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With using of a dispersed-filled gasifying model, it is possible to inoculate
the cast brass of the G-CuZn15Si4 (DIN) alloy with intermetallic FeCr, known
in the alloys of the binary Fe—Cr system as the ¢ phase, and to obtain the test
castings. With the use of x-ray spectral microanalysis, the chemical composi-
tion of cast samples is determined before and after the process of inoculation
of the matrix melt with dispersed intermetallic FeCr. The results of x-ray
spectral microanalysis show that the cast composite includes Fe and Cr with-
in 1% that vary along the height of the cast sample, while the chemical com-
position of the control casting contains half as much Fe and Cr is not detected
at all. The metallographic analysis of G-CuZn15Si4 cast brass after inocula-
tion make it possible to detect the inclusions of the o-phase in the field of the
metallographic section that is a sign of the microstructure of the zero-
dimensional cast composite material of the Cu—FeCr system, while the micro-
structure of the control casting is characteristic of G-CuZn15Si4 cast brass.
The results of mechanical tests of cast samples and their wear tests under
dry-friction conditions allow us to come to the conclusion that the hardness
of G-CuZnl15Si4 cast brass, which is determined according to the Brinell
scale, and its tribotechnical characteristics depend on the height of casts of
both types, and on the same properties of cast of the sample after inoculation
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with dispersed intermetallide FeCr is affected by Fe and Cr concentrations.
Graphical interpretation of the experimental data shows that the mechanical
and tribotechnical properties of brass castings after the process of inocula-
tion of the matrix melt by the o phase significantly exceed the similar charac-
teristics of G-CuZn15Si4 cast brass before inoculation.

Key words: dispersed-filled gas model, dispersed inoculator, composite cast,
lost-foam casting process, G-CuZn15Si4 cast brass, matrix melt, tribotech-
nical properties.

I3 BacTocyBaHHAM AVCIIEPCHO-HATIOBHEHOT'O MOJEJIIO, 110 radudikyeTbcs, Baa-
Jioca 3AiMICHUTU iHOKYJIIOBaHHA JuBapHOI JaTyHi Mmapku JII[16K4 inTepmera-
aigom FeCr, Bimomum y cronax Oimapuoi cucremu Fe—Cr ak o-dasa, i ogeprxa-
TH TECTOBi BUJIMBKU. 3a JOMOMOTOI0 PEHTIE€HOCIEKTPaJbHOI MiKpoaHaIis3u
0OyJI0 BUSHAUEHO XeMiUYHUH CKJIAJ JIUTUX 3PasKiB [0 i micaa nporecy iHOKyIi0-
BaHHS MaTPUYHOT'O posTomy aucuepcHuM intepmeranigom FeCr. PesynbpraTtu
PEHTI'€HOCIIEKTPAJIFHOI MiKpOaHATi3N ITOKAa3aau, IO O CKJIALy KOMIIO3UTHO-
ro BUJINBKA B Mexkax 1% Bxozars Fe i Cr, axi 3MiHIOIOTBCA IO BUCOTI JIUTOTO
3pasKa, y TO’ Jac KOJIM B XeMiUHOMY CKJai KOHTPOJbHOTO BUIUBKAa Fe BaBiui
MeHIIe, a Cr B3araii He BusiByieHo. Merasorpadiuna anasrisa auBapHoi jaTyHi
mapku JII[16K4 micaa iHOKyTI0BaHHSA YMOMKJINBUIA BUSABUTH B IIOJIi METAJIOT-
padiunoro mumia BKIHOUEHHA C-(asu, III0 € 03HAKOI0 MiKPOCTPYKTYpPH HY-
JBBUMIiPHOTO JUTOTO KoMmmoauilifimoro marepiany cucremu Cu—FeCr, y Toit
Yac KOJIU MiKPOCTPYKTYPU KOHTPOJIHLHOT'O BUJIMBKA € XapaKTEePHUMU AJS JIU-
BapHoi gatyui mapku JILI16K4. PesyabraTn MexaHiYHUX BUNIPOOYBAHb JIUTUX
3paskiB Ta Ix BUMpoOyBaHb Ha 3HOIIIYBAHHSA B YMOBaX CyXOT'0 TePTS JaIU 3MO-
Ty OiliTU BUCHOBKY, ITIO TBEPAiCTh JuBapHOi JaTyHi mapku JII[16K4, aky 6yao
BM3HAUeHO 3a DpiHesneBOIO IIKaJo0, Ta il TpuOOTEeXHiIUHI XapaKTEePUCTUKYU
3aJIeKaTh Bil BUCOTH 000X TUIIIB BUJINBKIB, a Ha Ti 3K caMi BJIACTHBOCTI JILTOTO
3pasKa Iicasa iHOKYJIIoBaHHA AuciepcHUM iHTepMmerasimom FeCr BmimBaioTh
kounenTparnii Fe ta Cr. I'padiuna inTepnperania eKClIepuIMeHTAIBHUX JAHUX
moKasaJja, I10 MeXaHiuHi Ta TpubOTeXHiUHi BJIACTHBOCTI JIATYHHUX BUJINBKIiB
Imicasa mporecy iHOKYJIIOBAHHS MATPUYHOI'O PO3TOIY o-(as3oro 3HAYHO IIepe-
BUINYIOTH aHAJIOTiUHI XapaKTepucTuKu JuBapHoi JaryHi mapku JIII16K4 mo
iHOKyJIIOBaHHS.

