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Effect of Dielectric Confinement on Energetics of Quantum
Metal Films: Analysis of Calculation Results

V. V. Pogosov

Zaporizhzhia Polytechnic National University,
64 Zhukovsky Str.,
UA-69063 Zaporizhzhya, Ukraine

We examine thin film on a dielectric substrate (vacuum/Al/SiO;) in the stabi-
lized jelly model. We investigate the surface and size effects on the effective
potential and the electron work function for the weak quantization regime.
We find that a dielectric environment generally leads to the decrease of the
work function. We introduce the position of a conduction band for the dielec-
tric as the input parameter in the self-consistency procedure. The effect of
dielectric confinement for the energy characteristics of the asymmetric met-
al—dielectric sandwiches is reduced to only by the surface-area weighted av-
erage value of the dielectric constants. This conclusion follows from the ap-
plication of the Gauss theorem for a conducting sphere with an inhomogene-
ous dielectric coating. The flow of electrons from the dielectric face to the
vacuum one due to the contact-potential difference manifests itself in the
appearance of a potential barrier above the vacuum level or positive values of
the effective potential. The barrier height depends on the used local or non-
local approximation of the exchange—correlation energy. The nontrivial
origin and behaviour of the calculated effective potential on the vacuum side
of the film, as well as the reasons for it, are discussed. In the focus of our rep-
resentations, we analyse the recent results of measurements of the contact-
potential difference depending on the number of Si atoms deposited on the
free face of ytterbium nanofilms on the Si(111) substrates. Comparison and
discrepancies between our self-consistent calculations for simple metals and
these experiments are discussed.

Key words: surface electronic phenomena, work function, surface potential,
contact potential difference, metal—insulator interfaces, sandwiches, films,
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jelly models.

B Mozenio cTabiIbHOTO JKesle AIA PeXuMYy CJIa0KOT0 KBaHTYBAaHHSA JOCILIMKEHO
BILJIMB IOBEPXHEBOTO Ta PO3MipHOTO e(DeKTiB Ha e()eKTUBHUHA IOTEHITIAJ i PO-
60Ty BUXOAY €JIeKTPOHA MEeTAJeBOl HAHOILIIBKY HA JieJeKTPUUHIN HmigKaagu-
i (Bakyym/Al/SiO;). BusBieHo, 1110 KOHTAKT 3 Ji€JeKTPUKOM, AK IIPABUJIO,
MIPUBOAUTH 0 3MEHIIIEHHS POOOTH BUXOAY eJIeKTPOHA. ¥ IIPOIeaypi caMoysro-
I:KEeHHs B AKOCTi BXiTHOTO mapamMeTpa BBeIEHO IIOJIOMKEeHHS 30HU IIPOBiTHOCTH
IJIs giejiekTpuKa. BIJIUB KOHTAKTY 3 JieJIeKTpUKaMM HAa eHepreTudHi xapak-
TEPUCTUKYU aCUMETPUYHUX MeTaJI-AieJJeKTPUUYHNX CAHABIUEeH 3BOAUTHCS JIUIIIE
0 CEepPeIHbLOTO 3Ba’sKEHOTO 3a ILJIOINEI0 KOHTAKTy 3HAUEHHA MieJeKTPUUHUX
IPOHUKHOCTeH 06KIagnHOK. Ileil pesysibraT € HacaiZKOM 3acTocyBaHHA Iay-
COBOI TeopeMu JIJIs IIPOBigHOI chepH 3 HEOTHOPIAHUM AieIeKTPUUYHUM ITOKPHUT-
TSAM. 3CYB €JIEKTPOHIB y ILTIBIIi Bif AieleKTPUUYHOI HiAKJIAAUHKHN 0 BaKyyM-
HOro iHTepdeiicy 3a paXyHOK KOHTAKTHOI PisKHUII TOTEHITiANIB TPOABIAETHCA
y IOABi IOTEHIIAIBLHOro 0ap’epy HaJ BaKyyMHUM piBHeM a00 HO3UTHUBHUX
3HaueHb e()eKTHBHOI'0O MOTEHIisANYy. Brcora 6ap’epy 3a/1e:XUTh BiJf BLUKOPHCTO-
BYBAHOTO JIOKAJBbHOTO a00 HEJOKaJbHOTO HAOJIMKEHHS MOJsd OOMiHHO-
KopeJsaiiiinoi exeprii. OGroBopoOTHCS HEeTPUBisAIbHA IIOBEIiHKA PO3pPaxXoBa-
HOro e()eKTHUBHOTO IIOTEHI[ISIJIY Ha BAKYYMHill CTOPOHI IJIiBKM, a TAKOXK IPU-
ynHU 1oro. Ha ocHOBi ofep:KaHUX pe3yJIbTaTiB IIPOAHAIZ0BAHO HEI[OJaBHi
pes3yabTaTy MipAHbL KOHTAKTHOL PLXKHUIIL IIOTEHIIiAJIB B 3aJI€3KHOCTI BiJl Kilhb-
KoCTu aToMiB Si, HaHeCeHWX Ha BiIbHY I'paHb HAHOILIiBOK iTepbifo Ha migKJa-
nuHIi Si(111). OOGroBopOIOTLCS HMOPIBHAHHA Ta PO30iKHOCTI MiK HAIIUMH
CaMOYSTOJKEeHNMU PO3PaxXyHKaMU JJIA IPOCTUX METAJIIB i UMM eKcrepuMeH-
TaMMU.

KuarouoBi cioBa: moBepxHeBi ABUIIa, po00Ta BUXOY €JIeKTPOHA, IIOBEPXHEBUI
HOTEHI[isAJI, KOHTAKTHA PLKHUIISA HOTEHIIAJIB, MeTaj-IieJeKTPUUHI iHTep-
deiicu, caHaBiui, MIIBKM, MOAEJb CTA0LIBLHOTO JKeJe.

(Received August 12,2023; in final version, August 13,2023)

1.INTRODUCTION

Thin films of metals, dielectrics and semiconductors are widely used in
many fields of technology, primarily in micro- and nanoelectronics.
Physical processes in thin films proceed differently than in bulk mate-
rials. As a result, film elements have characteristics that differ from
those of bulk samples and allow one to observe effects that are not
characteristic of bulk samples.

Films in the nanometer range exhibit the size and quantum effects.
The Friedel oscillations of the electron density are always present in a
metallic film. Their amplitude depends on the contact with the sub-
strate. For thick films, these oscillations are localized near the surface
and decay deep into the bulk of the film. With a decrease in the film
thickness, the quantum-size density oscillations (standing waves)
begin to appear, superimposed on the Friedel oscillations. In addition,



EFFECT OF DIELECTRIC CONFINEMENT ON ENERGETICS OF QUANTUM FILMS 937

the substrate material can have a significant effect on the energy char-
acteristics of thin films [1, 2]. One of the fundamental characteristics
of metal nanostructures is the electron work function.

The possibility of light localization makes it possible to demon-
strate, based on the surface plasmon resonance spectroscopy, their ef-
ficiency and performance as the hybrid plasmonic waveguides, the bio-
logical and chemical sensors, nanoantennas, metamaterials, and the
highly reflective coatings (see Refs. [3—5] and references therein).

The complexity of obtaining objects and measurement methods is
evidenced by a relatively small number of experiments devoted, as a
rule, to quantum size effects [6—12].

Various approaches and models make it possible to calculate the
electron structure of the slabs suspended in vacuum and consisting of
several monolayers (ML), finite in one direction and quasi-continuous
in two other directions [13—17]. Within the framework of the density
functional theory and the stabilized jelly, we calculated the electron
characteristics of metal—dielectric nanosandwiches for the strong
quantization regime [18—21].

The aim of the present work is the calculation and analysis of the en-
ergy diagram, the electron work function, and near-surface space dis-
tribution of a one-electron effective potential for an aluminium film on
a promising substrate SiO; [22].

To control calculations by the Kohn—Sham method of the energy di-
agram of a metal film with an inhomogeneous dielectric coating, the
simplest electrostatic analogue of the problem, for example, about a
point charge [23] at the interface with several dielectrics, is required.
Subsequently, we will present its solution in the form necessary for our
purposes, as it was proposed in [21].

2. ELECTROSTATIC ANALOGUE

Let us consider a conducting sphere in an inhomogeneous dielectric
environment: from a straight line passing through the centre of the
sphere of radius R and charge @, the i half-planes diverge fan-shaped,
forming dihedral angles B1, Bs, ..., B: such that (Fig. 1, a)

> B, =2m.

In the region r> R, the space inside each of the corners is filled with
homogeneous dielectrics with constants €1, €2, ..., &, respectively. De-
termining the potential on the surface of a sphere, we first assume that
the general form of the solution for the potential in the region r > R has
the form

(I)i:CiQ/r'
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a b

Fig. 1. The illustrations of a conducting sphere in contact with dielectrics (a)
(the planes separating the dielectrics are perpendicular to the plane of the
figure), metal film in the contacts (b).

From the boundary conditions for the equality of the potential at the
corresponding boundaries with dielectrics, we obtain

W= ==t = C = C.

The unknown coefficient C is determined by the Gauss theorem
gSDds =41Q. 1)
S

To find the area of a segment S; = oS on a radius R (o; is the fraction of
the surface covered by a dielectric with a constant ¢;), we introduce a z-
axis along the line of separation of the dielectrics. Then, according to
the Cavalieri’s principle, each i-th area will be determined by the angle
Bi: (Fig. 1,a)or

o, B,

i = E >
and the integral in Eq. (1) is divided into i parts
S> Dla, = 4nQ. (2)

Substituting the area of the sphere and D] =¢,C Q/R2 , we get
C = 1/§, where

€= Zsiai . 3)



EFFECT OF DIELECTRIC CONFINEMENT ON ENERGETICS OF QUANTUM FILMS 939

Thus, the area-weighted average dielectric constant £ is introduced
into the theory, and the potential of the sphere surface ¢* = Q/(ZR) is
common for all contacts with dielectrics, as well as the asymptotics of
the potential in the limit r/R>> 1:

Q
o) =—. (4)
gr
For a metal sphere in contact with two dielectrics (inhomogeneous
coating), we have

€ =¢g,0, +&0,. (5)

Mentally ‘flattening’ the metal ball [21], let us consider a metal
film. In the Cartesian co-ordinate system, it is more convenient to use a
macroscopic metal cube [24] with a volume Q = L,xL,xL., symmetrical-
ly located between the dielectrics in the plane xy. Then, flattening the
cube along the z-axis, we consider a slab with a thickness L (Fig. 1, b).
Neglecting the ends, the total film area S, parameters o and £ have the
trivial form:

S = 2LxLy +O£L£J, oy = Oy :%

X

,é=%(1+sz). (6)

Next, we use the Kohn—Sham method to analyse the energy diagram
for the passive contact of film with an insulator. Previously, we con-
sidered such a problem for a quantum metal film in dielectric environ-
ment [18—-20].

3. MODEL OF FILM

For an electrically neutral metal film (slab), the total charge of the
subsystem of conduction electrons and ions is zero. Therefore, there is
no electric field at infinity.

In the stabilized jelly model, the field is nonzero only near the sur-
face, where the electron density profile n(z) changes from the bulk val-
ue in metal bulk 7 = p to zero beyond the boundary of the positive ion
charge distribution given in a stepwise form

0,z<-LJ2,
1
=<m,|2|<L/2,n =——, 7
p(z) =1n 2| /2,1 @3)mr (N
0,z > L/2.

Let us conventionally divide the space distribution of conduction
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electrons into regions (Fig. 1, b):
n(z) = n(z) + ny(2) + n,(2),

in which the charges are accumulated

1 -L/2 1 L/2
Qill) =-e_-S I n(2)dz, Q,, =+e=S _[ p(z)dz,
2 -0 2 -L/2
(8)
1 L/2 1 ©
Q) =-e-S f ny(2)dz, Q7 = —e—Sj n,(2)dz,
2 -L/2 2 L/2

where e is the unit positive charge. The sum of charges satisfies the
electrical-neutrality condition

Qo +QV +QY +Q =0. 9)

The spatial electron distribution is determined by the Poisson equa-
tion

V29 = —4me V=) ,
£(2) (10)

v(2) = n(z) - p(2).
The step function
g,2<-L/2,
e(z) =1¢7,27| < /2, (11)
€,,2 > L/2

fixes the area of contacts with vacuum and dielectric; €® =1 (ions and
electrons in a metal are always in a vacuum).

The count of the potential is selected from its value ¢ =0 at a sphere
of infinite radius (this is true for a finite sample of arbitrary shape).

From the joint solution of the Kohn—Sham equations and the Pois-
son equation (10), the equilibrium profiles n(z), ¢(z), vert(z) and the
electron work function W under the condition of the co-ordinate-
independent chemical potential of electrons are found:

u(e,, €y, %,y,2) = const = -W . (12)
Thus, condition (12) also fixes the mutual influence of dielectrics on

the asymptotic potential vet(2) behaviour [25].
The one-electron effective potential is defined as the sum
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Ve (2) = ed(2) + v, (2) + (Sv)_ O(L/2+2)0(L/2 - 2), (13)

where vy is the exchange—correlation potential in the local density ap-
proximation (LDA), <dv>ws is the stabilization potential (zero point
energy), and 0(z) is the Heaviside unit function.

It is assumed that the electron escaping from the metal film is ac-
companied by a spherically symmetric hole, which is trapped in the im-
age plane and spreads out within this plane as the electron moves apart
from the surface [26].

In the version of [20], the Ritz method was used to obtain an analyti-
cal expression for the nonlocal Coulomb potential of a hole, which was
then matched on the image plane with the local exchange—correlation
potential calculated by the Kohn—Sham method under condition (12).
Thus, the effective potential is self-consistently and asymmetrically
matched outside the film with the image potentials (‘short-range as-
ymptotics’ for the faces)

e’ e’

+—————and —————. (14)
4g,(z + L/2) 4¢,(z — L/2)
For thin films, in which the bottom of the effective potential is not
flat due to the Friedel and size oscillations of the electron density, the
work function, as for clusters of atoms, is defined as

W =—¢,. (15)

Here, the Fermi energy e¢r <0 is counted down the energy scale from a
value ¢ =0 on infinity.

The convergence problems of the iterative procedure significantly
complicate the calculations for large film thicknesses, when the quan-
tum-size oscillations of the work function are negligibly small.

For thick films, in which the bottom of the one-electron effective
potential in film is flat in the vicinity of z =0, the work function can be
found, as in a semi-infinite metal, in the form:

W = 0 — €, Uy = €0 + D, +(80) ., & = (1*/(2m))(Bn°R)**, (16)
where U, is the bottom of the conduction band in a massive metal,
€, >0 is the Fermi energy of a homogeneous degenerate electron gas
in the Sommerfeld model (here, it is already generally accepted to
choose €, areading up the energy scale from v, < 0).

If the terms ¢ and v, , are of Coulomb origin, then, in addition to
the exchange—correlation contribution, <év>ws also contains the non-
Coulomb contribution of &, .

In Figure 1, b pluses and minuses show the distribution of charges
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providing the ordinary dipole barrier (—e¢) near faces.

4. CALCULATION RESULTS AND DISCUSSION

Calculations are made for the asymmetric and symmetric ‘sandwiches’
1:{e, | Al|g,},
2:(E|Al|E}, E=1(g, +5,), amn
3:{e, | Al e,, 1y}

in two approximations (y2 =0 and y2 # 0): vacuum on the left; polycrys-
talline Al film (7s=2.07ao, ao is the Bohr radius) of thickness
L=32a0="T7MLin the centre; SiO; on the right (e2=4, y2=1.1eV) with-
in the framework of our approaches [18—20]. For sandwich 3, a non-
local exchange—correlation potential was used [19].

Figures 2 and 3 demonstrate the most interesting fragments of the
equilibrium profiles of the electron density and electrostatic potential.
The tails of electronic profiles 1 and 3 almost coincide, but at the same
time, they shift asymmetrically relative to the symmetrical sandwich 2
towards the dielectric. For all cases, the electronic charge QS” in the
|z| < L/2 area remains almost the same. This is manifested in the equal-
ity of the potential for points A and B in Fig. 3, which exactly corre-
sponds to theorem (1) and result (4).

The tails in Figure 2, which make up the charges @' and @7, visu-
ally differ slightly. However, these tails are present in the Poisson
equation with different weights: ni(z)/e1 and ns(z)/e2. Due to the sig-

1.05
[
1.00
+
+ +
IS\ 0.9&: : - -
P : !
\':]r E + Qel
= : e :
0.20 + B
+ +
0.10 i
i L \1,3
.
0.00
15 20

Fig. 2. Calculated electron density profiles in accordance with the notation
a7).
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Fig. 3. Calculated electrostatic potential profiles.

nificant difference in ¢; and &z, a small difference in n; and ns cannot
fundamentally affect the wings of the potential ¢(z) (Fig. 3) and the
Maxwellian stress tensor in the system.

The boundary conditions for ¢(z) provide reliable equipotential sur-
faces passing through points A, B, and |z| = w. For sandwich 2, the
wings of the potential are expectedly symmetrical. For a sandwich in
approximations I and 3, as well as for small film thicknesses, the po-
tential wings behave quite differently.

In Figure 3, the potential wings in the dielectric for I and 3 lie lower
than for the symmetrical sandwich 2 and tend to ¢ =0, much more
slowly. It is important not only that in this region the action of the
charge (@, + Q) >0 predominates, but also its spatial distribution
inside the film. Indeed, the electronic charge inside the film is distrib-
uted asymmetrically (the extreme peak on the left is higher than the
extreme peak on the right), which creates an additional dipole between
the left and right faces (it is indicated in Fig. 2 by large pluses and mi-
nuses). This leads to the fact that in vacuum the potential ¢(z) increas-
es sharply (the effect of two infinitely charged ‘planes’), exceeding the
potential for a symmetrical sandwich, crosses ¢ =0, reaches a maxi-
mum, crosses again ¢ =0 and tends to ¢ =0 at infinity from the lower
half-plane. Thus, Figure 2 shows the flow of electrons inside the film
from the dielectric side to the vacuum side due to the contact potential
difference. In turn, this is clearly manifested in the appearance of a
potential barrier above the vacuum level or, in other words, positive
values on the left wing of the potential in Fig. 3. The contact potential
difference is determined by the dependence of the work function [27]
of half-infinite Al in passive contact with a dielectric (Fig.4) or,
equivalently, of an ‘infinitely’ thickness film in identical faces with
constant €.
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Fig. 4. The work function vs dielectric coating in the absence of size oscilla-
tions.
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Fig. 5. Calculated effective potential profiles.

The difference in versions I and 3 did not affect the value of
er=-38.17eV in (15). For comparison, the work function (16) exceeds
this value by only 5% (weak quantization regime). On the other hand,
the difference in the versions noticeably changed the wings of the po-
tential vers(2) (Fig. 5). The use of the nonlocal exchange—correlation po-
tential in the iterative procedure led to a significant suppression in
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vacuum of the potential barrier of the effective potential (now its
height is only 0.16 eV). For the electrostatic potential, this change is
much smaller (dependences I and 3 are compared in Fig. 3). In the
z<-L/2 area, effective electric field

E (2)=-Vv,(2)/e

changes sign twice. In theorem (1), apparently, one should make the
change D — De.

In a metal, it is not enough to confine oneself to taking into account
only the electrostatic potential calculated in accordance with the prin-
ciple of superposition; the prevailing contribution to energy is made by
the exchange—correlation potential due to the small distance between
electrons rs [26]. Therefore, at distances smaller than the lateral di-
mensions of the film (z << L,), both asymptotics (14) work. At a much
greater distance from the faces, when the exchange—correlation effects
become negligible with increasing distance rs, the superposition princi-
ple is dominant. In this case, one ‘long-range’ asymptotics of the form
(4) with a weighted average dielectric constant € should work. Numeri-
cal investigation of the asymptotic behaviour of the potential does not
allow the calculation algorithm instability near the vacuum level.

To analyse the complex behaviour of the potential, it is necessary to
go beyond the model with stepwise distributions of a homogeneous pos-
itively charged background (7) and the dielectric constant in (11). It is
also necessary to take into account not only the response of the elec-
tronic, but also the ionic subsystem to the presence of a dielectric. If
atomic planes are introduced into the film model, then the interplanar
distances will be determined by the balance of forces on the left and
right on each of them. The effective force acting from the outside on
the film is due to the inhomogeneous distribution of electrons and
should lead to its compression in z direction. As the thickness decreas-
es, the role of alternating deformation increases. Most likely, this will
lead to some refinement of the electron work function, but not a signif-
icant change in the potential wings.

Modernization of the stepwise manner into function &(z) (11) can be
carried out using, for example, a more realistic inclusion function in
the region of dielectrics:

_ Oy _ ~
e(z) = £ + (e, )1 -exp[(z+L/2) /a,]), z<-L/2, as)
(e, — €)1 -exp[-(z - L/2) / a,]), z> L/2.

In general, the parameters a;,2 should be comparable with the diame-
ters of dielectric atoms on both sides of the film. Numerically, this
somewhat softens the asymmetry of the dielectric near the surface and
lowers the potential barrier in Figs. 3 and 4. The final answer about the
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presence of anomalies in the behaviour of the potential near the sur-
face can be given by a detailed analysis of the experimental dependenc-
es of the STM tunnelling current on the probe-surface distance. It is
possible that the variation of the potential affects the rate of adsorp-
tion on the free plate of the film, which is a sensitive point in the de-
sign of sensors.

In a recent work [12], it was reported on the study by the Kelvin
method (contact potential difference) of ytterbium nanofilms at Si
(111) substrates. The probe fixed changes in the average surface po-
tential eAo (or local work function of electrons) depending on the num-
ber of Si atoms deposited on the free Yb face. Silicon was deposited in
portions up to approximately 1 ML.

In our calculation scheme, the value eAp corresponds to the change
in the effective potential on the image plane vet(z = 20), 20 <—L/2 (see
Table IT in [28]). The value & in the experiment [12] can be estimated
using the Clausius—Mossotti relation, using the polarizability of the Si
atom (10.17a}) and detailed information about the islands. Then,
formula (5) will look like

ézzgjaj+82/2, (19)
J

where j is the number of Si islands on the left face. The transition to

vacuum means g;=1, Z a; = 1/2 that will lead to expression (6).
J

On the one hand, the use of such a concept as the dielectric constant
for dielectric nanoislands is doubtful, but, on the other hand, the use
of formula (19) leads to its value being greater than that according to
formula (18) for g1 =1. If we also use Fig. 4 (metal in this case is not
important, but it is important that the contact is passive), it turns out
that the work function: the total energy (15) and (16) should decrease
with the appearance of adsorbent islands.

In Ref. [12], the value eAp for Yb films with a thickness of 7.8 and
16 ML, on the contrary, increases by approximately 0.02 eV with an
increase in the Si coverage.

The reasons for the opposite change in eAp and W have already been
discussed by us earlier [27, 28] (see, for example, formula (23) in [27]).
There are additional reasons for the discrepancy between theory and
experiment: (i) the film is not continuous and homogeneous, this is es-
pecially evident for a film with a thickness of 7.8 ML, (ii) the oscilla-
tions of the Fermi energy are consistent with the oscillations of the
electron pressure on the walls, which leads to size oscillations of the
film thickness itself and of the potential wings, one of which is used
for measurements, (iii) when using a probe, edge effects have an influ-
ence. Here, one should also point to the work [29] and the book [30],
where it was reported on the measurement by means of photoelectron
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spectroscopy of nonmonotonic curves of the change in the work func-
tion with a decrease in the size of Ag, Al, Fe, Mg particles deposited on
a quartz substrate.

5. CONCLUSIONS

This paper presents the results of the numerical solution of the many-
electron problem: self-consistent profiles of the electron density, po-
tentials, and electron work function for 7 ML thickness polycrystalline
Al film deposited on a passive insulator SiO; (asymmetric metal—
dielectric sandwich). An analysis based on the Gauss theorem points to
the universality of using the constant £, weighted average over the
surface area of the contacts with dielectrics. Comparison with the val-
ue of the electrostatic potential calculated by the Kohn—Sham method
for the film covered homogeneous dielectric € confirms the conclu-
sions of classical electrodynamics.

The effective force acting on the film from the outside is due to the
inhomogeneous distribution of electrons and should lead to its size de-
formation.

The flow of electrons from the side of the dielectric to the vacuum
side due to the contact potential difference manifests itself in the ap-
pearance of a barrier above the vacuum level or positive values of the
effective potential. The barrier height depends on the used local or
non-local approximation of the exchange—correlation energy. There-
fore, the answer about the presence of anomalies in the behaviour of
the potential should be sought in the behaviour of the STM tunnelling
current near the vacuum face of the film. The variation of the potential
here affects the rate of adsorption on the free plate of the film, which
is a sensitive point in the design of sensors.

The work function and lifetime of a positron in the surface states of
a metal film is sensitive to the presence of a potential barrier and, if its
presence is experimentally confirmed, this will require a critical revi-
sion of the measured values.

The author is grateful to W. V. Pogosov and A. V. Korotun for read-
ing the manuscript.
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The work is aimed at the development of a new sintered aluminium alloy with
a low temperature coefficient of linear expansion that opens fundamentally
new opportunities for solving the modern needs of domestic machine-
building and instrument-making enterprises in light materials with special
physical properties. Phase composition, structure and properties of cast alu-
minium alloys Al-Si—Ni with different contents of silicon and nickel, as well
as powders obtained by grinding rapidly-quenched metal ribbons of these al-
loys in a high-energy ball mill are studied using various methods of structur-
al analysis. The obtained values of the coefficient of linear expansion of the
studied alloys in the cast state are significantly lower than those of pure alu-
minium, and they amount to =(11-15)-10° K. The method of obtaining a
powder of a rapidly-crystallized alloy by manufacturing a rapidly-quenched
metal ribbons using melt spinning followed by its dispersion in a high-energy
ball mill is proposed for the fabrication of finely-dispersed powder and subse-
quent hot pressing.
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Po6oTry cipaMoBaHO Ha po3poOKy HOBOTO CIIEUEHOTO aJIIOMiHillOBOTO cTOmy 3
HU3BKUM TeMIIepaTypHUM KoedillieHToM JiHiHHOT0 PO3MIuPEeHHd, 1[0 BiAKPU-
Ba€ IPUHIIUIIOBO HOBi MOKJIMBOCTI BUPIIIIEeHHA Cy4aCHUX IMOTPe0 BITUM3HAHUX
MiAIPHUEMCTB MAIINHOOYAYBaHHA, IIPUIAL00YAYBAaHHA y JIETKUX MaTepidaax 3
0co0MBUMH (DiBMUYHUMU BJIACTUBOCTAMHU. 3 BUKOPUCTAHHAM Pi3HUX METOJiB
CTPYKTYPHOI aHATi3u BUBUEHO (PAa30BUH CKJIAM, CTPYKTYPY Ta BIACTUBOCTI JIH-
X anoMidiitoBux cromiB Al-Si—Ni 3 pisaum Bmicrom Cuiiniro Ta Hikaro, a
TAKOK IIOPOIIKiB, OEPKAHNX PO3MEJIIOBAHHAM y BUCOKOEHEPIreTUUYHOMY KY-
JBOBOMY MJIMHI MIBUAKO3arapTOBaHUX MeTaJIeBUX CTPiuOK Iux cromiB. Omep-
JKaHi 3HaueHHA Koe(imieHTa JIiHIAHOTO POSIMUPEHHA MOCIiIKEHUX CTONIB Yy
JUTOMY CTaHi iCTOTHO HMKYi, Hi’K y UMCTOTO ajdoMiHifo, i craHoBIATSL = (11—
15)-10% K~!. 3anpomoHOBAHO METOJ ONEePKAHHSA IMOPOIIKY IIBAJKO3aKPUCTA-
JIIB0BAHOI'0 CTONY IILJIIXOM BUIOTOBJEHHS IIIBUAKO3arapToBaHOI MeTajeBOi
CTPiUKM 3a AOIIOMOTOIO CIIiHiHI'YBaHHS PO3TOITY 3 IOAAJBIINM ii [UCIIePTr'yBaH-
HSAM Yy BUCOKOEHEPreTUYHOMY KYJIbOBOMY MJIMHI 1A ofep:KaHHS ApiOHOIMC-
TIEPCHOTO MOPOIIKY Ta HACTYITHOTO Tapsuoro IpecyBaHHA.

Kuarouogsi cioBa: cueueHunit anominitoBuit crom, Al-Si—Ni, mopoiirkosa mera-
JAYpTrisg, KOMIaKTyBaHHS, JIeTYBaHHS, CHiHiHI'YBaHHS, HIBUAKO3arapTOBaHi
cTpiuku, KoedilieHT JiHiTHOTO PO3MINPEeHHA.

(Received August 9,2023; in final version, August 11,2023 )

1.INTRODUCTION

The field of device construction, in particular the creation of aerospace
equipment, requires lightweight materials with specific physical prop-
erties [1, 2]. One such property is the coefficient of thermal expansion
(CTE) consistent with other materials they are in contact with, such as
steel, copper alloys, etc. In particular, this parameter is crucial for fly-
ing object orientation and navigation devices. The error in determin-
ing the coordinates of navigation sources due to the part’'s dimensions
instability could be up to 20—-50% of the total error of the device [3].
Thus, the light materials design with a low CTE for special instrumen-
tation of the aerospace complex is one of the urgent problems of mod-
ern metallurgy and materials science.

The basis of many lightweight materials is aluminium, which is not
surprising because of its undeniable advantages: low density
(2700 kg/m?), high corrosion resistance and elasticity. Furthermore, it
is relatively inexpensive, not toxic, malleable, and technological in
processing [4], especially compared with other light metals and alloys
based on magnesium, beryllium, or lithium. However, one of alumini-
um’s disadvantages is its high coefficient of linear thermal expansion,
which is 23.4-10°K™ in the temperature range of 20—100°C [5]. For
example, for steels it is =(11-15)-10°K™ [6] and 16.8-10 K™ [7] for
copper, respectively. Thus, it is crucial to reduce CTE for aluminium-
based instrument-making materials. It could be achieved mainly
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Fig. 1. Influence of alloying elements on CTE of aluminium alloys [4].

through special alloying.

