inconel 718) opienTarii [111] Bigxuieni Bix kpucramorpadiuHoro Ha-
npamy [001] ma 54°.

BHacaigok 1IbOro IIicjs CeJIEeKTUBHOTO JIa3ePHOTr0 TOILJIEHHSA B IIPOIle-
ci 3D-gpyKy Kpucraaisarisa 3epeH 3 opierramisamu [111] moske mpurHi-
YyyBaTUCS OyAbL-AKUMU CYyCiIHIMU 3epHaMM iHINIKX opieHTarii [22, 23].
I/UIMOBipHO, 3 miel mpuuuaM Ha OII® nmonrfocHa ryctuua <111> Hu3bKa, a
moJrocHi ryctunu <533> ta <100> BimHOCHO BUCOKI (puc. 2).

Hobpe Bigomo, 1110 KpucTajgorpagdiuyna TeKCTypa € OIHi€I0 3 TOTOBHUX
OpUYMH aHisoTpomii MexaHiUHMX BjaacTuBOcTeil. AHajisza medopmarrii
MmeTaneBux Kpuctaiis 3 ['IIK-rparauiero nokasasa [29], 1o sminHeHHA
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533 0,82
1 211 A 332
‘l’ﬂg 0,33
733, 1,05, ’
311 5~ 321
) b 1.3
121 N 084 /433 .
/( 1,64 @)531 ! / 1 531
1,6
1,74 ;0 1,29 1,12 0,76 0,64 1,22 1 43’0.42 0,66 0,60
100 # j 129 112 9, 8410 1004 13042 0 2110
310 210 320 310 210 320

111 0,77

0,68
'1 @531
1,01 0,92 0,87

1,78 1,5

0 100

1,09 @ 531
15 1,95 1,16 1,04/
310 210 320 0,92

110 100

310 210 320 310 210 320

Puc. 2. O6epueni nmoJrocHi Qirypu 3paskis cromy Inconel 718 micaa 3D-apyry
Ta MOCTAPYKapchKoro obpobienua. Hymeparis OII® Bigmosimae Tabu. 1.

Fig. 2. Inverse pole figures of Inconel 718 alloy samples after 3D-printing and
post-printing processing. The numbering of IPF corresponds to Table. 1.

npu gedopmMairii Moxke 3MiHIOBATHCA B IIEBHUX MeXKaX 3aJeKHO BiJ opi-
€HTAaIlil KpucTaJIiB.

Kpucranu, opienrarii AKux poararioBaHi 6JIU3bK0 UM B MeXKaX CTO-
piz [001]-[111] crepeorpadiuHoro TPUKYTHUKA, OO0 AKOI mig uac medo-
pMmairii HaOIMKAEThCA BiCh PO3TATYBAHHS, MOKA3YIOTh OiJbIle 3MiIl-
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HeHHsa [30]. Toxi Ak KpucTanu, opieHTaITil AKUX JeKaATh ¥ IeHTPAJIbHIH
o0.J1acTi crepeorpadiuHoro TPUKyTHUKA, BiAaIeHOl Bil CTOPiH TPUKYT-
HUKa, 0co0amuBO Bin Bumesrananoi croporu [001]-[111], BuaBasaioTbca
MEeHIIT MilTHUMHU OPU PO3TATyBaHHi. I[Ipu nmbomy HaiibinbIille 3MilTHEHHS
IIPU PO3TATYBAHHI BCTAHOBJIEHO V KpucTanax 3 opieHTyBanHAME [001]
ta[111] (puc. 3).

Ax Bimomo, moatocHa ryctmHa Ha OII® (puc. 2) mpomopiiina
00’eMHill YacTIli KpHUCTAIiB BiAmoBigHOl opierTanii. Buxogsauu 3 Bue-
BUKJIAJIEHOTO, MJIs IIPOTHO30BAHOT'O OIIiHIOBAHHS BILJIMBY Opi€HTAIil
KPHUCTaJIiB Ha BJIACTUBOCTI MIiITHOCTM 3pasKiB AOCHiIKYyBaHOTO CTOITY
CKOPMCTAEMOCSH CITiBBIJHONIEHHAM CyMapHOI MOJIFOCHOI I'YCTUHU Opi€H-
TYBaHb KPUCTAJIB y3I0BK CTOPOHU CTEpeorpa)ivHOTO TPUKYTHUKA I
3pasKiB B TOPU30HTAJILHOMY i BEpTUKAJILHOMY HAIIPAMKAaX MOOyA0BU. Y
Taba. 1 mpeacTaBiieHI 3HAUEHHS CYMAapHOI MOJIIOCHOI TYCTUHU Py
B3moB:K [001]-[111] cTopouu crepeorpadiurnoro Tpukytuuka Ha OIIP
(puc. 2), a TaKOK pes3yJIbTATH MEeXaHiuYHUX BUOPOOYBaHbL HA PO3TAT Bifl-
HOBiTJHUX 3Pas3KiB CTOIIY, IO AJOCJIiIMKYETHC.

3BepTae Ha cebe yBary Te, IO XapaKTePUCTUKMU MiIlTHOCTH 3pasKis,
oJlep:KaHnX IIPU BUKOpHCTaHHI mopomky VIGA, AK mpaBmio, mepeBu-
OIyIOTh BiANOBifHI BeJluunHU y 3paskKax Ha ocHoBi mopomky PREP
(taba. 1). Ile moxke OyTH 3yMOBJIEHO Pi3HOIO MOPQOJIOTIEI0 IOPOIIKiB,
IIT0 BUKOPUCTOBYIOTBLCSA, IIPO IIT0 3T yBaJIOCS BUIIIE.

3 Ttabsuii 1 BugHO, 110 micaa 3D-ApYyKY cyMapHa MOJIIOCHA T'yCTHHA
rOpPU30HTAJbHNX 3Pas3KiB IIEPeBUINYE BiATIOBifHe 3HaAUeHHA BepPTUKA-
JBHUX JIJI5 BCiX BHUAIB 00po0seHHsa. MoKXKHA IPUIIYCTUTH, IO Iie € OCHO-
BHOIO IIPUYMHOIO TOTO, ITI0 BJACTUBOCTI MiITHOCTH FOPU30HTAIBHUX 3pa-
3KiB BuUINe, Hi)K Y BepTUKaAJbHIX. BigmoBigHO, IUIacTHUYHI XapaKTepuc-
TUKW FT'OPU30HTAJIIbHUX 3pa3KiB HUMKUi, Hi’K Y BEPTUKAJIbHUX.

Pamimre B pobori [15] OyJi0o mokasaHoO, IT10 I BEPTUKAJIbHUX 3pasKiB

2,3 08 08 1,0

Puc. 3. KoedinicaTn sminaenHa kpucranis migi uncrorn 99,88% (xrc/mm?) Ha
nmepIrii cragii sminHeHHS 414 pisHUX opieHTyBaHb [30].

Fig.3. Coefficients of hardening of copper crystals of purity 99.88%
(kgf/mm?) at the first stage of hardening for different orientations [30].
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(mobymoBaHUX Y HAIPAMKY Z) XapaKkTepHe TOHUKEHHSI XapaKTePUCTUK
mingocTHu (OB, Co,2 V Mexkax HopMm ASM 5662M) na 5—6% Ta migBuies-
HA IIacTUYHUX (O) MOPiBHAHO 3i 3HAUEHHAMY I'OPUSOHTAJIBHUX 3PA3KiB
(Buportrenux y HanpAaMKy XY). AHajoriuHa TeHIeHITia crocTepiraiacs
i1 y spaskax cromy Inconel 718 micaa 3D-apyry, TO Tta I'Ill. Tak, mis
FOPU3OHTAJBHIX 3Pas3KiB sHaueHHsa op Ha 1,6%, co2 ma 0,7%, & Ha
3,5% BHIIIi, Hi’K Y BEPTUKAJIbHUX 3Pa3KiB.

Kopenamiiina anagiza 3B’ A3Ky MiK mapaMeTpaMu TeKCTypPHU IJId 3pa-
3KiB Yy TOPU30HTAJIBLHOMY Ta BEPTUKAJILHOMY HAaIPAMKAX ITO0OYIOBH IIic-
asa 3D-ApYKY Ta HOCTAPYKAPCHKOr0 00po0IeHHs, 3 OJHOT0 OOKY, Ta BiJ-
MOBIiTHMMHU XapaKTEePUCTUKAMMN MiITHOCTH (T'PaHUIIEI0 MIiITHOCTH Osg,
YMOBHOIO T'DAHUIIEI0 IJIMHHOCTH Go,2) Ta IJIACTUYHOCTH O, 3 iHIIIOTO 0O-
Ky, (Taba. 1) mae samMory moB’sI3aTu IIapaMeTpPH TEKCTYPH Ta MiITHOCTH.
ITapameTpu TEKCTYpH IIPeACTaBIEHO ¥ BUTJIAAL CyMapHO] ITOJIFOCHOI T'yC-
TuHu B3H0B:K cTopoHM [001]-[111] crepeorpadiuyHOro TPUKYTHUKA
(puc. 2). Hmxue mpencraBieHo BiAmoOBigHI piBHAHHS perpecii 3HaUeHb
BUIIE3TaJlaHNX BJIACTUBOCTEM HA BEJIMUYMHY CyMapHOI MOJIFOCHOI I'yCTH-
HU, a TAKOXX BiAIIOBinHI KoedinmienTn HanifinocTH anpokcumanii R2.

s 3pasKkiB, moOyIOBaHUX B TOPU30HTAIHLHOMY HAIPAMKY:

oy =342,8 > P, -1173,8, R’ =0,83, (1)
[001]-[111]

c,, =400,3 > P, -1851,5, R* =0,81, (2)
[001]-[111]

5=-4,4 > B, +555 R*=0,64. (3)

[001]-[111]

s 3pasKiB, MoOYIOBAHUX B BEPTUKAJIHLHOMY HAIPAMKY :

o, =487,0 > P, —2055,8, R’ = 0,85, (4)
[001]-[111]

c,, =653,3 > P, —3451,8, R* = 0,86, (5)
[001]-[111]

§=-22,4 > P, +1758, R*=0,75. (6)

[001]-[111]

3 piBaaas (1)—(6) BugHO, IO Mae Micle JiHIHHWNA KOpeaalliiHmi
3B’A30K i3 BHUCOKMMHU KoedillieHTaM1 HALINHOCTH aIIpoKcHMAIlii Mixk
napaMeTpaMu TEKCTYpPHU Ta MeXaHIUHMMU XapaKkTepuctukamu. Ile cBif-
YUTH IIPO Te, 110 OCHOBHOIO IPUUYMHOIO aHi30TPOIIil BJaacTuBOCTEH! y d0C-
JigyKeHnX 3paskax € Kpucrajorpadivaa Tekcrypa. PamionaabHe BUKO-
pucTaHHA KpHUcTajorpagiuyHol TeKCTypH Y IIPOIleci BUTOTOBJIEHHA JleTa-
JiB METOHO0I0 CeJEeKTHWBHOI'O JIa3ePHOT'0 TOIIJIEHHS y BiAIIOBiIHMX HAa-
npAMKax 3D-IpyKy JacTh 3MOTY OIepsKyBaTH AeTalli 3 ONTUMAaJbHUM
KOMILJIEKCOM BjracTuBoCTe [31].
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[ BCcTaHOBJIEHHS 3B’A3KY BILIMBY TEKCTYPM Ha iHIII MexaHiuHL
BJIACTUBOCTi (yIapHY B’A3KiCTb, TBEPHiCTH, BiflHOCHE 3BYKEHHS) CJIi[
Y3TrOAUTU HAIPAMOK 3aCTOCYBAaHHS HaBaHTAYKEHHS Y BUNPOOYBAaHHAX i
KpucTajorpadiuamnii HaIpsaMOK y 3pasKy, 1o BunpooyBauuii. Tax, Ha-
MIPUKJIAL, B YIaPHUX BUIIPOOYBAHHAX MOPU30HTAJILHOTO 3pa3Ka HaBaH-
Ta’KeHHA IPUKJIATAETHLCA B HATPAMKY oci Z (abo Y), y Toii yac AK y BU-
TpoOyBaHHAX Ha PO3TAT HaBaHTAMKEHHSA IIPUKJIAAEHO B HAIIPAMKY OcCi
X. Tomy mOpiBHAHHS BJIACTUBOCTEN 3a PO3TATY Ta Ha yaap IJd rOpuU30-
HTaJIbHOT'O 3pa3Ka € HEKOPEKTHUM.

Y mepcnekTuBi JOpeYHO MPOBECTHU OI[IHIOBAHHS KpucTaJorpadiuaoi
TEKCTYPU Ta MeXaHiUYHMX BJACTHUBOCTel y 3pasKaxX, BUPi3aHUX y Ha-
npamrax X, X +45° raY 3 mIacTUHU, BUTOTOBJIEHOI HIIAXOM 3D-IPYKY
y mnontuHi XY . AHaJOTiUHI eKcIepruMeHTH MOXKYTh OYTH MPOBeAeHi Ha
3pasKax, BUPi3aHUX y BIAIIOBIIHMX HANMPAMKAaX ILJIACTHH, OJEeP:KaHUX
3a mormromMoroio 3D-ApyKy B momuHax XZiYZ.