KarouoBi ciioBa: nmcrepcHO-HAIOBHEHUWH TasdMofenb, OUCHEPCHUN iHOKYJIS-
TOP, KOMIIOBUTHUH BUJINBOK, JI'M-miporiec, tnBapHa satyHs mapkru JIII16K4,
MaTPUYHUU PO3TOI, TPUOOTEXHIUHI BJIACTUBOCTI.

(Received 25 January 2024; in final version, 28 March 2024 )

1. INTRODUCTION

Brass is a unique structural material with good physical, mechanical
and technological characteristics. It has become widespread in almost
all branches of the economy. This became possible due to a successful
combination of high strength and plasticity with aesthetic appeal.
Foundry brasses are intended for shaped casting of workpieces of
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complex configuration. This includes many special additives that im-
prove the pouring properties. Brass castings are characterized by
high corrosion resistance, increased strength, and antifriction prop-
erties.

As a structural material the foundry grades of brass are used in
transport mechanical engineering, as well as for the manufacture of a
wide variety of fittings, however, low hardness and wear resistance
limit its use in engineering for the manufacture of parts of the ma-
chines and mechanisms operating under conditions of abrasive wear.

In present time, a number of technological methods and techniques
for improving foundry brasses are known, among which its inocula-
tion occupies a central place, in our case it is reinforcement or compo-
site strengthening. However, the inoculation of foundry brasses by
traditional methods is generally a long and uneconomical process. At
the same time, the use of special casting methods allows to avoid the
specified disadvantages. The most promising method of inoculating
brasses is casting according to gasifying models (lost-foam casting
process—LFC process), since its main feature is the use of a model
that is not removed before filling of the casting mold (CM) by metal,
which determines the main advantages of this technological process
in comparison with other methods of casting. In addition, the gas
model (GM) can be obtained in the volume of the press form (PF) from
granular model material.

These circumstances made it possible to introduce dispersed addi-
tives into the composition of GM, and thus to solve a twofold task—to
inoculate the matrix melt in the ‘volume’ of the CM and to carry out
the utilization of dust-like waste from the ferroalloy industry and
foundry production.

In practice, the implantation of inoculators into the ‘body’ of the
GM is go to cold plating of the granules surface of the model material
with dispersed ferroalloys before it is blown or filled into the PF vol-
ume.