In Figure 1, plots based on data from Ref. [4] are given and demon-
strate the influence of the main alloying components used for alumini-
um on the materials’ CTE.

It could be seen from the plots, Cr, Si, Be, and Cu reduce the CTE of
aluminium, but Zn and Mg increase it. The primary attention should be
given to Si. It is not only a popular doping element for aluminium al-
loys and could be used in a significant amount; moreover, it has a den-
sity even lower than Al, which means that its additive does not make
the alloy any heavier. However, increasing its content by more than
30—-35% is strongly not recommended because of the markedly reduced
mechanical properties. Thereby, an additional alloying with other ele-
ments is needed. Such elements could be Cr, Ni, and Fe. Among them,
Cr has a more significant influence in its high amounts. Fe is usually
considered a not beneficial impurity, and the properties will be lower
than when Ni is used. Ni has an appropriate impact on CTE in relatively
low amounts. Thus, the final choice has fallen to the Al-Si—Ni system.
The alloying components’ contents are 25—35% of Si and 5—7% of Ni.

The main technological challenge during such material manufacture
is to produce a homogenous product with appropriate structure and
properties. In this case, it is strictly not recommended to use casting
products as it usually could be done for ordinary Al-Si alloys (silu-
min). The main reason is its wide range of solidification temperatures.
From the phase diagram shown in Fig. 2, it can be seen that for the al-
loy with 30% Si liquidus temperature is about 850°C, but the solidus
temperature is 557°C. The phases present at this temperature interval
are Si and intermetallic compounds, which are brittle and tend to grow
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Fig. 2. A polythermal section of the Al-Si—Ni phase diagram for a Ni content
of 10% [8].

being placed in a liquid-phase solution. Furthermore, such alloy is like-
ly to liquate because of the density distinction between phases.

Isothermal sections of the corresponding ternary diagram could be
found in works [9, 10] for temperatures 550, 750, and 850°C. It can be
seen from those diagrams that at a temperature of 550°C, the range of
compositions corresponding to the considered alloy corresponds to the
zone of three-phase equilibrium (Al)-Si—NiAls. There is no liquid
phase in the equilibrium state for the conditions. At the temperature
of 750°C, the liquid phase is present at this region of the phase dia-
gram. The more quantity of the liquid phase, the less silicon contains
in the system. The other equilibrium phases at this temperature are Si,
and the ternary intermetallic compound is marked as t3. At a tempera-
ture of 850°C, the composition range corresponding to the alloy be-
longs to the liquid phase zone on the state diagram. This one means
that the material will completely melt at this temperature. However,
the oxide frame inherent to the aluminium powder-made materials will
probably allow keeping the form of the product even during liquid
phase presence.

For the mentioned reasons, the high limit of Si content for cast Al—
Si alloys is about 20—23% [11]. Therefore, powder metallurgy is the
only appropriate method that could be applied for such a material pro-
duction. Thus, the first primary task to appear is a production of a pre-
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alloyed powder of the given composition for the usage of elemental
components powders mixture does not seem to be a good idea because of
the lower sinterability, porosity, and rough structure of the material
obtained in such a way. Taking into account the problems mentioned
above in a cast product of the desired composition manufacture, the
production of the pre-alloyed powder turns into a challenge that needs
a complex study for its solution.

The principal purpose of the part of the study presented here is the
development of the fabrication technique of the Al-Si—Ni pre-alloyed
powder, which contains = 25-30% Ni and 5-7% Ni useful for subse-
quent sintered material manufacture.

2. RESEARCH MATERIAL AND METHODOLOGY

The experimental alloys were obtained in the shape of rapidly
quenched ribbons. The ribbon thickness was in the range of 30—50 pum.
The strips were obtained by spinning them on a rotating copper disk.
The entire process control was provided in terms of the melt tempera-
ture, the pressure value in the crucible with the melt, and the barrel
rotation speed. The initial materials were melted in the quartz cruci-
bles. The strips were produced in a sealed chamber under a protective
helium atmosphere. The linear disk surface speed was of 50 m/s, and
the melt temperature was of 1080°C.

The chemical compositions and the strips’ cross-sections dimensions
are presented in Table 1.

The alloy powder was produced by the mechanical grinding of the
original ribbons in a Fritsch Pulverisette P-6 planetary ball mill in a
stainless steel bowl. The total duration of grinding was of 30 min. The
number of steel balls with a diameter of 20 mm was of 12, and the mass

TABLE 1. Chemical composition of the alloys and the ribbon cross-section di-
mensions.

Chemical composition, % wt.|Ribbon cross-sections dimensions
Al | si | Ni | Fe | Widthd, mm | Thickness ¢, um

Material form

Alloy 1 23.61 4.73 0.05

Alloy 2 27.73 4.68 0.05 -

Alloy 3 19.48 6.13 0.05

Ribbon1 base 26.5 6.95 0.05 9 30-40
Alloy 4 25.45 5.94 0.05

Alloy 5 25.58 5.88 0.05 -

Ribbon 2 25.58 5.88 0.05 12 30-40
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Fig. 3. Microstructure of the initial cast alloy: ingot top (a), ingot bottom (b).

of the powder was of =37 g. The milling speed and ball-to-powder mass
ratio my:m, were 200 rpm and 10:1, respectively. The specified synthe-
sis conditions were applied to all the samples.

Dilatometric measurements were carried out using a dilatometer
with an inductive transducer. The error of CTE estimation on the final
experimental curves was of +0.3-10° K. Calorimetric analysis was
performed on a DSC 404 F1 Pegasus® instrument (NETZSCH) in dy-
namic mode at a heating rate of 20 K/s in the temperature range from
20 to 700°C. The phase composition study of the alloys was carried out
on a DRON-4 diffractometer using radiation CuK,. Metallographic

m Al
o Si
* ALNi

Intensity, a.u.

30 40 50 60 70 80 90
20,°

Fig.4. X-ray pattern of the initial alloy obtained by crystallization with a
cooling rate of 102K /s.
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studies were carried out on a NEOPHOT-2 optical microscope. A solu-
tion of 0.5 ml of HF in water was used to identify structural features.

3. RESEARCH RESULTS AND DISCUSSION

The typical microstructure of the initial alloys (used for subsequent
quick-quenched ribbons obtaining) is presented in Fig. 3. The overall
look of the structure given corresponds to a hypereutectic Al1-Si alloy
(so-called ‘silumin’). Large-size fragile primary silicon crystals, which
are peculiar to it, are up to 300 um in size. The matrix is a ternary eu-
tectic structure containing the a-solid solution of Siin Al (close to pure
aluminium), Si, and intermetallic AlsNi particles. Primary silicon
crystals have the form of equiaxed polyhedra with different numbers
of faces. The observed structure causes low elasticity and a limited de-
formation processing possibility [11].

The structural difference between various parts of the ingot (Fig. 3)
is clear evidence of the mentioned above volumetric liquation to which
such alloys tend.

The phase composition of the initial alloys was also confirmed
through x-ray diffraction (Fig. 4). The phase composition seems to be
equilibrium. Non-equilibrium intermetallic compounds and silicides
are not found. There are reasons to believe that such phase composition
will also be in the sintered products after the solid phase sintering.

Metallographic studies obtained by the spinning method ribbons
showed the presence of two zones with different etch abilities (Fig. 5,
a): 1) a homogeneous structure on the contact side adjacent to the bar-
rel (with 15-20 pm thickness), 2) a columnar structure with features

a ' b

Fig. 5. The cross-sectional structure of the rapidly-quenched ribbon (a) and
the powder particle shape produced by ball milling of the strips within 30
minutes (b).
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Fig. 6. The powder particles size distribution curve.

of fibrousness on the free side of the ribbon.

Since the ribbons of the alloy are obtained at high crystallization
rates (10°—10° K/s), their structure differs significantly from the equi-
librium one. Primary silicon crystals in the ribbon structure cannot be
detected under the optical microscope magnification.

heating 563°C

cooling

| 1exo

DSC, mW/mg
Y

:/
0—_ —J 'H
2]
i 577°C

4 I e I . I U I 4 I . I . I
100 200 300 400 500 600 700
Temperature, °C

Fig. 7. Typical DSC heating—cooling curves of the alloy powder.
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The alloy powder was manufactured by grinding the quick-hardened
metal ribbons in a high-energy ball mill. The powder was produced by
grinding the original rapidly-quenched metal ribbons into 300—400 pm
particles.

Figure 5, b presents optical microscope photos of the obtained pow-
der particles. It is seen that the particles have an irregular shape with a
wide range of sizes. The powder particles’ average size was of = 200 pum
with observed variation from 4 to 380 um. The size distribution curve
of alloy powder particles is shown in Fig. 6.

Using the differential scanning calorimetry (DSC) method, it is
shown that no phase transformations observed in the alloy powders in
the temperature range up to the solidus temperature (Fig. 7). The ob-
served solidus temperature is of = 545-549°C, which is approximately
of 10°C lower than the melting temperature of the (a-Al+ AlsNi + Si)
ternary eutectic in the Al-Si—Ni system [12]. Such solidus tempera-
ture lowing compared with the equilibrium phase diagram is in high
accordance with the investigation and results from [3]. They explained
the phenomenon by non-equilibrium intermetallics appearance during
arapid crystallization.

The alloys’ CTE calculations were carried out by the dynamometric
method for the initial (cast) state.

Figure 8 shows the experimental data of CTE measurement, and the
calculation results are presented in Table 2. The obtained CTE values
are quite close to steel ones, which are of = (11-15)-10 %K.

29280

292604

L, pm

292404

292204

29200 oo o R S Ty e :
30 60 90 120 150 180 210
Temperature, °C

Fig. 8. The dynamometric curve of the studied alloy.
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TABLE 2. The temperature dependence of the CTE.

CTE, 10%K™
Alloy
100°C 200°C
Al(99.99) 23.43 24.92
Al-Si—Ni (cast alloy No. 3) 13.2 14.2
4. CONCLUSIONS

A technique was developed for pre-alloyed Al-Si—Ni powders manu-
facture. The proposed method consists of mechanical grinding of the
rapidly-quenched (10°-10° K /s) from the liquid state ribbons in a high-
energy planetary ball mill for 30 minutes with a rotation frequency of
200 rpm and the mass of the balls to the mass of the powder ratio 10:1.

Using different methods of structural analysis, the phase composi-
tion and structure of the original cast aluminium alloy with = 24-28%
of Si and 25-7% of Ni and powders obtained by grinding in a high-
energy ball mill of rapidly-quenched metal ribbons of such an alloy
were studied.

The rapidly-quenched ribbons have two structural zones: a 15—
20 um homogeneous structure on the contact side adjacent to the bar-
rel and a columnar structure with signs of fibrousness on the free side
of the strip. No phase transformations were observed in the alloy pow-
ders in the temperature range up to the solidus temperature. It was
found the solidus temperature declined compared with the equilibrium
phase diagram to = 545-549°C, which is = 10°C lower. This shows that
the structure obtained after the rapidly cooling solidification differs
significantly from the equilibrium one.

It was established that the powders of these alloys have an irregular
shape with a wide range of sizes from 4 to 500 um, and the structure of
the powders is optimal for further usage in powder metallurgy produc-
tion.
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Morphology of Barrier Coatings and Formation of an Interphase
Boundary by Brazing of Dissimilar Alloys

S. V. Maksymova, P. V. Kovalchuk, and V. V. Voronov

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

As established by the conducted studies of brazing dissimilar joints of Kovar
with titanium alloy, applying a standard procedure of barrier nickel coating
deposition on a titanium alloy by electrolytic method does not ensure its in-
tegrity during vacuum heating in the brazing mode. The structure, chemical
heterogeneity of brazed joints and surface morphology of the nickel coating
are studied by applying the chemical method of producing a barrier nickel
coating. Proceeding from the derived investigation results, a 4-stage tech-
nology of electrolytic application for the barrier nickel coating is proposed.
This coating preserves its integrity during vacuum brazing of the following
dissimilar metals: BT1-0 titanium alloy with 29NK precision alloy. A de-
tailed study of the Kovar + BT1-0 brazed joints with the application of elec-
tron microscopy and x-ray microspectral analysis confirm the formation of
dense brazed seams with full penetration fillet regions with a eutectic rod-
like structure, when using silver brazing filler metal.

Key words: structure, barrier coating, vacuum brazing, Kovar, titanium alloy.

IIpoBeneno goCaiyKeHHA 3 JIOTYBAaHHS Pi3HOPiAHUX 3’€IHAHL KOBApy 3 THUTA-
HOBUM CTOIIOM. BCTaHOBIEHO, 1110 3aCTOCYBaHHS CTAHAAPTHOI METOAUKY HaHe-
CeHHs 0ap’epHOro HiKJIEBOrO IMOKPUTTS €JeKTPOJITUUHNM IIJIIXOM HA THTAa-
HOBHU cTOoN He 3abe3meuye MOoro MiJIicHICTD ITiJ yac HarpiBy 3a pesKuMOM BYCO-
KOTeMIIepaTypPHOTO JIIOTyBaHHA Vv BakyyMi. ocaigsxeno mopdoJioriro moBepx-
Hi HIKJIEBOTO IIOKPUTTHA, CTPYKTYPYy Ta XeMiuHy HEOSHOPiAHiCTh HmagHUX
3’eHAHD i3 3aCTOCYBAHHAM XE€MiUHOTO METOAY OJeprKaHHA 60ap’epHOTO0 HiKJIe-
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BOro mokputrTs. Ha ocHOBi ozep:kaHUX pes3yJbTaTiB AOCJiAKEHb 3aIlPOIIOHO-
BAaHO 4-cTafillHWIT TEXHOJIOTIiUHUII IIPOIeC EeJIEKTPOJITUUYHOTO HaHeCeHHS
6ap’epHOT0 HiKJIEBOro IOKPUTTS, AKe 30epirae cBoro IigicHicTh i yac Buco-
KOTeMIepaTypPHOro BAKYYMHOTO JIOTYBaHHSA Pi3HOPIZHMX MeTaJIiB: TUTAHOBO-
ro crory BT1-0 3 mpenusitinum cronom KoBap (29HK). IleranbHe mociimKeH-
Hsa gioToBauHux 3’emuHanb KoBap (29HK) + BT1-0 iz sacTocyBaHHAM €JIeKTPOH-
HOI MiKpocKomii Ta MiKpOpeHTI'eHOCIIeKTPaJbHOI aHalidu miATBepAuJIo (op-
MYBaHHSA IIiJILHOTO JIOTOBAHOTO IIIBA 3 YTBOPEHHAM MOBHUX IJIABHUX TaJiTe-
JbHUX JiJITHOK 3 €BTeKTUUYHOIO CTPUIKHEIONiOHOI0 CTPYKTYpPOIO i3 3acTocy-
BaHHAM CPi6HOI JITOTH.

KuarouoBi cioBa: cTpyKTypa, 0ap’epHe MOKPUTTSA, BAKYyMHE BHCOKOTeMIIepa-
TYpHE JIIOTYBaHHA, KOBap, TUTAHOBUU CTOII.

(Received April 27, 2023; in final version, May 28, 2023 )

1. INTRODUCTION

Brazed components from dissimilar metals are widely applied in the fab-
rication of various-purpose structures in nuclear, petrochemical, cryo-
genic, aerospace, shipbuilding and other industries. They include joints
of titanium alloys with copper and nickel alloys, corrosion-resistant
steel, and Kovar-type precision alloys. When producing this type of
joints, the main objective is reducing the finished structure weight by
preserving the special properties of its individual elements [1-5].

It should be noted that producing dissimilar joints of titanium alloys
with Kovar is extremely poorly covered in the literature. However, the
general approaches to producing dissimilar joints of this type are simi-
lar to those for titanium joints with corrosion-resistant steel.

Ensuring a reliable joint of bimetal titanium-steel (Kovar) struc-
tures is limited by two aspects: first, a considerable difference in the
physical properties, such as the coefficient of thermal expansion, den-
sity and heat conductivity, which may lead to microstructural hetero-
geneity in the interphase region and high residual stresses [6—8]; and
second, formation of intermetallic compounds at direct contact of tita-
nium with other metals and alloys, which is due to the presence of a
concentration gradient on the interface active running of the diffusion
processes and seam metal saturation with base metal elements. Such
structural features may lower the service properties of the combined
dissimilar joints [9-11].

In order to avoid the formation of intermetallic phases, which may
appear at the contact of molten brazing filler metal with titanium and
Kovar (copper, corrosion-resistant steel, nickel, etc.), barrier coatings
are used, which should prevent direct contact and their active interac-
tion. Applying such coatings in combination with optimal tempera-
ture—time parameters of the brazing process promotes the improved
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performance of the produced brazed joints.

Metal, which is compatible with the brazing filler metal and forms
strong bonds with the main structural material, is used for such barri-
er coatings. Coatings are produced using different methods: electro-
chemical, chemical, plasma deposition, or by vapour phase deposition
on a cold substrate at electron beam heating, etc. [12-17]. Different
elements, ensuring the required level of protection, are used as coat-
ings. Barrier nickel coatings became widely applied at brazing. Their
disadvantages include possible delamination at furnace treatment,
which is attributable to hydrogenation during electrolysis with subse-
quent evolution of gaseous hydrogen, which impairs the physical-
mechanical properties of the cathodic deposit, promotes the increase of
internal stresses, leading to brittleness, the appearance of cracks, and
delamination in some regions [18].

The purpose of the work is to study the structure of barrier nickel
coatings on the BT1-0 titanium alloy and their behaviour, when heated
according to the brazing thermal cycle, and to create a bearing tech-
nology that ensures integrity by brazing dissimilar materials and pre-
vents chemical interaction of the molten brazing filler metal with the
titanium substrate.

2. EXPERIMENTAL PROCEDURE

BT1-0 titanium alloy, Kovar precision alloy (29NK), and BAg8 brazing
filler metal were used to perform the experiments (Table 1).

The barrier nickel coating was applied on BT1-0 titanium alloy using
chemical and electrolytic methods.

For chemical deposition of nickel on BT1-0 titanium alloy, the fol-
lowing solution was used (g/1): nickel chloride—12-15, sodium hypo-
phosphite—15-25, sodium citric acid—30-50, ammonium chloride—
30-40, aqueous ammonia 25%—70-100, pH =8-9. The time, during
which the nickel layer was deposited, varied from 1 to 1.5 h. The solu-
tion was heated to the temperature of 80-90°C, and the temperature
was monitored during the entire deposition process.

Electrolytic deposition of the barrier nickel coating was performed,

TABLE 1. Chemical composition of experimental materials.

. Chemical elements, wt. %
Material/Grad - -
Fe Ni | C | T Cu Ag
BT1-0 up to 0.15 - - 99.58-99.9 - -

Kovar 51.14-54.528.5-29.517-18 upto0.1 upto0.2 -
BAg8 upto0.1 - - - 27.29-28.471.5-72.5
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using the following electrolyte (g/l): nickel sulfuric acid (Ni-
S04)—250-300; nickel chloride (NiClz)—50-60; boric acid (HsBOs);
1=25-30s. The schematic of the electrolytic method of barrier coat-
ing deposition is given in Fig. 1.

Further, the samples with the deposited nickel layer were heated in a

Fig. 1. Schematic of electrolytic method of barrier coating deposition:
I—anode; 2—electrolyte; 3—cathode; 4—container.

Sample preparation ‘
o

L Mechanical grinding 1

= 5

Ultrasonic cleagripg of Kovar and
i

A

Deposition of a nickel
underlayer on Ti

Vacuum annealing ‘

.

Electrolytic deposition of the
main nickel layer on Ti

Sample l J
i
I. Vacuum brazing |

. 4

ng
JLLLLES

Fig. 2. Experimental procedure of brazing.
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vacuum of 5:10° mm Hg up to the temperature of 800°C with 3 min
soaking and were brazed with the application of silver brazing filler
metal (BAg8). Experimental procedure of brazing is shown in Fig. 2.

The produced samples with coating and samples of brazed dissimilar
joints were used to prepare microsections by the standard procedure.
They were studied (without chemical etching) by applying a scanning
electron microscope Tescan Mira 38 LMU, fitted with energy-dispersive
spectrometer Oxford Instruments X-max 80 mm? with INCA software
package.

3. RESULTS AND DISCUSSION

During the investigation of titanium alloy samples with a nickel coat-
ing, which was produced by chemical method, it was established that
despite the coating appearance (without any visible defects), it does
not preserve its integrity at subsequent high-temperature heating in
vacuum (Fig. 3, a, b).

It is related to the presence in the coating composition of a consider-
able amount of phosphorous, which precipitates from the electrolyte.
During heating by the thermal mode of brazing, phosphorus interacts
with the titanium substrate to form a brittle layer, which leads to the
cracking of the coating with its further delamination (Fig. 3, b). The
increase of phosphorus concentration in the coating along the seam—
titanium alloy interface is confirmed by the results of x-ray microspec-
tral studies, which were derived at electron beam scanning of dissimi-
lar Kovar—titanium alloy joints (Fig. 4, a, b, ¢, d).

Local x-ray microspectral analysis revealed that, after brazing, the

a ‘ b
Fig. 3. Sample of BT1-0 alloy coated by a layer of nickel by the chemical meth-

od: before (a) and after heating (b) in vacuum at the temperature of 800°C,
3 min.



968 S. V.MAKSYMOVA, P. V. KOVALCHUK, and V. V. VORONOV

10 20 30

Phosphorus Kal

b

4001 1
] 4004
300: 300
200j 200
1001 100:
0 T T . - ‘ y ' 3

0 10 20 30 Um 10 20 um

Copper Kal

c d

Fig. 4. Electronic image (a) and qualitative distribution of the following ele-
ments: phosphorus (b); nickel (¢); copper (d); at electron beam scanning of Ko-
var—titanium alloy brazed joint.

zone of the nickel coating (produced chemically) contains up to
18.34 wt. % phosphorus (Fig. 5, a, Table 2).

A silver-based solid solution with inclusions of copper-based solid
solution in the central zone and a copper-based solid solution in the pe-
ripheral regions are predominantly crystallized in the brazed seam.

The structure of the fillet region differs from the one described
above. It is characterized by a classical rod-like eutectic structure
formed by two solid solutions: silver-based and copper-based
(Fig. 5, b). A classical electrolytic method of coating deposition was
used to eliminate the presence of phosphorus and improve the quality
of barrier nickel coating [12].

The main advantages of this method are simplicity, relatively low
cost, stability and controllability of the process, and the possibility of
simultaneous deposition on the entire product surface. The scheme of
this process is given in Fig. 1.

Based on the available published data, nickel plating is usually per-
formed using electrolytes, in which nickel is present mainly in the
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a b

Fig. 5. The studied regions (a) and the microstructure of the fillet (b) of Ko-
var—titanium alloy brazed joint with chemically produced barrier coating.

TABLE 2. Chemical composition of individual phases in Kovar—titanium alloy
brazed joint.

No. of spectrum, Chemical elements, wt.%

Al | P | Ti | Fe | Co | Ni | Cu | Ag
0.00 0.00 0.25 2.09 0.74 7.61 86.24 3.07
0.00 0.00 0.48 0.24 0.35 0.34 8.40 90.19
0.00 0.20 2.79 2.31 0.65 29.20 64.37 0.48
0.00 18.34 25.63 0.64 0.26 50.08 5.04 0.00
0.25 0.19 92.29 0.24 0.00 7.03 0.00 0.00
0.37 0.00 99.39 0.00 0.00 0.24 0.00 0.00
0.00 0.00 0.39 52.95 18.28 28.38 0.00 0.00
0.10 0.00 0.58 0.76 0.22 4.37 37.28 56.69

0 3 O O~ W N

form of two-valent cations Ni**[12, 13].

Depending on the nickel salt used, the electrolytes are divided into
three main groups: sulphate, sulfamate and fluoroborate. In addition
to nickel salts, various organic and inorganic additives are introduced
into the composition of electrolytes, which promote an increase of the
solutions’ electrical conductivity and anode solubility, prevent slurry
formation, allow obtaining shiny deposits on the base metal surface,
increase the hardness, reduce porosity and eliminate the process of pit-
ting formation in the coatings[12, 13].
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It should be noted that the proposed in literature etching and deposi-
tion of underlayers, using a mixture of nitric and hydrofluoric acids in
any concentration, leads to deterioration of the coating properties and
its adhesion to the substrate, causing delamination during heating.
This is related to the formation of titanium hydrate on the surface,
which decomposes at heating in a vacuum with hydrogen evolution,
which is exactly what results in coating delamination. As nickel pre-
cipitation on the cathode occurs with a considerable electrode polarisa-
tion and the overvoltage of hydrogen evolution on nickel is low, the
amount of coating metal decreases at nickel plating. In order to in-
crease it, the solution pH is maintained in the range of 4.0-4.5. Under
such conditions, there is no formation of nickel hydroxides, which in-
fluence the coating’s mechanical properties. In order to stabilize the
solution pH, buffer additives are introduced into the electrolyte com-
position (usually boric acid HsBOs) [14].

During the performance of experiments on spreading of BAg8 braz-
ing filler metal over the barrier nickel coating (on titanium alloy sam-
ples), it was found that the application of a standard procedure of elec-
trolytic deposition of the barrier coating does not ensure its integrity
during heating in vacuum (vacuum of 5-10° mm Hg, 800°C, 3 min). In
some areas, it peels off with the formation of convex regions, which is
clearly shown in Fig. 6, a, b.

Detailed microstructural studies showed that when producing a
nickel coating on the titanium plate by electrolytic method (without
deposition of a nickel interlayer), crystallization of a dispersed crystal-
line structure takes place, consisting of particles of a faceted shape. Its
density is very low in some regions (Fig. 7, a, b).

The formation of isolated defects in the form of pores of different
geometry and dimensions is observed in individual regions of the pro-

Fig. 6. Samples of BT1-0 alloy with barrier nickel coating and BAg8 brazing
filler metal: before (a) and after heating (b) in vacuum.



MORPHOLOGY OF BARRIER COATINGS AND FORMATION OF AN INTERPHASE 971

duced coating surface. It should be noted that the presence of porosity
in the coating at the brazing of dissimilar materials has an adverse ef-
fect on the brazed joint quality.

Proceeding from the obtained investigation results, a 4-stage tech-

e » f

Fig. 7. The surface of the nickel coating of a low density (a, b) produced without
underlayer (heat treatment) and with underlayer and heat treatment (c, d, e, f).
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nological process of deposition of a barrier nickel coating on the titani-
um alloy was proposed and verified, which ensures its density and in-
tegrity at further vacuum heating [19]. This technology includes the
following stages: mechanical grinding; chemical deposition of a nickel
underlayer (solution composition (g/1): 200-220 of NiCly; 140-150 of
HCl; ammonium fluoride 20-40, T' = 35-40°C, t=3-25 s); annealing in
the following mode: T = 500°C, t= 2.5 h under a vacuum not worse than
5-10° mm Hg.

At the electrolytic deposition of the main nickel layer, the nickel
particles are formed on the already existing underlayer, their crystal-
lization and growth occurring in different directions and, thus, they
cover the entire surface of the underlayer and form the main dense
coating (Fig. 7, c, d, e, f). The dispersed structure of the coating con-
sists of particles of faceted morphology of various sizes from 507 nm to
1um (Fig.7,c, d). Results of local x-ray microspectral analysis re-
vealed the presence of titanium in the amount not exceeding 7.8 wt.%.

During the performance of experiments to produce dissimilar joints
of Kovar + BT1-0 with the application of BAg8 brazing filler metal in
keeping with the thermal mode of brazing, it was found that at the ap-
plication of the proposed procedure of nickel coating deposition, it pre-
served its integrity during brazing, and delamination was absent
(Fig. 8, a, b). The input (Fig. 8, a) and output fillets (Fig. 8, b) are
clearly visible on the brazed samples.

A detailed study of Kovar + BT1-0 brazed joints with the application
of electron microscopy and x-ray microspectral analysis confirmed the
sound formation of the coating (Fig. 9, a) and dense brazed seams with
full fillet regions (Fig. 9, b).

During brazing studies, it was established that the proposed proce-
dure of barrier nickel coating deposition on a titanium alloy allows
producing sound brazed joints and preventing chemical interaction of
molten brazing filler metal with BT1-0 titanium alloy.

4. CONCLUSION

As determined, applying the standard procedure of chemical and elec-
trolytic deposition of barrier nickel coating on the titanium alloy does
not ensure its integrity at further heating by the mode of the technolo-
gy of brazing Kovar—titanium alloy dissimilar joints (in vacuum).

The results of local x-ray microspectral analysis confirmed that at
the application of the chemical method of producing the nickel coating,
a nickel layer is deposited, which contains phosphorus (up to 18 wt.%).

Proceeding from the performed research, a 4-stage technology of
electrolytic deposition of a barrier nickel coating on BT1-0 titanium
alloy was proposed. It includes producing a nickel interlayer and its
heat treatment (before deposition of the main layer) to ensure the in-
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Fig. 8. Appearance of brazed samples with input (a) and output fillets (b) in
joints of Kovar (29NK)-titanium alloy (BT1-0).

D1=19.90 pm

D2=5.96 pm

a

Fig. 9. Nickel coating on a titanium plate (a) and seam microstructure (b) in
Kovar + BT1-0 brazed joint.

tegrity under vacuum heating by the mode of brazing Kovar—titanium
alloy dissimilar joints and to prevent the interaction of molten brazing
filler metal with BT1-0 titanium alloy.