5. BUCHOBREH

1. Hocaimxeno KpuctajorpadgiuHy TeKCTypPy Ta MeXaHiuHiI XxapakTepu-
cTUKHU 3paskis cromy Inconel 718, ogep:raHux 3a JOIOMOrow 3D-IpyKy
y ropudoHTaidbHOMY (XY) Ta BepTUKaJIbHOMY (Z) HaOIPAMKaX METOHO0I0
CeJIEKTUBHOTO JJa3epHoro TomreHHsa nmopoinkis PREP ra VIGA.

2. Texcrypa xapaKTepusyeTbCA THUM, IO MAKCHUMAaJbHi 3HaAUEHHS IIO-
JIIOCHOI T'YCTHHU CIIOCTepiratoThesA B moJocax <5633> (2,17) (Biacraun
Big <111> ma =~ 14°)i <100> (1,81) crepeorpadiunoro TpukyTHuKa. Po-
3Mip MaKCUMyMiB i xapaxTep PO3CiAHHS 3aJeKUThH Bil HATPAMKY I100Y-
JIOBHU i MeTOAH IIicJisg APYKOBaHOTO 00pobienusa. CymMapHAa IIOJIOCHA T'yC-
THa B3A0B:K cTopouu [001]-[111] crepeorpadiuHoro TPUKYTHUKA JIJIs
rOpPU30HTAJbHMX 3pas3KiB BUIlE, Hi’K Y BEPTUKAJIbHUX.

3. BcTaHoBJIeHO, IT0 BJIACTUBOCTI MIiITHOCTM TOPM3OHTAJIBHUX 3pPas3KiB
BUIIE, Hi’K Y BePTUKAJIBbHUX, a BiITIOBiTHO, INIACTUYHI XapaKTePUCTUKN
TOPU30HTAJbHUX 3pasKiB HUIKUE, Hi’K Y BEDTUKAJIbHUX.

4. IIpoBemeHa KopeladiliiiHa Ta perpeciiina aHaisu mokasaju, IIf0 Mae
MicIie JiHIHHMT KOPeJaifHui 3B’ 430K 3 BUCOKUMU 3HAUCHHAMI KOe-
dimienTa HagitinocTn anpoxkcumaririi (0,64—-0,86) mixx mapamerpamMu Te-
KCTypHM Ta MeXaHIUHMMHU xapakTepuctukamu. Ile cBifuuTh mpo Te, 1110
OCHOBHOIO IIPHMUYMHOIO aHi30TPOMil BJIACTHBOCTEN Yy MOCJIiIMKEeHUX 3pas-
Kax € KpucrajorpadiyHa TeKkcTypa.

5. PartionanbHe BUKOPUCTAHHA KpUCTaIorpadiuHoi TeKeTypu y mpoiieci
BUTOTOBJIEHHSA METAJiB METOI0I0 CEJIEKTUBHOTO Ja3ePHOr0 TOILJIeHHA Y
BifmoBigHMX HAmpAMKax 3D-APYKYy AacTh 3MOTY OHeP:KYyBaTH AeTaJi 3
ONTUMAJILHIM KOMILIEKCOM BJIacTHBOCTel. IlepCneKTUBHUM € OIliHIO-
BaHHA32 Kpucrajgorpa@iuHoi TeKCTypH Ta MeXaHiUYHUX BJIACTUBOCTEN Y
3paskax, Bupisanux y Hanpamirax X, X +45° ta Y 3 miaacTUHU, BUTOTO-
BJIeHOI HLIAXOM 3D-apyKy v mioiuui XY, a TaKOoK Ha 3pasKax, BUPi-
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3aHUX y BiAMMOBiZHWMX HAIIPAMKAaX i3 IIJIaCTHH, OJEPKaHUX 3a JOIOMO-
roro 3D-apyKy y maomuHax XZ ta YZ.
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The Complex Influence of Chemical Modifier Elements
on Improving the Quality of Wheel Steel by Out-of-Furnace
Processing of Their Melts

S. O. Polishko

Oles Honchar Dnipro National University,
72 Gagarin Ave.,
UA-49010 Dnipro, Ukraine

This article presents the effect of multifunctional modification on reducing
the content of harmful impurities, stabilizing the chemical composition, and
improving the morphology of non-metallic inclusions. As determined, modifier
elements increase the level of mechanical characteristics of KII-T wheel steel
used in railway vehicles in Ukraine and other countries. The results of the in-
fluence of modifier elements on the total activity of harmful impurities of sul-
phur and phosphorus are presented. The thermodynamic characteristics of
compounds formed under the influence of multifunctional modifiers on the
melt are given. As shown, during modification, crystallization centres are
formed due to the interaction of special multicomponent deoxidizers-modifiers
with steel melt. They are quite evenly distributed in the bulk of the metal due
to the special physical and chemical properties, the composition of modifier-
deoxidizers, the constancy of their geometric shape and mass. Studies of the
structures of serial and modified with multifunctional modifier steel KII-T are
carried out. As established, in unmodified serial steel of this grade, excess fer-
rite (about 5—7%) is released outside the former austenite grains, which deco-
rates them. As determined, due to the action of modifier elements in the modi-
fied steel, highly dispersed fine-grained pearlite is formed with single ferrite
precipitates outside the grains in the modified steel of the KII-T grade. As
proved, modifiers improve the mechanical characteristics of KII-T grade steel.
This is because, during the curing of the modified ingot, mainly volumetric,
rather than oriented, heat-removing crystallization takes place, as for serial
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metal. As proved, after modification, the morphology of non-metallic inclu-
sions is significantly improved. As determined, thanks to the modifier ele-
ments, this problem is levelled, since, due to them, the globulization of non-
metallic inclusions occurs. As a result, the quality of finished wheels is signifi-
cantly improved.

Key words: multifunctional modifiers, chemical composition of steel, non-
metallic inclusions, mechanical properties of steel.

Posrianyro BuimuB 6araTodyHKI[IOHAILHOTO MOAUMIKYBAHHA HA MOHMMKEHHS
XeMiuHOTO BMiCTy IIKIAJIMBUX HOMIIIOK, cTa0iliszaIliro xeMiuHOro CcKJanmy, IIo-
JinmieHHA MOP@OJIOTiI HeMeTaJIeBUX BKJIIOUEHbD i IIiABUINIeHHA PiBHA MeXaHiu-
HUX xapaxkTepucTuk KouricHoi kpuiri KII-T, 1o sacTocoByeThes y 3aIi8HUYHUX
BaroHax AK YKpaiHu, Tak i 3akopmoHom. IlpeacraBieHo pes3yJbTaTH BILIUBY
eJieMeHTiB-MoAu(piKaTOPiB Ha CYKYIHY misJAbHICTHL MIKigamBUX Aomimmok Cy-
abehypy Ta Pochopy. HaBemeno repmogrnHaMiyHi XapaKTEPUCTUKU CIIOJYK, IO
$OopPMYIOThHCA Uepes BILJIMB HA PO3TOI 0araTopyHKI[iOHAJbHNX MOAU(pIKaTOPiB.
Ilokasano, 1m0 3a Mogu(piKyBaHHA IEHTPU KPUCTAIi3alii yTBOPIOIOTHCA BHA-
CIiTOK Bl3aeMOAil CHeMisiIbHUX 0araTOKOMIIOHEHTHHX PO3KHCHIOBAUiB-
Moau(iKaTOpPiB i3 KpHUIleBUM pO3TOIOM. BOHM HOCTATHBO PiBHOMipHO PO3MIOIi-
JieHi B 06’eMi MeTasly 3aBASKHN OCOOJUBUM (Pi3MKO-XEeMiUHUM BJIACTHUBOCTSIM,
CKJIay PO3KMCHIOBaUiB-MoAu(piKaToOpiB, cTANOCTi IXHBOI reoMeTPUYHOI (hopMu
Ta macu. Jlocaimkero cTpykTypu cepitinoi kputi KII-T Ta mogudikoBaHoi 6a-
raTopyHKIIioHATbHIMHU Momu(ixaTopamu. BeraHoBiaeHo, mio y Hemoaudiko-
BaHil cepiiiHil KpuIli 3a MesxaM1 KOJUIIHIX ayCTEeHITHUX 3€pPeH BUMIIAECTHCS
HaOIUIIKoBUi (hepur (61u3bK0 5—7%), AKuil qekopye ix. Busnaueno, 1o 3a-
BOAKM Oii eseMeHTiB-Momu(pikaTopiB y mMoau@ikoBaHili KPHUIL YTBOPIOETHCS
BHUCOKOAMCIIEPCHUN TEPJIIT APi6HO3€PHUCTOI CTPYKTYPU 3 OAMHUYHUMU BUIi-
JEeHHAMU QepuTy 3a Mexxamu 3epeH y mogudikoaniit kpuii mapku KII-T. Ho-
BeIeHO, 10 MoAu(iKyBaHHA CIPUAEC IIiABUIEHHIO MEeXaHiYHUX BJIACTUBOCTEI
crani mapku KII-T. Ile BigOyBaeThca 3aBOAAKU TOMY, IO IIiJ yac 3aTBEPAiHHA
MOAM(MIKOBAHOrO 3JIMBKA Ma€ Miclle B OCHOBHOMY 00’€MHA, a He OpieHTOBaHa
TEIJIOBiABEJeHHAM KPHUCTAJi3arisa, AK IJd cepiiimoro merany. loBemeHo, 1110
micasg Moau(piKyBaHHA ICTOTHO HOJINIITyeThcA MOPQOJOTid HeMeTaJaeBUX
BKJIIOUEeHb. BuU3HaUeHO, M0 MOAU(MIKYBaHHA AOIIOMArae HeNTpaaidyBaTH ITI0
mpobJieMy, OCKiJIbKI 3aBAAKY MOMY BimOyBaeThcA IXHA I'JI00yaapusaiis. Baa-
CJIiTOK IIHOTO 3HAYUHO ITi IBUIIYETHCA AKiCTh TOTOBUX KOJIiC.

Karouosi ciroBa: 6araroyHKIlioHAJIbHI MoagudikaTopu, XeMiUHUH CKJIAL KPH-
IIi, HeMeTaJieBi BKJIIOUYeHHS, MeXaHiuHi BJaCTUBOCTI KPUIIi.

(Received September 19, 2022; in final version, November 2, 2022)

1.INTRODUCTION

Reducing the content of harmful impurities, stabilizing the chemical
composition, as well as the optimal level of mechanical characteristics
are among the main tasks of modern metallurgy to improve the quality
of finished railway wheels that are used in electric railway transport.
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The most effective way to achieve this goal is the treatment of steels in
the liquid state with multifunctional modifiers[1, 2].

Steels used in wheels for locomotives and passenger cars experience
constant cyclic loads, because of which it is necessary to ensure high
quality in their manufacture. Despite the use of technologies for evac-
uation of alloys in the liquid state, the using of continuous casting, the
processing of melts by aluminium rod of various ligatures such as FeSi,
FeMn, SiMn, FeV, FeMo, SiCa, Al, CaO, CaF; and others, the problem
of stabilizing of the chemical composition and improving the quality of
the finished wheels remains relevant [3]. Ferroalloys, deoxidizers and
modifiers are added to the melt in the specified sequence. The intro-
duction of each of them reduces the temperature of the metal in the la-
dle, cooling it down, which often leads to underdissolution of refracto-
ry ferroalloys and the formation of microliquates. In addition, many
enterprises manage to obtain metal with characteristics that meet the
standards, but with various non-metallic inclusions of various types
and rough shapes, which does not guarantee the quality of the finished
product. Even though research in the field of modification of steels
and alloys is carried out today by many specialists, this topic remains
relevant [4—-9].

In this regard, the purpose of this article is to analyse the effect of
multifunctional wheel steel modifiers on their characteristics for their
use in locomotives for trains and passenger cars.

2. EXPERIMENTAL/THEORETICAL DETAILS

Wheel steels are multicomponent systems that consist of 12 or more
chemical elements. Therefore, their smelting and manufacturing is a
laborious process, as it requires high energy costs due to the use of the
above ligatures.

In connection with the foregoing, Interpipe NTRP carried out a pi-
lot-industrial melting with the use of multifunctional modifiers.
Wheel steel grade KII-T was smelted in a 100-ton ladle furnace. After
that, data on the chemical composition, structure, mechanical charac-
teristics and non-metallic inclusions of this grade of wheel steel were
obtained and processed. Thanks to them, it was possible to determine
why serial steel is of insufficient quality. Its chemical composition is
presented in Table 1.

3. RESULTS AND DISCUSSION
3.1. Study of the Chemical Composition of Wheel Steel KII-T

As a result of the research, a stronger effect of aluminium and titani-
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TABLE 1. Chemical composition KII-T steel from IICTY 10791-2016.