Based on these and other considerations, the goal of this scientific
and research work was formulated and set, which consists in the inocu-
lation of molten cast brass of the G-CuZn15Si4 (DIN) alloy with FeCr
intermetallic, known in the alloys of the binary system Fe—Cr as the o
phase, with the help of a dispersed-filled gasifying model (DFGM).
Since the criteria for evaluating the efficiency of the inoculation pro-
cess of cast alloys are the absorption indicators of the dispersed inocu-
lant (DI) by the matrix melt, the parameters of the cast samples micro-
structure, its physical and mechanical and special properties, in order
to achieve the goal, it is necessary to investigate the indicators of ab-
sorption of the o phase by the matrix melt, the microstructure of brass
castings, its mechanical and tribotechnical properties, as well as to
identify factors that significantly effect on these indicators.
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2. BASICS OF THEORY AND TECHNOLOGY
2.1. Physics and Chemistry of the LFC Process

Polystyrene foam (PSF) is used in most cases for the manufacture of
GM. On an industrial scale, it is obtained in reactors at increased tem-
peratures by the method of suspension styrene polymerization [1]. The
physics-and-chemistry and technology of the two-stage polystyrene
production process are described in detail by the author of the mono-
graph mentioned above.

At the first stage, ethylene (rational formula C:H,) and benzene (ra-
tional formula C¢Hs) in the presence of aluminium chloride (chemical
formula AlCl;) as a catalyst, ethylene benzene (rational formula CsHjo)
produces, which is then subjected to catalytic dehydrogenation and the
output is an intermediate product—styrene (rational formula CsHs):

H,C-CH,
AlC 1)
H,C = CH, + L (
363 K
H,C-CH, HC = CH,

@ s @ (2)
EEE———
873 K

At the second stage, as a result, the final product is obtained, i.e.,
polystyrene (rational formula (CsHs).-2) in the presence of a potassium
persulfate (chemical formula K:S:0s) catalyst, by means of suspension
polymerization of styrene (rational formula CsHs):

HC-CH, ... —CH—CH,— | —CH—CH;— | —CH—CH,—....

Oz O |0 o o
343-363 K

n—2
The physical model of the LFC process as well as the mechanism of
the interaction of polystyrene GM with the metal melt are clearly pre-
sented and described in the [2]. However, the proposed physical model
does not take into account the presence of DI in the system ‘metal
melt—-GM-DI-CM”.
Based on these and other considerations, a physical model of the LFC
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Fig. 1. Physical model of the process of interaction of the matrix melt with the
GM and the dispersed inoculator implanted to it during the lower (left) and
upper (right) introduction of liquid metal into the ‘volume’ of the CM [3]: 1 is
forming material, 2 is non-stick coating, 3 is gasified model, 4 is dispersed
inoculator, 5 is matrix melt, 6 is foundry crust, 7 is convective flows, W1, W2
are rates of form filling and thermal destruction of GM, respectively, @ is ra-
diation energy of the matrix melt, q is specific heat of thermal destruction of
GM material, VGP is vapour-gas phase, LP is liquid phase, Pu. is hydrostatic
head of molten metal.

process (Fig. 1) with correction for DFGM was created at the Physico-
Technological Institute of Metals and Alloys, N.A.S. of Ukraine
(PTIMA) and the heat balance equation of the system under considera-
tion was derived [3]:

[Cu-Zn] — [Cu-Zn] eCr
c[Cu—Zn]p[Cu—Zn]AVCM (TP - TL ) - cFeCrpFeCrVFeCr (TL - TLF ¢ ) +

+LanPenAVen +1.13by ARy, TP\/; + Lioc, Prece Vrocrs

where cicu-zn) is the heat capacity of the matrix brass melt, J/(kg-K),
Picu-zn) i density of matrix brass melt, kg/m3, AVey is change in the
volume of the casting mold in the contact zone with the matrix brass
melt, m?, T is pouring temperature, K, 7™ is liquidus temperature
of matrix brass melt, K, crecr is heat capacity of dispersed intermetallic
FeCr, J/(kg-K), prec: is density of dispersed intermetallic FeCr, kg/m?,
Vreor is volume of dispersed intermetallic FeCr, m?®, T;™ is liquidus
temperature of dispersed intermetallide FeCr, K, L is specific heat of

(4)



390 I. A.NEBOZHAK, V. G. NOVYTSKYI, Ie. M. DZEVIN, and A. M. VERKHOVLIUK

thermal destruction of expanded polystyrene, J/kg, peu is density of
the material of the gasified model, kg/m3, bcy is heat-accumulating ca-
pacity of the casting mold material, W-s?/(m2K), AFcy is change in
the surface area of the casting mold in the contact zone with the matrix
brass melt, m2, 1p is duration of form filling, s, Lrec: is the latent heat of
fusion of dispersed FeCr intermetallide, J/kg.