It was proved empirically, using electron microscopy, that, at vacu-
um brazing of Kovar + BT1-0 dissimilar joints, the proposed barrier
nickel coating promotes the formation of tight sound brazed seams.
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Influence of Refractory Elements on Phase—Structural Stability
of Heat-Resistant Corrosion-Resistant Alloys for Gas Turbine
Blades
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One of the ways to improve the performance of gas-turbine engine blades is
improvement the alloying complexes of heat-resistant nickel alloys used for
casting. The influences of refractory metals on the macro- and microstruc-
ture and the properties of alloys of this type are analysed. It is proposed to
introduce rhenium and tantalum into a heat-resistant corrosion-resistant
nickel alloy for the production of working blades of gas-turbine engines. The
paper presents the results of the study of the influence of chemical composi-
tion on the phase—structural components of heat-resistant alloy. Phase-
transition temperatures for a new heat-resistant corrosion-resistant nickel
alloy containing rhenium and tantalum have been established: liquidus tem-
perature is of = 1370°C, solidus temperature is of 1320°C. Studies of the mi-
crostructure of the obtained samples in the cast state, after heating and cool-
ing in calorimetric studies, make it possible to confirm that the phase—
structural state corresponds to the alloy of this type, it consists of y-solid so-
lution including y’-phase and carbides. Rhenium is mainly part of the y-solid
solution, and tantalum strengthens the cell boundaries. When analysing the
structures of the studied samples after heating in a calorimeter to 1250°C,
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topologically close-packed phases in the alloy containing rhenium and tanta-
lum are not formed. Comparative studies have shown that the introduction of
rhenium and tantalum to alloy improves its thermophysical properties,
namely, liquidus, solidus and complete-dissolution temperatures, by about
50°C higher than for the standard heat-resistant nickel alloy CM88Y.

Key words: heat-resistant alloy, phase—structural stability, liquidus, solidus,
turbine blade, gas-turbine engine.

OpuHuM i3 ILIAXIB HOJIIMIIIEHHS eKCIJIyaTalliiHUX XapaKTEepPUCTUK JIOIIATOK
ra3oTypOiHHUX OBUTYHIB € BIOCKOHAJEHHS JIeI'YBAJbHUX KOMILIEKCIB 3Kapo-
MIiITHUX HiKJIEeBUX CTOIIiB, III0 BUKOPUCTOBYIOTHCA A ixX auTTsA. IIpoanasrizo-
BaHO BILJIMB TSKKOTOIMKUX METAJIiB Ha MaKpPO- i MiKPOCTPYKTYPY Ta BIaCTHUBO-
CTi CTOIiB TaKoro THUIIy. 3aIIPOIIOHOBAaHO BBeAeHHA Penito Ta TanTany y »Kapo-
MIITHU# KOPO3iNHOCTINKMIT HIiKJIEBUU CTOII IJIA OJepKaHHA poO0UNX JIOIATOK
ra3oTypOiHHMX ABUTYHIB. ¥ POOOTi IpeacTaB/IeHO Pe3yJabTATH MOCIiAKEeHHS
BILIMBY XEMiUHOTO CKJIaAy Ha (pasoBO-CTPYKTYPHI CKJIAJOBI KapoMiIlHOTO
crony. BecranoBieHno TemiepaTypu Gas3oBUX IepexodiB AJs HOBOTO JKapOMiIl-
HOT'O0 KOPOBiMHOCTIiAKOI0 HiKJIEBOTO CTOIIy, IO AOJATKOBO MicTUTh Pewmiii i
Tanran. Jocaig:KkeHHA MiKPOCTPYKTYPH OJleP:KaHUX 3pasKiB y JIUTOMY CTaHi,
micaA HarpiBy ¥ OXOJIOMKeHHA (KaJOPUMETPUYHI JOCTiMKeHH) Jal0Th MOMK-
JUBICTH ITiATBEPAUTH, III0 (DABOBO-CTPYKTYPHUI CTaH BiIOBilae BUMOTaM 10
CTOITy PO3TJIAHYTOI'O TUITY, TOOTO CKJIAZAETHCS 3 Y-TBEPAOTO POSUUHY 3 BKJIIO-
yeHHAM Y -(pasu Ta kapbizamu. Ilig yac aHaNIi3M CTPYKTYDP JOCHiAKeHUX 3pas-
KiB micasa HarpiBy B Kasmopumetpi mo 1250°C TomosioriuHO IMiJIBHO ITaKOBaHi
¢asu y cromi, 1mo mictuthk Peniii i Tantain, He yrBopioBaaucs. IIpoBeneHi mo-
PiBHAJBHI JOCTiAMKeHHS IIOKa3aJu, II0 BBEeAeHHS Y CTOII TAKKOTONKUX MeTa-
JIiB cIpusA€e MiABUIIEHHIO HOT0 TeIlJIo()isMUYHUX BJIAaCTHUBOCTEHN, a caMe, TeMIIe-
partyp JiKBigyc, cosmigyc Ta moBHOTO po3unHeHHA Y’ -(hasu, npudaus=Ho Ha 50°C
BHUIIE, Hi}K IJA CTAHIAPTHOIO XapPOMiIHOT0 HikjaeBoro crony CM88Y.

Karouosi ciioBa: xapoMinHMi KoposifiHOCTiHiKuiT HiKJIeBUil cTom, (ha3oBO-
CTPYKTYpPHA cTabiibHicTh, JiKBigyc, coiigyc, Jjomarka TypOiHM, ra3oTypoOin-
HUM ABUTYH.

(Received February 15,2022; in final version, March 16,2023 ).

1.INTRODUCTION

It is known that heat-resistant nickel alloys are used for the production
of turbine blades for gas turbine engines. The urgency of developing
new heat-resistant corrosion-resistant alloys is due to the need to in-
crease the service life of the turbine blades, increase the gas tempera-
ture before entering the turbine and save fuel. Simultaneously with
the increase in operating temperature in the turbines, it is necessary to
ensure the reliability of the blades, reduce the cost of repairing the en-
gine and the production of spare parts. In accordance with the re-
quirements of the design documentation for modern power and marine
gas turbine engines, it is necessary to ensure their reliable operation at
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the gas inlet temperature at the turbine inlet 1150-1200°C, which will
increase power compared to previously developed engines. To increase
heat resistance and reduce high-temperature corrosion of the blades,
chromium is injected from 12 to 20% of the mass in the alloys. The in-
creased chromium content promotes the formation of carbide phases in
the alloy, which reduce the ductility of the cast metal [1-7].

Heat-resistant alloys based on nickel, which are alloyed with rheni-
um, tantalum, and ruthenium, are created. The use of these elements
for alloying modern alloys allows to reduce the concentration of chro-
mium and to increase the strength without reducing the level of corro-
sion resistance of the blades.

Scientific and practical developments in recent years of world cen-
tres engaged in materials science of heat-resistant nickel alloys for gas
turbines, aircraft engines have considered materials for blades with
low chromium content [8—10]. In this case, the most promising heat-
resistant alloys based on nickel (superalloys) for gas turbine blades are
alloys doped with rhenium [11-13]. The authors of proceedings [12—
14] showed that rhenium is more effective than Ta, W, Mo and others
alloying elements and has a high solubility in the y-phase while the dis-
tribution coefficient of the alloying elements between the y'- and y-
phasesis K/K;=0.1.

The predominant dissolution of rhenium in the austenitic matrix of
the alloy reduces the rate of diffusion processes that control the soften-
ing of the metal under conditions of high-temperature creep, thereby
inhibiting the rate of coagulation and dissolution of the y’-phase. This
helps to maintain long-term strength by increasing the high-
temperature stability of the solid solution. It is empirically proved that
increasing the concentration of alloying elements with large atomic ra-
dii has a more significant effect on the change in the lattice parameter of
the y-phase than the y'-phase, and since rhenium and tantalum have an
atomic radius larger than nickel (ratio for rhenium—1.063), they have a
positive effect on the mismatch between the periods of the crystal lattic-
es of the y- and y'-phases—the so-called misfit Aa,-, = (a,— ay)/a,. Thisisa
determining factor in the long-term strength of poly- and single crystals
of heat-resistant alloys at high temperatures. Rhenium has a low diffu-
sion coefficient in nickel and therefore it inhibits the coagulation pro-
cesses of the strengthening y'-phase, thereby, increasing its thermal sta-
bility. In this case, Re partially displaces tantalum and aluminium from
the solid solution, which are mainly in the y'-phase, as a result of which
it effectively strengthens it[15, 16].

The positive effect of rhenium on the heat resistance of heat-
resistant nickel alloys is due to the increase in solidus temperature, its
increased solubility in solid nickel solution and decrease in the diffu-
sion coefficients of alloying elements.

In recent years, tantalum has been actively used for alloying heat-



978 Yu. H. KVASNYTSKA, I. A. SHALEVSKA, A. I. BALITSKII et al.

resistant alloys, which leads to a significant increase in the strength
characteristics of the alloy [17-19]. It belongs to the y'-phase-forming
elements and therefore significantly increases the heat resistance and
heat resistance of alloys, as well as the dissolution temperature of the
y'-phase. Tantalum-doped alloys are also used for the manufacture of
blades of stationary power gas turbines (GTU), for example, of type
ZMI-3U, TsNK-21, TsNK-7, TsNK-8. In them, the gas temperature at
the inlet to the turbine is from 750°C to 950°C, which is much lower
than in aviation gas turbine engines.

Studies in recent years have shown that the joint introduction of
tantalum and rhenium in the alloy provides a sharp decrease in the dif-
fusion mobility of elements in the alloy, especially at high tempera-
tures, significantly strengthens the solid solution and stabilizes the y'-
phase, in particular slows down the formation of large y'-phase parti-
cles, due to coagulation and increases the dissolution temperature of
small [19-21]. This also leads to an increase in heat resistance and
thermal stability of heat-resistant nickel alloys [17]. However, it was
found that the replacement of vanadium with tantalum in another al-
loy (ZhS32) also increases its heat resistance by about three times,
compared with alloys ZhS-6U and ZhS-26U.

The high content of refractory metals in alloys of this type increases
the risk of formation in them of fragile intermetallic topologically
densely packed (MS) phases and, above all, o-phases (Cr, Mo).(Ni, Co),,
where x and y can change in ranging from 1 to 7 [2, 9, 12, 17]. The
crystal structure of the c-phase belongs to the tetragonal with a com-
plex unit cell containing 30 atoms. Since the crystal lattices of the o-
phase and Mes3Cs carbide are coherent, the c-phase often originates on
the secretions of Me 23Cs carbide. This type of phase is formed in the
form of plates and therefore dramatically reduces the resistance to de-
struction of alloys at high temperatures, adversely affecting ductility
and durability.

The most important role in ensuring the long-term strength of
heat-resistant alloys, their manufacturability during casting and
heat treatment belongs to the temperatures of phase transfor-
mations. Temperatures of complete dissolution of the y'-phase in y-
solid solution T..4. (Tsovus), temperature solidus T's and liquidus T, are
not only characteristics of thermal stability, but also determine, in
the first approximation, the maximum temperature performance of
the heat-resistant alloy [22—-24].

Phase transition temperatures also determine some technological
properties. In particular, the temperature interval of crystallization
AT.. =T — Ts, which characterizes the tendency of alloys to form a di-
rectional columnar structure of castings during directional crystalli-
zation and bulk microporosity. The solvus and solidus temperatures
determine the conditions for the formation of a homogeneous struc-
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ture of y'-phase particles in the matrix of a homogeneous y-solid solu-
tion during heat treatment. The value of the ‘heat treatment window’,
which is expressed by the temperature difference T's— T..4., should be
large enough to carry out high-temperature homogenization without
the risk of melting [25, 26].

Over the last decade, PTIMA of the N.A.S. of Ukraine has been
studying the effect of refractory metals such as rhenium, tantalum,
ruthenium on the structure and properties of heat-resistant corrosion-
resistant alloys for gas turbine blades and created a new composition of
heat-resistant corrosion-resistant alloy containing additional rhenium
and tantalum. The purpose of this work is to study the temperatures of
phase transformations, the study of phase—structural components of
the experimental heat-resistant corrosion-resistant alloy for the blades
of the first and second stage turbines of gas turbine engines for energy
purposes. One of the ways to improve the performance of gas turbine
engine blades is improvement the alloying complexes of heat-resistant
nickel alloys used for casting. The influences of refractory metals on
the macro- and microstructure and the properties of alloys of this type
are analysed. It is proposed to introduce rhenium and tantalum into a
heat-resistant corrosion-resistant nickel alloy for the production of
working blades of gas turbine engines.

The paper presents the results of the study of the influence of
chemical composition on the phase—structural components of heat-
resistant alloy. Phase transition temperatures for a new heat-
resistant corrosion-resistant nickel alloy containing rhenium and
tantalum have been established: liquidus temperature of =1370°C,
solidus temperature of = 1320°C. Studies of the microstructure of the
obtained samples in the cast state, after heating and cooling in calori-
metric studies make it possible to confirm that the phase—structural
state corresponds to the alloy of this type, it consists of y-solid solution
including y’-phase and carbides. Rhenium is mainly part of the y-solid
solution, and tantalum strengthens the cell boundaries. When analys-
ing the structures of the studied samples after heating in a calorimeter
to 1250°C, topologically close-packed (TCP) phases in the alloy con-
taining rhenium and tantalum were not formed.

Comparative studies have shown that the introduction of rhenium
and tantalum alloy improves its thermophysical properties, namely
liquidus, solidus and complete dissolution temperatures, by about 50°C
higher than for the standard heat-resistant nickel alloy CM88Y.

2. EXPERIMENTAL/THEORETICAL DETAILS

Five samples of experimental alloy and known industrial alloy CM88Y
[6, 27-29] were investigated. The chemical composition of the samples
of experimental alloys is shown in Table 1.
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TABLE 1. Chemical composition of nickel-based heat-resistant alloys.

Heat-resistant alloy

analog, weight % Experimental heat-resistant alloys, weight %
5 0

CM88Y 1 2 3 4 5
C 0.07 0.05 0.05 0.05 0.04 0.05
Cr 15.8 12.75 12.75 12.75 12.30 12.75
Co 11.7 7.15 7.15 7.15 7.15 7.15
Mo 1.96 1.15 1.15 1.15 1.15 1.15
w 5.30 6.30 6.30 6.30 6.30 6.30
Al 3.00 3.25 3.25 3.25 3.25 3.25
Ti 4.60 2.20 3.60 2.05 2.05 2.05
Nb 0.15 0.30 0.30 0.30 0.30 0.30
Hf 0.3 <0.1 <0,1 <0.1 <0.1 <0.1
Ta - 2.75 2.75 3.30 2.75 3.30
Re - 4.00 4.00 4.00 4.00 4.00
B 0.09 0.01 0.01 0.01 0.01 0.01

To obtain prototypes of the heat-resistant alloys, which were pre-
melted from pure materials, that were melted by vacuum-induction
remelting on a foundry unit UPPF-2 by known technology (pressure in
the furnace of 1.2-2.5Pa, pouring temperature in the mould of
1560-1580°C, mould temperature of 800°C).

Determination of the number of main components of alloys and im-
purities was performed by the chemical method according to standard
methods, microdoping additives were controlled by chemical-spectral
method with a relative error of £0.001%. To study the structure, phase
and local chemical composition of the alloy used a scanning electron
microscope ‘Jeol JSM6490LV’ (Japan) with an additional node for mi-
cro-x-ray analysis ‘Oxford Jnea Drycool’.

Temperatures of phase transformations, T's, T, T..q. (complete disso-
lution of the y'-phase), were determined by differential scanning calori-
metric (DSC). The studies were performed on a high-precision synchro-
nous thermal analyser Netzsh STA449C (Germany) under heating and
cooling at a rate of 20°C/min samples of alloys with a size of 2.8x2.8x2.8
mm?. The accuracy of temperature measurement is of +1.5°C.

3. RESULTS AND DISCUSSION
3.1. Study of the Microstructure of Alloy Samples in the Cast State

The structure, phase composition of CM88Y alloys and alloy doped with
rhenium and tantalum and their chemical composition depending on the
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content of refractory elements are shown in Figs. 1, 2. It is seen that the
alloys have a dendritic—cellular structure consisting of y-solid solution
strengthening y'-phase and carbides. The structure of CM88Y contains
carbides Me(Cr, Fe, W, Mo)23Cs and carbides MeC based on Ti and Nb.
When studying the structure of the experimental alloy, it is seen
that eutectic carbide formations of different sizes and shapes are lo-
cated at the boundaries of dendritic cells and in the axial space. Re-
fractory chemical elements of the alloy (W, Re) are located in the axes
of the dendrites, and Ta, Al, Nb, Ti—enrich the cell boundaries. Rhe-
nium is absent at the boundaries of the dendritic cell. It is mainly part
of the y-phase, and tantalum is mainly doped with the y’-phase (Fig. 3).

3.2. Determination of Temperature Conditions of Phase Transitions in
Heat-Resistant Alloy

For five samples of the experimental alloy and the known industrial
alloy CM88Y were determined the main temperatures of phase trans-
formations: temperatures of solidus, liquidus, solvus (complete disso-
lution) (T..qa.) of y-phases). The shift of the level of values of critical
points (T's, T¢) in the direction of increase, from temperature 1271°C,

Element | Weight,% | Atomic,%

AlK 2.91 6.21
TiK 4.86 5.83
CrK 15.93 17.60
CoK 12.18 11.88
NiK 57.08 55.86
NbL 0.00 0.00
MoL 1.48 0.88
WM 5.56 1.74

Totals 100.00

Electron Image 1

400 pm
Element [Weight, %|Atomic, %

AlK 0.00 0.00

TiK 50.06 72.50

CrK 1.05 1.40

CoK 0.69 0.81

T NiK 2.87 3.39

NbL 6.80 5.08

MoL 6.58 4.76

WM 31.95 12.06

Electron Image 1 Totals 100.00

10 um

Fig. 1. Microstructures and chemical composition of heat-resistant alloy
CMB88Y phase: microstructure (a); carbide MeC (b).
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Element |[Weight, %|Atomic, %

AlK 3.25 7.41
TiK 1.84 2.36
CrK 13.39 15.81
CoK 7.00 7.29
NiK 58.70 61.39
NbL 0.00 0.00
MoL 1.51 0.97
TaM 2.61 0.85
WM 7.85 2.62
Ecton mme 1 ReM 3.95 1.30

400 um
Totals 100.00

Element |Weight, %|Atomic, %

AlK 0.00 0.00

TiK 17.12 37.90

CrK 1.69 3.45

CoK 0.82 1.47

T NiK 3.76 6.79

5 NbL 7.47 8.53
MoL 2.82 3.12

S TaM 54.16  31.73
k, WM 12.15 7.00
- ReM 0.00 0.00

60 um Electron Image 1

Totals 100.00
Element |Weight, %|Atomic, %

AlK 0.00 0.00
TiK 16.51  34.73
Crk 2.65 5.13
NiK 8.89 15.26
NbL 6.81 7.39
MoL 2.66 2.79
TaM 51.85  28.87
WM 10.62 5.82
S I e B8 O ReM 0.00 0.00
20/ | Totals  100.00

Fig. 2. Microstructures and chemical composition of experimental heat-
resistant alloy phase: microstructure and Ti-based carbides (a), carbide MeC
(b, ¢).

1332°C to 1326°C, 1385°C, respectively, at introduction of rhenium
and tantalum (Table 2) is established.

This is a confirmation of the fact of the positive effect of these ele-
ments on the temperature threshold of dissolution of the reinforcing y'-
phase of Nis(Al, Ti) and determines the increase in the temperature lev-
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Element |Weight, %|Atomic, %

AlK 2.68 6.28
TiK 0.91 1.20
CrK 13.49 16.43
CoK 7.72 8.30
NiK 56.64 61.08
NbL 0.00 0.00
MoL 1.07 0.71
WM 1.56 0.55

Totals 100.00
Element |Weight, %|Atomic, %

Electron Image 1

400 pum

AlK 3.42 7.44
TiK 2.90 3.55
CrK 13.68 15.43
CoK 7.22 7.18
NiK 62.38 62.32
NbL 0.82 0.52
MoL 1.67 1.02
TaM 2.22 0.72
WM 5.69 1.82
Eiecton mage ReM 0.00 0.00

400 pm
Totals 100.00

Fig. 3. Microstructure and chemical composition of the experimental alloy
(sample 5) in the axes of the dendrite (a) and at the cell border (b).

el of the alloy containing rhenium and tantalum [17]. In comparison
with temperatures for CM88Y, the data obtained for it are 50°C higher.

Figures 4-6 show the DSC curves and their derivatives during heat-
ing and cooling of an industrial alloy and two samples of alloys contain-
ing rhenium and tantalum (No. 1, No. 5). DSC curves show exothermic
and endothermic peaks of reactions in samples during heating and
cooling. At all dependences there is a peak in the temperature range
from 570°C to 610°C, which is due to the processes of close ordering of
chromium atoms in solid solution. As Cr in the alloy decreases, this
peak shifts toward a higher temperature.

TABLE 2. Phase-transition temperatures of nickel-based heat-resistant alloys.

Temperature of Experimental heat-resistant alloy CM88]Y
phase transitions 1 2 3 4 5
Ts, °C 1313 1313 1326 1326 1331 1271
T, °C 1372 1372 1376 1376 1387 1332

T'solvus, °C 1158 1162 1174 1174 1172 1180
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Fig. 4. Differential scanning calorimetry (DSC)—curves (1) and derivatives of
them (2) alloy CM88Y: heating (a), cooling (b).

The intense peak on the DSC curve at 840°C (on a sample CM88Y)
and on experimental samples—at 876°C (sample 1) and at 806°C (sam-
ple 5) during heating corresponds to the initial processes of dissolution
of the y'-phase in solid solution, and in the range up to 1100°C there is
dissolution of y'-particles having bimodal size distribution and coagu-
lation process y'-particles.

The study of thermal effects when heating the alloy CM88Y and al-
loys No. 1, No. 5 showed that the intense dissolution of the y'-phase is
carried out at 7=1140°C and complete dissolution of the y’-phase in
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Fig. 5. Differential scanning calorimetry (DSC)—curves (1) and derivatives of
them (2) experimental heat-resistant alloy (sample 1): heating (a), cooling (b).

solid solution occurs at T'=1190°C, 1220°C and 1240°C, respectively.
The maximum dissolution rate of the y'-phase in solid solution for al-
loys CM88Y and No. 1, No. 5 corresponds to temperatures of 1165°C,
1165°C, 1164°C, respectively.

In the process of cooling the alloy samples from a temperature of
1250°C, an exothermic reaction is observed on the DSC curves, which
indicates the beginning of the decay of the y-solid solution with the
formation of y'-phase particles. The maximum of intense heat release
during the decay of the y-phase corresponds to alloys and temperatures
of 1106°C, 1086°C, 1107°C, respectively. Also on the DSC curves,
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Fig. 6. Differential scanning calorimetry (DSC)—curves (1) and derivatives of
them (2) experimental heat-resistant alloy (sample 5): heating (a), cooling (b).

there are small peaks that are associated with the release of carbides
MeC and Me23Cg. The temperature of the phase transitions in the alloys
was determined from DSC curves and their derivatives—differential
curves (dDSC) (Table 3).

3.3. Microstructure and Chemical Composition of the Phases of the
Studied Samples of Heat-Resistant Alloys in the Annealed State

After heating to a temperature of 1250°C, the structure of the alloys
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TABLE 3. Temperature of phase transitions of nickel-based heat-resistant
alloys.

heat-resistant alloys

Phase transformation temperature, °C CMS8Y experimental
No.1 | No.5
Strengthening atoms Cr on y-phase 593 618 606
Dissolution of Me23Cg carbides in an alloys 950 950 950
ap preheated to 950°C 1040 1031 1086
% The beginning of intense dissolution y'- 1140 1140 1150
S phase
T Maximum dissolution rate y'-phase 1165 1165 1164
Complete dissolution of the y'-phase 1190 1224 1236
Melting of nonequilibrium eutectic (y +y’) 1231 1243 1243
Formation of Me23Ce carbides 1153 1180 1180
%;) g}lllzsk;eginning of the formation of the y'- 1140 1160 1150

8 The maximum amount of y'-phase formed

Q

© during the decay of y-solid solution 1106 1008 1106
Carbide formation interval Mey3Cs 1050-900 1060-900 1060-900

has not changed. For the CM88Y alloy, it consists of a matrix (y+7v')
component with carbides MeC based on Ti, Nb and carbides of the
Me(Cr, Fe, W, MO)2306 (Fig. 7).

In samples of other alloys, carbides based on Ta are formed, and Re
is not part of carbides (Figs. 8, 9).

In the analysis of the structures of the investigated samples after
heating in the calorimeter to 1250°C, TCP-phases in the alloy contain-
ing rhenium and tantalum were not formed.

Doping of alloys with tantalum and rhenium, as well as reduction of
chromium in them significantly increase the thermal stability of the y'-
phase. At the same time, T.q4. for y'-phase increases by =50°C to the
value of 1220°C. In addition, the dissolution temperature of the
nonequilibrium (y+7v') eutectic (Tew) increases to 1245°C, due to the
low partition coefficient (Kge,» = 0.1) for Re in the y-solid solution, and
Ta—y'-phase. As a result, the coagulation of the reinforcing particles
of the y'-phase proceeds slowly, respectively, and less intense is the
weakening of the alloy.

In the structure of CM88Y there are carbides Me2;Cs based on Cr, W
and MeC based on Ti.

It can be seen in Figs. 7-9 that the alloys have a dendritic-cellular
structure consisting of a y-solid solution, a strengthening y'-phase and
carbides.

Thus, from the photo of the structure of alloys doped with rhenium
and tantalum, it can be seen that carbide formations of different sizes
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Element | Weight,% | Atomic,%

AlK 2.81 6.02
TiK 4.68 5.66
CrK 15.40 17.14
CoK 11.59 11.39
NiK 57.47 56.68
NbL 0.00 0.00
MoL 2.01 1.21
WM 6.05 1.90

400 u Totals 100.00

Electron Image 1
Element |Weight, %|Atomic, %
AlK 0.56 1.48
TiK 3.96 5.94
CrK 31.99 44.17
CoK 4.88 5.94
NiK 17.66 21.59
NbL 0.00 0.00
MoL 13.67 10.23

WM 27.28 10.65
Totals 100.00

Electron Image 1

60 um

Fig.7. Microstructure and chemical composition of heat-resistant alloy
CM88Y phases after heating to temperature 1250°C: (y + y')-phase + carbides
(a), carbide Mez3Cq (D).

and shapes are located at the boundaries of dendritic cells and in the
axial space. Carbides are formed on the basis of a strong carbide-
forming element—tantalum.

Refractory chemical elements of the alloy (W, Re) are located in the
axes of the dendrites, and Ta, Al, Nb, Ti—enrich the cell boundaries.
Rhenium is absent at the boundaries of the dendritic cell. It is mainly
part of the y-phase.

As a result of analysis of experimental data and literature sources
[29-31] on temperatures and kinetics of phase transformations, the
following mode of heat treatment of the experimental alloy was cho-
sen: homogenization 1220°C, holding 4 hours, cooling with argon at a
rate of 60—80°C/min; 1050°C, 6 hours, cooling in vacuum at a residual
pressure of 0.133-0.00133 Pa; 870°C, 20 hours, cooling to room tem-
perature in a dynamic vacuum for at least 80 minutes.

4. CONCLUSION

As a result of the conducted research, the temperatures of phase trans-
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Element |Weight, %|Atomic, %

AlK 3.08 7.02
TiK 2.12 2.72
CrK 12.97  15.32
CoK 7.07 7.36
NiK 59.44  62.18
NbL 0.00 0.00
MoL 0.96 0.61
TaM 2.55 0.87
WM 7.09 2.37
400 um | S ReM 4.73 1.56

Totals 100.00
Element |Weight, %|Atomic, %

AlK 0.52 1.72

TiK 13.95 26.07

CrK 5.34 9.20

7 CoK 2.12 3.22

T NiK 17.51 26.69

NbL 4.74 4.56

MoL 2.33 2.18

TaM 40.65 20.11

WM 12.84 6.25

—_IW Electron Image 1 ReM 0.00 0.00

Totals 100.00

Fig. 8. Microstructure and chemical composition of experimental heat-
resistant alloy phases (sample 1) after heating to temperature 1250°C: (y + y')-
phase + carbides (a), carbide Me23Ce (b).

formations were established: solidus, liquidus, beginning (T%.,) and
complete dissolution (7T..a,) of the y'-phase in y-solid solution, melting
of nonequilibrium (y +7v') eutectic (Tew:) and dissolution of carbides. In
the analysis of the structures of the studied samples after heating and
cooling to 1250°C, the TCP phase was not observed.

Doping of alloys with rhenium and tantalum (the proposed alloy), as
well as the reduction of chromium in them significantly increase the
thermal stability of the y'-phase: T..qy increases by = 50°C to 1220°C.
At the same time, the melting temperature of the nonequilibrium
(y+7'") eutectic (Teut) increases to 1245°C.

Rhenium is mainly doping the y-solid solution, and tantalum the y’'-
phase. As a result, the coagulation of the reinforcing particles of the y'-
phase proceeds slowly, respectively, and the alloy is softened less in-
tensively.

For a new heat-resistant Nickel alloy doped with Ta and Re, the ho-
mogenization temperature is of *1220°C, and the heat-treatment in-
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Element |Weight, %|Atomic, %

AlK 3.51 7.89
TiK 2.27 2.88
CrK 12.70 14.82
CoK 7.52 7.75
NiK 59.72 61.75
NbL 0.00 0.00
MoL 0.63 0.40
TaM 2.32 0.78
WM 7.53 2.49
400 pm Electron Image 1 ReM 3.81 1.24
Totals 100.00

Element |Weight, %|Atomic, %

AlK 0.00 0.00
TiK 17.85 38.15
CrK 1.60 3.15
CoK 0.91 1.58
NiK 4.99 8.69
NbL 9.04 9.96
MoL 2,92 3.11
TaM 52.85 29.89
WM 9.84 5.48
Eiecton mage ReM 0.00 0.00

6 um
Totals 100.00

Fig. 9. Microstructure and chemical composition of experimental heat-
resistant alloy phases (sample 5) after heating to temperature 1250°C: (y + y')-
phase + carbides (a); carbide MeC (b).

terval (AT = Teuty — Tec.a.y) is of = 15°C, respectively.