C Mn | Si |[Cr|[Ni|cu| V]| s P
0.62-0.700.50—1.00 0(52625_ <0.40<0.30 <0.30 <0.15 0.005-0.025 < 0.030
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w O ~ (@]
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Fig. 1. Influence of modifier elements (Al + Ti ) on the change in the content of
harmful impurities (S + P) in serial and modified wheel steel KII-T.

um in the modified steel on the reduction of the content of harmful im-
purities was established (Figs. 1, 2).

It follows from Fig.1 that the action of modifier elements [1] in
modified steel cleans the metal from harmful impurities ~ 2 times bet-
ter than in serial steel.

This is explained by the fact that in the modified metal, due to the
multicomponent modifiers, there are stronger desulphurising ele-
ments (Mg , Ti) than Mn for serial steel, so they interact with sulphur
in the first place [4]. Their thermodynamic characteristics are present-
ed in Fig. 2. Manganese in unmodified serial steel actively interacts
with sulphur, so a significant amount of it is spent on desulphuriza-
tion.

As can be seen, Mn and Fe have a lower enthalpy compared to Mg and
Ti when interacting with sulphur; therefore, it can be expected that
the sequence of interaction of desulphurising elements in a liquid melt
will be as follows: Mg — Ti — Mn — Fe.

In connection with the foregoing, it can be expected that based on
the possible formation of stable submicroscopic compounds in a suffi-
ciently large amount, it can be expected that this will affect the in-
crease in the homogeneity of the metal in chemical composition in the
modified steel (Fiig. 3). The smaller the coefficient of variation, the
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Fig. 3. Reducing the coefficients of variation of each of the elements of the
chemical composition of KII-T after modification with multifunctional modi-
fiers in comparison with the data for serial metal treated in the traditional
way.

more stable the system and the more homogeneous the chemical com-
position.

3.2. Study of the Structure of Wheel Steel KII-T

Ordinary crystallization develops from the wall of the mould inside the
ingot by the growth of dendrites, which partially ‘wedged out’, and
their main mass grows deep into the direction of the axis of the ingot,
where there is a significant amount of non-metallic inclusions, on
which, as on finished surfaces, steel crystallizes. In addition, an ineq-
uigranular structure is obtained (Fig. 4, a).

During modification, crystallization centres are formed because of
the interaction of special multicomponent deoxidizers-modifiers with
steel melt (Fig. 4, b). They are quite evenly distributed in the volume of
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a

Fig. 4. The structure of the wheel steel KII-T (serial) (a) and modified (b),
x600.

the metal due to the special physical and chemical properties, the com-
position of deoxidizers-modifiers, the constancy of their geometric
shape and mass.

Also, studies of the structures of serial steel KII-T and modified
with multifunctional modifiers found that in serial unmodified steel,
excess ferrite (about 5—7%) is released along the boundaries of the
former austenitic grains, which decorates them. By comparison (Fig.
4, a, b), we can conclude that after the modification, the grain struc-
ture was crushed. One can see highly dispersed fine-grained pearlite
with single ferrite precipitates along the grain boundaries in the modi-
fied KII-T grade steel.

3.3. Study of the Mechanical Characteristics of Wheel Steel KII-T

During the solidification of the modified ingot, there is mainly volu-
metric crystallization, rather than heat sink-oriented crystallization,
as for serial metal. The predominant mechanism of bulk crystallization
is one of the main reasons for the stabilization of the chemical compo-
sition and the increase in the level of mechanical properties of steels
modified with multifunctional modifiers (Figs. 5, 6).

Thus, it has been proven that the modification reduces the concen-
tration of harmful impurities and stabilizes the chemical composition
with a simultaneous increase in the mechanical properties of steel
grades Ctlxm and KII-T.

Studies of non-metallic inclusions in KII-T steel proved that their
morphology significantly improves after modification. After all, elon-
gated non-metallic inclusions found in serial steel are internal stress
concentrators that contribute to faster destruction of the metal (Fig.
7). Modification helps to neutralize this problem, since thanks to it
their globularization occurs. As a result, the quality of the finished
wheels is significantly improved (Fig. 8).

The data below confirm that non-metallic inclusions in the modified
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Fig. 5. Influence of modifier elements on the mechanical characteristics of
wheel steel KII-T.
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Fig. 6. Change in mechanical characteristics in wheel steel KII-T under the
influence of modification.

steel, even at high magnifications, have a globular shape. Their com-
position is always complex—these are iron and silicon oxides together
with manganese and iron sulphides, silicates, manganese and iron ox-
ides together with cementite.

We would also like to note that non-metallic inclusions in serial
heats of KII-T steel are elongated along the direction of deformation
and their total length in the field of view is quite large from 7 to 57 um.
In modified steels, on the contrary, non-metallic inclusions, even in
the places of accumulations, had a globular shape so small that they are
not significant obstacles to the movement of dislocations and cannot be
stress concentrators due to their rounded shape.
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Fig. 7. Non-metallic inclusions in serial steel KII-T, x3000.

g 10 pm

&
015

Fig. 8. Non-metallic inclusions in modified steel KII-T, x3000.

4. CONCLUSION

Thus, it has been proven that the modification reduces the concentra-
tion of harmful impurities and stabilizes the chemical composition
with a simultaneous increase in the mechanical properties of the KII-T
wheel steel.

Further work will be devoted to improving the composition of modi-
fiers and modernizing its composition to obtain high-quality transport
metal.

The work was supported by the Ministry of Education and Science of
Ukraine (GB No. 0120U102240 and No. 0119U101153).
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Amnaniza BiTUM3HSHOI Ta CBiTOBOI HOPMATMBHO-TEXHIUHOI JOKYMeEHTAI[ii Ha
3aJIIBHUYHI pelKM IToKasaja, I0 B CBITOBiil MpaKTHII AJA BUPOOHUIITBA Ce-
PiiHMX PEeOK BUKOPUCTOBYIOTHCA JOEBTEKTOITHI cepeTJHbOBYTJIEIEeBi Ta BUCO-
KOBYTJIEleBi, a TAKOK 3aeBTEKTOIAHI KPpUIli. 3a CTyIeHeM JIeI'YBAHHS 3aCTOCO-
BYIOThCA SIK BYIJIEIeBi, Tak 1 MiKpoJieroBaHi, jJerosasi cromu. Takum umHOM,
MUTaHHA PO3POOIeHHA 3aTi3HUUYHUX PEeHOK HOBOTO MOKOJIiHHA 3 3aCTOCYBaH-
HAM MiKpoJjieryBanHsa BopoM Ta BILIMBY pe:KHMiB TepMiuHOTO 0OpPOOJIeHHS HaA
CTPYKTYPHY CKJIaZOBY KPHUIIi AJsA OfeP:KaHHA BHCOKOTO0 KOMILIEKCY MexaHiu-
HHUX BJIACTUBOCTEN € aKTyaJbHUM HAIIPAMOM JOCJiAKeHb. Po3unHeHUN y Mar-
puti Bop 36iabIye inkyOalitinuit mepios 3apoakeHHA HOBOI a3y, IOHUIKYE
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TeMIIEPATYyPY IIOUYATKY YTBOPEHHA (hepUTy, B Pe3yJIbTaTi IPUTHIUYIOUM pO3IIas
aycTeHiTy 3a mudysiinuM MexaHisamMoMm. Meta poOOTH: HOCIHiAMKEHHS MiKpo-
CTPYKTYPH Ta TOHKOI OymoBU APiOHOAMCIIEPCHOTO IEPJiTy B KPUIAX AJISA BU-
COKOMIITHMX PeMOK 3 TBEPAICTIO Ha PiBHI cBiToBUX BuMoOr. [{ociimxyBanu 3pa-
3KH 3 JOCTigHOI KPUIli, AKUX OyJI0 HmomepesHbO 4e()OPMOBAHO TA TEPMIUHO 00-
PoOJIeHO 3a JOCTiAHIMI PeXUMaMU, AKi BiAPisHAINCS YMOBAMU OXOJIOMMKEH-
Ha Big 0,52 go 5,1°C/c. Ha ocHoBi pesyibTaTiB peHTr'eHO(a30BOI aHAJi3H ITic-
JIS1 TepMiuyHOro 00pO6JeHHSA MOCTIZHUX KPUIlh BCTAHOBJIEHO HAABHICTH YTBO-
peansa FesC, Mn;Cs, FeCr, aki maioTh MakKCUMyMH1 Ha TUX CAMHUX KyTax, IO i
o-Fe (matputis). I[TopiBHAHHAM Ta aHAJi3010 Oflep:KaHUX JaHUX BCTAHOBJIEHO,
1o yrBoperHs MnSi, CrMn € y BcixX HOCTIAHUX KPUIAX; TUM CAMUM BOHU He
YMHATH SHAYHUH BIJIMB Ha MeXaHiuHi BjlacTuBOCTi. BcTaHOBIIEHO, 11O 3a IIPU-
IIBUAIIIEHOTO OXOJIOAKEeHHs Bix Temmeparypu y 900°C 3 HacTynmHUM Bimgmyc-
kom npu 200°C nporsarom 120 xXB. y 1a00paTOPHUX MOCHiAHUX KPUIAX IIPOXO-
IUTH 3HATTS BHYTPIIIHIX HanpyKeHb. MiKpOoCTpPYyKTypa sIBJIsSAE COO0I0 BUCOKO-
IVCIIEPCHUN MepJIiT, 10 BiAnoBilae BUMoramM 3aKOPAOHHUX cTanmapris. Jloc-
Jigma peiikosa kpuma 3 0,90% C, 0,39% Si, 0,89% Mn, 0,09% Cr, 0,010%
Mo, 00035% B, 0,0123% N 3 migsuieaum Bmicrom Kapbony mae mexamiuni
BJIACTHUBOCTI: 05 = 1295 MIIa, c,=816 MIla, 65;=9,8%, y=11,4%, KCU=17,25
% /cm?2, 1o Bigmosigators Bumoram EN 13674:1-2011 (R400HT).

Karouosi cioBa: peiikoBa KpuIls, MiKpPOCTPYKTYpa, MiKpoJer'yBauHsa, TepMid-
He 00pO0JIeHHA, MeXaHiuHi BUIPoOyBaHHS, PEHTI'eHOCTPYKTYPHA aHaJiza.

The analysis of domestic and global regulatory and technical documentation
for railway rails shows that pre-eutectoid medium-carbon and high-carbon as
well as post-eutectoid steels are used for the production of serial rails in
world practice. According to the degree of alloying, both carbon and micro-
alloyed, alloyed alloys are used. Thus, the issue of developing railway rails of
a new generation with the use of boron microalloying and the effect of heat-
treatment regimes on the structural component of steel to obtain a high com-
plex of mechanical properties is an actual direction of research. Boron dis-
solved in the matrix increases the incubation period of the nucleation of a
new phase, decreases the temperature of the beginning of ferrite formation,
as a result, suppressing the decomposition of austenite by the diffusion
mechanism. The goal of the work: the study of the microstructure and fine
structure of finely dispersed pearlite in steels for high-strength rails with
hardness at the level of world requirements. Samples of test steel, which were
pre-deformed and heat-treated according to test regimes, which differed in
terms of cooling from 0.52 to 5.1°C/s, are studied. Based on the results of x-
ray phase analysis after heat treatment of the experimental steels, the pres-
ence of Fe3;C, Mn;Cs, and FeCr formation is revealed, which have maxima at
the same angles as a-Fe (matrix). When comparing and analysing the ob-
tained data, it is established that the formation of MnSi, CrMn is present in
all experimental steels, thus, they do not have a significant effect on the me-
chanical properties. As established, during accelerated cooling from a tem-
perature of 900°C followed by tempering at 200°C for 120 min in laboratory
test steels, internal stresses are relieved. At the same time, the microstruc-
ture corresponds to a highly-dispersed pearlite that meets the requirements
of foreign standards. Experimental rail steel with 0.90% C, 0.39% Si, 0.89%
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Mn, 0.09% Cr, 0.010% Mo, 00035% B, 0.0123% N and with an increased
carbon content has the following mechanical properties: o;=1295 MPa,
c0.2=816 MPa, 8;=9.8%, y=11.4%, KCU=17.25J/cm?, which meet the
requirements of EN 13674:1-2011 (R400HT).

Key words: rail steel, microstructure, microalloying, heat treatment, me-
chanical tests, x-ray structural analysis.

(Ompumano 24 cepnusa 2022 p.; ocmamour. eapianm — 30 epecus 2022 p. )

1. BCTYII

Amnaiza BiTYn3HAHOI Ta ¢cBiTOBOI HOPMATUBHO-TEeXHIUHOI JOKYyMeHTAaIii
Ha 3aJi3HMYHI peliKu mMOKasaJja, II[0 B CBiTOBil IPaKTUIIL OIS BUPOOHM-
ITBa CepifiHMX peliOK BUKOPHUCTOBYIOTHCS AOE€BTEKTOIIHI cepeaIHbOBYT-
JIeIleBi i BMCOKOBYTIJIEIeBi, a TAKOMK 3aeBTEKTOIAHI KpUIli. 3a cTyIeHeM
Jer'yBaHHs 3aCTOCOBYIOTLCSA AK BYTJIEIleBi, TaK i MiKpoJieroBaHi, Jiero-
BaHi cTonu. ¥ AKOCTI MiKpoJieI'yBaJIbHUX €JIEMEHTIiB BUKODPUCTOBYIOTh-
caV, Ti, Nb, N; B axocTi serysaasaux — Mn, Si, Cr.