An emphasis is also placed on the convective component of the mass
transfer process of DI in the volume of the metal bath, which, according
to the condition of form filling in the laminar mode and in the process of
crystallization of the matrix brass melt, is predominant.

This can be described using a semi-empirical differential equation of
convective diffusion, which for the one-dimensional case will have the
form [4]:

0
- a (U[(él\l/ll—Zn]CF(‘}el\érS)dxdf =
(3)

(3UCM acGM
= U znContr SAF = (V07 + (2] dac)(CEN + T dx)(S + de),
ox ox ox

where x is linear space coordinate (abscissa axis), m, v[(fjlf%n is the av-

erage speed of convective flows of the matrix brass melt in tirle foundry
mold, m/s, Cav  is concentration of dispersed intermetallic FeCr in the
‘body’ of the gasifying model, kg/m?3, S is relative amount of matrix
brass melt in the two-phase zone, f is cross-sectional area of the casting
mold in the direction perpendicular to the convective flow of matrix
brass melt, m?2.

It has been experimentally proven that the hydro- and gas dynamics
of the LFC process actively influence on the indicators of absorption of
DI by the matrix melt [5, 6], the parameters of the microstructure of
composite castings [6, 7], their mechanical [8] and tribotechnical [9]
properties.

Quantitative characteristics of the hydro- and gas dynamics of the
LFC process are the volume of gaseous products of thermal destruction
of the GM material that seep through the wall of the CM, the thickness
of the gap between the mirror of the matrix melt and the GM during
mold filling, as well as the total cross-sectional area of all feeders. In
the conditions of a real CM, there is a one-dimensional parallel laminar
filtration of gases released as a result of the thermal destruction of the
PSF, which is directed along the normal to the wall of the CM [10]. The
regularities of the gases movement in a capillary-porous environment,
which is the CM, can be described by the one-dimensional Darcy filtra-
tion equation, according to which the flow of these gases along the or-
dinate axis, that is, perpendicular to the vertical surface of the CM
volume, is proportional to their pressure gradient
(gradPcu =dPcv/dy); see Ref. [11]:
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> SdP,,
dV =-DEL (g, (6)
vdy

where dV is the elementary volume of gas filtered through the thick-
ness of the forming material during the time dt due to gradPcy, m3, D

is Darcy filtration coefficient, m?/s, ZSi is the total cross-sectional
i=1

area of the filtration flow (including the cross-section of solid parti-

cles), m2, v is the specific gravity of the filtrate, N/m?.

The authors of [12], with reference to the results of the study of in-
fluence of the various technological factors on the size of the gap be-
tween the metal mirror and the GM, obtained by Yu. A. Stepanov and
V. G. Moskalyov [13] report that at any moment in time this gap can be
described by the equation:

5=0.25a10 — ;F Jg\/Zg{HC(r) —FCPM—(T)}dr , (7)

CM 0 Me

where a is the specific coefficient of gas evolution, cm/s, m is relative
coefficient of gas evolution, u is the mass flow coefficient of the show-
er system, n=0.5-0.6 kg/(cm?s), Fris cross-sectional area of the feed-
er, cm?, Fcy is cross-sectional area of the casting mold in the area of in-
teraction of the gasifying model with the matrix melt, cm?, g is accel-
eration of free fall, g=9.80665 m/s? [14], Hc is calculated hydrostatic
pressure of the metal melt, cm, 1 is current time, s, pue is the density of
the matrix melt, kg/m?.

Calculation of the total cross-sectional area of all feeders in practice
is carried out using the ratio proposed by the authors of [15]:

< m
> (F,), = C : ®)
= 0.31mp\/Hc - Py / Pore

where mc is the mass of cast workpiece, kg, Pcy is the pressure of gase-
ous products of the thermal destruction of polystyrene foam in the gap
between the dispersed-filled gas model and the liquid metal mirror, Pa.