REFERENCES

1. B. Paton, A. Khalatov, D. Kostenko, B. Bileka, O. Pismenyi, A. Bocula,
V. Parafiinyk and V. Koniakhin, Visn.Nats. Acad. Nauk Ukr., 4, No. 4: 3 (2008)
(in Ukrainian).

2. Ch. T. Sims and W. C. Hagel, Supersplavy [Superalloys] (Moskva: Metallurgiya:
2004) (Russian translation).

3. A. 1. Balitskii, Y. H. Kvasnitska, L. M. Ivaskevich, and H. P. Mialnitsa, Arch.
Mater. Sci. Eng., 91, Iss. 1: 5(2018).

4. K. Harris and J. B. Wahl, Mater. Sci. Techn., 25, Iss. 2: 147 (2009).

5. A. 1. Balyts’kyi, Y. H. Kvasnyts’ka, L. M. Ivas’kevich, and H. P. Myal’nitsa,
Mater. Sci., 54: 230 (2018).

6. J.B. Wahl and K. Harris, Proc. of Symp. ‘Superalloys 2016’ (Sept.11-15,2016 )
(Seven Springs, Pensilvania: TMS: 2016), p.25.


https://doi.org/10.15407/visn
https://doi.org/10.5604/01/3001/0012/1380
https://doi.org/10.5604/01/3001/0012/1380
https://doi.org/10.1179/174328408X355442
https://doi.org/10.1007/s11003-018-0178-z
https://doi.org/10.1002/9781119075646
https://doi.org/10.1002/9781119075646

INFLUENCE OF REFRACTORY ELEMENTS ON PHASE-STRUCTURAL STABILITY 991

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

A. Khalatov, K. A. Yushchenko, B. V. Isakov, Yu. Ya. Dashevskyi, and
P. Shevtsov, Visn. Nats. Acad. Nauk Ukr., 12: 40 (2013) (in Ukrainian).

P. Kuznetsov, V. P. Lesnikov, I. P. Konakova, N. A. Popov,

G. Kvasnitskaya, Met. Sci. Heat Treatm., 57, Nos. 7-8: 503 (2015).

I. Tsivirko, P. D. Zhemanyuk, V. V. Klochikhin, V. V. Naumik, and

V. Lunev, Met. Sci. Heat Treatm., 43: 382 (2001).

Tavrin and E. Kolesnik, Sist. Ozb. Vis. Tech., No. 1(61): 67 (2020) (in Ukrain-
ian).

G. I. Morozova, O. B. Timofeeva, and N. V. Petrushin, Met. Sci. Heat Treatm.,
51:62(2009).

H. Hino, Y. Yoshioka, and K. Nagata, Proc. of Conf. ‘High Temperature Mate-
rials for Power Engineering’ (1998) (Liege—Julich: Forschungszentrum Gmbh:
1998), p. 1129.

X.Wu, S. K. Makineni, C. H. Liebscher, G. Dehm, and J. R. Mianroodi, Nat.
Commaun., 11: 389 (2020).

E. N. Kablov and N. V. Petrushin, Proc. of 11Int.Symp. ‘Superalloys 2008’
(Sept.14-18, 2008 ) (Champion, Pensilvania: TMS: 2008), p. 901.

V. N. Toloraia, N. H. Orekhov, and E. N. Chuvarova, Lit. Proizv., 6, No. 6: 16
(2012) (in Russian).

J. Lapin, M. Gebura, T. Pelachova, and M. Nazmy, Kovove Mater., 46: 313
(2008).

A. V. Narivskii, I. I. Maksiuta, Y. H. Kvasnitskaya, and E. V. Michnyan, Elec-
trometall. Today, 4: 37 (2017).

V. E. Ol’shanetskii, A. A. Glotka, and V. V. Klochikhin, Funct. Mater., 28,

No. 2: 359 (2021).

V. P. Kuznetsov, V. P. Lesnykov, I. P. Konakova, and N. A. Popov, Met. Sci.
Heat Treatm., 52: 449 (2011).

A. Sato, H. Harada, and C. Yen, Proc. of 11Int. Symp. ‘Superalloys 2008’ (Sept.
14-18,2008) (Champion, Pensilvania: TMS: 2008), p. 131.

M. M. Cueto-Rodriguez, E. O. Avila-Davila, V. M. Lopez-Hirata, M. L. Saucedo-
Mucoz, L. M. Palacios-Pineda, L. G. Trapaga-Martinez, and J. M. Alvarado-
Orozco, Adv. Mater. Sci. Eng., 2018: 16 (2018).

A. Glotka and V. Olshanetskii, Acta Metallurgica Slovaca, 27, No. 2: 68 (2021).
S. T. Kishkin, Sozdanie, Issledovanie i Primenenie Zharoprochnykh Splavov:
Izbrannye Trudy (k 100-Letiyu so Dnia Rozhdeniya ) [Creation, Research and
Application of Heat-Resistant Alloys: Selected Works (to the 100th Anniver-
sary of Birth)] (Moskva: Nauka: 2006) (in Russian).

V. Kvasnytskyi, V. Korzhyk, V. Kvasnytskyi, H. Mialnitsa, Chunlin Dong,

T. Pryadko, M. Matviienko, and Y. Buturlia, East.-Eur.J. Enterp. Technol., 6,
No. 12: 6 (2020).

V. P. Kuznetsov, V. P. Lesnikov, M. S. Khadyev, I. P. Konakova, and

N. A. Popov, Met. Sci. Heat Treatm. Ment., 54, Nos. 1-2: 90 (2012).

D. Ma, M. Meyer Ter Vehn, P. Busse, and P. R. Sahm, Proc. of Symp. ‘Advanced
Materials and Processes’.J. Phys. IV France, 3: 339 (1993).

E. V. Monastyrskaia, H. I. Morozova, and Yu. B. Vlasov, Met. Sci. Heat. Treat.,
48: 368 (2006).

Yu. H. Kvasnytska, O. V. Kliass, V. A. Kreshchenko, H. P. Mialnitsa, and

0. Yo. Shynskyi, Zharomitsnyy Koroziynostiykyy Splav na Nikeleviy Osnovi
dlya Lopatok Hazoturbinnykh Dvyhuniv [Heat-Resistant Corrosion-Resistant

A.
A.
V.
Y.
E.
V.
V.


https://doi.org/10.1007/s11041-015-9912-4
https://doi.org/10.1023/A:1013648719105
https://doi.org/10.30748/soivt.2020.61.08
https://doi.org/10.1007/s11041-009-9118-8
https://doi.org/10.1007/s11041-009-9118-8
https://doi.org/10.1038/s41467-019-14062-9
https://doi.org/10.1038/s41467-019-14062-9
https://www.tms.org/Superalloys/10.7449/2008/Superalloys_2008_901_909.pdf
https://www.tms.org/Superalloys/10.7449/2008/Superalloys_2008_901_909.pdf
https://doi.org/10.15407/sem2017.04.05
https://doi.org/10.15407/sem2017.04.05
https://doi.org/10.15407/fm28.02.359
https://doi.org/10.15407/fm28.02.359
https://doi.org/10.1007/s11041-010-9307-5
https://doi.org/10.1007/s11041-010-9307-5
https://www.tms.org/Superalloys/10.7449/2008/Superalloys_2008_131_138.pdf
https://www.tms.org/Superalloys/10.7449/2008/Superalloys_2008_131_138.pdf
https://doi.org/10.1155/2018/4535732
https://doi.org/10.36547/ams.27.2.813
https://doi.org/10.15587/1729-4061.2020.217819
https://doi.org/10.15587/1729-4061.2020.217819
https://doi.org/10.1007/s11041-012-9462-y
https://doi.org/10.1051/jp4:1993751
https://doi.org/10.1051/jp4:1993751
https://doi.org/10.1007/s11041-006-0101-3
https://doi.org/10.1007/s11041-006-0101-3

992 Yu. H. KVASNYTSKA, I. A. SHALEVSKA, A. I. BALITSKII et al.

Nickel-Based Alloy for Gas Turbine Engine Blades]: Patent 110529 UA. MPK
C22C19/05,19/03,19/00 (Bul., 1) (2016) (in Ukrainian).

29. Y. H. Kvasnytska, L. M. Ivaskevych, O. I. Balytskyi, I. I. Maksyuta, and
H. P. Myalnitsa, Mater. Sci., 56: 432 (2020).

30. E.N.Kablov, Lityye Lopatki Hazoturbinnykh Dvihateley (Splavy, Tekhnologii,
Pokrytiya ) [Cast Blades of Gas Turbine Engines (Alloys, Ttechnology, Coat-
ings)] (Moskva: MISiS: 2001) (in Russian).

31. 0. I. Balitskii, Yu. H. Kvasnytska, L. M. Ivaskevych, H. P. Mialnitsa, and
K. H. Kvasnytska, Mater. Sci., 57: 475 (2022).


https://doi.org/10.1007/s11003-020-00447-5
https://doi.org/10.1007/s11003-022-00568-z

Metallophysics and Advanced Technologies © 2028 G. V. Kurdyumov Institute for Metal Physics,

Memanogi3. HOBIMHI MeXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2023, vol. 45, No. 8, pp. 993-1014 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407/mfint.45.08.993 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACSnumbers: 06.60.Vz, 46.55.+d, 68.37.Hk, 81.15.-z, 81.20.Wk, 81.40.Pq, 81.65.Lp

MexaHiuHe 00pPO0JIEHHS THTAHOBHUX CTOIIIB TBEPIOCTOITHUM
pi3ajJIbHUM iHCTPYMEHTOM 3 BAKYYMHO-TYTOBUMH HiTPUIHUMH
MOKPUTTAMYU Ha OCHOBi Bosrb(ppamy

I. B. Cepaok®, B. O. Cronbosuii’, B. Bymua™, P. B. Kpusomranka®,
Pewmi Jlemap™, Pomen Boarep™
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ITomryk BiAmOBiZHWX IMOKPUTTIB AJIA pisaJbHUX iHCTPYMEHTIB Ma€ BaKJIUBE
3HAUYEHHA [JIA IiJIBUINEHHA 3HOCOCTIMKOCTM iHCTPYMEHTY Ta TAaKUM UYUHOM
oJlep:KaHHA JIiNMIoi IIepCTKOCTH IIOBEPXHiI 0O0pOOJIEeHMX 3aroTOBOK i HigBu-
IMIeHHA NPOAYKTUBHOCTH. BUMOTHY [0 IIOKPUTTS IOJATAIOTh HE TiJIBKU B HOTO
MeXaHIYHMX i MIiIIHiCHMX BJIACTHBOCTAX, a ¥ y MOro pearyBaHHI Ha HaBaHTa-
JKeHHs IIiJ yac MeXaHiuHOTo OOpOOJIAHHA Ta HA IIEeBHUI BIJIUB 3HONIYBAHHSI.
J s po3IIupeHHA yABIEHD IIPO ABUINA TA MeXaHi3MU 3HOIITYBAHHA BAKYYMHO-
IYyTrOBUX IIOKPUTTIB Ha OCHOBi BOJIb(ppaMy Ha pisalbHOMY iHCTPYMEHTi 3 Kap-
6iny Bosbdpamy mig uac MmexaHiuHOr0o 00po06IeHHA TUTAHOBOrO cTommy Ti—6Al—
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4V Oynu omepskaHi, MOCIHTiAKeHi Ta NMPOMUIILIM BUIIPOOYBAaHHA HAa TOKAPHOMY
Bepcrati SMT 500 Swedturn 3 BukopucrTanaaM 8% -MaCIAHOBOLAHOIL eMYIbCil
3a Tucky y 10 6ap BakyymuO-Ayrosi mokpurrs W-N, W-Zr—-N, W-Nb—-N,
W-Cr—N, W-Mo—N, W-TiSi—N, W-TiAlYCr—N. ByJio BCTaHOBJIEHO IeKi-
JbKa OCHOBHHMX MeXaHi3MiB 3HOIITYBaHHA Ta IXHiIM BOJIMB Ha TeOMETPil0 BaKy-
YMHO-IYTOBUX IIOKPUTTIB, a TAKOXK YNHHUKMU, 1110 BILIMBAIOTH HA IIiABUIEHHSA
eKCILTyaTal[ifHUX BJIACTUBOCTEH iHCTPYMEHTY .

KarouoBi ciioBa: BaKyyMHO-IYTI'0OBi MOKPUTTSA, PisaJbHUMA iHCTPYMEHT HA OCHO-
Bi Kapb6imy Bombhpamy, MexaHisMu 3HOITYBaHHS, OOPOOJEHHS THUTAHOBUX
CTOIIiB, 3HOCOCTifIKiCTb.

Finding the right coatings for cutting tools is essential in order to increase
the tool wear resistance and, thus, to get better surface roughness for the
machined workpieces, and to improve productivity. A coating requirements
are not only its mechanical and strength properties, but also its response to a
given load and a given wear exposure. To expand ideas about the phenomena
and mechanisms of wear of tungsten-based vacuum-arc coatings on the ce-
mented carbides-based cutting tools during mechanical processing of titani-
um alloy Ti—6A1-4V, vacuum-arc W—N, W-Zr—-N, W—-Nb—N, W-Cr-N, W—
Mo—N, W-TiSi—N, W-TiAlYCr—N coatings are obtained, investigated and
tested on the CNC turning machine SMT 500 Swedturn with use of 8% -oil—
water emulsion under pressure of 10 bars. Several main wear mechanisms
and their influence on the geometry of vacuum-arc coatings are established,
and factors influencing on the improvement of the operational properties of
the tool are investigated.

Key words: vacuum-arc coatings, cemented carbides-based cutting tools,
wear mechanisms, machining of titanium alloys, wear resistance.

Ompumano 8 cepnrnsa 2023 p.; ocmamoun. gapisnm —20 cepnus 2023 p.

1. BCTYII

CTBOpeHHS I YAOCKOHAJIEHHS HOBUX MaTepPisjiB i cTOIIiB, IIT0 BUKOPHC-
TOBYIOTBCA ¥ CKJIAIHUX a00 eKCTpeMaJbHUX YMOBAX, CTaBJIATH HOBIi 3a-
BIAaHHS IJIs1 PO3POOKU 3HOCOCTIHKNX, TEPMOCTAOIIbHUX, HOBTOBIiUHUIX
iHCTPYMEHTIB /151 IXHBOT'O MeXaHiuHoro o6pobieHHsa. OOHUM 3 IPUKJIA-
IiB TaKUX TAMKKOOOPOOJIIOBAHMX MaTepiAaiB € TuTaH i #oro cromu. 3a-
BIOSKYM CBOIM XeMiuHMM i ()i3sMUYHUM BJIACTHUBOCTAM BOHU BUKOPUCTOBY-
IOThCSA He TiJIbKHU Yy AKOCTI TeXHIYHNX KOMIOHEHTiB aepOKOCMiUHOI Tex-
HiKM (IMCKU Ta JIONATKU KOMIIpecopa, AeTaJli MoBiTpo30ipHUKa, KOPITY-
cHi Ta KpinunabHi geraJi romro) [1, 2], ane i1 1 BUTOTOBJIEHHS iMILJIaH-
TiB i mpoTesiB y meguiinui [3—6]. Kpim Toro, TuTaH i ioro cTomnu 3HAKNIII-
JIV IIITPOKE 3aCTOCYBAHHSA Y METANyPrii, BoeHHi# i XeMiuHi# mpoMuco-
BOCTSAX, CYAHOILIABCTRI, y eJIeKTPo- Ta pamioTexHimi [7, 8]. OcHoBHUMH
IepeBaraMy TUTAHY Ta HOr0 CTOIIB € HeBeJuKa ryctuHa (= 4,5 r/cm?),
BHCOKA KOpPO3iliHa CTifKicTh (BUINlA, Hi*K Y MiTHUX CTOMNiB, Y MOPChKil
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BOZi Ta iHINIMX aTr'PEeCUBHUX CEePeIOBUINAX); BOHU He CXUJIbHI 10 JIJaMKOC-
TH Ta 30epiraloTh MeXaHiuHi BJaCTUBOCTI HABIiTh 3a Ay Ke HU3LKIX TEM-
nepatyp [9, 10]. [leaki cronu TuTaHy MalOTh XOPOIIIi KapoOMiIlHi Biac-
THBOCTi. Bricoka KopoaiiiHa CTifiKicTh TUTaHy Ta HOT0 CTOIIiB, 0CODINBO IO
OiosoriuHMX PiAVH, AKUMU € KPOB i JiMda, 3yMOBUJIN BHUCOKi GioiHepTHi
BJIACTUBOCTi Ta GiocyMmicHicTh mux marepisiais. Ilig uac sHaxomxeHHA B
OpraHiaMi JIOJVMHU Ha IIOBEPXHi TUTAHY TPOTATOM MiTiceKyHA (OPMYETH-
cs imepTHA oKcuHA ILTiBKA (Ha ocHOBI TiO:) saBToBmkn y 10-100 A, sxa
CJIYKUTHL 0ap’€poM IJIs IIOJAJIBIIIOL B3a€MO/il 3 TKAHMHOIO Ta UMHUTD OIIip
MexXaHiuHil, XxeMiuHil Ta eneKTpoxeMiunii merpazarii [11]. Tomy turan i
H0OTr0 CTOITY BUKOPMCTOBYIOTHCS JIJIsI BUTOTOBJICHHS iIMILJIAHTIB, HATKiCTKO-
BuX (hikcaTopis, A3epKaJj, pAaHOPO3IINPIOBAUiB, IIBAXiB AJIA OCTEOCUHTE3MN,
a TaKOXK iHCTPYMEHTIB JJIa pisHUX obsacTreil Xipypriunoi mexuriuam [12—
14].

Bci i mepeBaru 3yMOBJIIOIOTE IITMPOKE 3aCTOCYBAHHA TUTAHY Ta MO0
CTOIIiB, ajie OLHUM 3 MOro I'oJIOBHUX HEJOJiKiB € mmorama MexaHiuHa 00-
pobaroBaHicTh, 30KpeMa pizamuam [15], 1110 cmoBiabHIOE BITPOBAIKEHH ST
TUTAHY Ta MOro CTOIIiB Y iHIIi chepu dKUTTENIATBHOCTH.

CximamHicTh MexaHiuHOTO OO0OpOOJEeHHsS THTAaHYy Ta MOro CTOIIiB
oB’sA3aHa 31 CXMJIBHICTIO O KOHTAKTHOT'O CXOILTIOBAHHS uepe3 IXHIO
XeMiuHy/KPUCTATIUHY CIOPigHeHiCcTh 3 OinbIicTIO MaTepiaaiB Ama iH-
CTPYMEHTY 3a BUCOKUX TeMmepaTyp. lle mocuioeTbca HU3bKOIO TEILIO-
IIPOBiAHICTIO TUTAHY, ITIO IIPU3BOAUTE A0 AY:K€ BUCOKUX TeMIIEpaTyp V
30Hi pisaHHA Ta IysKe BeJMKHUX I'DAJIiEHTIB TeMIlepaTypu BCepearHi iH-
ctpyMmeHTy. Koau 1i XxapaKTepuCTUKY IMIOETHYIOTHCSI 3 BUCOKOIO TBEPIi-
CTIO Ta MIIIHICTIO iHCTPYMEHTY 3a BHCOKOI TeMIlepaTypu, IMIPOAYKTUB-
HicTh MeXaHIuHOT0 00PO0JIeHHA TUTAHY AV Ke IMIOHMKYEThCS.

Ha manwuit yac y BupinmrenHi mpobjgeMu o6poOJIOBAHOCTH TUTAHY Ta
MOT0 CTOIiB MOJKHA BHUALJIWTH JBAa OCHOBHI ITiAXOAMW B 3aJIEKHOCTL Bif
METOLIiB MeXaHiuHOTro o0po0JeHHA — abpas3uBHI MeTOAM Ta pis3aHud.
Tax, mpobaeMy He3aqOBiJIbHOI 00POOJIIOBAHOCTH TUTAHY a0pPasUBHUMU
MeTOJaMM IIiJi Yac BUTOTOBJIEHHS CEPUUYHUX TOJOBOK EHIOIPOTE3iB
KYJIBIIIOBOTO CYyIJIo0a BUPIIIYIOTh 34CTOCYBAHHAM CHEIiSJILHUX iH-
CTPYMEHTIiB Ha OCHOBi a0pasMBHMX KOMIIO3MUTiB, IO MiCTATH B AKOCTI
aKTHUBHOTO KOMIIOHEHTa CUHTEeTNYH] giamanTu [16]. 3acTocyBaHHA cre-
MifAJBLHOI IOJipyBaJIbHOI IIACTH YMOMKJIMBUJIO OJEPsKaTH IIEPCTKiCTh
00pobeHoi moBepxHi Ha piBHi 0,04 MKM i 3a0e3meunTH BiICyTHICTD II1a-
P)KyBaHHA OiAMaHTaAMMU.

IIlo crocyeThCcA CKJIATHOCTH MeXaHiuHOTO OOpPOOJIeHHsS THUTAHY Ta
MOT0 CTOIIiB Pi3aHHAM, TO IIA 3ajada IIepeBaKHO BUPIMIyEThHCA 3aBAIAKHA
YIOCKOHAJIEHHIO PisaJIbHOTO iHCTPYMEHTY HIJIAXOM HaHECEHHS 3aXUC-
HUX MMOKPUTTIB, ITTO0 3a0€3IeUyIOTh 3MEHIIIeHHS KOHTAKTHOTO CXOILTIO-
BaHHA Mi’K 3aroTOBKOIO 3 THUTaHy I iHcTpymeHToM. PisHOMaHiTHiCTH
HasABHUX BaKYyMHO-IYyTOBUX ITOKPUTTIB JJis Pil3aJbHOTO iHCTPYMEHTY
Iae BeJIUKi MOMKJINBOCTI M1 gocaimsxeds [17—21]. Po3BUTOK 3aXMCHUX
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MOKPUTTIiB Ha PisaJbHOMY iHCTPYMEHTi BiJ OJHOKOMIIOHEHTHUX OO Oa-
raTomrapoBuX IIOKPUTTIB i MOKPUTTIB HA OCHOBI BUCOKOEHTPOHiMHMX
CTOMIiB IIPUBOAUTH 0 MiABUINEHHA IXHIiX (PisMKO-MeXaHIUHUX BJIACTU-
BOCT€I, 3HOCO- Ta TEPMOCTiMKOCTH, III0, B CBOIO UepTy, 30iabIIIye HALiN-
HicTb i pecypc pobotu iHcTpyMeHTyY. TaKuM umHOM, PO3poOKa Ta JOCJi-
IKeHHA HOBUX 3aXMCHUX BaKYYMHO-IYTOBUX MOKPUTTIB IJId pisajbHO-
ro iHCTPYMEHTY 3aJHUIIAETLCA JOCI aKTyaJbHUM i IIEePCIeKTUBHUM 3a-
BIAHHAM.

2. MATEPIAJIN TA METOAUKHN OJEP:KAHHA I JOCHIIEHHSA
BARYYMHO-AYTOBUX IITOKPUTTIB

IITupoxro Bimomi Ta 1o6pe BUBUEHI BAKYYMHO-IYTOBi HITPUIHI TOKPUTTS
Ha ocHOBi MmetaniB IV-VI rpyn rabauni Meungeneesa Ti, Zr, Cr, Mo, Nb
Ta iHIII MarTh BUCOKiI (pidMKO-MexaHiUHI XapaKTEepUCTUKU y PiBHUX
yMoBax 3acTtocyBanudd [22, 23]. Ane omHuM i3 ci1abKUX MiCIlb OJJHOKOM-
MOHEHTHUX IIOKPUTTIB € HEMOKJINBICTE BUKOPUCTAHHS ITiJ] Yac pPisaHHA
CTOITiB, IO BajKKO 0OpPOOJISAIOTHCA (HATPUKJIAL, TUTAHOBUX ab0 HiKJe-
Bux). CKJIamgHiCTh 3aCTOCYBAHHA TAKUX IOKPUTTIB ITOJATAE B oOMeske-
HUX TeIIO(pisMUYHMX MOMKJIMBOCTAX, a TAKOK Yy CTBOPEHHI B IIpoIieci
00pO0JIEHHS CTOIIIB CIIONYK IMIOKPUTTSA 3 MaTePisiiioM, 110 00pPO0IsIeThCA.
VY Toii ke yac BukopucTanua Boabdpamy B AKOCTi J0OaBKHM B TaKi IMOK-
puTTA Hajso 6 3MOry iCTOTHO 306iJBIINTH 3HOCOCTIHKiCTh iHCTPYMEHTY,
OiABUIMUTU TEIJIOCTINKICTh i MOHU3UTH PiBeHb B3a€EMOil MMOKPUTTA 3
00pOOJIIOBAaHUM MAaTepifAJoM uepe3d HU3LKY XEMiuHy aKTHBHICTb. AJe
OJlHi€I0 i3 CKJIaJHOCTEM 3aCTOCYBaHHA BOJIb()paMy € BUCOKA TeMIlepaTy-
pa TornenHd (= 3420°C [24]).

B mamwuit yac y JgiTepaTypi 3ycTpivaeThcsa MaJio BimomocTeil (eKcie-
PUMEHTAaJLHUX AAaHWX) IIPO BILIUB M00aBKM BoabhpamMy y BakyyMHO-
OyToBi MOKpUTTA. TOMY BUBUEHHS IIHOI0 MUTAHHS € aKTYAJILHUM i HoMYy
IIPUCBAYEHO TaHy CTATTIO.

BakyymMHO-AIyroBi HiTPUIHI IMOKPUTTA HA OCHOBI OKPEMUX MeTaJIiB
Mei—Mes—N (Me1=W, Mes;=Zr, Cr, Mo, Nb), a Takox 6araToKoMIo-
HEHTHI IOKPUTTS Ha OCHOBi cTOmiB Mei—Mewon— N (Me1=W, Mecon=
=TiSi, TiAlYCr) 6yiu Haneceni B MmogudikoBauiii yecranosii "BYJIAT-
6", cxemy SKOI IIpeacTaBIeHo Ha puc. 1.

B akocTi BunnapHuKiB BUKOPUCTOBYBAJINCA KATOAU 3 UNCTUX METaJIiB
BaKyyMHOI Tonku — Bosb(pam (BY 6e3 mpucamor), nmupkouiit (E100),
xpoMm (X99H1), moniomen (MYUBII), mio6iit (H61), a Tak0oK TBOKOMIIO-
HeHTHu# crou TiSi Ta yorupoxommoneuTHuit crorn TiAlYCr. Karogu 3
YNCTUX METaJIiB BUTOTOBJIAJINC 13 IPYTKiB AisgmMerpom y 60 Mmm.

B axocTi migkIagnHOK BUKOPHCTOBYBAJIM IIOJIIPOBAHI 3pas3ku 3 Heip-
skaBiftmoi kpuii 12X18HIT pisaux posmipiB aasa BusHaueHH (PisUKO-
MeXaHiuHuX i TpubGOJIOTIiYHUX BJIAaCTHUBOCTEll HMOKPUTTIB (puc. 2, a) Ta
3pas3K’ PisaJbHOTO iHCTPYMeHTY 3 Kapbigy Boabdpamy y KobanbTOBil
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Puc. 1. CxemaTuuHe 300pakeHHA BAKYYMHO-IYTOBOI YCTaHOBKY (BUI 3BEPXY).

Fig. 1. Schematic image of a vacuum-arc installation (top view).

matpuini WC—Co i3 gobasxamu TiC/TaC/NbC mjisa migBuilieHHA 3HOCO-
CTiKOCTH Ta 30iMbIITeHHA rapsauoi TBepaocTu (puc. 2, 0).

3pasku monepeaHbO IPOMUBAIN JYKHUM PO3UNHOM B YILTPA3BYKO-
Bif BaHHi, a motiMm Hedpacom C2-80/120. 3pa3Kkm po3TAIIIOBYBAJHU IIO
KOJIy Ha METaJIEBOMY IIiAKJaAUHKO-TPUMAaYi y BUIJIALL AUCKA OiAMET-
pom y 280 MM, 110 3HAXOAUWBCA Ha OJHOMY T'OPH30HTAJILHOMY PiBHI 3
BunapHukamu. CaMi BUIIapHUKHK po3TaIoBaHo mig kyrom 90° oguH 10
OIHOTO.

Ilepen HaHEeCEHHAM BaKyYMHO-IYT'OBOT'O IIOKPUTTSA BAKYYMHY KaMepy
3i spaskamu Bigkauysasum go Tucky P = 1,3:1073 Ila, micasa 4oro mposo-
IUJIV MOHHY OUMCTKY M aKTUBAIlil0 IOBEePXHi 3pas3KiB 6oMOapaAyBaHHIM
oHaMH1 MeTaJIiB 3a mocTiliHol Hanpyru Ha migkaaguamni —1100 B. IIpo-
Iec OUMINEHHA Ta HarpiBamua 3paskiB TpuBaB 10—15 xBuawmm, micas
YOTr0 HAHOCHUBCSA IiAIIIAP YKMCTOT'O MeTaJay abo CTOIIy AJA IOJIiIIIeHHS
aare3ilHUX BJIACTUBOCTEH IIOKPUTTS.

HawneceHHA HITPUAHUX BaKYYMHO-AYTOBUX MMOKPUTTIB Ha 3pas3Ky BU-
KOHYBAJIOCS IMIPOTATOM 1 TrOAMHYT 3a TUCKY a30Ty Y BAKYYMHil Kamepi y
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6

Puc. 2. ®ororpadii spaskis 3 Heip:kaBiiinoi kpuiii (a) Ta pisaabHOTO iHCTPYyMe-
HTY (0).