OmHUM 3 OCHOBHUX KPUTEPiiB AKOCTU KPUIIi € XEMiUHMI CKJIAL, BMiCT
KOYKHOI IOMIIIIKY, AKa IPUCYTHA B KPUIi YMHUTD BILJIUB Ha Ti UM iHOIL
MeXaHiuHi BJIAaCTHUBOCTiI rOTOBOTO BUPOOY 3aTi3HMUYHOTO HPU3HAUECHHI.
OCHOBHUM eJIEMEeHTOM, IO BXOIUTH A0 CKJIaIy Kpuilb, € Kap6on [1-3].
3MiHa BMiCcTy JaHOTO €JIeMEeHTY Yy KPUIi IPUBOAUTE A0 3POCTAHHS MIiIl-
HOCTHU (TBEPAOCTH, FPAHUIII IIMHHOCTH, TUMYACOBOT'O OIIOPY), aje 3 IIi-
IBUIleHHAM BMicTy KapOoHY B KpHUIli HOHMMKYIOTHCS ILIACTUYHI XapakK-
TEePUCTUKU Ta yAapHa B A3KicTb [4].

Manran, Cuiiniii SK JOMIINIKM IPUCYTHI B YCiX TPOMUCIOBUX KPU-
max. Bmict MaHrany K JOMIiIIKM B KOHCTPYKI[IMHIX KPUILAX CKJIAJIA€
Big 0,3—0,8% . Bemennsa Maurany AK TeXHOJIOTiYHOI HOMIIIIKM B 3a-
3HaUeHill KiJTbKOCTI HeoOXigHe AJIs Iepexony CipKu 3 cyabdiny saJaisa
(FeS) B cyandin Mauramy (MnS) [1, 5]. Tako:xx Maurau cupusie 3cyBy
Y — O-IePETBOPEHH A0 OiJIBIIT HUBBKUX TEMIIEPATYP, III0 IPUBOAUTH IO
3MeHINeHHA AU(PY3iMHNX KOHCTAHT, AKi BU3HAUAIOTh KiHEeTHUKY IepeT-
BopeHHA. 30igbienHs Bmicty Manrany Big 0,6 go 1,4% BmoumBae Ha
IepeTBOPEHHA TaK caMo, AK 1 IMiABUITEHHA IITBUIKOCTU OXOJIONKEHH:
30iJIBIIYETHCA CTYIIiHb UCIIEPCHOCTH MEPJIiTy, 3MEHIITYEThCS KiJTbKiCTh
IoeBTeKTOigHOTO (Pepury. KpuTuuHa IMIBUAKICTL OXOJOAKEHHS, HE00-
XigHA IJIsT TOBHOTO HPUIMHEHHS IIEePJIiTHOTO IIEPEeTBOPEHHA, Y MPUCYT-
HOCTi MapraHITio 3HAYHO MMOHMKYETHC [6].

Cutitifi TO3UTUBHO BILIMBAE HA CTPYKTYPY, MEXaHIUHI Ta TeXHOJIOTIUHL
BJIACTUBOCTI KPUI[i: MOHIMKYE KPUTUUHY HIBUAKICTH OXOJOMKEHHs, 30i-
JIBIIIYE€ ITPOTapTOBYBAaHICTb, 3MEHIIYE MIBUAKICTL PO3IMagy MapTEHCUTY,
OiABUINyE MIiIIHICTh, TBEPAICTH i IPY:KHI BJIACTHUBOCTI KPHUILi, 30iJIBIIIye
OIIip Kopo3ii, moHm:Kye B A3KicTs [1]. Taxuit BmiuB Cuiitiro HAa BIacTHUBO-
CTi OB’ I3aHUMU 3 HOTO Aieio Ha MaTpuUHy a3y (o-po3unH) i kapoigu[1, 5].
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OpmouacHe IMiABUINEHHS MIiITHOCTU I OIOPY KPUXKOMY PYHHYBaHHIO
HUB3BbKOJIETOBAHUX 1 PASOBUX MAJIOBYTJIEIIEBUX KPUIIL MOXKJIHWBE IILJIS-
XOM MiKpoJier'yBaHHA — BBeJeHHs MiKpogzo6asok (zo 0,15%)[1, 6, 7].
Hai6insmm momupeni MikposeryBanbHi entementn — 1e Hio6iit, Bana-
miit i Turanm [8]. HasBaHi eleMeHTH MalOTh BUCOKY cropimuenicTs 7o Hi-
Tporeny Ta KapOomy i Jierko yTBOpIOIOTH HiTpuau Ta Kapbigm (abo xKap-
oouiTpuan) [7]. Ilpu marpiBamui HiTpuAY i KapOOHITPUAM POZUNHAIOTD-
cAd B TBEPAOMY PO3UYMHIi, a IIPM OXOJIOJKEeHHI BUIIaal0Th y BUTJIAIL ca-
mocTifinol aucrnepcHoi ¢asu. I1i mporiecu i ckaamarTh B JaHOMY BUIIA-
KY OCHOBY MeXaHi3MiB 3MiIlHEeHHSA KPUIli: MOAPiOHEeHH 3epHa, JUCIep-
ciiHe TBepAiHHA i 3MinmHeHHA TBepaoro posuuuy [7]. Ilpu sBuuaiitmomy
MIPOKATHOMY IIepefisii MiKposeryBajibHi M00aBKM MTiABUIIMYIOTH MiIl-
HiCTH KPHUIIi B OCHOBHOMY Uepes AUCIIepciiiHe TBEPAiHHSA, a IIPU KOHTPO-
JIbOBaHi¥ IMPOKAaTIIi a00 HOpMastidallii (aycreHiTusaIii 3 0X0oJI0IKeHHIAM
Ha MOBiTPi) — ImepeBakHO 3a JOIIOMOTI'0I0 moApiObHeHHA 3epHa [ 7].

TakuM YMHOM, aHAJIITUYHI JOCIiIKeHHA IOKa3aJu, IO IIiIBUIIIeHH
XapaKTepUCTUK MIiITHOCTH KPHUIIi 3a PaXyHOK PO3POOKM HOBOTO XeMiu-
HOTO CKJAaAy Ta TEePMIiUuHOTO OOpPOOJeHHA IPUBOAUTL A0 HiABUINEHHS
eKCILTyaTalliiHnX xapaxkTepuctuk [9, 10].

2. AHAJIISA JIITEPATYPHUX JAHUX

B pisHUX ramyssx IPOMMHCJIOBOCTH: MAaITMHOOyIyBaHHi, OymZiBHUIITBI,
BUPOOHUIITBI TPyO i iH. 3SHAHIIIN IITUPOKE 3aCTOCYBAHHA KPUIli, MiKpO-
JeroBani 6opom. Koumenrpailias Bopy B mOmiOHNX KPUIAX 3HAXOTUTHCS
B mexxax 0,001-0,005% . OgqHak HABiTH IIPU TAKOMY MAaJOMy BMicTi BiH
YMHUTDH iCTOTHUH BILJINB HA BJIacTUBOCTI Kpuili. OqHi€I0 3 OCHOBHUX KO-
creii Bopy e ifioro 3gaTHicTh Pi3KO MiABUINYBATU NPOTapTOBYBaHICTH
kpuri [11]. Takuii Buau Bopy Ha mporapToByBaHicTh KPUIIi 3acHOBA-
HUM Ha Horo 31aTHOCTY e()eKTUBHO raJbMyBaTH IIEPETBOPEHHSA ayCTeHi-
Ty B EPUT, CIPUAIOUN YTBOPEHHIO OLJILIII TBepAuX (pas — OeHHiTy i Map-
reHcuTy [12]. PosunHeHui B MeTasieBiii MmaTpuili Bop KOHIIEHTPY€eTHCA B
TOHKUX IIPUMEKOBUX ITapax 3ePeH ayCTeHITy, POOJIAYUN CTPYKTYPY MEX
3epeH OiabIn gockoHaoM0 [13, 14]. fIx Bimomo, 1eHTPU pekpucTaIisaii
B IIEPIITY YePTy YTBOPIOIOTHCA II0 Me:Kax 3epeH. TakuM YMHOM, PO3UnHe-
HUU B MaTPUILi 60p 30iablTye iHKyOaIiiiHuil mepios 3apoa:KeHHsa HOBOI
(dasu, TOHMIKYE TEMIIEPATYPY HIOUYATKY YTBOPEHHSA (hepuTy, B pe3yJIbTaTi
MIPUTHIUYIOUN PO3IIaJ ayCTeHiTy Mo fudysiiinomy Mmexaniamy [15, 16].
Bop Jerko oKMCHIOETHCA i 3B’ A3YEThCA B HITPUJ HAaBiTh BKpail MaJu-
MU 3aJUNIKOBUMU KOHIeHTpaniamu Okcureny Ta HiTporemy B merai.
Tomy ocHOBHe 3aBHaHHA MiKpoJeryBaHHA Bopom — 3amobirtu oxmc-
HeHHIO I asoTyBaHHIO Bopy i omep:kaTtu B MeTai HeoOXigHY KiJTbKicTh
posumuenoro Bopy, 110 migBuIye mporapToByBaHicTs Kpuiri [17].
BundatrkoBa aKTuBHicTH, BOpy B KpHUIleBOMY PO3TOIIi BUMarae JOTPHU-
MaHHS OCOOJIMBUX 3aXOMiB IIPU BUTOMIII 60opBMicHMX Kpuis [17, 18].
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[ 3amobiranusa OKMCHEHHIO 1 a30TyBaHHIO Bopy mpoBoaAThH momepes-
He 00pOOJeHHA MeTany CUJILHUMU PO3KHCHIOBAJILHUMU Ta JIea3oTyBa-
JbHUMU ejieMeHTaMu. Ha 3aBepriajbHOMY eTalli 3AiMCHIOIOTH JIery-
BaHHA OopBMicHMM cTomoM. TexXHoJoris TOILJIEeHHSA BHMMAarae cCyBOPOTO
TOTPUMAaHHSA *KOPCTKOTO PerjaaMeHTy TOIJIeHHs OopBMicHOI Kpuri [11].

Kpim BoiuBy XxeMiuHOrO CKJIaAy Ha MeXaHiuHi BJIaCTUBOCTI, DO YMCJIa
OCHOBHUX XapaKTEPUCTUK BiTHOCATH JaHi IPO MOJIOMKEHHA KPUTUIHUX
TOUOK, KiHEeTHKY PO3IMaay IIePeoXOJIOAKEeHOr0 ayCTEeHITYy, UyTJINBICTH
KPHIIi 70 meperpiBy Ta pocTy 3epHa, mporapToByBaHicTs [19-25].

OTmixe, TUTAHHSA PO3POOIEHHA 3aIiBHUYHUX PEHOK HOBOT'O MOKOJIiHHS
3 3aCTOCYBaHHAM MiKpoJieryBaHHA BopoM Ta BIJIMBY peXKMMiB TepMid-
HOTO 00pOOJIeHHA Ha CTPYKTYPHY CKJAAOBY KPHIIi IJIA OfepsKaHHA BU-
COKOT0 KOMILIEKCY MeXaHiUHMX BJIACTUBOCTEH € aKTyaJbHUM HAIPs-
MOM JIOCJTiTKeHb.

3. META TA 3ABIAHHS TOCJLIKEHD

Meta pob6oTH: HOCTiAKEHHA MiKPOCTPYKTYPH Ta TOHKOI OyI0BU APiOHO-
OUCIIEPCHOIO MEPJIiTYy B KPUILSAX OJIS BUCOKOMIITHIX PEHOK 3 TBEPHiCTIO
Ha piBHi CBiTOBUX BUMOT.

[ BupileHHs ITOCTaBJIeHOI MeTH HeoOXimHo OyJo BUPImMTH TakKi
3aBIAHHSA: PO3POOUTH B JIA0OPATOPHUX YMOBAX MOCHITHMN XeMiuHMWHI
CKJIaJ KPUIli I 3aliSHUYHUX PefioK, BUTOTOBUTH 3Pa3KM i IpOBeCTH
medopmariiiime Ta TepMmiuHe 00pOOJEHHS 3a MOCJITHUMU PEKUMAaMU,
TOCJIiINTY BILJINB XE€MiUHOTO CKJIAIy KPUIh i Pe:KMMiB TepMiuHOTO 00-
pobyieHHA HA mapaMeTPU CTPYKTYPH Ta MeXaHiuHi BJIaCTUBOCTi.