First of all, the modes of filling CM with matrix melt and gasifica-
tion of the model material depend on these factors. Under its influ-
ence, the structure of brass castings is formed, which, as a final result,
largely effects on the quality indicators of cast samples.

The interaction of the components of system ‘metal melt—-GM—-DI-
CM’ is a complex thermo-physical and physics-chemical process, and
the material presented above is not enough to describe it in detail. A
large number of treatises by domestic and foreign researchers are de-
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voted to this topic. The mechanism of the process of interaction of the
system components under consideration is revealed on the example of a
zero-dimensional cast composite material (CCM) of the Al-FeCr sys-
tem and is described in detail in the [16].

2.2. Theoretical Basis of Tribology

Cast brasses, which work for wear under conditions of dry friction
with other structural materials (materials of the counterbody (MCB)),
a tribological system form together with its. The physical quantities
that quantitatively characterize this system [17] in practice are the
friction coefficient of the ‘brass—MCB’ pair, the rate of wear and/or
wear of cast brass, as well as the operation of the MCB. The physical
meaning of these quantities [17—22], from the point of tribology view,
is briefly described below.

According to the definition [18], the coefficient of friction is a value
that characterizes the force of resistance from friction between inter-
acting bodies. Depending on the type of friction, a distinction is made
[17]: the shear friction coefficient (rest friction, incomplete sliding
friction, and sliding friction) and the rolling friction coefficient.
These coefficients can be represented using mathematical expressions
[18], respectively:

f=F/N, 9
f=k+A, /N, (10)

where F: is the force of sliding friction, N, N is the force of the normal
reaction of the support, N, & is a coefficient depending on the proper-
ties of the surfaces of the bodies in contact, Ay is the adhesion coeffi-
cient of these surfaces, N.

According to the authors of [19], friction processes determine en-
ergy flows in tribosystems. In order to manage these flows, you need
to know the mechanisms of heat generation and friction force for-
mation. For their analysis [19], they adopted a model of tribological
contact in the form of an ensemble of connections, that is, diatomic
systems that arise in contact when an external loading is applied, in
which the elastic forces of such connections then compensate for this
loading. According to the created model, which is described in detail by
the authors of the same work, the relative number of such bonds is
proportional to the ratio of the loading to the modulus of bulk elastici-
ty, and under real loadings it is in the range of 10-107* of the total
number of atoms on the contact area. Since, according to the authors
[19], the bond strength is equivalent to gradE .. (where E,: is potential
energy, J); the friction force arises under the influence of energy. For
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their reasons, it can be presented as a dependency:

F = n}}P j F(r)p(r)dr, (11)

r

min

where F: is the force of sliding friction, N, na is the number of atoms
per unit of contact area, nm™2, P is loading, N, K is modulus of bulk
elasticity, GPa, r is interatomic distance, A, F(r) is the bond strength
in the interatomic distance state, N, p(r) is the probability density of
states at the interatomic distance, nm™.

In turn, the bulk elasticity modulus is a value that characterizes the
elastic properties of the material under small deformations. It can be
determined by the calculation method [20]:

K = E/{30 -2p)}, (12)

where E is the modulus of elasticity (Young’s modulus) (E = 70-74 GPa
(Al alloys), E=190-210GPa (steel), E=78-123 GPa (brass)), pu is
Poisson’s ratio (u=0.30-0.33 (Al alloys), u=0.27-0.30 (steels),
u=0.37 (brass)).

The amount of wear is a change in the geometric dimensions and
shape of solids, which are determined by the participation of their sub-
stance in the formation of tribostructures. The flow of this substance,
averaged over the contact plane of the touching bodies, is equivalent to
the wear rate of the material of the test sample [21]:

i(t) = dI(t)/dt (13)

where t is the current time, s, I(¢) is material wear, mg/(cm2km).

The process of material wear over time, according to M. V. Kin-
drachuk and colleagues [19, 21, 22], consists of 2 non-equivalent stag-
es: run-in and steady state. At the preparation stage, tribological
structures are formed, and then the process fluctuates in a stationary
mode with a constant average value and dispersion. Excessive growth
of the tribostructure is limited by entropy, and its lower level is lim-
ited by free energy.