Fig. 2. Photographs of stainless steel samples (a) and the cutting tool (6).

0,73 Ila, mocTitinol HeraTuBHOI HaIpPyru Ha migkaaguxIili —150 B i moc-
TifiHOro obepTaHHA MiAKJAIWHKO-TpUMaua 3i mBuAKicTio y 12 00/XB.
Crpym ayru BosbGpPaMOBOTO BHUIIAPHMKA 3 MATHETHUM YTPUMAHHSIM
KaToaHol miamMu 6e3 (POKyCyBaHHS IJIa3MOBOTr0 MOTOKY cKiaazas 200 A,
AKNH 3a0e3leuyBaBCsd 30BHIIIHIM MOOLIBHHUM MHOTY:KHIM IiKepesioM
JKUBJEeHHA BUIapHukKa. /jida epeKTHBHOTO BUKOPUCTAHHA MaTepisaay
KaTonu Ta 30iibIieHHA BMicTy BoabdhpamMy y BaKyyMHO-IYTOBOMY ITOK-
puTTi 6yJ0 3aCTOCOBAaHO KOHCTPYKTUBHE PillleHHA BUKJIOUEHHSA KOTY-
KX BUTIAPHUKA, 1110 POKYyCye MaIasMoBuii MoTiK. Ile yMOKINBUIIO 3Me-
HITUTYU Bifggaib Mi:K BUODAapHUKOM (Bosabdpam) i 3paskamu g0 360 mm.
CrpyM ayru iHINIMX BUIAPHUKIB 3 ()OKYCYBaHHAM ILJIa3MOBOTO HMOTOKY
maraeTHUM noJyieM Hy, =5 mTia cranoBuB 80—110 A. Bignans Bix Bumap-
Hukis (Zr, Cr, Mo, Nb, TiSi, TiAlYCr) 1o oci moBOpoTy migKJIagUHKO-
TpumMaua ckjaagana 600 mm. {1 ycyHeHHS BILIUBY I YVHUKHEHHS YTBO-
PeHHA OKCUIHUX CIOJYK 3 BoabdpaMoM Ha IIOBEpPXHiIi BaKyyMHO-
IYTOBOTO IOKPUTTS, III0 BUHUKAIOTh B aTMOC(EPHUX YMOBAX IIiCJs BU-
JyYeHHs 3pasKiB 3 BaKYYMHOTO CepeIOBUINA, IPOTIATOM OCTaHHIX 5
XBUJINH IpPOIlecy HaHEeCEeHHSA BaKyyMHO-IyTOBOTO MOKPUTTS OyJIo 3aiiic-
HEeHO YTBOPEHHSA HITPUIHOTO MOKPUTTS HA OCHOBIi iHIIOro meramy Me;
(Zr, Cr, Mo, Nb) a6o crony M écron (M eécwon = TiSi, TiAlYCr). OpieHTOBHA
TOBIIIHA OCTAHHLOT'O 3aXMCHOTrO I1apy ckJaazae Big 210 am go 420 HM B
3aJIEKHOCTI Bil MaTepisany, 1110 0CaaKy€eThCHA.

HocmimxeHnHa (isMKO-MexaHIUYHMX XapaKTepUCTUK INOKPUTTIB Ha
3paskax 3 Heip:KaBifiHOI KpHUIli IPOBOAWIN METOAOM iHIEHTYBAHHS 3
BUKOpPHUCTAHHAM MiKpoTBepaomipa ITMT-3.

BunpoOyBaHHSA pisaibHOTO iHCTPYMEHTY 3 BAKYYMHO-IYTOBUMH IIOK-
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PUTTSAMU TPOBOININ Ha TOKAPHOMY BEPCTATi 3 UMCJIOBUM IIPOTPAMHUM
yupasaigaam (YIIY; CNC turning machine) SMT 500 Swedturn 3 Bu-
KopuctaHHAM 8% -MaCIAHOBOAAHOI eMyJIhCcil B SIKOCTL 0XOJOMKyBaua
3a Tucky y 10 6ap. B aKocTi 3aroToBKM, 1110 00p00JIIOBaacsa, BUKOPIC-
roByBasu TutaHoBuit crom Ti—6Al-4V (Ti64), Axkuii € ogHUM 3 Haii-
OiJIBINT TOIMMPEHNX THUTAHOBUX CTOIIB y Pi3HUX rajysdX: BiJ aepokoc-
MiuHOI TeXHiIKM (KOPIyCHI Ta KpimwmabHi meTasi, IMCKMU Ta JOHATKHU
KoMIIpecopa Ta iH.) 1o 6ioiHkeHepii (iMmIanTy Ta IpoTesun).

ITapameTrpu pidaHHA 3HAYHOIO MipoI0 BILIMBATUMYTH Ha TeMIlepaTyp-
Hi YyMOBM Ta THCK Ha IIOBEpPXHi iHCTpyMeHTy. 3asBUuail, UMM BHUIIE
HIBUAKICTEL pisamusa L. a00 HOBKMHA pisamusd [, TuM OijbIlle HaBaHTa-
JKeHHS Ha ITOBEPXHIO iHCTPYMEHTY Ta MOKPUTTSA i TUM BHUIIEe TEMIIEPATY-
pa ta tuck [25]. Taki yM0oBY MOKYTh BILIMHYTH Ha IIBUIKICTH 3HOIITY-
BaHHA iHCTPYMEHTY Ta #oro iHTeHcuBHicTh. 1 Toro, 11106 MaTH 3MOTY
NOpiBHIOBATHM 3HOC pPi3aJbHOTO iIHCTPYMEHTY 3 PiSHUMM BaKyyMHO-
IYTOBUMU TOKPHUTTAMM BUIPOOYBAaHHSA HA TOKAPHOMY CTaHKY 3
komi’orepauM KepyBanuaMm (CNC turning machine) nmposoguiau 3 Qpik-
COBaHUMHU ITapaMeTpaMu 0O0poOJIeHHS 3aroTOBKHU (puc. 3, a—~0): IMIBU-
KicTh pisanusa v, = 120 m/xB.; HaBaHTasKeHHa (mogaua) f = 0,15 mm/006;
ryinbuHa pisaHuda a, = 0,8 MM; foBKMHA 00p0o0aeHHA [ =40 M.

Iummri mapameTpu oOpoOIeHHSA, IO BifHOCATHLCA OO0 IPOIleCy TOUiHHS,
OyJau pospaxoBaHi 3 BUKOPHCTAHHAM IigMeTpa 3aroTOBKHU: HisiMeTep
d=80,8 MM; ochboBe 3MimmenHa z=23,2MM; IIBUAKICThE oOepTaHmHsd
®» =473 06/XB.; TpUBaAJiCTb MexaHiuHOTr0 00pobeHHs ¢t = 20 c.

Yepes oOMerkeHy JOBKUHY 3aTOTOBKIH, ITI0 YHEMOKJINBUJIO ITPOBECTH
BCci BUIpOOYBaHHA Ha OOJHOMY OisMeTpi, OyJI0o BUKOHAHO 6araTopasoBi

Va !
2
a 6

Puc. 3. Ilapamerpu MexaHiuHOT0 00pPOOJIEHHA 3arO0TOBKM 3 TUTaHy: I — 3aro-
TOBKA 3 TUTAHy; 2 — Pis3aJIbHUUA iHCTPYMEHT.

Fig. 3. Parameters of mechanical processing of a titanium workpiece: 1—
titanium workpiece, 2—cutting tool.
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npoxonu. Yepes 1ie BUIIPOOYBAaHHA OCTAHHIX pPisaJbHUX iHCTPYMEHTIB 3
BaKyyMHO-IYTOBUMU IMOKPUTTAMU OyJIH IPOBeAeHi Ha giamerpiy 79,2
MM 3i mBuUAKicTIO o6epTaHHa y 482 06/XB. I YyTPUMaHHA iHIIINX IIa-
pamMeTpiB 0OpobIeHHA Ha (PiKcoBaHOMY PiBHI.

HocaimxeHHsa MexaHi3MiB 3HOIITYBAaHHSA Ta CTaHY BAKYYMHO-IYTOBUX
MIOKPUTTIB Ha PisaJbHOMY iHCTPYMEHTI ITicsia BUIpoOyBaHHA HA TOKap-
HOMY BepCTaTi HPOBOAUJN 3a JOIIOMOTOI0 ONTHUYHOI Ta CKaHYBaJIbHOI
eJIeKTPOHHOI MiKpPOCKOMIiA.

PizaspHiI KPOMKUY iHCTPYMEHTIB 3 BaKYYMHO-IYTOBUMU IOKPUTTAMU,
110 IIPOMIILIN BUIIPOOYBaHHsA, Oyau cororpadoBaHi 3a JOIIOMOTOIO OI-
tuaHOro Mikpockony Olympus SZX7, axuii 6yB 00IafHAHUI KaMepoio
Ta MPOrpaMHUM 3a0e3MeueHHAM IJIs CTBOPEeHHA TOUYHUX 300pakeHb iH-
cTpyMeHTy. POTO3HIMKHY PisaJbHUX KPOMOK Oy 3poOJieHi mif pisHM-
MU KyTaMu: 0e3mocepeIHbO 3BepXy Ta 300Ky (3i CTOpOHM 3aroToBKH),
II[0 YMOXKJIMBJIIOE IIO0AUNTH T4 BUMIPATH SOBMUHY 3HOCY CTOPOHU rake
(o sarpibae) Ta ¢gaanrosoro 60oky. Heakri ¢ororpadii 6yao 3podiaeHo
mig KyToMm y 45° niis 6iabIn 06’ eMHOTO i iHPOPMATUBHOTO BUTJIAAY.

JJ1d TToAaIbIloro AOCHi:KeHHA XapaKTePUCTUK i CTBOPeHHS IIoIlepe-
YHOTO Imepepisy mokpuTTa 6yau 3pobiieHi spasku. 1 mboro pisanbHUH
iHCTPYMEHT 3 BaKYyMHO-IYTOBUMM NOKPUTTAMM NIPOXOAUWB IeKiJIbKa
CTamiil MiATOTOBKY, IO BKJIIOUAJM B ce0e po3pisaHHs HaBIiJI iHCcTpyMe-
HTY (0IM3BKO [0 pisasbHOI KPOMKM), ILIidyBaHHS 3aJUIITKOBOTO HAal-
JUIIKY MaTepisany, BUpPisaHHS MOTPiOHOI TiIAHKYN iHCTPYMEHTY 3 Horo
MIOJIOBUHKMY Ta JUTTSA B ILTACTUYHY CMOJIY, IIOJipyBaHHA IIOBEPXHi 3pas-
KiB IJId JOCTig)KeHb.

E/eKTPOHHO-MiKPOCKOIIIUHI JOCHIMKeHH OfepyKaHnX 3pas3KiB Ipo-
BOOWJINCA 3a AOIOMOTOI0 CKAaHYBAJBLHOTO €JIEeKTPOHHOTO MiKpPOCKOIIa
Tescan Mira3 3 po3aiibuoio 31aTHiCTIO OJIM3BKO 1 HM.

Hna mpoBemenns XEDS (X-Ray Energy Dispersive Spectroscopy)
aHaJi3W BUKOPHCTOBYBaBCsA eHeprojuciepcitinuii cmextpomerep Ox-
ford X-MaxN 80 (124 eB, 80 mm?) 3 mporpamMunM 3a6esneyeHHAM Az-
tecLive B AKOCTi IpuCTaBKU A0 €JIEKTPOHHOIO MiKPOCKOIIA.

3. PESYJIBTATH TA IX OBTOBOPEHHSA

DizmKo-MeXaHiuHi BJIACTHMBOCTI OJep:KaHMX BAKYYMHO-IYIOBHX IIOK-
purTtiB mpexcrasieHo B Taba.1l. Mikporsepmicte H mOCHiIKyBaHMX
MIOKPUTTIB JIEXKUTH y AiAnasoni Bixg 23,6 I'lla (a4 BakyyMHO-IYTOBOTO
noxpurta W-TiSi—N) mo 34,1 I'lla (m1151 BakyyMHO-IYTOBOTO ITOKPUTTSI
W-Zr—N). Taki napameTpu, AK XeMiUHNH CKJIAL TIOKPUTTS, TeXHOJOTi-
YHi mapaMeTpu OAep:KaHHSI BaKYyMHO-IYTOBOTO IMOKPUTTS, CKJIAM OC-
HOBM iHCTPYMEHTY Ta 3arOTOBKM, THUII i TapaMeTPU MeXaHiuHOTro 00pos-
JIeHHS 3aTOTOBKU, V MOETHAHHI POOJIATH MOBEMIHKY 3HOIITYBAHHSA MHOK-
PUTTIB Ba:KKO IIepeadavyBaHoIo, i mepeBaskHe ABUINE 3HOIIYBAHHS Bif
iHCTPYMEHTY 0 iHCTPYMEHTY 3MiHIOETHCA.
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TABJINIIA 1. ®isuko-MexaHiyHi BJIAaCTUBOCTI BAKYYMHO-AYTOBUX MOKPUTTIB
Pi3HOT0O XeMiYHOTO CKJIALy.

TABLE 1. Physical and mechanical properties of vacuum-arc coatings of dif-
ferent chemical composition.

No | Ne gpaska| Ckjiam HOKPUTTA H,T'Ila ToBIMHA TOKPUTTA, MEM
1 1283 W-N 32,1+£0,6 1,9

2 1288 W-Zr-N 34,1+0,7 5

3 1289 W-TiSi—N 23,6 £0,5 4,2

4 1292 W-TiAlYCr—N 28,1+0,6 4,8

5 1293 W-Nb-N 32,3+0,7 2,6

6 1294 W-Cr—-N 30,2+0,6 3,8

7 1295 W-Mo—-N 31,5+0,7 4,7

Posmipu mrudris y pesxumi S: ¢d =4,9 mm, [ = 14,9 mm, m =2,203r;¢d =5,2 Mmm, [ =
15,0 mm, m=2,632r.

Pins’ dimensions in mode S: *d =4.9 mm, [ = 14.9 mm, m = 2.203 g; *d = 5.2 mm, [=
15.0 mm, m=2.632¢g.

Bigmosiguo mo [26], po3pisdHAIOTE I’SATH OCHOBHMX MeXaHi3MiB me-
r'pazarii, AKi MOKYTb IIOSICHUTH BiIMiHHOCTI B HOBEIiHIII Ta iHIIL cIoC-
TepeKyBaHi ABUIIA 3HOIITYBaHHA:
abpasuBHe 3HOINIYBAaHHA — MeXaHiuHe 3HOINYBaHHS, KOTpPE 3arajioMm
BUKJIMKaHe TBePANMHU YaCTHHKAMU B MATEPiAi 3aTrOTOBKM; BOHO IyKe
CXOKe Ha IuIipyBaHHA, Ta 3AATHICTh iIHCTPYMEHTY UMHUTU HOMY OITip
CUJIBHO 3aJIEKUTD BiJl TBEPAOCTH MATEPisAIy iHCTPYMEHTY;
nugysiliHe 3HOINTYBaHHA — XeMIiUHUHU MexaHi3M 3HOIITYBaHHA, AKUHN
mocaabJIioe iIHCTPYMEHT IILJISXOM OOMiHY IIeBHUMU eJIeMeHTaMH i3 3aro-
TOBKOIO a00 CTPYIKKOIO; Ileli MeXaHi3M 3HAUHO 3aJeKUTh BiJ TeMiepa-
TYPHU Ta CIOPiAHEHOCTH MiXK MaTepidjaMM iHCTPYMEHTY Ta 3arOTOBKU;
OKMCHEHHSA, — XeMiuHi peakIrii, 1o mocaab/ai00Th iHCTPYMEHT, — CIIO-
cTepiraeTbcd Jullie y 30HaX, Jie ITOBiTPA Mae 3MOTY AicTaTuUCA ITOBEPXHI
iHCTPYMEHTY, i IOCUJIIOETHCSA 3a PAXYHOK BICOKOL TeMIIEpaTypH;
BTOMHEe 3HOIITYBaHHA — MeXaHiuHe ABUIIe, IO IIepeBakKHO 3ycTpiua-
€ThC4 IIiJT Yac IepepruBYaCTOTO Pi3aHHA Ta KOJM CUJia HaBaHTaKeHH Ha
pisaspHUM iHCTPYMEHT € AysKe BeJIMKOI; BUKJIMKAETHCA ITOBTOPIOBA-
HUMHJ ITUKJIaMU TEPMIiYHNX 1 MeXaHiuyHIX HaBAHTAKEHb;
azresiiine 3HOIIYBaHHSA — MeXaHiuHe IocJa0JeHHs iHCTPYMEHTY, IO
epeBa’KHO 3yCTPivaeThbCcA 3a HMBBKOI TeMIepaTypu; BPaxOBYIOUM Ha-
Opyry Ta BUCOKUM THUCK MiXK JIeTajieM Ta iHCTPYMEeHTOM, YacTuHa MaTe-
pidany meTasio MoKe 3BapioBaTHUCA 3 IHCTPYMEHTOM, a Iie HeBeJIKe CKY-
NUYeHHA PeUOBUHU IIOTIiM IIOCTYIOBO BiJICIKAETHCSA ITOTOKOM CTPYKKU Ta
BUIAJAECTLCA Uepes3 BiAIapyBaHHS MATEPifdy; BeJnKa CIOPigHEHiCTh
MisK MaTepidjaMmu 3arOTOBKM M iHCTPYMEHTY MOXKE€ CIPHUATH TaKOMY
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Temnoeparypa
piskyuol KpoMKH

Puc. 4. [liarpama 3ajie;XKHOCTU MeXaHi3MiB 3HOIITYBAHHA BiJ TeMIlepaTypu pi-
3anbHOI KpoMKu [27]: I — saranbHuUii 3HOC, 2 — audysifiauii 3HOC, 3 — XeMmi-
UHUH 3HOC, 4 — eposifinuii 3HOC, 5 — aAresiiHuii 3HOC, 6 — abpa3sUBHUI 3HOC.

Fig. 4. Wear—temperature relationship diagram adapted from [27]: 1—total
wear, 2—diffusion wear, 3—chemical wear, 4—erosive wear, 5—adhesive
wear, 6—abrasive wear.

MeXaHisMy.

Buaus meaxux 3 Mux MexXaHiI3MiB Ha 3HOIMIYBAaHHS iHCTPYMEHTY 3 Ba-
KYYMHO-IYTOBUMU HOKPUTTAME Oye IepeBaKaJIbHUM 34 PiSHUX TeM-
mepaTypHUX YMOB (puc. 4).

MexaHiuni BUOpPOOYyBaHHS pPisalbHOTO iHCTPYMEHTY 3 BaKyyMHO-
IYTOBUMMU HOKPUTTAMH, 3a3HaUeHMU y TabJ. 1, 3a 0Opo0JIeHHSA THUTAa-
HoBoro crony Ti—6Al-4V (Ti64) BuABMIM HACTYOHI TUOU 3HOCY, IO
MOJKYTBb OyTH PO3AijeHi B 3aJIesKHOCTI Bix MmaciiTady.

3 oryIAAy Ha PO3MillleHHA iIHCTPYMEHTY Ha TOKapHOMY BepcTaTi miss-
HKa MONIIKOAKeHHS 3aB/KIM PO3TallloBaHAa Ha PisajbHIill KPOMILi; BOHA
BKJIIOYAE CTOPOHU GOKOBOI r'paHi Ta BicTpsa mepemmboi rpami [26], ax
BUJHO Ha pUuC. b, a. ¥ IIUX 30HAX TeMIlepaTypa Ta HaBaHTaKeHHs Haii-
BUIIi; TOMY BimbyBaeThca mepeBasKajbHe 3HOIIyBaHHA. [lerpamairis
MOJKe ITPUBBECTH J0 3MiH y reoMeTpii iHCTpyMeHTy, BIJIMHYTH Ha IIOTiK
CTPYKKU Ta HOTiPIIUTH IIIEPCTKICTh 3aTOTOBKH 3 TUTAHOBOT'O CTOITY.
Aseuuia maxpocroniunozo SHOWYEAHHA.

1) Kpamephne 3HOWYBAHHA; 1IeN TN 3HOCY Bif0OyBa€ThCA BUKJIIOYHO
Ha IlepeHill rpaHi iHCTPYMEHTY, [le CIIOCTePiraeThbcA IOTiK CTPYKKMU.
Bin saymmiae 3HaYHMYM OPOMiKOK MiK HAKOHEUYHUKOM iHCTPYMEHTY Ta
HEIOTOPKAHUM IIOKPUTTAM, i B OLIBIITOCTI BUIIAAKiB BiH TaKOK MOXKe
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Puc. 5. 3oHa nepeBaykaJbHOTO 3HOIIYBAHHSA iHCTPYMEHTY: cXeMaTUu4YHe 300pa-
'KeHHd (a): 1 — mepenHs rpaHb, 2 — 30HA 3HOITYBAaHHA IepPeaHbOl rpaHi; 3 —
30HA 3HOITYBaHH 6iuHOI rpani; 4 — O6iuHa rpamb; poro incTpymenTy 3 W—Cr—
N mokpurtam (KyT 0630py — 45°) (6).

Fig. 5. Preferential wearing areas: schematic image (a): I—rake face, 2—rake
wear, 3—flank wear, 4—flank face; tool with W—Cr—N coating (45° observa-
tion) (6).

JocATaTH MigKJIaguHKU 3 Kapoinmy Boabdpamy (puc. 6). 3agiami mexa-
HiZMU 3HOITYBaHHA € a0pasuBHUMHU Ta Audy3idHNMEI; BUCOKi TeMIiepa-
TYypU CIPUAIOTh NU(Qy3iiHOMY 3HOITYBaHHIO, TOJi AK TBEPAi YaCTUHKU,
IIT0 PYXalOThCA HOTOKOM CTPYKKHM, NHLII(PYIOTH MOKPUTTA. 3arajbHa
IIporpecia 3HOITYBaHHS MOKe OYTH CYMIIIIITI0 MisK UMM JBOMA MeXa-
Hi3MaMu 3HOIITYyBaHHS.

Komu 3’saABasieThCcA KpaTepHe 3HOINYBAHHS, IIJIOIA KOHTAKTY MijK
iHCTpyMeHTOM i meraseM 30ilbITyeThCA B posMipax i, TakKUM UMHOM,
cupude OiIBIIIOMY HaBaHTAKEHHIO; KYT KJIUHY 3 (puc. 3) TaKOX 3MeH-
IIY€EThCS, III0 BILIMBAE HA MIITHIiCTh i TeIionepeaavy pisaJIbHOI KPOMKH,
a TaKOK Ha YTBOPEHHS CTPYKKH.

3ajie;KHO BiJ TOTO, IKUIT MATEPisa IMiAgaeThCs BILIUBY IIOTOKY CTPY-
JKKH, OyIb TO MOKPUTTA UM IMiAKJIaAMHKA iHCTPYMEHTY, KpaTepHe 3HO-
IIyBaHH Oye Big0yBaTHUCA IIO-Pi3HOMY.

2) 3nowysannsa 6iuHOL 2pani — 3HOITYBAaHHA (WJIAHTOBOI CTOPOHMU Pi-
3aJbHOI KPOMKM iHCTPYMeHTY. BiuHMi 3HOC 3’aBJIAE€THCA HA OOKOBiit
IIOBEPXHi iHCTPYMEHTY, 3aJIUINAIOYN IIPOTAJIUHU B IMOKPUTTI (puc. 7).
Ile B ocHOBHOMY BimOyBaeThCs 3a PaXyHOK a0paswBHOTO 3HOIITYBaHHS
yepes MOTIK MaTepisly 3arOTOBKU 3 ILOTO OOKY. 3aHAATO BeJIHNKA IIIBU-
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a 6 B

Puc. 6. 3HIMKY KpaTepHOro 3HOIIIYBAHHSA iHCTPYMEHTY 3 BAKYYMHO-IYT'OBIMU
nokpurrtamu W—N (a), W—Zr—N (6), W-Nb—N (8).

Fig. 6. Rake wear of cutting tools with vacuum-arc coatings W—N (a), W—Zr—
N (6), W-Nb~—N (8).

B

Puc. 7. 3HiMKu 3HOCY 0iuHOI I'paHi iHCTPYMEHTY 3 BAKYYMHO-AYTOBUMHU IIOK-
purtavmu W-N (a), W—Zr—N (6), W-Nb—N (8), W—Cr—N (2).

Fig. 7. Flank wear of cutting tools with vacuum-arc coatings W—N (a), W—Zr—
N (6), W-Nb—N (8), W—Cr—N (2).

IKicTh pisaHHS a00 HeZOCTATHS 3HOCOCTiHKiCTh CIIPUAIOTH TAKOMY BUILY
3HOIITyBaHHSI.

3miHa reomerpii moBepxHi (hJIaHTOBOI CTOPOHU pPiZabHOI KPOMKU
iHCTPYMeHTY BILIMBA€E Ha KyT 3a30py o (puc. 3). Mloro sMeHIIeHHA IpU-
BOAUTH [0 30iJbIIIEHHSA CUJ 3CYBY Ta HOPMAJbHUX CHUJI; OT:Ke, IIi YMOBU
OigABUINYIOTh TEMIIEPATYPY yV 30HI pisaHHS uepes TepTdA. SHOITYBaHHS
TPpUBa€E, JOKU KYT 3a30py He AocsarHe 3HaueHHA o= 0°; y 1eifi MOMEHT
MOKYTb BUHUKHYTH CEPHO3HI IIOIIKOIKEHHSA iHCTPYMEHTY Ha TpuMavi
iHCcTpyMeHTY abo Ha 3aroTOBIIi Uepe3 BUTMHAHHA iX ab0 moripliineHHS
TEeKCTYPU MOBEPXHi.

3) HapoweHa Kpomka; MaTepiss 3aroTOBKU HaJIUIIAE HA pPisajbHY
KPOMKY Ta 3BapIOETHCS HA XOJIOAHO 3 iHCTPyMEHTOM (IIepeBaskHO BUHU-
Ka€ 3a IMOBiJIbHOI INMBUAKOCTU Pi3aHHA, OCKIMBKY iHIII ABUINA Hepelr-
KO KAaIOTh IXHBOMY HAKOIUYEHHIO 3a 0iJIbIII BUCOKUX IITBUIKOCTEH).

3aBIaKU IJINHY MaTepisany, AK Mo IepeaHiii, Tak i mo 6iuHiit moBepx-
HAX IHCTPYMEHTY (CTPYKKHU Ta 3aTOTOBKU BiIIOBiIHO), TesKa KiTbKicTh
TUTAHOBOI'O CTOITY MOJKe IPUJIUIHYTH 0 PisaJbHOI KDOMKHU iHCTPYMEH-
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Ty I yTBOPUTHU HEBEJUKI TiIAHKY, AKi Ha3MBAIOThCS HAPOIIEHNMHU KPO-
MKamMu. THUTaHOBUIM CTOII, IIT0 0OPOOJIAETHCS, MOMKEe IIPUBAPIOBATHCI Ha
iHCTPYMEHTI Uepe3 BHCOKMUI THUCK i CIIOpiAHEHiCTh MixK MaTepidgamMu
3aTOTOBKH Ta BAKYYMHO-IYT'OBOT'O TOKPUTTSI.

€ mBa OCHOBHI HebaKaHi HACJiOKM TaKoro 3HolmyBaHHs. [lo-mepie,
MOTipIIyETHCA IeOMeTpPisA iIHCTPYMEHTY Ta CKOPOUYETHCA TEPMIH CIIYK-
O0u iHCTPYMEHTY; IMO-APYyTre, TaKa arperaiisg peuoBUHN MOKe IIOTiPIITUTHI
TEeKCTYypy IoBepxHi 3aroroBku [26]. OgHAK CTBOPEHHS HApPOIIEeHOI Kpo-
MKJ MaJIO TAKOMK IHIMMMHA BILIMUB. ¥ AeIKMX BUOAAKaX BOHA 3aXMINaJia
TIOBEPXHIO iHCTPYMEHTY, OCOOJMBO IIePEeIHI0 T'PaHb BiJf KpaTepHOTO
3HOIITYBaHHA [25].

Ilin wac pmocaim)KeHHs pisaJbHHUX 1HCTPYMEHTIB 3 BaKyyMHO-
OIYTOBUMM IIOKPUTTIMM, 3a3HaueHMMHN B Tabi. 1, He cmocTepiramacs
HasgBHICTh TaKMX HaAPOIEeHUX KPOMOK. Ile Mmoxke OyTu moB’sa3aHO 3 00-
PaHOIO IMBUAKICTIO PidaHHSA, a TAKOXK 3 XeMIiUHMM CKJIaJIOM BaKyyMHO-
IYTOBUX MOKPHUTTIB, 110 BILJINBAE HA XeMiUHY CIIOPiIHEHICTh.

BinbmricTs momepenHix THIIIB 3HOCY CHOCTEpirajivcs IIiJ, MiKpPOCKO-
IIOM, He po3piszarouu iHCTPYMEHT HaBIIiji. AJie Temep MU IInOIIe 30cepe-
IUMOCS Ha 3HOIIYBaHHi, AKe Big0OyBaeThCA B MiKPOCKOIIiYHOMY MACIII-
Tabi, B MesKax TOBIIMHU HOKPUTTS. /IS IIbOTO KOXKEH iHCTPYMEHT
IIPOUIIIOB HMiATOTOBKY 3pasKiB (IIpoliecu pisaHHs, IMIidyBaHHS Ta MOJIi-
PYBaHHA) AJA JIMINTOI aHaJidW 3HOCY B MiKPOCKOIIIYHOMY MacITabi.
3arajom, IIi TUOM 3HOCY BILIMBAIOTH HA MaKPOCKOIIIUHMII aCIeKT 3HO-
IIyBAHHS IepefHbOI Ta OiuHOI IIOBEPXOHL iHCTPYMEHTY. {IBmMIIa, IO
BigOyBalOTLCA B MOKPUTTAX, € HelepeadbauyBaHNMM, BUABIAIOTLCA Ha
HEeBeJIMKUX MiJIAHKAaX, i IporpecyBaHHs 3HOIIYBAaHHS IIOBHICTIO Bigpis-
HAETHCA BiJ OAHOTO iHCTPYMEHTY IO iHIITOTO.