4. MATEPIAJ TA METOJUKA TOCJAILIAKEHD.

Marepiaaom mJisi HOCTiAsKEeHHSA CJOYTyBaJu 3pasKM, BUTOTOBJIEHI 3 IO-
CALTHUX KPUIlH, IO BUTOILJIEHI 3 3aCTOCYBAaHHAM TOIUJIBHOTO arperary
ITIIE-0,01 3axpuTOTO THUIY i BUCOKOUACTOTHOTO A:Kepesna ctpymy BTT -
20-22. daxTUUHNN XeMiUHIH CKJIa JOCHIAHNX JIa00PaTOPHUX 3IUTKIB
HaBeAeHO B TabJ. 1.

Y n1abopaTopHMX YMOBaxX OyJIO IPOBENEHO rapsauy IJIACTUUYHY Aedop-
mariro (I'TI) mpo6 poamipom 70x70x80 MM 3 TOCHTIZHMX BAUTKIB IMIJIA-
XOM ocaiskyBaHHA Ha BeauunHy 50% . Temmeparypa HarpiBauHsa mpoo
mig rapauy gedopmairito gopisuoBana 1260°C. 3pasku, 10 Oigaarain
rapAadiv mracTuuHin gredopMaii, OX0JIOMKYyBaJIN Ha CIOKIMHOMY IIOBi-
Tpi. 3 omepskanux mpob micas I'TII Ta momambIiroro TepmMiuaOro 06po0-
aeraa (TO), Oysu BUTOTOBJIEHI 3pasKu OJId IPOBEeNeHHSI MeXaHiuYHUX
BUIPOOYBaHb (BUIIPOOYyBAHHA HA PO3TATYBAHHA, KOHTPOJHL TBEPAOCTH
Ta BU3HAUEHHS yAapHOI B’si3KocTu). [Jid IpoBeleHHS MeXaHiYHUX BU-
mpoOyBaHb 3aCTOCOBYBAJIOCH CIIEIlisyidoBaHe OOJagHAHHSA: PO3PUBHA



142 0.1. BABAYEHKO, T'. A. KOHOHEHKO, P. B. [IOTOJICbKUM Ta in.

TABJINIA 1. @akTuusuil XeMiYHUN CKJAL AOCIIAZHUX PO3TOIIB pPEefiKOBUX
Kpuilb, % mac.

TABLE 1. The actual chemical composition of experimental melts of rail
steels, % mass.

MapryBaunusa
apobu

Kpyunal 0,750,330,890,0100,0050,17 0,01 0,016<0,005 — - -
Kpuua2 0,700,440,760,0130,0090,170,0080,019 0,006 0,0004 0,0011
Kpuna3 0,800,470,970,0130,0090,16 0,01 0,0220,0010 0,0001 0,0015
Kpuna4 0,840,440,950,0140,0080,09 0,01 0,0130,0012 0,0103 0,0006
Kpuna5 0,900,390,890,0150,0090,09 0,01 0,0180,00150,000350,00060,0123

C|Si|Mn| P S |Cr | Mo | Al A% B Ca N

maruHa Tuny TTDL «Instron», TBepgomip TB 5004, MasgsTHUKOBUHA KO-
nep IICB-30. B pamMmKax gocuaigsKeHb TepMiuHe 00pO0IeHHA BiApisHaI0-
cAd YMOBaMHU OXOJIOIKEHHS ITiCJIA 3arapTyBaHHA: IIBUAKICTL 0XOJIO-
mxenuda Bix 0,52 mo 5,1°C/c (Taba. 2).

HocmimxeHHa KpucTaaiuHol OyZ0BY JOCTITHUX 3pas3KiB MicJsa TepMi-
YHOTO OOpOOJIEHHS TPOBOAMJIMN 3a AOIOMOTOI0 PEHTIEeHOCTPYKTYPHOIL
aHaAJi3W B aBTOMATHYHOMY pe:XKUMi (peHTr'eHiBCbKUII AudpaKTOMETED
IPOH-3M, mounoxpomatusoBae CoK,-BUIIPOMiHeHHs) IPOBOAUIN 3a-
nuc o0paHMX OJA aHaJisum iHTepdepeHIiiiHNX MakcuMyMmiB. OOpOOKY
pes3yabTaTiB HOCIiAKeHDb ITPOBOAMIIN METOI0I0 anpokcuMaitii [26, 27].

IIpoBeneni po3paxyHKH mOKasau, IO, 3rigmo 3 [28], disuume pos-
HIMPEeHHA PEeHTTeHiBChbKUX iHTep(depeHIliii B JaHOMY BUNIaJKy BU3HAYA-
€ThCA JIUIITe MiKPOHAIIPYKEeHHAMU. B CHIIy IILOr0 PO3PaXyHOK I'yCTUHU
OUCJIOKAIill B JOCJHIMKYBAaHNX 3pasKaX NMPOBOAWJMN 3a CIIiBBiIHOIIIEH-

TABJINIIA 2. Pe:kxumu TepMiuHOT0 00p0O0IeHHS AOCTiAHUX 3pasKiB.
TABLE 2. Modes of heat treatment of test samples.

MapryBanud

Pexxum 00pobieHHSA
apob

Pexum 1: Burpumka 0,5 rox. mpu 900°C, oxoom:xeHHS 31 IITBU-
nxicrtio 0,52°C/c 1o TemnepaTypu HaBKOJUIITHBOTO CEPEeqOBUIIA

Pexum 2: surpumka 0,5 rog. npu 900°C, oxomomxeHHs 31 IIIBH-
nxkicrio 2,3°C/c mo TeMIlepaTypu HaBKOJUIITHBOTO CePeIOBUIIA

Kpuna 1-5  Pesxum 3: Burpumka 0,5 rog. mpu 900°C, 0X0I0AKeHH 31 IIBU-
axrictio 5,1°C/c mo TemMmepaTypu HaBKOJIUIITHLOTO CEPEOBUIIIA

Pexxum 4: Burpumka 0,5 rog. npu 900°C, oxom01:KeHHA 31 IIBU/I-
KicTio 5,1°C/c 1o TeMIIepaTypu HaBKOJIUIITHEOTO CePeIOBUIIA, BU-
TpuMKa 2 rof. mpu 200°C, oxoI0A:KeHHA Ha CIIOKiHHOMY TOBiTpi
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HAM, HaBeJeHUM B poboTax [28].
PospaxyHOK Hanpy:KeHb 2-T0 POAY IIPOBOINIIU 34 CIIiBBiTHOIIIEHHAM:

p = 4p°/(5b°tg%0), (1)

e 0 i  — BigmoBigHO, KyT BimoOpakenHsa 3a Bperrom ta ¢dismune pos-
IIAPEeHHS aHaJidoBaHOI peHTIreHiBCchbKOI JiHii, b — Broprepcis BeKTOp
nucaokamii (b-iir- = 2,47-10°8 cm).

PospaxyHoK HampysKeHb 1-T'0 poIy IIPOBOIMBCA 34 CIIiBBiJHOIITEHHIM:

6, + 0, = —EAd / (ud), 2)

e O1+ G2 — TaHTeHIilHi HanpyKeHHda, K — moxyns HOura, p — Ilya-
ccoHiB KoeditienT, Ad/d — BigHOCHA 3MiHa MiKILJIOITMHHEOI BimcTaHi.
3HaueHHA d BU3HAUAJIHU 3a Bigomoro popmyaoio Bperra:

d =2/ (2sin0), (3)

Ie A — OOBMKMHA XBUJIi PeHTI'eHOBOrO BHUIPOMiHeHHs, 06 — KyT Bigo-
OpakeHHA O inTepdepeHIrii.

PesynbraTy MexaHiYHMX BUITPOOYBaHb IPEACTABJIEHO B TabOJI. 3.

ByJio BUKOHAHO CTAaTUCTUYHY aHAJIi3y JAaHWX IIOJ0 XeMiuHOIo CKJia-
Iy, MeXaHIYHNX BJACTUBOCTel 1 ImapaMeTpiB TOHKOI CTPYKTYPHU ITicCJis
nepiroro eramy TO Ta micaa gBox eraniB TO — BusHauaau KoedilieuTn
napHOl KopeJadlrii misk xapakTepuctukamu. Ileil kpuTepiit BUKOpPUCTO-
BYETLCA JJIA MipSIHHSA CTYIIeHS JiHIAHOI 3a/IeKHOCTHU MijK JBOMA 3MiH-
HuMHK. 3HaUeHHA KoedillieHTa Kopeailii MosKe saMiHIOBaTHCS Big —1 10
1. 3a Bix’emMHUX 3HaUEHb Koe(illiecHTa BILINB HeTaTUBHUI, 3a JOSATHIX
— TO3UTUBHUINA. 3a 3HaueHb y migmasoni 1,0-0,5 (-1,0—-0,5) Kopeisa-
Iig BBasKaeThCsA BUCOKOIO, 3a 3HaUeHb Koedilienra B intepnaJi 0,5-0,3

TABJHUIIA 3. Mexauiuui BIacTUBOCTI JOCTiAKyBaHUX KPUIH [9].
TABLE 3. Test results of the studied steels [9].

MapkyBaunusa Pexum .. MITIal 2%2 |s. % % B}; '1;211);1 TBepaicTh,
KPHIT 00poGIeHHsA| *’ MIIa [°5> 7°|V> Tk /CM2’ HB
1 1100,4 655,0 10,6 21,2 17,08 398
2 1092,2 672,4 11,0 24,8 16,36 373
3 Pesxxum 4 1244,0 784,0 12,5 24,1 21,98 410
4 1301,73 816,1 11,7 14,2 16,59 415
5 1295,5 816,4 9,8 11,4 17,25 415

EN 13674:2011 1280,0 - 9 - - 400-440
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(-0,5—-0,3) — cepemusa xopenasiisa, sa saauvens 0,3-0,1 (-0,3——0,1) —
KOpeJIAllid HU3bKa, 38 MEeHINNX 3HaUeHb — KOPeJIAIlis BiAcyTHs.

5. PESYJBTATHU JOC/IIJKEHD

3 momepenHix mocaimkenb [29] BcTaHOBIEHO 3aKOHOMIiPHICTH BILIUBY
HIBUAKOCTU OXOJIOIKEHHA Ha CTPYKTYPY Ta TBEPAICTh MOCHITHUX
Kpuilb. ¥ mochaigamux Kpuiax miciaa TO za pesxxumom 1—4 3i 30iabIieH-
HAM IIBUIKOCTH OXOJIOMKEHHS IIiABUINYETHCS AUCIIEPCHICTL IEPJiTy:
BiJl CKpPUTHOILJIACTUHYACTOTO MEPJiTy A0 copbiTomoaioHoro mepiiTy (3a
I'OCT 8233). Buxoaauu 3 CTaTUCTUYHOI aHAJIi3W MisKIIJTacCTUHYATOI Bif-
CTaHi BCTAHOBJIEHO, III0 BCi JOCIIIM:KyBaHi KPHUI[LI MAalOTh CTPYKTYPY COP-
OiTomomiOHOrO mepJsiTy 3 MikmJaacTmHUaTol Bigcramuio 0,09-
0,20 mxMm. Hamuit pesyabraT Bimmoimae Bumoram HTII mo cTpykTypm;
TepMiuHO 3minHeHUX peioK ([JCTY 4344:2004 ta EN13674:1-2011).
ByJio BuKoHaHO aHaJJi3y JaHWX IMOA0 XeMiUHOTI0 CKJIAAy Ta MeXaHiu-
HuX BjaactuBocTei micaa TO 3a pesxumom 3 Ta Imicasa pe:xumy 4: BU3HA-
yaau KoedirieHT mapHoi KopeadArii Misk xapakTepuctukamu (Tadi. 4).
BcranoBieHO, IO TPAHUILA MIiITHOCTH MAa€ BUCOKHII PiBeHb IMO3UTUB-
HOi Kopeasrii 3 smictom C, Mn, P, Mo, B Ta meratTusHoi KopeJsailii 3
BmicToMm Cr. Illomo rpaHuIli MIMHHOCTH, TO CHOCTEPiraau 6JIU3bKY Kap-
TUHY, OKPIM HaCTYIIHHUX eJIEMEHTiB: KopeJdAllid mono B ameHImuiacsy i
cTajia cepeIHboIo, a om0 S — 30iabInmuaach i cranga Bucokoro. s Bin-
HOCHOT'O BUJIOBYKEHHSA BCTAHOBJIEHO HAABHICTh BUCOKOI MO3UTUBHOL KO-
peasrii 3 BmicTom Si, Ca Ta HeraTuBHOI — 3 BMicToM N. 3HaUeHHA Bij-

TABJINIIA 4. KoedinienTu nmapHoi Kopendarii Misk xeMiuHMMU eJleMeHTaMu
MIPUCYTHIMY B KPUIAX Ta MEXaHIYUHNMU BJIACTUBOCTIMHU.

TABLE 4. Pairwise correlation coefficients between chemical elements, which
are present in steels and mechanical properties.