Equations that analytically describe the functional dependence of
the wear rate of material under test and its wear, respectively, on the
current time, are clearly presented below [22]:

i(t) = (i,— <i>)exp(-t /tg)+<i>, (14)
It) =ty(,— <i>)A—exp(-t /t))+t <i>, (15)

where ip and <i> are the initial and average steady-state values of ma-
terial wear rate, respectively, mg/(cm?km-s), #z is the relaxation time
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of running-in, s.

The exponents on the right-hand side of equations (14) and (15), ac-
cording to the authors describe the evolutionary process of material
wear-in, while the wear-in duration estimates the relaxation time, and
the contribution of material wear-in to its wear is a functional [22]:

I, = to(iy— < i>)(1—exp(—t / ty)) . (16)

At this stage, the desire for free energy to a minimum prevails, in
the contact zone of the bodies that form a friction pair, aggregation of
transported particles occurs, internal flows of matter are directed to
the formation of a tribological structure and an increase in its volume,
and the flow of matter from of the system decreases until it reaches a
stationary level [22]. In a stationary state, the tribostructure fluctu-
ates near the average value, during one fluctuation part of the sub-
stance leaves this system in the form of material wear products, and
then the tribological structure is restored [22].

If the tribological structure of the material under study is restored
at a time interval 1, then its wear I(t) at the same interval can be con-
sidered as an independent physical quantity. Then, according to the
central limit theorem, the authors of [22] develop their opinion: at
t >> 1, the wear of this material I(¢) has a normal distribution and can
be represented using mathematical expressions as follow:

It)=t<i>Inonjt/t, 17)
<i>=I(t)/ttmotjt/ T, (18)

where 1 is a Gaussian variable with unit variance, ¢ is the root mean
square deviation of the arithmetic mean, tis correlation time interval, s.

According to the authors of [19], the tribostructure is a special state
of matter that is arbitrarily formed under conditions of tribological
contact that are far from equilibrium. According to M. V. Kindrachuk
and E. A. Kulgavyi [19], stable equilibrium states in liquids and gase-
ous substances correspond to the maximum entropy, that is, the uni-
form distribution of matter in space. The structure of solids, the au-
thors of the same paper continue their opinion, is determined by the
desire of free energy to be minimized, and this determines the crystal-
line structure of the substance.

3. METHODS
3.1. Subject and Object of Research

As cast brass of the G-CuZn15Si4 (DIN) alloy is characterized by high
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casting and technological properties [23], which was already mentioned
earlier, the influence of the technological parameters of the LFC process
and other independent factors during the inoculation of brasses on its
mechanical and tribotechnical characteristics was studied using the ex-
ample of this commercially available alloy. As an inoculator of the ma-
trix melt a dispersed intermetallic FeCr better known in the alloys of the
binary system Fe—Cr as the ¢ phase was used, which was also mentioned
earlier, in the amount of 7% of the volume of the control casting which
is equivalent to 6.3% wt. More detailed information about these materi-
als and technology of their preparation is given below in the text.

3.2. Technology of the Inoculation Process

Dispersed-filled gasifying model (Fig. 2, a) was obtained by the auto-
clave method [2, 10—-12, 15] from PSF with introduced FeCr interme-
tallide powder. Implantation of the dispersed o phase in the ‘body’ of
the GM was made by cold plating of the surface of PSF granules with it
before PF blowing into the volume [24, 25]. A solution of polyvinyl bu-
tyral (rational formula (CsH1402),) of the ‘SDW-3A’ trademark in recti-
fied ethyl alcohol (chemical formula C:H;OH) was used as an adhesive
[24]. GM without additive (Fig. 2, b) was also produced by the autoclave
method from ‘pure’ PSF. In order to prevent the formation of scorch on
the surface of future castings, a non-stick coating was applied to the
GM. The characteristics of model materials will be presented below.