Aseuuia mikxpocrkoniunozo sSHouLyeanna.

1) Maxpompiwunysamicmo. Takuii Buj 3HOCY 3aJIUIIIa€ TOCTPi Kpai
Ha BaKyyMHO-IYTOBOMY IIOKPHUTTI IiHCTPYMEHTY, OCKiJIbKH BiH
OB’ A3aHUI 3 BiIpMBOM IIMATOUYKIB MOKPUTTA ab0 MiAKJIaIMHKN BEJIU-
KHUX po3MipiB (mekimbka MKM). AJle YaCcTUHKHU, IO OyJIM BHIAJIEHi Ta-
KUM IIJIAXOM, CIIOCTEPiraJncsa PigfKo, OCKLIbKY BOHU INBUAKO BUOAJIA-
I0ThCS Big OIM3bKOCTH M0 iHcTpyMeHTy. lle mpuBOAUTEL KO0 XapaKkTepHOI
crymnindacToi ¢opmMu (my:Ke piska 3MiHa HaXMJIy TOBEPXHi 3HOIIEHOI
30HU) Ta MOKe OyTH BUKJIMKAHE aAre3ifHmM ab0 BTOMHUM 3HOIITYBaH-
HaMm (puc. 8). CXOAuHKM Ha MOKPUTTI 3’ aBasaauca abo Ha mepemHii mo-
BepxHi, a00 Ha 6iunilt cTopoHi iHcTpymenTy (puc. 9). Imozai cmocrepiras-
¢S BiIpUB ALISTHKY BaAKYyMHO-IYTOBOI'O IIOKPUTTS, OCKLIBKY BCepeauHi
HBOT'O IMoIupIioBasiacsa TpimuHa (puc. 10).

2) Mixpompiwunyeamicmu. lle aBumie TicHo moB’sA3aHe 3 IoUEpPe]-
HiM THIIOM 3HOCY, aje Jie y MeHIIoMy MaciiTabi. [ly:Ke MajeHbKi dac-
TUHKU IOKPUTTA ab0 MiAKJIATUHKK iHCTPYMEHTY (pPo3MipoM IO MKM)
BiIpmBaIOTHCA Ta MEPEHOCATHCA IOTOKOM MAaTepidaay (IIOTOKOM CTPYK-
KU II0 IepefHili rpaHi iHCcTpyMeHTY ab0 MaTepissioM 3aroToBKH mo 0o-
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Puc. 8. MakpoTpinmuHyBaTicTh BaKyyMHO-IYTOBUX MOKPUTTIiB W—-Zr—N (a),
W-TiSi—N (6), W—Cr—N (8) Ha pisaJbHOMY iHCTPYMEHTi.

Fig. 8. Macrofracturing of vacuum-arc coatings W—Zr—-N (a), W-TiSi—N (6),
W-Cr—N (8) on the cemented-carbides’ cutting tools.

MIRA3 TESCAN|

10 pm

Puc. 9. 3uivmok ginauxu incrpymenty 3 W—Zr—N-IIOKPUTTAM (CXOAUHKA CTY-
miHyacToi hopmm).

Fig. 9. Cutting tool with W—Zr—N coating (of step shape).

KOBi# cTopoHni) (puc. 11).
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Puc. 10. 3uivMxu incrpymenty 3 W—Zr—N-moxkputrtaMm. BiuHa moBepxHS —
TiIAHKA TOKPUTTH, 10 BigpuBaeThea. MacmiTad: 20 mxMm (a), 5 MKM (6).

Fig. 10. Cutting tool with W—Zr—N coating. Flank side—piece of coating tear-
ing apart. Scale: 20 um (a), 5 um (6).

Ilepenns rpaHb iHCTPYMEHTY 3a3HAa€ OiJIbINT HU3BKOI IMIBUIKOCTHU IIO-
TOKY MaTepisay, IIIo0 cOpuse MiKporpimmHaMm nokputtsa [28]. Uepes
IesAKUN Yyac Ie IPUBOIUTDL A0 CYIJIbHOI miaBHOI (hopMU 3HOIIIEHOI Ai-
JISTHKHY Ta MOKe OyTH BUKJINKaHe aATe31HHNM 3HOIITYBAHHAM.

3) IlnasHe 3HOWLYBAHHS — IIe IiliCHO IIJIaBHe Ta JiHiliHe 3HOITYBaH-
HA iHcTpyMeHTY (puc. 12). BiH cmmocTepirascs Ha iHCTPYMEHTI 3 BaKyy-
MHO-IYyroBUM W—Zr—N-TIOKpUTTAM, i #0ro JIerko BOi3HATH, OCKIiJIBKU
BiH 3ajmIae IOIIKOAKEHY PisalbHYy KPOMKY iHCTPYMEHTY Ta OOKOBY
IIOBEPXHIO 3 TVIAAKMMU TOBePXHAMU. TOBIIMHA IMOKPUTTS IIOCTYIIOBO
3MEHIITYEThCS, JOKM He OTOJUThCS MiAKJIaguHKA 3 Kapoimy Boabdpamy.
ITosiBa 11bOTO 3HOCY MOXKe OyTH BUKJIMKaHA IBOMA UNHHUKAMU: KOMOi-
HaIliel0 MeXaHiuHOTo 3HOCY Ta Au@ysii abo HagBHICTIO Ay:Ke APiOHMX
MiKpOTpimuH.

4) Tlegpexmu. B nanomy BUMIaAKy MAlOThCA Ha yBasi Kpami Ta ropu-
30HTaJbHI Tpimuun. Kpamiai € oco61uBicTI0O BAKYYMHO-IYTOBOTO METO-
Iy HaHeceHHA TOKpUTTA (puc. 13, a, 6). Bonu BOimnBaoTh Ha INIagKiCTh
IIOBEPXHiI MOKPUTTS, MAIOTh TEHIEHITiI0O YTBOPIOBATH 6araTo HepiBHOC-
Tel, IKi MOXKYTb OiITU K OIOPHI TOYKMU IJA NPUINIIAHHS MaTEePisary
3aTOTOBKH Ta 3PUBY IMMOKPUTTA. 3aHAITO BEJIUKI Kparii 3MiHIOIOTE hop-
My IIOKPUTTS Ta AOAAIOTL oMy OaraTto HepiBHOCTe#. AJie TOCTaTHLHO
MaJIeHbKi KpameJbKM BCepeqUHi MOKPUTTA TAKOMK II0CJIA0JIIOI0TEL HOTO
CTPYKTYPY, OCKiJIbKM BOHM CTAIOTh TOUKAMU KOHIIEHTPAIlil HAIIPpy KeHb,
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Puc. 11. MikpoTpimuHyBaTicTh BaKyyMHO-AyTroBUX MOKpuTTiB W—N (a), W—
TiSi—N (6), W—Cr—N (8) Ha pizaibHOMY iHCTPYMEHTi.

Fig. 11. Microfracturing of vacuum-arc coatings W—N (a), W-TiSi—N (6), W—
Cr—N (8) on the cemented-carbides’ cutting tools.

Puc. 12. II;1aBHe 3HOIIYBaHHSA NOCHIMKYBAHUX BaKyyMHO-IAyroBux W-Zr—N-
HOKPUTTIB HA PisaJIbHOMY IHCTPYMEHTI.

Fig. 12. Smooth wear of investigated cutting tools with vacuum-arc coating
W-Zr-N.

KOJIM iHCTPYMEHT 3a3HA€ BHCOKHUX 3YCHJIb IIiJl Yac 00pobaeHHs. SIKIITO
HaIpy:KeHHs IIePeBUIIyEe IIeBHe 3HAUeHH A, TPIill[HA MOKe IOIIINPIOBa-
THCA BecepeauHi MOKpuTtsa (puc. 13, 8). Uum meHIie gedexTiB, TUM Ji-
IIITIe TOKPUTTS.
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P

Puc. 13. [TedexTu: Kpamii B BakyyMHO-ayroBomy moxkputti W-TiSi—N (a), W—
TiAICrY—N (6) Ta ropu30HTAJbHI TPIIMUHN B BaKYyMHO-IyTOBOMY IIOKPHUTTI
W-TiSi—N (8).

Fig. 13. Defects: droplets in vacuum-arc coatings W-TiSi—N (a), W-
TiAlCrY—N (6) and horizontal cracks in vacuum-arc coatings W—TiSi—N (8).

Puc. 14. HoBi aBuia y BAaKyyMHO-AYyTOBUX TOKpUTTAX W—Mo—N (a), W—N (0,
8) 3a 00pobIeHHS TUTaHOBOTO cTony Ti—6Al1-4V.

Fig. 14. Unknown phenomena in vacuum-arc coatings W—Mo—N (a), W-N (6,
8) during the machining of the titanium alloy Ti—6A1-4V.

5) Hosi asuwa. Ilig uac gocaigsKkeHHs pisaJbHOr0 iHCTPYMEHTY 3 Ba-
KYYMHO-IYTOBUMHU IIOKPHUTTSIME 3yCTPivaJncs IiKaBi ABUIa, 10 Bif-
OyBajucsa Ha IIOBEPXHIi MOKPUTTA i AKi IMOKM IO CKJIASHO HOACHUTH
(puc. 14). BuHUKHeHHS ITUX SIBUII MOKe OyTH IIOB’s3aHO SIK 3 OOpaHu-
MU IIapaMeTpaMu pidaHHA, TaK i 3 IHINIUMU YNHHUKaMU.

YszaraabHeHi ozepsKaHiI pe3yabTaTH MOOCHIMMKEHHS pPisaJbHOTO iH-
CTPYMEHTY 3 PiBHMMHU BaKyyMHO-IYTOBUMHU IIOKPUTTAMHU IIPEICTABIEHO
B Ta0J. 2 (3 HACTYITHUMU IMMOACHEHHAMM: 1 — MaKpOTPiIuHyBaTiCcTh, 2
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TABJINIIA 2. Bunagku 3HOCY [JIA KOYKHOI'O BAKYYMHO-AYT'OBOTO IIOKPUTTS HA
TBEPJOCTOIIHOMY pPi3aJbHOMY iHCTPYMEHTi 3a 0O6pO00JIeHHS THUTAHOBOTO CTOMIY
Ti—-6Al1-4V.

TABLE 2. All encountered wear behaviours per vacuum-arc coatings on the
cemented-carbide cutting tool during the machining of the titanium alloy Ti-
6A1-4V.

x i ix i, |2ATe3 nudys. tbex MepIeH . |IJIaBHe| HOBi Ges
Crag | MAKPOTPLIL. | MIKDOTPLIL. 3HOIII. | 3HOIII. Aeertu Tpimy. | 3HOII. |ABUIIA|IIOKPUT.
MMOKPUTTS
1 2 3 4 5 6 7 8 9
W-N X X
W-Zr-N X X X X
W-TiSi—N X X X
W_
TiAlYCr— X X
N
W-Nb-N X
W-Cr—-N X X X
W-Mo—-N X X X X

— MIiKpOTPIiIIMHYBAaTiCTh, 3 — ajAre3iiiHe 3HOIITYBaHHS, 4 — auQysiiine
3HOIIIYBaHHA, 5 — HedeKTH, 6 — IepueHAUKYJAApHi Tpimmuan, 7 —
IIJIaBHE 3HOITYBaHHA, 8 — HOBi ABUINA, 9 — ITOBHE CTUPAHHSI HOKPUTTS
IO IOBEePXHi iHCTPYMEHTY).

4. BUCHOBRKH

Hocaimkenusa BakyyMHO-IyroBux W-N-, W—-Zr—-N-, W-Nb—-N-, W-
Cr—N-, W-—Mo—N-, W-TiSi—N-, W-TiAlYCr—N-mokpuTTiB Ha pisajb-
HOMY iHCTpyMeHTi 3 Kapb6iny Boabdpamy 3a MexaHiUHOro 00pPOOIEeHHS
TutaHoBoro cromy Ti—6Al-4V ma Ttoxapuomy Bepcrari SMT 500
Swedturn 3 BukopucrtanuAM 8% -MacJAAHOBOIAHOI eMyJbCii 3a TUCKY ¥
10 Gap masu 3MOTry POSIIHMPUTH YSABJIEHHSA IIPO ABUINA TA MeXaHi3Mu
3HOINTYBaHHS BaKYyMHO-AYTOBMX IIOKPHUTTIB Ha OCHOBi BoJbdpamy.
Crnim 3ayBasKuUTH, IO OJEP:KaHi pPes3yJIbTaTH CTOCYIOTHCS MeXaHiuHOro
00pobsenusa TutaHoBoro crony Ti—6Al-4V 3a ¢ikcoBanux mapamerpis
00po0JIeHHs 3arOTOBKH, a caMe, 3a IMBUIKOCTH pisaHHa y 120 m/xB.,
HaBaHTa)keHHs (momaui) y 0,15 MmM/06., raubunu pisanusg y 0,8 mwm,
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IOoB:KUHU 00poOsenHsa y 40 M, mBuakoctu obepranHsa y 473 00/xB.,

TPUBAJIOCTH MexXaHiuHoro oopodaenns y 20 c.

OnepsxaHi pe3yabTaTH AOCTiMKeHb MOKHA y3araJdbHUTH Yy BUTJIAIL

HaCTYIIHUX BUCHOBKIB.

1) ITepeBa:kaIbHUM SABUINEM MiKPOCKOMIUHOTO 3HOIIIYBaHHSA, dKe 3y-
cTpivajiocs mig uac BUIIPOOOBYBAHHS, € MAKPOTPIIMHYBATICTh, IO
OB’ sA3aHa 3 BiAPMBOM JiJIAHOK IIOKPUTTS PO3MIPOM y JeKiJIbKa MKM
i II0sBOIO XapaKTepHOl CTyIIiHYacTol (hopMm IIOBEepPXHi BaKyyMHO-
IyTroBOTO MOKPUTTA Ha iHcTpyMmeHTi. Ile aBuIle crmocrepiramocd Ha
pisanbuoMy iHcTpymenTi 3 moxpurTamMu W-Zr—-N, W—-Nb—N, W-
Cr—N, W-Mo—N, W-TiSi—N.

2) MikpoTrpimunyBaTicThb, AKa BiApi3HAETHCA Bif MOIepeIHLOTO ABUIIA
MiKPOCKOIIIUHOTO 3HOIIYBAHHSA PO3MipOM UYAaCTHHOK IIOKPUTTA (IO
MKM), IIIO BiIpMBAIOTLCA Ta IIEPEHOCATHCA IOTOKOM MAaTepisany i
MIPUBOIATL N0 IIJIABHOI (JOPMU ITOBEPXHi BAKyyMHO-IYT'OBOTO MOK-
PUTTA, CIIOCTEepirajgacsa Ha PisaJbHOMY iHCTPYMEHTI 3 HOKPUTTIMU
W-N, W-Cr—-N, W-TiSi—N.

3) Il;1aBHe 3HOIITYBAaHHS CIIOCTEPirayocs TiIbKY Ha iHCTPYMEHTI 3 BaKy-
yMHO-IyroBuM W—Zr—N-TIOKpUTTAM. BOHO 3aIHINTNIIO MOMIKOAMKEHY
pisarbHY KPOMKY iHCTPYMEHTY Ta O0KOBY IIOBEPXHIO 3 TJIAAKUMU I10-
BEePXHAMHM; TOBIIIHA ITOKPUTTS IIOCTYIIOBO 3MEHIITyBaJIacs 0 IIOBep-
XHi iHCTpyMeHTY 3 Kap06iny Boabdpamy.

4) HocnimxenHa ofepKaHnNX BaKyyMHO-IYTOBUX MOKPUTTIB MOKAas3aJo,
IIT0 HAABHICTh Je(EeKTiB Y MOKPUTTAX, AKA IIOB’A3aHAa 3 TeXHOJIOTIi€0
HaHeCeHHs IIOKPUTTIB, He € 000B’sA3K0BoI0. Tak, Ha pisaJbHOMY iH-
CTPYMEHTi 3 BAKYYMHO-IyroBuUMU mOKpuTTamMu W-Zr—N, W-TiSi—
N, W-TiAlYCr—N sycrpiuaancsa Kamii pisHOro posmipy. ¥ Bakyym-
HO-myroBomy W-—Mo—N-IIOKPHUTTiI cIiocTepirajancsa TOPM30HTAJIbHI
TPillMHY, TOSIBA IKUX CKOPIIll 3a Bce MOB’s3aHa 3 HASIBHICTIO Bcepe-
OUHI IOKPUTTS Ae(eKTiB y BUIVIALL AysKe MaJIeHbKUX KpamleJIboK,
SKi cTasmy TOYKaMM KOHIleHTpAaIlil HanpysKeHb 3a BUCOKMX HaBaHTa-
JKeHb iHCTPYMEHTY MiJ, yac MeXaHiuHOro OoOpoOJeHHS THUTAaHOBOTO
crorry. B TOoi Ke wac Ha pisaJIbHOMY iHCTPYMEHTiI 3 BaKyyMHO-
nyropumu HoKpuTTaAMu W—N, W—Nb—N, W—-Cr—N He cunocrepiraia-
cd HaABHICTD NedeKTiB.

5) IlikaBuM pe3yabTaTOM IIPOBEAEHUX IOCIII:KEHb cTajla BilCyTHiCTHL
anresiniHoro ta gu@ysiiiHOro 3HOINYBaHL. Ha Iie BKasye BiICyTHIiCTh
HapOIIeHNX KPOMOK, TOOTO JiJIAHOK Pi3aJibHOI KPOMKY iHCTPYMEHTY
3 MaTepisjaoM 3arOTOBKY (THTAHOBUM CTOIIOM), IO HAJIUIIAE.

6) Ilin uwac pmocmimKeHHA pisaJbHUX IiHCTPYMEHTIB 3 BaKYyMHO-
IYTOBUMMU HMOKPUTTIMHU HA OCHOBI BoJb(dpamy 3a 0OpOOJIeHHSA TUTA-
HoBoro crorry Ti—6Al-4V 0yao BuaBieHO HOBI mMikasi sBuma y W—
Mo—N- ta W—N-TIOKpUTTAX, AKi OyAYTh SOCIIIKYyBATHICA AAJi.
TakuM YMHOM, Ha OCHOBI OJlep:KaHUX Pe3yJbTaTiB cepemn MOCIiIKY-

BaHMX BaKyyMHO-AYTOBUX MOKPHUTTIB MOXKHA BUJIJIUTU HACTYITHI ITOK-
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PUTTA, K1 MaJim HAaUMEHINY KiJbKiCTh 3 IepeliueHruX BUIIE SBUIIL, a
came:

- W-N-moKpuTTsa — TPillIMHYBaTiCTh Ta HOBi ABUIIA;

- W-TiAlYCr—N-mokpurrtsa — gedeKTH Ta IIOBHE CTUPAHHS MOKPUTTS

o IOBEePXHi iIHCTPYMEHTY;

- W-Nb—N-IIOKpUTTA — MaKpPOTPillIUHYBaTiCTh;
- W-Cr—N-mokpuTTsa — MaKpo- Ta MiKpOTpiInHyBaTiCTh, IIOBHE CTH-

PaHHSA IOKPUTTSA A0 IIOBEPXHi iIHCTPYMEHTY.

OnepsxkaHHsa BAKYYMHO-IYTOBUX IMOKPUTTIB i JocHimKeHHA ixXHiX (i-
3UKO-MeXaHIYHUX BJIACTUBOCTeH OyJi0 BUKOHaHO 3a miaTpuMkm HAH
YKpainu HaWBaKJIMUBIMIMX mpobiaeM (ismKO-MaTeMaTUYHUX i TexHiu-
HUX HayK (Bimomua Tematmka 6541230: Ne 0121U110102). IIpoBemen-
Ha Ha Kadenpi iHKeHepHOI MeXaHiKM MaIImHOOYIiBHOTO (PaKyJIbLTETY
JIyHacbKOTO yHiBEpCHTETY BUIIPOOYBaHb Pi3alibHOTO iHCTPYMEHTY 3
BakyyMHO-ayroBumu mokpurtamMu W—-N, W—-Zr—N, W—-Nb—-N, W-Cr—
N, W—Mo—-N, W-TiSi—N, W-TiAlYCr—N, o 0yau oxepsxani y Bijgmii
iHTeHCUBHMX BaKYyMHO-ILJIa3MOBUX TexHoJoOTi#h HaiioHanbHOro Hay-
KOBOTO IIeHTPY <«XapKiBChbKUi (HismKoO-TeXHIiYHUN iHCTUTYT», CTaJO
MOJKJIMBUM 3aBIAKM TiCHi¥M cHiBIIpaIli HayKoBIIiB 000X yCTaHOB B paM-
Kax MisxHapomHoro ciuiBpobiTauirsa 3a nporpamoro EURIZON Fellow-
ship Programme ‘Remote Research Grants’.
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A Physically Based Criterion for Determining the Critical
Brittleness Temperature from Charpy Impact Tests for PRV
Steels and Welds

S. Kotrechko®, V. Revka™, and K. Soroka”

*G.V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,
36 Academician Vernadsky Blvd.,
UA-03142 Kyiv, Ukraine
**Institute for Nuclear Research, N.A.S. of Ukraine
47, Nauky Ave.,
UA-03028 Kyiv, Ukraine

Based on ideas about physical nature of brittle and ductile fractures of RPV
steels, the criterion for determining the critical temperature of brittleness
from the Charpy impact test data is proposed. As shown in the first approxi-
mation, the criterion of constancy of local plastic deformation at head of
stress raiser can be used to specify the level of impact toughness KCVy, de-
pending on the yield stress o¢.2. As theoretically proved, the threshold level of
impact toughness is not an unambiguous function of c¢.2. An additional in-
fluence is exerted by factors, which characterize the ability of RPV metal to
resist brittle fracture under stress concentration conditions, in particular,
the brittle strength Ryc. An approximate analytical relationship is derived,
which allows predicting the level of KCVy, considering the strength of the
RPV metal. In the range of yield strength 400-690 MPa, this relationship is
consistent with the KCVy, values, which are given in the PNAE G-7-002-86
standard.
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Cnuparounch Ha ySABJIEHHA I0A0 (i3MUHOI MPUPOAN KPUXKOCTU Ta IJIACTUY-
HOCTM MeTaJIy 3alIPOTIOHOBAHO KPUTEPiil BUBHAUEHHS KPUTUYHOI TeMIIepaTypu
KPHUXKOCTHU 3a BUIIPOOYBaHb Ha yaapHy B s3KicTs. Ilokasano, 1110 B IepIIOMY
HaOJIMKEeHHI KPUTepiid CTAJOCTH BEJIUUYUHU JIOKAJbHOI IIJTacTUYHOI AedopmMa-
1Iii B OKOJIi KOHIIEHTPAaTOpa HANPYKeHb MOKe BUKOPUCTOBYBATHUCA IJI KOPH-
I'YBaHHS IIOPOroBOro piBHsA ymapHoi B’ a3koctu KCVy, B 3aJIe3XHOCTI Bim Beau-
YWHY TPAHUI[I TJIUHHOCTU GCo,2 MeTany. Omep:kaHO HAOJIMIKEHY aHAJTITUUHY
sasie;kHicTh piBHA KCVyy, Bil BEIMYUHY Go,2 KOPIIYCHOTO METAJY JJIS PeakTOPiB
BBEP-1000. TeopeTuuHo o6I'pyHTOBAHO, 1110 ITOporoBuil piBens KCVy, ynapHoi
B’SI3KOCTH HEe € OJHO3HAUHOIO (PYHKI[I€I0 BeJIUUYNHU Go2. Ha piBerbr KCVy, mo-
IAaTKOBUI BILIMB MAa€ 3JaTHICTh MeTaJy YNHUTH OIIip KPUXKOMY PYHHYBaHHIO
B YMOBaX KOHIIeHTpaIlii Hanpy:keub. Omep:kaHo HaOJIUKEHY 3aJIeKHICTh, AKa
YMOKJIMBIIIO€ TPOTHO3yBaTu piBeHb KCVy, 3 ypaxyBaHHAM MiITHOCTH METAaJy
Go,2. B iHTepBaii 3Hauens 6o,z = 400—690 MIla 115 3a/1e:KHICTh Y3TOIKYETHC 3
IOPOTOBUMHU 3HAUEHHAMH, AKUX HaBedeHo B ctaggapTti IIHAEI'-7-002-86.

KirouoBi ciioBa: KpuTruyHA TeMIepaTypa KPpUXKOCTH, IIOPOTOBUI PiBeHb yaap-
HOI B’ A3K0OCTH, pagidlliline oKpuxueHHs, TecT 3a [Ilapmi, peakTopHI Kpuiri.

(Received 10 August, 2023, in final version, 22 August, 2023)

1. INTRODUCTION

Charpy impact tests are an effective ‘tool’ for assessment of the ability of
structural materials to resist brittle fracture, since for these tests the
simultaneous action of three embrittlement factors is realized, namely:
dynamic load, local triaxial tension (overstress effect), low temperatures.
One of the most common characteristics of fracture toughness, deter-
mined by Charpy impact test data, is the critical temperature of brittle-
ness, Tk. In nuclear energy, a shift of the Tx temperature is used as a
measure of radiation embrittlement of the reactor pressure vessel (RPV)
metal, i.e., the difference between the values of critical brittleness tem-
perature for the irradiated (T'xr) and non-irradiated (T'x;) materials.

The value of Tkr (T'ks) corresponds to a pre-determined level of KCVy, on
a temperature dependence of absorbed energy. In the ASTM E185 stand-
ard [1], it is recommended to use the specified value of the absorbed ener-
gy of 41 J (51 J-cm™2). Furthermore, other criterion levels of energy are
also used, for example, 28 J (35 J-cm™) [2] or 56 J (70 J-cm2) [3]. In
Ukraine, for a determination of the critical temperature of brittleness,
PNAE G-7-002-86 [4] is used, in which the criterion level of absorbed en-
ergy is not constant, but increases with increasing the yield strength.
This is quite logical, since the yield strength contributes to the magnitude
of the fracture work; therefore, at the same levels of brittleness of metal,
an increase in the strength causes an increase in the fracture work [5].
This means that, when the material yield strength changes, the threshold
level of impact toughness must be determined in such a way as to charac-
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terize uniquely the level of brittleness of the metal.

The paper proposes a physically justified criterion for determining the
critical temperature of brittleness, at which the value of the threshold
level of impact toughness is adjusted in such a way as to provide the same
level of critical deformation at fracture with a radiation-induced increase
in metal strength.

2. THEORY

The cornerstone of modern fracture physics is the notion of crack nu-
clei, which play the same fundamental role in the fracture process as
dislocations in the process of plastic deformation. These cracks are
called ‘crack nuclei’ because they do not originally exist in the materi-
al. They are formed directly in the process of plastic deformation in the
vicinity of the grain or phase boundaries. Their dimensions are given
by the size of the microstructural components of the metal [6]. In Refs.
[7—9], based on the fundamental properties of crack nuclei, a general
approach to assessing the ability of a metal to resist brittle fracture is
formulated. It was shown that the transition of metal from ductile to
brittle condition is controlled by the level of dynamic stability in the
ensemble of crack nuclei. If, at the time of nucleation, the crack nuclei
are stable, then, the metal at the macrolevel is capable of plastic de-
formation, and if not, then, such a metal is in a brittle state.

In terms of macrocharacteristics, the condition for loss of stability
in an ensemble of crack nuclei can be described as[10, 11]

Pms = RMC n’ (1)
6ok, (¢;/0.002)

where P,; is the parameter of mechanical stability of the metal; Ryc is
the parameter of mechanical stability of the metal; oo is yield
strength; n is strain hardening parameter; E,, is parameter of brittle
action of the stress raiser; e¢; is the magnitude of local plastic defor-
mation in the vicinity of the stress raiser, where the brittle fracture is
initiated.

Equation (1) allows us to establish a relationship between the force
characteristics Ruc, 6o.2, En, which characterize the mechanical stabil-
ity of the metal, and the magnitude of the residual deformation of
fracture e;in the vicinity of the stress raiser, namely,

1/n
e, = 0.002 [Mj : @)

Goolip

According to (2), the e; value can be used as a measure of the brittleness
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of a metal at the transition temperature Tk. In this connection, the
KCVy, value should be determined under the condition e; = const. The
idea of experimental determination of Tx under the condition e;= const
is demonstrated in Fig. 1.

According to Fig. 1, the Tk value is defined as the intersection point
of the Charpy curve with the temperature dependence of the energy of
plastic deformation Ay, at which the value of local plastic deformation e;
is reached. The expression for the A;energy can be written as follows:

¢
Af = VYJ-Gi(x’y’Z)dei(x,y’Z)’ (3)
0

where Vy is the volume of the area of local yielding, oci(x,y,z) and
eilx,y,z) are the distributions of the intensity of local stresses and plas-
tic deformations in the vicinity of the stress raiser.

Using the Hollomon dependency for strain hardening and Mises cri-
terion allows us to obtain an expression for ci(x,y,2):

n(x,y,z)
e,(x,y, 2)}
b

0.002 )

c,(x,y,2) = c50D.2(x’ Y, 2)[

where c,,(x,y,2) is the yield strength considering the distribution of
strain rates in the vicinity of the Charpy V-notch; n(x,y,z) is the pa-
rameter of strain hardening.