Mexamiami XemiuHi e1eMeHTH, IPUCYTHI B ZOCTiAHI# KpuUIti
BJIACTUBOCTI C‘Si|Mn|P|S|Cr|Mo|A1|V|B|Ca|N
G5, MIla 0,92 0,37 0,70 0,76 0,46 —0,86 0,62 -0,16-0,42 0,52 0,17 0,48
Go,2, MIIa 0,89 0,46 0,65 0,82 0,56 -0,84 0,54 -0,08-0,33 0,48 0,28 0,48
85, % -0,22 0,72 0,47 -0,06 0,21 0,26 0,06 0,25 -0,06 0,30 0,63 —0,71
v, % -0,88 0,23 -0,32-0,59-0,08 0,95 -0,52 0,57 0,38 -0,47 0,44 0,72

Ynapua
B’sskicts, 0,11 0,46 0,59 -0,01 0,27 0,27 0,36 0,73 -0,33-0,32 0,65 -0,14
o/ cm?
TeepnicTs,
HB

0,89 0,01 0,89 0,38 0,03 -0,71 0,92 -0,22-0,80 0,39 -0,13 0,40
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HOCHOTI'O 3BY XE€HHSA MO3UTUBHO KOPEJIOITEL 3 BMicToMm Cr ta Al, meraru-
BHO KopeJoioTh 3 C, P, Mo, N. B Toiti camuiit yac 3HaueHHA yAapHOI
B’SIBKOCTH 3 HMO3MIIil XeMiuHOro cKJanmy saneskarb Bix Mn, Al, Ca, mix-
BUIINEHHA BMiCTy BKas3aHNUX €JEMEHTIiB UMHUTL NO3UTUBHUN BILIUB. B
CBOIO Uepry, Ha IIiABUINEHHS 3HAUYEHb TBEPAOCTYH HO3UTHBHO BILJINBAE
nigBuinenud smicty C, Mn, Mo, a Heratusao — Crra V.

TakuM YMHOM, MOKEeMO 0aUnUTH, ITI0 MigBuIeHHA BMicTy C M03UTUB-
HO BILJINBAE HA XapaKTEPUCTUKM MiITHOCTH Ta TBePAOCTH, a Mn — oKpim
BKa3aHUX XapaKTEPHUCTHUK, Ile AOJATKOBO UMHUTL IIO3UTHUBHUI BIIJIUB
Ha ygapuy B’a3kicTbk. Illomo BmicTy Si, B pamMKax mociimxyBaHoi Bubip-
KUY BCTAHOBJIEHO BMCOKY KOPEJISI[iIO JIUIIE 3 BiTHOCHUM BUIOBMKEHHIM.
Heo0OxigHo BigdHaumTH, 110 TiABUINEeHHA BMicTy S Ta P, Koau ixX BMicT
BiTHOCHO HEBUCOKWM, YNHUTH IIO3UTUBHUN BIIJIUB HA MOKA3HUKM MIiII-
HOCTU 3 BUCOKUM CTyIleHeM Kopeadrii. [[ad Kpuilb H0CHiZHOTO CKIaay
BCTAHOBJIEHO, IO migBuINleHHA BMicTy Cr HeraTMBHO BILIMBA€ Ha 3Ha-
YeHHA I'PAHUI MiITHOCTH Ta IIJINHHOCTH, TBEPAOCTH; PA30OM 3 THM IIO3M-
THUBHO BILIMBA€E€ Ha 3HAUEHHS BiJHOCHOTO 3By KeHHdA. IIigBuIeHHA BMic-
Ty Mo IOSHTHBHO BILJIMBA€ Ha 3HAUEHHA XaPAKTEPUCTUK MiI[HOCTH Ta
TBEPAICThL 1 HETaTHMBHO BILJIMBAE€ Ha 3HAUEHHS BiJHOCHOT'O 3BYsKE€HHS.
Iligeuinenusa BmicTy Al MO3BMTHBHO BILIMBAE Ha 3HAUEHHS YAAapHOI
B’SA3KOCTHU Ta BiJHOCHOTO 3BYKeHHs, a B — rpauumi mimmaoctu. I''mtnboxe
poskucHenHsa Ca MO3UTHUBHO BIJIMBAE HA 3HAUEHHS BiJHOCHOTO IIOJOB-
JKeHHsA Ta yAApHOI B’I3KOCTH, a AOJaTKOBe BBeJeHHsI N B KPHUITIO Her'a-
THBHO BILJIMBAE HA MOKA3HUKHU ILJIACTUYHOCTH.

PesyiibraTil peHTI'eHOCTPYKTYPHOI aHAJI3M TOCJiTHUX KPHUILh B CTaHi
micyaa TepMiuHOro 00poOJIeHHS (OXOJIOAMKEHHs 3 ImBHUAKicTIO 5,1°C/c)
HaBeJeHO B TabJ. b i ma puc. 1.

Ilicia TepmiuHOro OOpPOOJEHHS 3a PERKUMOM 3 JOCIiITHUX KPHUILb,

TABJHUIIA 5. ITapamerpu KpUCTATIYHOI OYIOBU JOCTiAKYBaHUX 3pasKiB mmic-
as TO (pexum 3).

TABLE 5. Parameters of the crystal structure of the studied samples after
maintenance (mode 3).

Poawmip T'ycruna T'ycruna

ITapameTep . Burkpupiensa <o <o

YMoBHE Ma- paTHII 0JI0KiB Oro DO LVCJIOKAIili | ucaoKaIii
pryBammsa | PATHUIL |\ osaixu L,| APYTOTOPOAY 110y D, | (220) D,

a, A M, %
’ A > 70 emt emt

Kpuma 1 2,8643 1871 1,25-10°3 4,93-101° 36,5-101°
Kpuus 2 2,8645 1885 0,85-1073 4,82.101° 22,9-101°
Kpusa 3 2,8642 1780 1,18.10°3 5,44-101° 35,3-101°
Kpuma 4 2,8644 1810 1,24-10°8 5,26-101° 36,8-101°

Kpura 5 2,8646 1688 1,09-10°3 6,03-10°  33,7-10'°
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50007 Eranon o-Fe Eranon o-Fe—
Kpuns 1 — Kpuma 1 —
Kpunga 2— 00 Kpunsa 2 —
40001 Kpums 3 Kpunsa 3
Kpuns 4 — Kpuna 4 —
o Kpmmng 5— £ 300 Kpunsga 5 —
< 30001 PHIL 5
g Z
k= _ 200
20001
1000 1001
%7 52 53 54 122 123 124 125 126
20, ° 20, °
a 0

Puc. 1. Iudparmiianii Kyt 52,5° Ta 124° peHTr'eHiBChbKOI AudpaKTOrpaMu A0-
caigaux xpuib micada TO (pexum 3): (110) (a), (220) (6).

Fig. 1. The diffraction angle of 52.5° and 124° of the x-ray diffractogram of
the test steels after maintenance (mode 3): (110) (a), (220) (6).

kpuna 2 (0,70% C, 0,44% Si, 0,76% Mn, 0,0004% B) B mopiBHAHHi i3
Kpuieo 1 (6asoBa), mae 6iabiIi posmipu 6J0KiB Mozaiku ma 0,75%,
MeHIIle YMCJIO AUCJOoKaIiil Ha 2,2% , MeHIIe YHCJIO AUCIOKAI[iH Bimo-
opasxkenusa (220) Ha 37% i BUKpHUBJIeHHA Apyroro poxny Ha 32% . Y crani
mmicjsg TepmMooOpobiaenHs, kpulli 1 (6asosa, 0,75% C) B mopiBHAHHI i3
kpurteso 3 (0,80 % C, 0,0001% B), 1110 MarTh BiAMiHHOCTI B XeMiuHOMY
CKJIaJi 3MEHIIINBCS cepenHiii posMip 0J0KiB Mosaiku Ha 5% , 3MEHIIIN-
JIUCS HAIPYsKeHHA Apyroro poxy Ha 5% i umcio quciokariiit Ha 3—9%.
Kpuua 4 (0,84%C, 0,0103% B) B mopiBuanHi 3 Kpuiemo 1 (6asosa,
0,75% C) maroTh MeHIIle 3HAUeHHsA OJIOKiB Mosaiku Ha 3,2% , YHCIIO
mucaokarniin (Bimoopaskenusa (110) ta (220)) s6impmuaock Ha 6,2 Ta
1,8% BigmoBiguo. Ilpu mopiBuHauHi mocraizmmx kKpuinb 5 (0,90%C,
0,00035% B) i3 xpurero 1 (6asosa, 0,75% C) O0yJsi0 BCTAHOBJIEHO, IO
posmip 0J0KiB Mo3aiku smeHmuBea Ha 10% , posMmip gucaokaiiii Bigo-
opasxens (110) s6imbmuBea Ha 22% , (220) Ta smenIuaach Ha 7% . [Ipu
aHayisi Bukpusaenusa 2-ro poxay kpuib 4 (0,84% C, 0,0103% B) ta 5
(0,90% C, 0,00035% B) B mopiBuaHnHi i3 Kpurer 1 (6asosa, 0,75% C)
0yJI0 BCTAHOBJIEHO, 1[0 3HaUYeHHs 3MeHuanca Ha 0,8% , 12,8% Bigmo-
BiZiHO, ITTO0 BKA3y€e HA BiICYTHICTL CTPYKTYPHO-BiIbHOI (has3u IIeMEeHTHUT B
kputi 4 (0,84% C, 0,0103% B). ITapametep rpatuuili 0yB 0JU3bKUM
HesaJIe:KHO BiJ XeMiuHOTO CKIany.

s BusHaueHHs ()a30BOTO CKJIay IPOBOAUIN PEHTTeHODa30By aHa-
Ji8y IOCHiTHUX KPUIL Pe3yJIbTaTH, SKOI IIpeJicTaBJIeHi Ha puc. 2.

Ha migcraBi pesynbTariB peHTreHo(daszoBoi aHaimisu micaa TO 3a pe-
JKUMOM 3 JOCHiTHMX KPUIIL BCTAHOBJIEHO HasgBHicThL BuaiieHb FesC,
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Puc. 2. Penrreniscbka gudppaxTorpamMa AOCHIAHNUX KPHUIL MiCJIA TEPMiuHOTro
o06pobieHHs (pexuM 3).

Fig. 2. X-ray diffractogram of test steels after heat treatment (mode 3).

Mn-Cs, FeCr, axi MaoTh MaKCUMYMHI Ha THX caMUX KyTax mikKy 1, 1o i
o-Fe. IIpu nmopiBHAHHI Ta aHaJIi3l ofep:KaHUX AAaHUX BCTAHOBJIEHO, IITO
IIPY IPUIIIBUANIEHOMY OXOJIOMKEHHI 3 3aCTOCYBAHHAM CTHCHEHOTO OBi-
TPA SOCHITHMX KpUIb BuAimeHHa MnSi, CrMn € y BcixX ZOCHiZHUX KPH-
AX, THUM CAMUM He YNHUTL 3HAUYHNHU BILJIMB Ha MeXaHiuHi BJIACTUBOCTI.

Amnaiiza MmikpocTpyKTypu [29] Ta peHTTeHOCTPYKTYPHA aHaji3a mic-
asa Bigmycky npu 200°C 3 BuTpuMKo0 ~ 120 XB. BCTAaHOBUJIU, IO IIPO-
XOOUTHh SHATTA BHYTPIITHIX HANPYsKeHb B JOCTiIKyBaHOMY MeTasdi. B
I[iJIOMY MiKPOCTPYKTypa ABJIsIE€ COO0I0 BUCOKOAMCIIEPCHUN TIEPJIiT 3 He-
BEJIMKOIO K1JIbKiCcTIO Ipy06OIIaCTHHYATOTO IIEPJIITY B IeIKUX 00JaCTIX.

PesyabrTaTyt AOCHIMKEHHA KPUCTAJIUHOI CTPYKTYPM JOCJHiZHUX
KPUIIL B CTaHi micas TepMiuHOoro 06podaenusa (peskuM 4) 3a JOIIOMOTOIO
PEHTTeHOCTPYKTYPHOI aHaIisu HaBeneHi B Tabi. 6 Ta puc. 3.

ITiciia TepmiusOro 0OpOOIEHHSA 3a peKUMOM 4, KpuIlsd 2 B IOPiBHAHHI
i3 xpurer 1 (6asoBa), mae 6iabini posmipu 6s0kiB Mmosaiku Ha 1,72%,
MeHIIIe YHCJIO JucjaoKaIii (Biqoopaxenns (110)) va 3,5% , 6iablne unc-
JI0 mucaokaiii simobpaskenusa (220) va 0,8% i BUKpuBJIEeHHSA APYTOro
poxy Ha 1,62% . VY craui micaa ¢inimuoi TO, kpuri 1 (6asosa, 0,75% C)
B mopiBuAHHI i3 Kpumero 3 (0,80 % C, 0,0001% B), 110 MaOTh BigMiHHO-
CTi B XeMiuHOMY CKJami 30iIBIINBCA CepelHil po3Mip 0JOKiB Mozaiku
Ha 14% , 30iIbIININCEH HAIIPYKEeHHA Apyroro pony Ha 15% i umesao guc-
Jgokariii za 29% . Kpuug 4 (0,84% C, 0,0103% B) B mopiBHAHHI 3 Kpu-
e 1 MarTL MeHIIIe 3HaYeHHd 0JI0KiB Mo3aiku Ha 5,3% , YMCJIO AUCTIO-
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TABJINIIA 6. Ilapamerpu Kpucraiaiunoi 6yA0BU AOCTiAKYyBaHUX 3pasKiB mic-
as TO (pexxum 4).