For the manufacture of GM, PSF was used, which was obtained from
cast polystyrene (density 1069-1125kg/m3) of the ‘STMMA-FD’
(Castchem, China) trademark. This polystyrene was specially devel-

Fig. 2. Appearance of gasified models (diagram): dispersed-filled (a), without
additive (b).
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oped for the ‘Lost Foam’ casting technology, that is, LFC process. The
PSF used in the process of implementing this work is characterized by
such indicators as: dispersion of the original material (rational formu-
la (CsHs),—2) is 0.2—0.4 mm, apparent density is 25 kg/m3, sintering
time is 150 s (DFGM), 120 s (GM without additive).

Dispersed intermetallic FeCr was obtained from cast samples of a
high-chromium alloy based on Fe. For this, the piece material was pre-
annealed in a laboratory muffle furnace of the model CHO-
2,5.5.2,5/13,6 U1 for the formation and separation of the o phase
from a solid solution of Cr in Fe, crushed in a laboratory jaw crusher of
the model «Bubporexnux IIIII-10 6411-00013» and sifted through
sieves. Characteristics of dispersed inoculant (DI): annealing tempera-
ture is 1073 K, time of isothermal exposure is 3600 s, dispersion is 20—
100 um, shape of particles is scaly, and unevenness factor is 2—5. The
chemical composition of DI (Table 1) is given below in the text.

It was possible to obtain FeCr intermetallide powder of a given dis-
persion thanks to sieve analysis. For this, a set of laboratory sieves
made of woven wire fabric was used, which is regulated by relevant
regulatory documents, in particular ICTY EN 933-2:201 (EN 933-
2:1995, IDT). The average dispersion of the ¢ phase particles was de-
termined according to the formula[26]:

Zn: m,d,

<d>=4 (19)

n b
Z m,
i=1

where m; is the mass of the i-th fraction of the powdered o phase, kg, d;
is the arithmetic mean of dispersion of ¢ phase particles in the i-th
fraction, x107¢ m.

Depending on the size of the particles (dispersity), the powders are
divided into groups. Dispersed FeCr intermetallide, in our case, is a
mixture of powders of 2 incomplete groups [26]. Such groups are fine
powder (10—40 um) and medium-sized powder (40—250 pum).

In order to protect the surface of future castings from scorching, an
anti-stick coating developed and prepared at PTIMA was used in this
work. Anti-stick paint for the LFC process had the following chemical

TABLE 1. Chemical composition (% mass fraction) of the reinforcing phase
before reinforcement.

Alloying elements and impurities (Fe—base)
Al [cu |[Mn| Ni | Ti | o [ Mo | W
Intermetallide 0.363 0.147 1.105 0.359 0.297 39.951 0.447 0.930

Material
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composition [27], % vol.: pyrophyllite (chemical formula
Al;[Sis010](OH)2) or disten-sillimanite (chemical formula Aly[Si04]0) is
30.0-50.0, bentonite (60.0-70.0% wt.—montmorillonite, chemical
formula Aly[Sis010]J(OH)2-nH20)—10.0-20.0, acid dextrin (rational
formula C¢H1005),) is 10.0—-20.0, technical water (chemical formula
H,0) is the rest. To prevent the fermentation process in the warm sea-
son, sodium alginate (rational formula C¢H:OsNa) was added to the
non-stick coating in the amount of 0.3 to 4.0% of the weight of the fin-
ished coating.

To obtain the cast samples, the G-CuZn15Si4 (DIN) cast brass was
prepared. The studied material, the chemical composition of which
(Table 2) is given below, was melted in a pot furnace for melting Cu and
alloys based on it, such as brasses and bronzes, model ‘CMT-01’. Tech-
nological parameters of the LFC process: a) matrix melt temperature,
K: at the output from the melting unit—1523, during mold filling—
1423, b) speed of mold filling, cm/s: experimental casting—7, control
casting—5. The supply of liquid metal into the ‘volume’ of the CM was
carried out from below into the sidewall of the CM along the thickness
of the future cast sample (with the lower side siphon), which will be
specified later in the text.

The study of the influence of melt inoculation of the G-CuZnl15Si4
(DIN) cast brass on its microstructure, mechanical and tribotechnical
characteristics was carried out according to the original method pro-
posed by specialists of PTIMA and similar to that described in [6—9].
To do this, brass castings (Table 3, Fig. 3) were pre-marked and cut in-
to templates, from which grindstones for metallographic analysis
(MGA), samples for determination of hardness and wear resistance

TABLE 2. Chemical composition (% wt.) of the initial material.