Impact toughness KCV, J/sm?
1

Temperature, °C

Fig. 1. Temperature dependences of impact toughness KCV and an energy of plastic
deformation A; at a fixed value of critical deformation e;; KCVy, is threshold value of
impact toughness; Tk is critical temperature of brittleness.
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Substituting (4) into (3) we get:

e n(x,y,z)
B D e(x,y,2)
A = VY.([ Go.2(%, Y, 2) [W} de/(x,y,2). ()

According to (5), finding the relationship between A;, the yield
strength o2 and local deformation e; requires the use of numerical
methods, in particular, the finite element method. In this case, such
approach is not effective, since, for engineering calculations, it is ad-
visable to obtain the appropriate dependence in analytical form. The
problem is considerably simplified if we consider the fact that the task
is only to find regularity of change in A; depending on .2 at a constant
value of plastic deformation.

The idea of an approximate approach is to use the effective volume
V., within which stresses o; and deformations e; are uniformly distrib-
uted, but the energy of the plastic deformation Ay is equal to that for a
Charpy V-notch (CVN) specimen.

In this case, the expression (5) is significantly simplified:

ér

1 n
A, =Vo? |——| |e de, 6
ef efGO.Z [0.002j I i i ( )

0

where o_, and n are the yield strength and the exponent of strain
hardening at the maximum strain rate ahead of the notch (for the CVN
specimen under standard test conditions e; ~ 200 s [12]); e, is the av-
erage value of the intensity of plastic deformations within the effec-
tive volume V.

After integrating in the equation (6), we get:

1 Y\ 1
A, =V o0, —— e’ . 7
o 0'2(0.002j 1+n / (D

Considering that, for typical structural ferritic steels, n ~ 0.05 and
the fact that » ﬂnf*mn:ﬂc with increasing the strain rate, we put that
1+n~1and (1/0.002)" = 1.36. In this case,

A, =1.36V,02,e, . (8)

When structural steels with ferritic microstructure are fractured in
the temperature range of the ductile to brittle transition, the value of
the critical deformation of initiation of brittle fracture in the vicinity
of typical stress raisers is approximately of 2% [13]. This allows in the
first approximation to put that e;=0.02.

The effective volume V,; in the region of local plastic deformation
should also be unchanged at a fixed value of critical deformation e;.
Some variations of V,; may be due to different values of the strain-
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hardening exponent n; however, taking into account the above re-
marks regarding this parameter, in the first approximation, the effect
n can be neglected.

For a typical value of the depth & of the local yield region h~2R
(where R is the radius of a V-notch, R = 0.25 mm). At fracture in the
region of ductile-to-brittle transition and cylindrical shape of the area
of local yielding and the Charpy specimen thickness of 10 mm, we have
Ve~ 2 mm3.

For the practical use of the proposed approach, the invariance of V,;
to the value of the yield strength of the metal is of key importance. To
verify the derived relationship (8), you can use empirical data on the
dependence of the threshold level of impact toughness KCVy, on the
yield strength of RPV steels and their welds, which are given in the
PNAE G-7-002-86 standard [4].

The idea of the calibration procedure is that the V,; value is deter-
mined based on the threshold level KCVy, for a metal with a given yield
strength ..

According to (8),

KCV,

vV, = th , 9
T 1.86e,00, (Tyr) ©)

where o, (Ty;) is the yield strength in the vicinity of the Charpy V-
notch at the temperature Tk.

3. EXPERIMENTAL METHODS

Experimental studies included uniaxial tensile tests of round speci-
mens at two temperatures of 293 K and 573 K and impact tests of
standard Charpy V-notch specimens in the temperature range from 173
K to 373 K.

VVER-1000 RPV steels and their welds were applied as research ob-
jects (Table 1).

3.1. Constructing the Temperature Dependence of Impact Toughness

The impact toughness KCV is defined as the absorbed energy, A, divid-
ed by the cross-sectional area of the Charpy specimen, F, at the V-notch
plane[12]:

Kev =4 (10)
F

Typically, the temperature dependence of KCV values is approxi-
mated by the following relationship [14]:
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KCV = [U—iEj {1 + tanh (%ﬂ (11)

where USE is the impact toughness value on the upper shelf energy of
the Charpy curve, J-cm™2; T is test temperature; Ty and C are fitting
parameters, °C. The values of USE, Ty and C are found, when pro-
cessing experimental data by the least squares method.

3.2. Constructing the Temperature Dependence of Yield Strength at
Dynamic Loading and Determination of Critical Brittleness

To develop the dependence of the yield o¢.2 strength on the temperature
and strain rate, a model of thermally activated motion of dislocations
was used [15, 16], according to which

Gop.2 = Oz (Tr) +C, exp [_BT] - C, exp [_ﬁTr] ’ 12)

TABLE 1. Mechanical properties, impact toughness threshold KCVy, and crit-
ical brittleness temperature Txr, determined by criteria of PNAE-G-7-002-86
and e.=0.02 for VVER-1000 base and weld metal in irradiated and non-
irradiated condition.

Material 2, 0.2, KCvy™®s T Vers S0z (Ter ) » KCv, ™",

10%2n/m? | MPa J/sm? °C mm? MPa J/sm?
RPYV steel (VVER-1000)
Steel H 0 543 49 -36 2.152 837 49.8
11.1 605 59 -18 2.482 874 52.0
22.2 620 59 -20 2.433 892 52.0
Steel K 0 595 59 -81 2.090 1038 61.0
18.2 663 59 -43 2.088 1039 61.0
Steel P 0 567 59 -37 2.317 936 54.4
27.6 593 59 -34 2.264 958 56.0
68.7 635 59 -23 2.200 986 57.6
Steel W 0 564 59 -73 2.197 987 58.1
22.2 615 59 -14 2.262 959 60.3
58.9 627 59 -10 2.245 966 61.2
Steel Y 0 612 59 =79 2.142 1012 59.3
13.1 665 59 -50 2.134 1016 59.6
27.3 683 59 -39 2.133 1017 59.8
Steel
15X2NMFA 0 576 59 -76 2.368 916 54.1
(slab 7)
Steel

15X2NMFA 0 609 59 -46 2.575 843 51.9

(slab 5)
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TABLE 1 (continuation).
PNAE PNAE D 0.02V,,
Material 1023;’/1112 M KgIC}/élhlz A H‘infﬁ Go'i/g?) ' KS/V‘;mz ’
RPV weld metal (VVER-1000)

Weld metal K 0 510 49 -62 1.946 926 54.0
16.9 593 59 -32 2.263 959 56.0
Weld metal L 0 562 59 -21 2.167 1001 59.0
33.5 648 59 33 2.104 1031 60.0
43.5 603 59 25 2.183 994 54.8
Weld metal P 0 502 49 -57 1.914 941 55.1
22.2 558 59 -11 2.306 941 55.4
55.8 580 59 11 2.313 938 55.4
Weld metal W 0 437 49 -22 2.032 887 52.0
17.4 565 59 -17 2.149 1009 59.3
42.7 625 59 7 2.077 1044 61.2
Weld metal Y 0 545 49 -43 1.875 961 55.9
20.1 590 59 20 2.373 914 53.9
56.9 609 59 37 2.379 912 53.9

‘Weld metal Sv-
10XGNMAA 0 471 49 -52 1.886 955 55.8
8.9 608 59 -8 2.109 1029 60.6
20.9 593 59 14 2.203 985 58.0

where co.2(T,) is the yield strength at room temperature T,=293 K;
C1=oc1n is the stress, which characterizes the maximum magnitude of
barriers overcome by thermal activation. The coefficient § depends on
the strain rate ¢ and density of mobile dislocations p; and is evaluated
by the following equation:

B=C,-C,lné, (13)

where C, = k(bzmppd)/UO ; (B is the Boltzmann constant, wp is the De-
bye frequency, b is the Burgers vector); C, = k/U, = 0.000415.

The C; and C: coefficients were defined separately for each steel by
calibration using the tensile test data for the yield strength at T'=293
K and T=573 K (Table 2). According to the results of processing ex-
perimental data in the first approximation, these coefficients do not
depend on neutron fluence.

According to (12), the expression for the athermal component of the
yield strength o, is as follows:

o, =c2% _(, exp(—(c2 -G, 1ne'0)T0), (14)

where ¢, =0.0004 s is a strain rate under quasi-static tension.
Considering (12) and (13), the expression for the yield strength o),



APHYSICALLY BASED CRITERION FOR DETERMINING THE CRITICAL BRITTLENESS1023

TABLE 2. The C; and C; coefficients for the PRV steels, determined by cali-
bration using the yield stress co.2.

Material | ¢,MPa |
RPYV steel (VVER-1000)
Steel H 933 0.00633
Steel K 1036 0.00584
Steel P 900 0.00518
Steel W 900 0.00513
Steel Y 983 0.00606
Steel 15X2NMFA (slab 7) 1100 0.00755
Steel 15X2NMFA (slab 5) 1100 0.00843
RPV weld metal (VVER-1000)

Weld metal K 1049 0.00581
Weld metal L 900 0.00423
Weld metal P 900 0.00467
Weld metal W 900 0.00414
Weld metal Y 1045 0.00542

Weld metal Sv-10XGNMAA 1041 0.00483

at the strain rate ¢, =200 s™ in the vicinity of the Charpy V-notch is:
Gy = 6, + C exp[—(C, - C;Iné,) T]. (15)

Formula (15) was used to develop the temperature dependence of the
oy, for the RPV metal in the initial and irradiated states.

To determine the transition temperature Tkr, the KCVy, values for
four ranges of strength of ferrite steels given in the PNAE G-7-002-86
standard were used (Table 3).

4. RESULTS AND DISCUSSION

In accordance with the results obtained, the V,; value practically does
not depend on the strength of RPV metal (Fig. 2). In the range of yield
strength 437-683 MPa, the average value of V,; equals to 2.16 mm?

TABLE 3. Threshold levels of impact toughness depending on the yield
strength of structural steels and their welds.

Yield strength co.2 Impact toughness

at 20°C, MPa E,J | KCV,J/sm?
Before 304 23 29
304-402 31 39
402-549 39 49

549-687 47 59
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Fig. 2. The effective volume V,; of the Charpy V-notch specimen for the RPV base and
weld metal. Line is an average value V,;=2.16.

with a standard deviation of £8% . This is quite close to the estimate
above V,;=2.00 mm?.

According to (9), invariance of V,; to the yield strength means the
linear dependence of KCVy, on the yield strength o, (T, ) at the tem-
perature Txr under the condition of dynamic loading:

KCV, =1.36V, e,05,(Txs)- (16)

According to (8), (11) and (15), the Txr value can be calculated by
solving a nonlinear equation:

(#) {1 + tanh [¥ﬂ } (17)

=1.36V,¢, {0, + Cexp[ —(C, ~ C; Iné;) Ty |}

The threshold level of impact toughness, KCVy,, depends on the yield
strength at the temperature Txr under dynamic loading conditions.
However, from a practical point of view, it is relevant to establish a re-
lationship between the KCVy, and value of the yield strength co.2(T") at
room temperature under conditions of uniaxial quasi-static tension.
Such an attempt was made in the PNAE G-7-002-86 standard within
the framework of a purely empirical approach (Table 3). It should be
noted that the threshold levels of impact toughness in PNAE G-7-002-
86 are given not as a monotonic function of the material yield
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strength, but as a number of fixed values of KCVy, for different ranges
of co.2(T,) (Table 3).

The results obtained in this study allow us to establish a relationship
between KCVy, and the yield strength at room temperature. Substitut-
ing the expression (15) for o, in Eq. (16) considering Eq. (14), after
the math conversions, we get:

KCV,, =a+bo,,, (18)
where

a=1.36V,¢,C, {exp [— (C,—C;lne,) TKF] —exp [— (C,-C;lney,) TK]} , (19)
b=1.36V,c,. (20)

In accordance with Egs. (18)—(20), the threshold level, KCVy, is not
an unambiguous function of the yield strength co.2(T,), since this pa-
rameter is influenced by the Txr temperature, which, in turn, depends
not only on the co.2 and n, but also on the local cleavage stress cr in the
vicinity of the stress raiser. The value of the latter is determined by the
brittle strength Ryc [9, 10]. In the relationship (18), the influence of
these factors on KCVy, is characterized by the coefficient b.

The derived values of KCVy, (Fig. 3) allow us to estimate the degree
of variation of this parameter for RPV steels and welds in the initial

80+
70::
60::
50::
40::

30
20
10

Impact toughness KCV, J/cm?

0 1 T T T T T T T T T T T 1
200 300 400 500 600 700 800

Yield stress o,,, MPa

0.2?

Fig. 3. Dependence of KCVy, values on the yield strength c0.2(T,) at room temperature
under quasi-static loading conditions: solid lines—calculations by Eq. (18) at a =22.63
+6.77 J-cm2; dashed lines—the KCVy, values according to PNAE G-7-002-86.
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and irradiated states. For this, the data in Fie. 3 were anoroximated
using the relationship (18) provided that b =0.058J / (cm® - MPa)
(e;=0.02, V,;= 2.16 mm?). In this case, a = 22.63 + 6.77 J/cm?, that is,
the coefficient of variation of parameter a is of 30% .

Thus, using Eq. (18) with specified a and b allows us to outline the
entire array of KCVy, values. For the range of yield strength 400—690
MPa at room temperature, this dependence is generally consistent with
the empirical KCVy, values used in PNAE G-7-002-86; however, unlike
PNAE G-7-002-86, dependence of KCV, on the yield strength co.2(T) is
a monotonic function.

Finally, it should be emphasized that a scatter of the KCV values in
Fig. 3 is not due to the test conditions (a variation of test temperature
from a specimen to a specimen, V-notch parameters, impact velocity,
etc.). This scatter is due to influence of additional factors, first of all,
the Ryc parameter, which characterizes the brittle fracture resistance
of RPV steels and depends on their microstructure.

5. CONCLUSIONS

To assess the ability of structural steels to resist the brittle fracture
using the transition temperature Tkr, the threshold value of impact
toughness KCVy, should increase with increasing the strength in such a
way as to ensure a constant value of local plastic deformation in the
vicinity of the V-notch for the Charpy specimen.

The KCVy, value is not an unambiguous function of the yield
strength c0.2(T;) at room temperature. An additional influence on the
KCVy, is exerted by factors that characterize the ability of RPV metal
to resist brittle fracture under stress concentration conditions, in par-
ticular the brittle strength Rac.

For practical use, the dependence of KCVy, on co.2(T,) can be repre-
sented in the 1** approximation as a linear function KCV, =a + bo,, ,
where the influence of additional factors on KCVy, is taken into ac-
count by the variation of the parameter a = 22.63 + 6.77 J-cm2. In this
interpretation, the proposed relationship is generally consistent with
the empirical KCVy, values used in PNAE G-7-002-86 in the range of
yield strength 400-690 MPa.

The research leading to these results was funded by the National
Academy of Sciences of Ukraine (Grant Number 0121U107569).
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MexaniuyHa cTa0iIbHICTD i KPUXKiICTH METAJIIB i CTOIIIB.
Y. 1. ITapameTpu i KpuTepii cTrabiIbHOTO CTaHY

I0. d. Memkos, I'. I1. 3imina

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

B crarTi posrisamaeThea mpobieMa KPUXKOro PYHHYBaHHA KPUIlh, CIIPUYNHE-
HOTO Jieio KOHIeHTpaTopiB Hanpy:keub (KH), B ToMmy uucii TpinuH, 3a HU3b-
KMX TeMIepaTyp BUIPOOYyBaHHs. ABTOPU POOOTH POIIJIALAIOTH B A3KO-
KPUXKUHU IIepexis 3a KpuTuuHol Temiueparypu T¢ pyiHyBaHHA 3paskis 3 KH
AK BTpaTy MexXaHiuHOI cTabiJIbHOCTH I'PAaHMYHOI MiITHOCTHU Gyr IIiJl Yac pyuHY-
BamHA 3paska 3 KH Hm:KvYe MeKi MIMHHOCTY MeTaJly Go,2. MexaHiuny cTabijb-
HiCTH MiITHOCTH MeTaJIeBUM MaTepisgjgaM HaJa€ IIACTUYHICTD, AKa 30CePeIiKy-
€ThCA B iHTepBaJi JedopMaIliiHOro 3SMIiITHEHHA MijK MeKelo INIMHHOCTHU Go,2 1
iCTHHHUM HaOpy:KeHHAM PYHUHYBaHHA Sk Y BUTJISAL IIOKA3HUKA 3JIaMOCTilKO-
ctu B, =Sk/0o,2 i yac B’A3KOro BiIpuBy y «IIuiiii» spaska. Koumeurparop
HAIIPY’KeHb JIOKaJIidy€e Bech pe3epB MexaHiuHoi crabiibHOCTH MeTary B, B 30HI
MJIACTUYHOCTH, UMM 3yMOBJIIOE MAKPOCKOIIIUYHY KPUXKY IOBEIiHKY 3pasKa 3a
remueparypu T < T¢, ne minaicTs 3paska 3 KH onr < 6o,2. BeTaHOBIIEHO 3a/1€0K-
HiCTh KPUTUYHOTO PiBHSA B, ipu T¢ Bix pesepBy MexaHiuHOI cTabiIbHOCTH Mi-
nHocTH (B,) i Buay KH. PosrinsuyTo epeKTUBHICTS OKPUXUYBaAJIbHOI Aii pisHUX
tunie KH (#HazpisiB i Tpimua) Ha mpukJgaai apmMko-sainisza (o-Fe), a Takox
KOHCTPYKIIMHUX KpPHUIb y IIMPOKOMY misIa30Hi ITOKAasHMUKIB MiIlHOCTU
(00,2 =150-1500 MIIa) i noactuunoctu (Yx ~ 10-83%). IlokasaHo, 1110 KpUTH-
YHUHN ITapaMeTep pe3epBy MexaHiuHOI crabiimbHOCTH B, MOXKE CTATH KJIOUO-
BUM 3aCO00M PAaHXKYBAaHHSA KOHCTPYKIIIHHNX CTOIIB Y IPAKTUUYHOMY MAaTepid-
JIOBHABCTBI Iij uac arecralrii crTomiB a1 3acTOoCyBaHHA ixX y Bupobax, 1o mic-
TATH B cO0i KOHCTPYKIIIiHI KOHIIeHTPATOPH ab0 TPIillIUHY BTOMH.
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Karouosi ciioBa: MinHicTb, KpUXKicTh, MexaHiuHa cTabiIbHiCTh, KOHIIEHTPA-
TOp HANPYKeHb, CTA0LIbLHIiCTHL MiIlHOCTH, pes3epB CTabiJIbHOCTH MiI[HOCTH,
e(eKTUBHICTh KOHIIEHTPATOPA.

This article considers the problem of brittle fracture of steels due to stress
raisers (SRs), including cracks, at low test temperatures. The authors consid-
er the ductile-to-brittle transition at the critical temperature of fracture of
specimens with SRs, T, as a mechanical instability of the ultimate strength,
onr, at fracture of above specimens below the yield stress of metal, co.2. The
mechanical strength stability of metal materials is provided by ductility,
which is manifested within the strain-hardening range between the yield
stress ooz and true fracture stress Skx as the break resistance index
B, =Sk/0c0.2 at ductile break in specimen ‘neck’. The stress raiser localises the
entire margin of mechanical stability of metal, B,, in the ductility zone,
which causes the macroscopic brittle behaviour of specimen at temperatures
T < T¢, where strength of the specimen with SRs is oyr < 60.2. Dependence of
the critical level, B,., at T¢c on both the margin of mechanical stability of
strength, B,, and the SR type is ascertained. Effectiveness of the embrittle-
ment effect of various SR types (notches and cracks) is considered using the
example of armco-iron (a-Fe), as well as of structural steels over both a wide
strength range (co.2 = 150-1500 MPa) and ductility range (yx ~ 10-83%). It is
shown that the critical parameter of mechanical stability margin, B,., may
become a key tool for ranking structural alloys in practical materials science,
when certifying these alloys for their use in products containing structural
stress raisers or fatigue cracks.

Key words: strength, brittleness, mechanical stability, stress raiser,
strength stability, strength stability margin, concentrator efficiency.

(Ompumano 27 6epe3ns 2023 p.; ocmamouH. eapiasnm — 13 keimus 2023 p.)

1. BCTYII. IBA BUI MEXAHIYHOI CTABIJIbHOCTH

KosxHoMy pyiiHYBaHHIO HAaBAHTAKEHOTO Tijla Iepeye MeBHUM eTal cTa-
0iBHOTO MeXaHiuHOTIO CTaHy, IIiJ Uac AKOro B MaTepisaiai BigOyBaoThCA
Iporecyu HAKONMYEHHA MPYKHIX 1 macTnuaux aepopMarriii i 3pocraH-
HA BiAOOBiIHMX HAIPYKeHb oy. CTabiIbHICTh, MEeXaHiUHOTO CTAHY 3aBe-
pIIyeThca pyHHYBaHHAM Y MOMEHT, KOJIY HATIPYKEHHS JOCATAE IPaHN-
YHOI IJIA HasABHOI CTPYKTYPU MaTepPifay MimfHOCTH Sk: onr = Sk. Bigmo-
BilHO, CIIiBBiAHOIIIEHHS HAIPYKEHb Oy i Sk BimoOpakae IMOTOUHMIT ma-
pameTep MexaHiuHOI cTablILHOCTH HAIIPYKEHOTO CTaHy Py:

P, = Sy /oy . (1)

dizuuyHa cyTHiCTh mapaMmeTpa Py mojsrae B TOMY, IO BiH BigoOpaskae
Mipy cTabiIbHOCTH HAIIPYIKEHOTr0 CTaHYy II0 BiJHOIIIEHHIO IO CTaHY PYii-
HYBaHHS Tija, a 3 TeXHiuHOTO 60Ky Bupas (1) € Hi yuM iHIIIM, AK Koe-
(dimieHTOM 3amacy MiITHOCTM HABAHTAMKEHOTO Tijia IIiJ HANOPY:KeHHAM
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ON, B IKOMY 3aMiCTh IITUPOKO BXXKMBAHOTO B iHKEHEPHiM IpaKTUIli TOKa-
BHUKA Cp,2 U1 Gp Qir'ypye icTuHHe HAIPYKEeHHA PyHHyBaHHA Sk. 3a BU-
3HaUeHHAM oy < Sk i Py> 1. Ilpu oy=Sk maemo Py=1 — KpuTuuHU
MexXaHiuHMil cTaH HAIpPYKeHHs, ToOTo pyiHyBaHHA. OTiKe, 3a BHU3HA-
YeHHAM TaKWI BUJ MexXaHiuHOl cTablIbHOCTH, AK MexXaHiuHa cTabdijab-
HicTh Hampy:xeHO medopmoBanoro crany (HIC) HaBamTaKeHOro Tija He
MOXKe OyTH HUMKUe KPUTUUYHOTO Pc=1 HaBiTh Yy OJHOPIAHUX ITOJISIX Ha-
npy:keus (OITH). B ymoBax cyTo HEOmHOPiZHUX MOJIiB HAIPY:KEHb
(HITH), sanmpukian, 3a BUTUHY, KPYUYeHHA abo mo06aImu3y TPIluH 4u iH-
X KoHIleHTpaTopiB Hanpy:keHb (KH) ymoBa Py > 1 11e 6inbInie migcu-
JIIOETHCA, TOMY ITIO HOMiHAJBHI (cepeHi) HanpyKeHHI Oy MOXKYTDb OyTH
HabaraTo HUKUYMMHU 34 JJOKAJbHI 6. A OCKiTbKM PYHHYBAHHA Y CBOEMY
3apOJAKOBOMY CTaHi € CyTO JOKaIbHUM aBuiiem [1, 2], To caix pospisus-
T HOMiHaMBHI Py 1o (1) i tokasbHi P; mapaMeTpu MexXaHigyHO1 cTabiIb-
HOCTHU HAIIPYKEeHOTO CTaHy:

P, =8¢/c,. 2)

AJe psa MeTalIiB, fe Y IOKA3HNKA MIiITHOCTH € MeXKa ILNTMHHOCTHU Co,2,
MOJMKJIMBUH iHINNI BUJ MexXaHiuHOI cTabiibHOCTH — cTabiIbHICTL Me-
XaHIYHUX BJIACTUBOCTEM: MiITHOCTH Ta IJaacTuyHocTHu. Hpyruit Bug me-
xaHivHOI cTabiILHOCTH MOMKJIUBUHA TiIbKU AJIA METAJIeBUX MaTepiadiB i
BUILIMBAE 3 MEPINOTO Y OKPEMOMY BUIIAAKY, KOJW HOMiHaJbHE Gy (200
JIOKaJIbHE Or) HANIPY:KEeHHSA IePeTUHAE PiBeHb MeiKi IJIMHHOCTH Goz i
cTabiIbHO TiATPUMYE MiITHICTh MEeTaJy Y CTaHi mIacTuuHol medopmarrii.
s gpyroro Bumy cTabiIbHOCTH BimBemeHO oOMe:KeHWU iHTepBas Ha-
OPY:KeHb MiK ABOMA IMOKA3HUKAMU MIiITHOCTH — Oz i Sk, 6 BUHHUKAE
JOoZaTKOBa MIiITHiCTE AedopMaIiiiHOro 3MiITHEHHS MeTajy, IO JIOIIOB-
HIO€ 6a30BYy MiIlHiCTb, AKY MO3HAYNMO B,:

B, = SK/GO,Z . (3)

TeopeTuuHi OCHOBM MeXaHIiUHOI cTa0iIbHOCTM HA IMiATPYHTI YABJIEHD
JIOKAJIBHOTO IIiAXO0MY IIOMI0 IIPOIlecy PYHHYBAHHSA AETAJIbHO PO3PO0IEHO B
[3]. B mamiii pob6oTi MexaHiuHa cTabiIBbHICTL PO3TIAAAETLCA AK CTAOLID-
HICTh MIiITHOCTH y TePMiHaX, 3PYUYHUX IJIS IPAKTHIYHOTO 3aCTOCYBAHHS.

ITapamerep Py MexaHiuHOI cTabiibHOCTH HATIPY:KeHHA Gy 110 (1) Mo-
JKe JaCTKOBO MepeKpUBaTUCA 3 MOKa3HUKOM B, mo (3), ame ¢isuuni cyr-
HOCTI iX icTOTHO BiApisHAIOTHCA MixK co00r0: Py BigMmiuae iHTepBas me-
XaHiuYHOI cTabilIbHOCTH HAIIPYKEHOT0 CTAaHY B MeKaX HAIIPYKeHb BiJ Oy
0 Sk y YHCTO MPYKHBOMY BilTiKy, 1[0 MPUAHATHO JUIIIE IO KPUXKUIX
MaTepianis, Toxi Ak B, OyAyuu AJIS MeTaJiB JIMIIe YaCTUHOIO BeJIUUNHUI
Py, BigoOpaskae MexaHiuHy CTaOlIbHICTL MIiITHOCTH MeTaJy V CTaHi ak-
TUBHOTO IJIACTUYHOTrO AeOPMYBaHHS B MeXKaxX ABOX (pikcoBaHUX DPY-
0exxiB MimmHOCTH — 06a30BOi Op2 i rpannuHOi Sk. CIiBBiZHOIIIEHHA IIUX
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MOKAa3HUKIB Jae KiJbKicHUII BUMIp 0COOGJMBOI BIACTUBOCTU — IIOKA3-
HUK B, MexaHiuHOI cTablJIbHOCTY MIIITHOCTH Ta ILJIACTUYHOCTU OLHOUYAC-
HO, SKUH CJYTye Pe3epBOM MIiIITHOCTH METAaJy B OCOOJMBMX YMOBax Ha-
BaHTaKeHHA, KOJU B XOi MJIacTUYHOI fedopmallii B CTPYKTYpi MeTary
MMOCTiTHO BUHUKAIOTH 3apoaKoBi Tpimuuu (3T) [1, 2], 3 AkuxX 3a neBHUX
yMOB (11pu on = Sk a60 o1 = Sk) chopMyeThCA MKepeao pyiHyBanHsg [2].

ITocrae 3agaua — 3’sAcyBaTH AK CIIiBBiAHOIIIEHHS IMMOKAa3HUKIB B, i Py
BILIMBAE Ha CTAaH KPUXKOCTH Y MeTajlax, II[0 € MeTOI0 JaHoi poboTu. Ajle
mepe TUM Tpeba BiIMiTHUTH JesdKi 0cOOJMBOCTI MMOKa3HUKA CTa0LILHOC-
T MinHOCcTH B, AK crenudiuyHol MexaHIYHOI BIACTUBOCTH METAJIY.

3aBOsKu TOMY, 1110 B opmyi (3) 3aMicTh MOKa3HMKA HAIPY:KEeHHST
Oy IPeACTaBJIeHNN IIOKAa3HUK MEeXaHiuHOI BJIaCTUBOCTH Go,2, TO BEJIMYUM-
Ha B, 3a cBOIM (biBMYHUM 3MiCTOM IIEPEXOAUTH Bi/l KaTeropii mokasHuKa
cTabinTbHOCTU Hampy:KeHoro cTaHy (Tumy Py mo (1)) o moxkasuuka HOBOI
BJIACTMBOCTH MeTany B,, aKa BigoOpakae cTabiIbHiCTL MiITHOCTH B YMO-
Bax ILJIACTHUYHOI Aedopmarrii, Koau oyr > Go,2. MOMKHA BigMiTUTH, 110 IA
BJIACTUBiCTb, — MexaHiuHAa CcTablJbHiCTL MiIIHOCTM Ta IIJIACTUYHOCTU
MeTaJiB, — 3JaBHAa BijloMa TEeXHOJIOTaM rapsaduoro Ta XO0JOIHOT0 00pos-
JIeHHS MeTaJIiB y IIpollecax KyBaHHS, IPOKATKU Ta X0OJOIHOTO BOJIOYiH-
HA IPOTY, KOJIU MIITHiCTh MeTany 30epiraeThbes Imijg uac iHTeHCHBHOIL Je-
dopmMmarrii BuIre MexKi IINHHOCTH Go,2. CaMe Bim BeTmuuHU pe3epBy cTa-
O0inpHOCTH MimHOCTH B, 3ajIeKUTh CTYIiHb MOMKJINBOI medopMallifHol
GOopMO3MIiHM 3aTOTOBKM IIiJi 3aXMCTOM BJIACTHUBOCTH MeXaHiuHOi cTabi-
JBHOCTH MirmtHOCTH MeTany (B,) B iHTepBaJi Mixk 6a30B0o10 (Co,2) 1 rpaHu-
9HOI0 (Sk) MiITHOCTAMU MeTaTy.