TABLE 6. Parameters of the crystal structure of the studied samples after
maintenance (mode 4).

Poswmip T'ycruna
ITapameTep - Burkpusinensa ..| I'ycruna
VYMmoBHEe B 6JIOKiB DYTOTO POLY JUCJIOKAIIil e
MapKyBaHHS a, A mo3aiku L, M, % (1;131(\/)21[), (220) D, et
Kpunga 1 2,8631 1881 1,21-10°8 4,88-101° 34,9-101°
Kpua 2 2,8639 1914 1,23-1073 4,71-10%° 35,2-10%°
Kpunga 3 2,8638 1617 1,43-10°8 6,87-101° 48,9-101°
Kpuna 4 2,8639 1780 1,21-1073 5,43-10%° 36,4-10%°
Kpung 5 2,8642 1832 1,38-10°8 5,15-101° 42,3-10%°

Kariit Bizoopaskenusa (110) ra (220) s6inbimuaocsk Ha 10 Ta 4% Bigmo-
Bigmo. IIpu mopiBuaHHI gocaigaux kpumsk 5 (0,90% C, 0,00035% B) ta
1 GyJi0 BCTAHOBJIEHO, IO PO3Mip OJIOKiB Mo3aiku smeninuscsa Ha 2,5% ,
posmip auciokarriii Bimoopasxeus (110) Ta (220) s6inbinunack Ha 5% Ta
17% sigmoBiguo. Ilpu aHaxisi BUKpuUBJIeHHSa 2-TO poAy Kpullb 4 Ta 5 B
MopiBHAHHI i3 Kpumeo 1 0yJi0o BCTaHOBJIEHO, IO 3HAUEHHA KpuIi 4 me
3MIiHIOIOTBLCS, KpuIli 5 36inprnmiaocs Ha 12,3% , 1110 BKasye Ha HEBEJIUKY
KiJIbKiCTh CTPYKTYPOBINIBLHOIL (pa3u MEeMEHTHUT II0 MeKaX 3epeH IIePJILITy
(maHa MiKpOCTPYKTypa He IPUITyCTHMA BifmoBigmo 10 Bumor EN13674-
1:2011). ITapameTep rpaTHUIIi OyB OJIM3bKUM He3aJIEKHO BiJl XeMiuHOTO
CKJIQAy Ta CI0CO0y TepMiuHOro o0po0bIeHH .

s BusHaueHHA ()a30BOTO CKJIAAY MPOBOAMIN PEHTIeHO(a30By aHa-
Ji3y DOCHiZHUX KPUIh, PE3YJIbTATH AKOI IIpeJCTaBJIeHO Ha puc. 4.

Ha migcrasi pesyinbTaTiB peHTI'eHO(ha30BO1 aHAJIIBY ITiCJIS TEPMIYHOTIO
00pOo0JIeHHS 3 JOCIIHUX KPUIlhL BCTAHOBJICHO HaABHICTE BuAiIeHD FesC,
Mn-Cs, FeCr, axi MaoTh MaKCUMYyMHI Ha THX caMUX KyTax mikKy 1, 1o i
o-Fe. IIpu nmopiBHAHHI Ta aHaJIi3l ofep:KaHUX JAaHUX BCTAHOBJIEHO, IITO
IIPU IPUCKOPEHOMY OXOJIOKEHHI 3 3aCTOCYBAHHAM CTHCHEHOT'O ITOBiTPS
JocaigHux Kpulb BuAigeHaa MnSi, CrMn € y Bcix JocaigHmx KpHIiax,
TUM CAMUM He UMHUTL 3HAUHNI BILIMB HA MexaHiuHi BiaactuBocTi. Ciaifg
BigsHAuUMTH, 110 V KPpUIli 3 BigcyTHsa dasa MnSi, a B Kpuiii 5 — FesC ma
49,5° ta mpucyTtHua y-CsFesMng Ha KyTi 35°, TMM camuM OyJIo oJ1ep:KaHO
HalKpaIlji TIOKa3HNKY MiI[THOCTH 34 IOHNKEHOT'0 PiBHA IIJIaCTUYHOCTH .

B pesynbTari KopenAmniiinoi anamisu (Tabs. 7) BCTaHOBJIEHO, ITIO B IO-
CAITHUX KPUIAX B CTAHI IicJsd IPUIIBUAIIECHOTO OXOJIOMKEHHSA 30ib-
mieHHs BMicTy Mn ta Cr ciipuse 3MeHIIIeHHIO ITapaMeTpa I'paTHuili, a P
ta N — 30iibinenHio. B cTani micia mMoBHOTO MUKJIY TePMiuHOTO 00p00-
JIeHHs Ha 30iJIbIIIeHHs IIapaMeTpa I'PATHUIIL YNHUTH MO3UTUBHUI BILINB
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Puc. 3. Iudparmiiianii Kyt 52,5° Ta 124° peHTr'eHiBChbKOI AU paKTOTrpaMu A0-
caigaux xpunb micada TO (pexum 4): (110) (a), (220) (6).

Fig. 3. The diffraction angle of 52.5° and 124° of the x-ray diffractogram of
the test steels after maintenance (mode 4): (110) (a), (220) (6).

s36inmbmrenus smicty C, Si, P, S, Ca, N 3 BUCOKUM CTyIIeHEeM KOPeJasdIlii, a
"eratusHuii — Cr. TakuM YMHOM, IIicJsA SOZATKOBOI'O BiAIIyCKYy BimOy-
BaeThcA Au(ysia eleMeHTiB Ta TOoJZATKOBa 3MiHa IIapaMeTpiB I'paTHUILI,
oKpiM Mn, AKui# Mae gysKe 6JU3bKUI Po3Mip aToMiB 10 aToMiB Pepymy.

Posmip 6s0kiB Mo03aiKy ITicjid MPUIIIBUAIIIEHOrO OXOJOIKeHHSA 30i-
JbINyBaBcA Ipu migsuineHHi smicty Cr, Ta sMeHIIyBaBCsS HpU 30iJb-
mrenHi Bmicty C, P, Mo, N. Illogo ryctunm gucmaoxariit (110) cmoctepi-
rajach MpPOTHUIEKHA cuTyalig. ITicasa mogaabIioro TepMiuHOro 06poo-
JeHHd migBuitieHHa Bmicty Si, Mn, Mo, Ca B Kpulli IpuBOAUTH A0 3Me-
HIIIeHHA po3MipiB 0J10KiB Mo3aiku. 11100 rycTHHY OUCJIOKAILill cIIoCcTe-
piraeTbcsa IpoTHIEKHA CUTyAallid 3a BUHATKOM Mo ta Al, aad axux 3Mmi-
HUBCS CTYIiHBb KopeadAnii. Takosk B pe3yJsbTaTi aHaJIidu BCTAHOBJIEHO,
110 migBuIieHHs BMicTy Mn Ta Mo IpuBOAUTE OO 30i/IbIII€HHS 3HAUEHD
BUKPUBJIEHDb IPYTOr0 POAY, a S Ta V — 3MEHIINeHHs Y CTaHi ITicJIs TPUIII-
BUJIIIEHOTO OXoJomKenHsa. Ilicasa momaTKoBoro o6po0ieHH Ha IIiJBH-
II[eHHsA 3HaUeHHs BUKPUBJIEHb IPYTroro POAY IMO3UTHUBHO BILJIMBAE IIij-
Bumienusa Bmicty S, Al, Ca. I'ycruma puchaokariii (220) mocaimHmx
KPHUIb Y CTAHI IMicJIdg MPUIIBUIIIIEHOTO OXO0JOAMKEHHS 3poCcTae 3i 3611b-
mieHHAM BMmicTy C, Mn, Mo, Ta TOHMXKYETLCA IIPU IiABUINEHHI BMicTy
V. ¥V craHni micisa 1omaTKOBOTO BiAyCKy rycTuHa auciokaiii (220) apo-
cTae IIpH migBuInieHHi BMicty Mn, S, Al, Ca.

Y rabauiii 8 mpeacTaBiieHlI pe3yJabTATH CTATUCTUYHOLI aHAJIiI3W 3 BU-
3HaUYeHHsA Koe(ilieHTiB mapHOI KopeadAmnii Misk MexXaHiYHUMHU BJIACTH-
BOCTSIMH [MOOCTiMHUX KPHUIb Y CTaHi Hicas TepMiuHOTro OOpOOGJIEHHS 3
MIPUIIBUAIIIEHNM OXOJIOMAMKEHHSIM Ta MicJs JOJaTKOBOI'O BiAIyCKY Ta
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Puc. 4. Penrreniscbka gudpaxTorpamMa AOCHIAHNUX KPHUIb MiCJIA TEPMiuHOTro
o6pobaenus (pexxum 4).

Fig. 4. X-ray diffractogram of test steels after heat treatment (mode 4).

mapaMeTpaMu KPHUCTAJIiuHOI OygoBU. 3 aHATI3K OJep:KaHiuX pPe3yabTa-
TiB MOYKHa 0aUNTH, IO 3HAUCHHS I'PAHUI[l MiI[HOCTH MAIOTh BICOKY IIO-
BUTUBHY KOpeJAIliio 3 rycTuHoo aucaokariii (110) ra (220) Ta mHeratu-
BHY 3 poaMipamMu 06JIOKiB Mo3aiku y ctaui micisa mepiroro eramy TO. ITi-
CJs JOJATKOBOTO BiiIyCKYy 3HAUEHHS I'PaHUIT MiITHOCTH OiJbIIi 3a 30i-
JBIIIeHHA TaKUX MMOKa3HMKIB AK IIapaMeTep I'PaTHUIIL Ta I'yCTHUHA AUC-
Jokarizi (220) Ta 3a 3MeHINIEHHs 3HAUeHb PO3MipiB OJ0KiB mMos3aiku.
CTyImiHb Kopeadllii 3HaueHb 'PAHNII MIiITHOCTH 3 TYCTHUHOIO JMCJIOKAIil
(110) micansa moBHOTO MUKy TO 3MeHIIUIACH 0 cepeaHLOTO piBHA. CIIo-
cTepirajgy BHCOKY KOPEJAIil0 3MiHM 3HaUe€Hb I'PAHUILL IINIMHHOCTU, SIKi
3pOCTaIOTh 3a 3MEHINeHHA PO3MipiB OJOKIiB Mo3aiku Ta 3a 30iIbIIeHHS
ryctunu nuciaokarii (110) y craui micaa nepiroro erany TO. Ilicaa Ha-
ctymHoro etany TO BCTaHOBJIEHO BMCOKY IMO3UTHUBHY KOPEJAIlil0 3HA-
YeHb T'PAHUIIl HJWHHOCTH Ta BCiX aHaJid0BaHMX IMOKA3HUKIB, OKpPiM
3HaUYeHb PO3MIipiB OJIOKIB MO3aiKM, OJad AKUX KOpeadlia OyJja HeraTus-
Hoto. Ha 3HaueHHsA BiTHOCHOTO BUAOBIKEHHS ITO3WTHUBHO BILINBAE 3Me-
HIITeHHS mapaMeTpa I'PaTHUIll y cTaHi micasa mepiroro TO, micaa mHacty-
mHoro eramy TO — 3MeHIeHHA Po3MipiB 0J0KiB Mozaiku Ta migBu-
IIeHHA I'YyCTUHY TUCJIOKAIlil

(110). BigHocHe 3ByKeHHA — XapaKTEePUCTHKA, 3HAUCHHA IKOI 30i1h-
IIYIOTHCA 34 30iJMbINIeHHSA PO3MipiB OJIOKIB Mo3aiKm Ta 3a 3MeHIIIEHHS
mapameTpa rpaTHUINL Ta ryctuHu auciaokarniu (110) y crani micasa opu-
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TABJINIA 7. KoedinienTu nmapHoi Kopendarii Misk xeMiuHMMU eJleMeHTaMu
MPUCYTHIMU B KPUIAX Ta IapaMeTpaMM KPUCTAJIiUHOI 6yA0BHU ITicJId TEPMiUHO-
ro o0po0bJIeHHA.

TABLE 7. Pairwise correlation coefficients between chemical elements pre-
sent in steels and parameters of the crystal structure after heat treatment.

ITapamerpu XeMmiuHi eleMeHTH, IPUCYTHI B AOCTiAHIH KpUIli
KpucTasivyHoi TO

C Si |Mn | P S | Cr [Mo| Al | V B Ca N

OyzmoBu

ITapamerep rpaTHuIi
a, A

Poswmip 6s10KiB
mozaiku L, A

0,31 -0,14-0,60 0,59 0,37 -0,52-0,35-0,24 0,47 0,03 -0,19 0,71

-0,93-0,11-0,47-0,72-0,47 0,71 -0,55-0,16 0,36 0,01 -0,13 -0,84

™
B =
PO £ 0,44 -0,30 0,87 -0,27-0,55-0,27 0,92 ~0,40-0,96 0,37 0,43 0,11
apyroro pony M, % 3
A,
Tyeruma guexoxawiit o 65 (07 0 45 0,70 0,45 -0,71 0,55 0,16 ~0,37-0,03 0,10 0,85
(110) D, vt
Tyerusa guenoxaiit o o 970 91 -0,12-0,44-0,38 0,98 ~0,34-0,98 0,34 ~0,39 0,06
(220) D, v

ITapameTep r'paTHUIL
a, A

Poswmip 6s0kiB
mozaiku L, A

0,54 0,60 -0,05 0,98 0,92 -0,63-0,16 0,17 0,40 0,19 0,52 0,57

-0,36-0,60-0,80-0,23-0,35 0,09 -0,52-0,43 0,44 -0,11 -0,60 0,13

Buxpusiennsa

0,49 0,38 0,41 0,43 0,56 -0,10 0,33 0,75 -0,20-0,44 0,60 0,47
apyroro poxy M, %

Pexum 4

T'ycruna guciaokarriit

,27 0,61 0,74 0,17 0,35 0,029 0,45 0,53 -0, , ,66 —0,17
(110) D-10°1°, e 0,27 0,61 0,74 0,17 0,35 0,029 0,45 0,53 0,38 0,00 0,6 0

T'ycruna guciaokarriit

(220) D109, e ! 0,44 0,49 0,57 0,36 0,52 -0,06 0,40 0,72 -0,29-0,30 0,66 0,26

IIIBAAIIIEHOTO OXOJIOMKEHH.

Ilicias momaTKOBOro BiAOYCKY BHCOKOI KopesdAllil 3 mapamMeTpaMu
KpHUCTATiuHOI OyIOBU He BUABJIEHO, CEPEeIHA HeraTUBHA KOPEIAIlid 6y-
Jia BUSIBJIEHA 31 3HAUEeHHAMHU ITapaMeTpa rpatHuili. Takok 0yJio BCTaHO-
BJIEHO, 1110 3HAUEHHA yAapPHOI B’ A3KOCTH Y CTaHi ITIic/Is MPUIIIBUAIIIEHOTO
OXOJIOMKEeHHS KPUIII MAalOTh BUCOKY HeTaTUBHY KOPeJSAIliio 3 mapaMer-
poM rparHuili. BussiaeHo, 110 y cTaHi Iicasa BiATIyCcKy 3HaUYeHHs yaap-
HOI B’A3KO0OCTU MaIOTh BUCOKY IO3UTUBHY KOPEJIAIiI0 3 BUKPUBICHHIMU
Ipyroro poay, ryctuHoro nucaokariii (110) ta (220) Ta HeraTuBHY 3 po-
3mipamu 0J10KiB Mo3aiku. 30iIblIeHHA 3HaUEeHb TBEPAOCTH BiIOyBa€Th-
cd 3a 30iJbIIIeHHA 3HaAU€Hb BUKPUBJIEHD JPYTOTO POAY, TYCTHUHU JUCJIO-
kariii (110) Ta (220) Ta 3ameHIIeHHI po3MipiB O6J0KiB MO3aiKu y cTaHi
micsa mepmroro erany TO. ITicaa macTymHOro Bignycky 36epiraerbes Ta
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TABJINIIA 8. KoedinienTu mapuoi KopeaAlii MisK MexaHiYHMMU BJIACTHUBOC-
TAMHU SOCJIZHUX KPHUIL Ta ITapaMeTpaMi KPUCTATIiIYHOI OyJOBU IIic/Isg TepMid-
HOTro 00pPOOJIeHHS.

TABLE 8. Pairwise correlation coefficients between the mechanical proper-
ties of the test steels and the parameters of the crystal structure after heat
treatment.

Mexaniuni BractusocTi

HapaMeTpH 0O & Go.2 Yaapra TsepxicTs
KpHCTaIiuHOl Oy J0BHU Mﬁa MH; 85, %oy, % B’HBRiCTZB, B ’
Hox/cm
HapaMeTepgpaTHHm“’ 0,14 0,16 —0,77-0,57 0,69 -0,13
Posmip 6”]2’&3 MosaIE 0,83 -0,83 0,24 0,71 0,28 0,75
’ (0]
5
BHRP“BHGHA‘}%}W”PO 5 041 0,32 0,23-0,33 0,27 0,77
pony s /0 &
chiﬁﬁgfgcgnﬁf‘“m 0,81 0,81 -0,27-0,71 0,27 0,75
chigggfgcg;{“ﬁ“m 0,54 0,45 0,16 —0,45 0,30 0,86
Ilapamerep rparauui a, 0,64 0,71 -0,07-0,45 0,01 0,22
Posmip 6”2’“}\3 MOSaIEI 0,57 -0,60-0,75-0,09  -0,90 ~0,60
’ <t
=
BH“PHBH‘*HA‘}H ﬁ}pymm % 048 0,53 0,18 -0,04 0,79 0,44
pony s /0 d‘j
T%’fig;‘gﬁ%‘i{‘o"ﬁ%}“ 0,48 0,51 0,77 0,20 0,95 0,51
T'ycrnna gucoxanii 0,52 0,56 0,42 0,05 0,91 0,50

(220) D-1071°, et

caMa TeHIeHI[isd, OKPiM TOTo, II0 3MEHIINJIACI KOPeJAIllisd 3 BUCOKOI 10
cepeaHbO]l AJId BUKPUBJIEHDL IPYTOro POLY.

TaxkuM YMHOM, 3 Pe3yJAbTAaTiB IpeJCTaBJIE€HOI aHAIi3 MOXKHA OaunTH,
110 HigBUIIEeHHSA MOKA3HMUKIB MIiIITHOCTH Ta TBEPHOCTU BigOyBaeThCA 3a
OOHAKOBUX TeHAeHIi# 3MiHm xapakTepuctuk. IIlogo xemiuHoro ckJjia-
ny, e migsumieHaa smicty C, Mn, Mo Ta npu 3MiHi B IeBHUX Me:Kax abo
nmeBHOMY obmeskeHHi S Ta P. Takosx 0yJI0o BCTAHOBJIEHO 3HAUYHUH BILINB
HA MOKA3HUKU MiIlTHOCTU TA TBEPAICTH IIiCJIA TePMiUuHOro 06pOOJIeHHSA ¥
OinbIIIOCTiI BUMMAAKIB I'yCTUHY OUCJIOKAIIil IT0 060M HAIIpAMKAM BimoOu-
BaHHsA. BUKPUBJIEHHS APYTroTro POAY XapaKTepu3yIOTh HAIPYKEeHHA Ha
piBHI KpucrajdiuHoi r'paTHUII, TAKUM YMHOM iXHEe 30iJbIIIeHHA XapaK-
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Tepulye MiABUINEHHS 3aJUINKOBUX HANPY:KeHb B KPUIli, a IXHE ITigBU-
IIeHHS CIIPUAE HiABUIIEHHIO TAKNUX ITOKA3HUKIB AK I'PAHUILA MIiITHOCTH
Ta yaapHa B’ A3KiCTh, AKi XapaKTepuayIoTh 0COOJIMBI eTany pyHHYBaH-
HA, KOJHU BifOyBaeThCca 3MiHA abo MoeTHAHHA MeXaHisMiB medopmarrii.
Oco0611BOI yBaru 3acJyroBye TaAaKHUH mapaMeTep SK Po3Mip 6JIOKiB Mo3a-
iKu. 3MeHIIIeHHA OJIOKIB MO3aiKu, AK i 3MeHIIIeHH PO3Mipy 3epHa, MO-
JKe IPUBOAUTH OO MiJABUIMEHHSI MIiIITHOCTH Ta IJIACTUYHOCTU B KOMILIEK-
ci, a JomaTKoBe TepMiuHe OOpPOOJEHHS Ja€ 3MOT'Y MPOABUTH BILIUB 0i-
JbINOI KinbKocTu edemeHTiB (Si, Mn, Mo, Ca). Tako:x B pesysbTaTi Bu-
KOHAHOI aHaJIidy BCTAHOBJIEHO, IO JOCATHEHHS BHCOKOT'O PiBHS IIOKAa3-
HUKiB IJIACTUYHOCTU Ta YAapPHOI B’A3KOCTU KPHUIIL BifOyBaeThLCAa 3a pa-
XYHOK IigBuinieHoro smicty Si, Mn, Cr, Al, Ca. MoxkHa Bifg3HaunT Bu-
COKY Kopeadairito Bmicty KaabIlito 3 ycima mapameTpaMu KpPHUCTAJIiUHOI
I'PaTHUIIL y CTaHi micaa repmiuHoro o6pobienusa. ToOTo manuit e1eMeHT
YMHUTH BILINB Ha PiBHI KpHCTAJIIYHOI I'PaTHUIIL, a He (h)a30BOT0 CKJaLy,
MiKPOCTPYKTYPH.

6. BUICHOBKH

1. Bcranosneno, mo kpuma 2 (0,70% C, 0,44% Si, 0,76% Mn,
0,0004% B) mae 6inbIiri posmipu 610KiB Mosaiku Ha 1,72% , MeHIIIe Yn-
cJio guciokariii (Bizoopaxkenus (110)) ma 3,5% , Ginblle YKMCIO SUCIIO-
Kamiit (Bizo6pamenns (220)) va 0,8% mopisusamo is kpurero 1 (0,75%
C, 0,33% Si, 0,89% Mn). Kpuma 3 (0,80% C, 0,47% Si, 0,97% Mn,
0,0001% B) — sbinbimuBeA cepenuiii posmip 010KiB Mo3aiku Ha 14% ,
30LIBINNINCEH HAIIPYXKEHHA Apyroro poxy Ha 15% i umcno gucaoxarii
Ha 29% mnopiBuaxo 3 Kpumeio 1. Kpuma 4 (0,84% C, 0,44% Si, 0,95%
Mn, 0,0103% B) B mopiBusAHHi 3 KpuIeio 1 MalTh MeHII 0JIOKK MO3ai-
Ku Ha 5,3% , uncao guciaoraiiii (Bimobpaskenusa (110) ta (220)) 36iab-
muiock Ha 10 Ta 4% sBigmosigso. Ilpu nopiBHAHHI goCHigHUX KPUIL 5
(0,90% C, 0,39% Si, 0,89% Mn, 0,0003% B) ta xpuii 1 6y10 BCTAHOB-
JIEHO, 1110 po3Mip 0/I0KiB Mo3aiku sameHmIuBCSa Ha 2,5% , posaMip gucJIo-
Kariit Bigooparxens (110) Ta (220) s6inpmuiack Ha 5% Ta 17% Bigmo-
BigHO.

2. Ha ocHOBi pesynbTaTiB peHTI'eHO(pa30B0OI aHATIiI3M IIic/Jaa TePMiUuHOTO
00p00JIeHHS JOCTiTHUX KPUIlh BCTAHOBJIEHO HASABHICTD yTBOpeuHua Fe;C,
Mn-Cs, FeCr, axi MaoTh MAaKCUMYMH HA THX CAMHX KyTax, 1o i o-Fe
(matpuis). ITpu mopiBHAHHI Ta aHANi31 ofep:KaHUX AAHUX BCTAHOBJE-
HO, 1110 BuaijgeHHa MnSi, CrMn € y BCcixX JoCIigHNX KPUIAX, TUM CAMUIM
BOHU He UMHATL 3HAUHUH BIIJIMB HAa MeXaHiuHi BJacTHUBOCTI.

3. BcramosieHo, 1110 Ipy IIPAIIBUAIIIEHOMY OXOJIONMKEHHI Bi TeMIiepaTypu
900°C 3 mactynuum Bigmyckom 200°C mpotsarom 120 xB. B 1aGopaTOPHUX
IOCTITHNX KPUIAX TPOXOAUTH 3HATTA BHYTPillTHiX HaIpyKeHb. [Ipu 1m1wo-
MY MiKpPOCTPYKTYpAa ABJISAE COO0I0 BICOKOAUCIEPCHUN MEPJIiT, 110 BiAIIOBI-
Jla€ BUMOTaM 3aKOPAOHHUX CTaHAApTiB. JlocaigHa peifKoBa Kpullsd 5 3 mif-
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BurtienuM BMmicToMm KapOony Mae mexamiuHi BiaacTuBOCTi: o;=1295 MlIla,
c.=816 MIla, 8;=9,8%, y=11,4%, KCU =17,25 [I)x/cm?, 1110 Bigmosiga-
1otk Bumoram EN 13674:1-2011 (R400HT).
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