Hapami BracTuBicTs cTablIbHOCTHY MIiITHOCTH Ta MJIACTUYHOCTY B, na
CKOpOUeHHsA OyZeMOo HasMBATH Pe3epBOM CTAOIIBLHOCTH MiITHOCTH abo
IPOCTO Pe3ePBOM MiI[HOCTH.

AJie B KOHCTPYKIIITHOMY 3aCTOCYBaHHi MeTaJIiB y IOKa3HuKa B, inia
PoJib — B 30Hi cTabiJIBHOCTH MiITHOCTH MOJKE€ BUHHKATH a00 CTabiIbHO
icmyBaTu Oynb-saxa HeopuopiguicTs HIC, aKII0 BOHA He mepeBUIIyE pe-
3epB crabinbHOCTH MimHOCTU B,. TM caMuM mOKa3HUK pe3epBy cTali-
JBHOCTU MiITHOCTH B, Bifirpae BuUpimiajbHy POJb Y 3aXUCTi €JIEMEHTIB
koHcTpyKIi#t (EK) Big KpuxKoro pyiHyBaHHSA B THX BHUJaX HaBaHTa-
JKeHHs, Je Mae Micie piska meomuopimuicts HIC — mix vac Burumy,
KpyueHHsd, B EK, 1110 MicTaTs B co6i KorcTpykTusHi KH abo HadyTi 1e-
GeKTu — TPIiMIUHHA.

3a Taxky KopuCcHY (PYHKI[ilI0 XapaKTepucTuKu B, aBTopu pobiT [4—7]
Ha3BaJIM I[I0 BJIACTUBICTH MeTAJy 3JIAMOCTiMKicTIO. IKMM YmHOM peaJri-
3YETHCSA 3aXMCHA POJIb ITi€l BJIACTMBOCTH B KPUIAX MOBA Iige HHMMKUeE,
ajle CJIiJ 3a3HAUNTH, IO caMe HeCTAaOLIbHIiCTL MIITHOCTH IPHUPOLHBO
KPUXKHX MaTepidAxiB (CKJIO, I'paHiT, TOIO) € XapaKTePHUM IIPOSIBOM
iXHBOI 0COOJIMBOI MeXaHiuHOI IMOBEeAiHKKM B YMOBaX HEOTHOPIAHUX BUIiB
HaBaHTaKeHHs (BUTWH, KpyueHHs, HagBHicTs KH, Tpimmunun). Beacym-
HiBHO, IIT0 J0Ope BimoMy KPUXKiCTh, a IO-CYTi TaKy €KCTPEeMaJIbHO BU-
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COKY HecTaOiJIbHICTh MIITHOCTY BUKJNKAHO BiICyTHiCTIO pe3epBy cTabi-
JbHOCTH MimuHOocTH: B, =1 uepes BilCyTHiCTh Y KPUXKUX MaTepPiAIiB Xa-
PaKTEepPUCTUKU MEXKi IJIMHHOCTH Go,2.

3 ychoro BUIITeHaBEeqeHOTO BUILIMBAE, IO ABA PO3TJISHYTI BUIIE BUIN
MmexaHiuHoi crabinbHOCTU Py (1) i B, (3) ontmcyroTh pisHi mpeameTy cra-
6inpHOCTU: Py € TapaMeTpoM, IIM0o XapakTepusye cTabinbHuii (6e3 pyii-
HYBaHHs) HAaIPYKEHUHN CTaH HaBaHTAaKEHOTO Tija, B, — MOKa3sSHUKOM
0cO00JIMBOI BJIACTUBOCTH METaJy — Pe3epBY CTaOiIbHOCTH HOT0 MiITHOC-
TH B YMOBax IIJacTUUYHOro AedopMyBaHH#A. IlopyiieHHs crabiibHOCTH
Hampy:KeHoro crany (Py=1) osHauae pyHHyBaHHA Tijia; MOPYIIEHHS
crabinbHOCTU MinTHOCTH (B, = 1) 03HaUae KpUXKicThb MaTepiary.

2. POJIb PESEPBY MEXAHIYHOI CTABLJIbHOCTH MIITHOCTH
METAJIEBHUX CTOIIIB Yy HEOOJHOPIJHNX CHJIOBHUX ITOJISIX

T'o/10BHOIO 0COOJMBiICTIO HATIPYKEHOTO CTAHY B HEOTHOPiJHUX CHUJIOBUX
nonax (HCII) e e, mo B ymoBax HCII pisxo po3pisHAETHCSI POJIb HOMi-
HaJIbHUX (Oy) 1 JIOKaNBbHUX (0L) HAPY'KEHb Y BiAMOBiZHOCTI 3 pidHOIO
(iBUYHOIO CYTHICTIO ABOX I'PAHNYHMUX ABUII Y MeTaJli — IIJIMHHOCTU Ta
PYHHYBaHHA: ILIMHHICTL (Go,2) 3YMOBJIEHO CTATUCTUYHO yCepeIHEHOIO
CTPYKTYPOIO MeTany, a pyiHyBaHHA (Skx) — 3apOIKOBUMHU TPillIMHAMU
(3T) cyTo JTOKAIBHOTO ITOXOIKEeHHA HA OKPEMUX eJIEMeHTaX CTPYKTYyPHU
MeTaJly — MexKaxX 3epeH, Ha P0o3JoMaX BKJIIOUEeHBL TBepaoi ¢asm Ta iH.
[2, 8]. Tomy JoKambHUI i HOMiHAJIBPHUN ITapaMeTpu MexaHiuHoi cTabi-
JBHOCTH IS HAaIPYyKeHHdA pyhHyBauud Sk (Pr i Py) 6yayThb BimpisuaTu-
cq BigmoBigmo mo crymens meomuopigzaoctu HIIC B 30oHi KH. B Takomy
pasi ymoBa JioKaiabHOTO pydHyBaHHA 10 (2) Pr=1 Moxke BigOyTucs aa
Oyab-axoro mapamerpa Py, OiJBIIIOr0 Y1 MEHIIIOro 3a 1, B TOMY YHCJII i
apu Py > B, TOOTO IIPH Gnr < Co,2.

PyiinyBanusa mertasiunoro supo0y 3 KH 3a cepennix (HOMiHAaJIbHUX)
HaBaHTaKeHb HIMKUYE MeXKi IIJIMHHOCTU METaJy Goz, TOOTO B IPYKHil
00JIacTi, € aHAJIOTOM IIPOABY HECTAOiJIBbHOCTY MIITHOCTH AJIS IIPHUPOIHBO
KpuUXKoro Marepiany B HeoxuHopigzaux HIIC. Aje B merasiax 1 HecTabi-
JBHICTB CTa€ KPUTUUHOIO (400 MPaKTUYHO BiJUyTHOIO) JIUIIE B TOMY BHU-
magKy, KOJU I'PaHNYHA MiIlHicTL pyiHyBaHHA onr Hig gieto KH mamae
HUKUe G2 MeTasy. [le odHauae, 1110 HacIpasAi B MeTaJeBUX CTONAX MU
MaeMO CIPaBy He 3 KPUXKICTIO MeTaJliB, a 3 KPUXKOIO IIOBEJIiHKOI0 Me-
rTajeBoro Tijga B Heomuopimamx HJIIC, AKIIO0 podaMax HEOAHOPiZHOCTH
HAIpy:KeHb B MOMEHT PYUHYBaHHs IIEPEBUIIYE pe3epB cTabiIbHOCTH
minuaocTu B,

SK/GNF > SK/GO,Z . (4)

fAx 6aumMo, MIaCTUYHICTh SIK BJAaCTUBiCcTL MeTtany (Yk) He Qirypye B
yMOBi mepexony Ao Kpuxkoi moBemimku Tina 3 KH; Tomy B Meranax
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KpuxkKicTs B ymoBax HCII o3nauae He BTpaTy miacTuuHoOCcTH (Yk), a He-
cTauy mocTtaTHboro aasa manoro Buay HCII pesepBy cTabiabHOCTH MiIl-
"HocTu B,. Tomy IIIKOM 3p0O3yMiJjO, IIIO0 ¥ IPUPOIHEO KPUXKUX MaTepi-
sAiB (CKJIO, TPAHIT), Y AKUX IIPOCTO HEMAa€E pe3epBy CTAOiIBLHOCTU MiIl-
HocTu (B,=1), XapakTepHOIO 0COOJIMBICTIO IXHLOI ITOBEAiHKY IIi/T HABaH-
TAKEHHAM € IPOAB I[iJIKOBUTOI HeCTaOlJIbHOCTH MiITHOCTH i uac BU-
THUHY 3pasKiB a00 HaHeceHHs HaIPisiB TBEPAUM iHCTPYMEHTOM.

3i cuiBBigHoIenua (4) BuanHo, 1o B ymoBax HCII crabinbHicTs Mill-
HOCTHU PYHHYBaHHA METANy Sk 3HUKAE, KOJU TPUBKA 3MaTHICTL Onr 3pa-
3ka 3 KH crae meHIomw, HiK Me:Ka IJIMHHOCTHU Goz; OT:Ke KPUTEpieM
KpuxkocTu 3paska 3 KH npupogHbo IpUNHATH YMOBY

Cyp = Ogz - (5)

Ha pucynky 1 mokasaHo, 1110 ymoBa (5) BizMiuae KpUTHUUHY TeMIIepa-
TYpy B’A3KO-KPUXKOTO Iepexony nasa 3paska 3 KH, akiii BimmoBimae
KPUTUYHUHN PiBeHb MIITHOCTU METAJY Co,2 = Co,2¢c 1 KDpUTUUHUYN IIOKa3HUK

11004 1100+
1000 10004 S
900 900+
© < 1
= 800+ g 800+
i 100, > 00|
= 600- g 000 2
g 500- = g 500+ S
] =
B 40040 B2 400 Oy, |
e : T =
B 3000 & 5 300 80 5
H 1 i
ani = /d 900 60 >
200- 3] ] 8
100- 10
100+ . 5 1 : 120 B
T T :‘ T l:l:“ T T T T 10 _5 - 00 T — - T T 1 .5
50 100 150 200 250 300 m 50 100 150 200 250 300 m
Temmepatypa T, K Temmeparypa T, K
a 0

Puc. 1. TemmepaTypHi 3ajesKHOCTI MexaHiuHUX BjacTuBocTeil a-Fe masa riman-
KUX 3pasKiB (Go,2, Wk, Sk) 1 3pa3KiB 3 KOHIIEHTpPATOPaMU HAIPYKEHb: @ — 3pa-
3KU 3 KiJIBIIEBUM HAAPi3oM 3a PYHHYBaHHA HA PO3TAT (Gnr, WYn); 6 — 3Pa3Ku 3
TPIIMHOIO BTOMY 32 TPUTOUKOBOI'0 HaBAaHTAKEHHS (Gco, YN).

Fig. 1. Temperature dependence of the mechanical properties of a-Fe for un-
notched specimens (co.2, Wk, Sk) and specimens with stress raisers: a—
specimens with an annular notch at tensile test fracture (owr, wn); 6—
specimens with a fatigue crack under three-point loading (cco, Wn)-
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snamocritikoctu B,=B,. OmKe, IJd IO3HAUEHHS KPUTUYHOTO CTAHY
nepexony spaska 3 KH mo kpuxxocTtu (To0TO BTpaTu cTabiIbHOCTH MiIl-
HOCTH) JOCTATHBLO JIKIIIE OLHOTO IIapaMeTpa — KPUTHUUYHOrO Pe3epPBY Mi-
ITHOCTH (3J1aMOCTifiKoCTH) B !

B, = SKC/GO,ZC . (6)

3a remneparypu T > T¢c maemo B, > B, 1 6yr> 6,2 — CTa0iIBHICTDL Mi-
HOCTHU opnF; 3a T < T¢ — HaBHaKH, HecTAaOIbHICTh IrPpaHMYHOI MiIlHOC-
TH, KPUXKICTh.

IBa cropimHeHux mapamerpa cTabiJbHOCTM — CTabiJbHICTH HAIIPY-
sKeHoro crany Py 1mo (1) i peseps crabinbHOCTH MimmHOCTH B, 1o (3), 1110
3amnobirae KpUXKOCTiI MeTally, XapaKTepus3yIoTh IIPOIleC pPyHHYBaHHA Y
Bcill HeoOXimHili TOBHOTI, AK 3 60Ky Hampy:keHoro crauy (Py), Tak i 3
00Ky BIacTuBOCTeil MmeTany (co,2, Sk, B;). ToMmy cucTeMuy aHaisy edex-
TUBHOCTH OKpuxuyBanabHOl Aii KH Ha pisHHMX MeTajleBMX CTOHAX MOIli-
JIbHO 3[i1ICHIOBATU caMe Ha IIUX MOKa3HUKAaX Ipolecy pyHHyBaHHA.

B MmomeHT pyiiHyBaHHA npu onr i giero KH nmoxkasuuk Py > 1 Bimo-
Oopaskae edeKTHUBHICTL o.; pylHyBaabuoi aii KH mi1sa Mmerany 3 meBHUM
piBuem B;:

o = Sk /Oy - (7)

Huxue Mmu OymeMo KOPHUCTYBATHUCS caMe IMOKasHUKaAMU O.r i B, masa
aHamisu edeKTHUBHOCTH OKpuxuyBandbuol Aii KH ma mpurmamgi Kpuib
Pi3HOTO KJiacy MiITHOCTH.

3. BIIJINB PESEPBY CTABIJIbHOCTHU MIITHOCTH B, HA
E®EKTHUBHICTD PYUHYBAJBHOI 11 KH .,

Bubip nBoX BuINle3rajannXx MeXaHiYHUX MOKasHUKIB (B, i o) 1i1a aHa-
Jisu mpuponu okpuxuyBaiabHOi Aii KH y metameBux Bupobax BuriaAgae
IIJIKOM MOPEUYHUM i OGI'PYHTOBAHUM, OCKIIbBKY B TaKill ITOCTaHOBIIL 3a-
Jadi Ma€ MicIle IPOTHUCTOSIHHSA ABOX CIIIBPO3MIipHUX, ajie IPOTHUJIEKHUX
110 CBOIM IIPUPO/Ii BJIACTUBOCTEN — BJIACTUBOCTU CIIPOTUBY PYHHYBaHHIO
MeTaJly Y HeOIHOPiAHUX MOJAX HampyKeHb (B,) i sgaraoctu KH 3a pa-
XYHOK CHJIM, 3aKJaJeHOl B Koe(illieHTi KOHIIeHTpaIlili HAIpPyKeHb O
[9, 10], smomaTu HaaBHHI pe3epB cTAOiIbHOCTH MiITHOCTH MeTany B,.
Haragaemo, 1110 B MeTaJeBUX CTONAX 3aBAAKU IPUCYTHOCTI pe3epBy Mi-
nuoctu B, g cuna KH pisko moHMKyeThed Bif ineannruoro HeiiGepoBo-
ro ITOKa3HUKa O, A0 edeKTuBHOI mitouoi cuaum KH — o, mo (7), AKa 3a-
JeXKUTD He JINIIe BiJ O, a ¥ Big pesepBy MimtHOCTH B, .

CuiBBigHOIIIEHHSA BiacTuBocTeil MeTainy (B,) i eeKTUBHOI cCUJI KOH-
IeHTpaToOpa HAIIPYKeHb CTOCOBHO ITHOTO K MeTay (Olf) HOBHICTIO KOHT-
poJoIoTh XapakTep pyinyBanHa Tina 3 KH: opu o. < B, pyiiHyBaHHS
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B’fA3Ke, OCKLIBKU IIPU Gnr > Co,2 MAEMO CTabiJIbHICTh 0a30B0I MiITHOCTH;
IPHA O > B, pyiHYBaHHSA KPUXKe, TOMY IO IPU Cyr < Go,2 — HECTAD1JIb-
HicTh MimHOCTU pPylHYyBaHHA (Sk); IPU O =B, — B’A3KO-KPUXKUIL me-
pexin (onr=Go,2 = Co,2c) Ipu T = T¢ (puc. 1). Omre, KpuTepieM KPUXKOC-
™1 aada Oyab-axoro Tiza 3 KH (B Tomy umcesi i 3 TpimuHOIO) € He Jullle
yMoBa (D) onr = Oo,2, ajle TAaKOXK 11 ekBiBasenTu: B,= B, (6) i

o, = B,. (8)

Kpurepiit (8) BusHauae KpUTUUYHY AJIA TAHOTO MeTady epeKTHUBHICTH
KH 0./ uepe3 KPpUTUUYHUH IIOKA3HUK Pe3epBY CTAOLIBLHOCTH MiITHOCTH
B,. 114 TeMmnepaTypu B’ A3K0-Kpuxkoro mnepexony T¢ (puc. 2).

IIpu T > Tc maemo B, > d.s, TOMY ITIO Go,2 < Onr (puc. 2). Ile odHauae, 1110
3aXMUCHi (Bi KPUXKOCTM) MOXKJIUBOCTI MeTany (B,) mepeBa’kaioThb pYyii-
myBanbHiI MoxkauBocTi KH (a.r), i MeTasn 36epirae crabiibHiCTL cBOET Mi-
mHOCTH (Go,2) YV 3pasky 3 KH. Huxue T'¢, HAaBIIaKM, o> B,, BimmoBigHo,
onr < Oo,2, Iig mito KH meTan BTpavae cTabibHICTH CBOEI MiITHOCTH, IO
O3HAauUae mepexia 1o Kpuxkoi moBexinku 3paska 3 KH (puc. 2).

OT:Ke, KPUTHUYHE 3HAUCHHS Pe3ePBY CTA0LIbHOCTH MIiITHOCTH CTA€ B,
BY3JIOBUM UMHHHUKOM y HIPO0OJeMi Ilepexoay MeTaJy Bif B’A3K0ro 10

50 100 150 200 250 800
Temmeparypa T, K

Puc. 2. TemneparypHi 3a/1eXHOCTI MOKa3HUKIB pe3epBy cTabiJbHOI MilfHOCTH
B, (miuia 1) i edpexTuBHocTu pyiHyBadbHoi mii KH o, ans spaskiB a-Fe (sa
puc. 1): 2 — xinbeleBuii HaAPi3, Po3TAr; 3 — TpiluHa BTOMU (BUruH) (po3pa-
X0BaHo 3a faEuMu Sk, Go,2, onr (Geo) O [11]).

Fig. 2. Temperature dependences of indexes of both the strength stability mar-
gin, B, (line 1), and the ‘destructive effectiveness’ of the SRs, a.;, for a-Fe spec-
imens (by Fig. 1): 2—annular notch at tensile test; 3—fatigue crack under three-
point bending (calculated according to the data of Sk, 6o.2, onF (Gco) by [11]).
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KPUXKOIO CTany, e 0e3mocepeHbO CTUKAIOThCA Y IPAMIii MpOoTUAii Me-
XaHiuHi BaacTUBOCTI MeTany (MinHicTh i miIacTuuHicTs y mapameTpi B;)
i MexaHiuHi pyHHYBaJbHI YNHHUKY HAIIPYsKEHOTro cTaHy (epeKTUBHICTD
pyinryBansuoi 1ii KH o).

Iloganpmia 3amaua moaArae y CHCTEMHIN aHAJIi31 OCHOBHUX YMHHUKIB,
IIT0 BILIMBAIOTH HA IapaMeTep KPUTHUYHOTO pe3epBy MimuHoctu B, mas
KPHUIlb PiBHOr0O KJacy MiImHocTHu. g IIbOT0 aBTOPY CKOPUCTAJINCA pe-
3yJIbTaTaMM €KCIEePUMEHTAJIbHUX OOCIIiIKeHb 3 JOCTYIHUX JKepes iH-
dopwmarrii, 1e HaBemeHO MaHi, TOTPiOHI AJIA POBPAXYHKY BEJIUUMHE Qe (1)
i B, (3) B mmpokomy iHTepBaJji Temmepatyp aaa 3paskis 3 KH i 6es KH
[11, 12] (Tabu. 1). PesynbpraTu BUpoOyBaHb NI KPUIH 3 PIBHUM piBHEM
mirtHOCTH (Go,2~ 150-1600 MIIa) i pesepBoM cTabiILHOCTH MiITHOCTH
(PCM) (B,~1,5-5,0) Ha 3paskax 3 KiJIbIIeBUM HAJApPi30M 3a PO3TATyBAH-
Ha (m.m. 1-7 ta6i. 1 mo [12]) a6o Ha mpu3MaTHUYHUX OaJKax Ha TPUTOU-
KOBUII BUTHH 3 HaBeIeHOIO Tpimuuomwo (m.1n. 8—16 mo [11]) mpeacrTaBieHo
Ha puc. 3.

EdekTuBHICTD 0 pyHHYBaILHOIL Aii Tpimuu (rimia 2 puc. 3) momiTHO
BHUIITE 34 O; AJA KiJbIleBUX HaApisiB (mimia 1 puc. 3), ane g pisKHAIT
HiBeJI0EThCA IS BUCOKOMIiITHUX MaJIOTLIACTUYHUX KpUIIH
(B,~1,5-2,0). B mizomy 3pocTaHHs B, CyIpOBOIKYETHCS ITi IBUITEHHIM
B,., 0cO0JIMBO HA 3pa3Kax 3 TPill[uHAMHU, ajie AJd KiJTbIleBUX HaaPisiB 1
TeHIEeHI[id MOMIiTHA JIUIIE IJId KPUILh 3 HAJAJIUIITKOBO BUCOKOIO IIJIACTHY-
HicTIO, TOOTO M1 HU3LKOMIITHUX KpuIlh (B, ~ 5,0, 6o,2 ~ 150 MIIa), B Toit
yac AK Y KOHCTPYKIIAHMX KpPUIb BHCOKOI MimHoctu (B, <2,5,
00,2~ 1000-1500 MIla) pyiiHyBasibHa e(eKTUBHICTh HAAPisiB sajuIma-
€ThCA HEBUCOKOIO (0. < 1,5), oueBUAHO, BHACJIIOK HEIOCTATHLO BEJIN-
KOTo PiBHA KOHIIEeHTPAIlil HaIpyKeHb O, B IIOPiBHAHHI 3 TpilllIHAMU.

3 HaBemeHOI aHAJIi3W BUIHO, II[0 Pe3epB MeXaHiuHoi cTabiIbHOCTH Mi-
mHOCTU B, y B3aemomii 3 pyiinyBanbHo0 edekTuBHicTiO KH (0lf) miticHO
Bimirpae peryaioBaJibHY poJib Y OKpuxueHHi Metany B ymoBax HCII ue-
pes KpuTuuHe 3HAaUeHHS pe3epBy cTabiabHOCTH MitHOCTH B,.. B 3B A3KYy
3 UM BUHUKAE TOTPeda OiJIbIII JeTaaIbHOTO PO3TIIAAY Iiel mpoOaeMu mif
KyToMm 30py BiiuBy Buny HIIC ma edpexTuBHicTs pytinyBanbHoi mii KH
(0Ler), IITO € 3aIaY€I0 MOAATBIITNX TOCIiTKeHb.

4. BUCHOBKH

CrabinbHICTL MEeXaHiYHOTO CTAaHY B MeTaJlaX O3Hadae cTabiibHicTh ix-
HiX OCHOBHUX MEeXaHIUHMX BJIACTUBOCTEM — MII[THOCTU Ta MJIACTUUYHOCTU
B ymoBax meomHopigaux HJIC. PiBenb MexaHiuHOI cTabiIbHOCTY BU3HA-
YaeThCs MOKA3HUKOM pe3epBY cTabiabHOCTH MimHOCTH B, (3J1aMOCTii-
KOCTHU), AKUH AJIA KOHCTPYKIIIHHUX MaTepidaliB € MOBHOIIIHHUM 3aMiH-
HUKOM BJIACTUBOCTEH IIJIaCTUUYHOCTH.

ITorarTa mexaHiuHOi cTabilbHOCTH MeTany HAOyBae IIPUHITUIIOBO
BasKJIMBOTO 3HAYEHHS I BUBHAUEHHA MOHATTA KPUXKOCTU MaTePiAIiB
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TABJINIIA 1. KputruHi IOKa3HUKY KPUXKOTO CTaHY KPHUILH IIi Yac BUIPOOY-
BaHb Ha XOJIOAOCTiHKicTs (m1.11. 1-7 3a ganumu [11], m.o. 8-16 mo [12].

TABLE 1. Critical parameters of brittle state of steels during cold resistance
tests (rows 1-7—according to[11], rows 8—16—according to [12]).

C Brc
Ne Kpuws, 06pobiaeHnas Tum |- o, | Go.2e, B, Te, K

RH MHa MHa (aefc)
1 cr.30 350 800 2.97 1.31 177
=~
2 (s, 3000C) £ 1400 1600 1.58 1.50 150
B 5
30XTCA 2
3 . < 1500 1600 1.80 1.45 130
e
4 oom 2. 2000C) S 1450 1700 1.77 1.57 83
5 (isgg}??o{(ﬁm) 5 1170 1400 2.10 1.36 77
T g
6 10X2CBA Z 1600 1700 1.83 1.59 160
7 . ZSOOC) = 1180 1300 1.58 1.54 200
8 a-Fe 140 350 5.0 2.77 140
9 V8 (siam.) o 340 450 28 215 220
10 cr.3c S 160 400 3.1 210 147
11 10XCH]I = 310 420 29 25 180
12 AK35 2 1027 1100 2.3 2.0 180
12XH2MI® 3111 5
18 o BeenB-0.0) E 640 700 1.97 1.81 173
14 (nelr?)éciihﬁl;z 3’%101) & 640 820 1.80 1.46 175
jas]
12XH2MI® 31T g
15 (ror.PopowB_0.0022) § 40 977 200 150 65
16 12XH2MI® SHI 650 968 2.17 1.67 81

(;er'. Bopom B=0.004)

IIpumimku: r.B. — rapTyBaHH4 + BiITyCK; i80T. I'. — iBoTepMiuHe rapTyBaHHsd, Bigm. —
Bigmay, 3III — sBapuwuii mos, B — sneryBauas Bopowm.

Y MATepifAJ03HaBCTBi: KPUXKIiCTL — Ile HecTabinbHUIT MexaHiuHnii cTax
MaTepiany, AKuil IpPOABISEThCA y HecTabiabHOCTI Iioro MimHOCTH B
ymoBax HeogHOpimuux HIIC uepes BimcyTHiCTE (Y KPUXKHUX MaTepifaIiB)
a0o JoxkaJibHe BUUepIaHHsa (Y MeTaJIeBUX CTOIAax) pe3epBy MimHocTu B,
— BJIACTUBOCTI 3J1aMOCTiAKOCTH.

[ MeTajieBUX MaTepisjiB By3Ji0Be 3HaUeHHS HAOyBae KPUTUUHUM
MMOKAa3HUK BJIACTUBOCTU 3JIaMOCTifiIKOCTH B,., 3a AKOT0 BiIOYBa€ThCA IIe-
pexinm Bifg cTabimbHOTO M0 HecTabiJIBLHOTO MeXaHiuHOTrO CTAaHy IIif mi€io
KH (upu T = T¢).
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3,01

—
o

Puc. 3. 3anexHicTh MOKA3HUKA KPUTHUUYHOTO Pe3epBY CTAOIIBLHOCTA MIiI[HOCTH
Kpuiib B, (0f) Imig uac mepexonay mo crany kpuxkoctu (T = T¢) Big HadgBHOTO
pesepBy minuoctu B, ipu T'=300 K 3a nanumu tada. 1: 1 — po3puB 3a posTs-
ryBaHHSA 3Pa3KiB 3 Kinbmesum Hagpisom (0 — m.a. 1-7 mo [12], ¢ — mo [11]); 2
— pyHHYBaHHA 3pas3KiB 3 TpimuHo0 3a BUruny (m.m. 8—16 mo [11]).

Fig. 3. Dependence of the index of critical strength stability margin of steels,
B, (0s), at transition to the state of brittleness (T'=T¢) on the current
strength margin, B,, at T=300 K, according to the data of Table 1: 1—break
at tension of specimens with an annular notch (oc—lines 1-7 by [12], e—by
[11]); 2—fracture of specimens with a crack at bending (lines 8-16 by [11]).

B mexxax pesepBy cTabiabHOI MilfHOCTH B, KOHIIEHTPATOP HAIIPYKEHb
aK mxepeno Heopmopiguoctu HIIC BTpauae cBoio pyHHYBAJILHY edex-
TUBHICTB, 3aKJIaneny B HeitbepoBomy KoedillieHTi KoHIIeHTpaTopa Ha-
NpYsKeHb O 1 peayisye icTOTHO 3MeHIIIEHY e(eKTUBHICTH JOKAJIbHUX
IepeHaInpysKeHb O BIIIIOBIIHO 1O KPUTUYHOI BEJINUYNHU Pe3ePBY MiIl-
HOCTHU B

JeTanpHa aHaida 3aKOHOMipHOCTEH BIJIMBY Ha KJIOUOBUI IIapame-
Tep KPUXKOTO CTaHy MeTajliB B, IOJOBHHUX NOKA3HUKIB MeXaHIUHHX
BiractuBocTel i ocHoBHMX unmHHUKIB HI[C cTae HaraibHOIO 3amadeio B
OZAJBIIIOMY PO3BUTKY KOHIEHIil MexaHiuHOl cTabilbHOCTH MeTasaiB
AK cTabiJIbHOCTH IXHiX MeXaHiUYHMX BJIaCTHUBOCTEH.
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