Alloy brand (cast Alloying elements (Zn—base)
brass) Fe | Si [Mn| Ni [ P | Al [CulPb [sb fsn
G-CuZnl158Si4 (DIN) 0.53 4.18 0.75 0.17 0.89 0.04 80.00.42 0.910.26

TABLE 3. Concentration (% wt. fraction) of thermal dissociation products of
FeCr intermetallide in the volume of the composite casting.

Investigated | Chemical el- The height of the cast sample, x103 m
material ement 0.015 | 0.045 0.075 0.105
Zero- Fe 0.980 1.000 1.000 1.010
dimensional
CCM of Cu- Cr 0.750 0.760 0.770 0.780

FeCr system
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Fig. 3. Scheme of cutting castings into templates for studying the structure
(1-A—4-A) and properties (1-B—4-B) of the material according to the height of
the cast samples: zero-dimensional CCM of Cu—FeCr system (a), G-CuZn15Si4
(DIN) cast brass (b).

tests, as well as samples for determination of chemical composition
were then made. The overall dimensions of the cast samples (see Fig. 3)
were as follows, in mm: length is 50, width is 10, height is 120; and the
overall dimensions of each template are 0.25 of the size of the test cast-
ing. Coordinates of the feeder (places where the matrix melt is fed into
the CM ‘volume’), mm: length is 50, width is 5, and height is O.

The chemical composition of zero-dimensional CCM of the system
Cu—FeCr was determined using the x-ray spectral microanalysis (XSM)
method. The research was carried out with the help of a raster electron
microscope-microanalyser POMMA-102. The coefficient of assimila-
tion of the o phase by the melt of the G-CuZn15Si4 (DIN) cast brass can
be determined from a ratio similar to the one proposed by the authors
of [6]:

_ [FeCr], —[FeCr],

kFeCr - CGM ’ (20)

FeCr

where [FeCr]i, [FeCr]o are the concentrations of dispersed FeCr inter-
metallide in the matrix melt, respectively, after and before the inocu-
lation process of the G-CuZnl15Si4 (DIN) cast brass, % wt. fraction,
Cgt. is FeCr intermetallic content (from the mass of the cast sample) in
the dispersed-filled, gasifying model, % wt. fraction.

However, XSM does not allow directly determining the concentra-
tion of the o phase in the studied casting. In this case, the absorption
coefficients of Fe and Cr can be taken separately as criteria for evaluat-
ing the efficiency of inoculation of the matrix brass melt with a dis-
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persed intermetallic FeCr. In order to solve this problem, it is neces-
sary to convert the content of the o phase in DFGM into mass fractions,
and then determine the concentration of each chemical element (% wt.
fraction) that is part of the dispersed intermetallic FeCr. The mass
fraction of a given element in a chemical compound, in general, can be
calculated using the formula [28]:

© =100 (21)
M

r

where n is the number of atoms of an element in a chemical compound,
A, is the relative atomic mass of the element, M, is the relative molecu-
lar weight of the substance.

The metallographic analysis of the material of the cast samples was
carried out according to the recommendations of M. V. Maltsev [29].
The microstructure of the metallographic sections was etched using an
acid-salt solution with the following chemical composition: 100 ml
H:0, 25 ml HCI, 10 g FeCls.

Mechanical tests of the materials that were the object of the study
were carried out according to standard methods regulated by I'OCT
1497-84, T'OCT 9012-59, as well as T'OCT 25.503-97. Testing of brass
castings for wear under dry friction conditions in this work was car-
ried out according to a non-standard method described by the authors
of [30], which will be discussed later. The parameters of the process of
testing brass castings for wear resistance were: test duration is 1800 s,
the contact area of the sample-counterbody pair is 1 cm?2, counterbody
rotation frequency is 480 rpm, linear speed of rotation of the counter-
body is 1 m/s, normal reaction force of the support (loading) is of
5 kgf, friction path is of 1.8 km.

Cast samples worked in a pair with a counterbody, which had the
shape of a hollow washer. Geometric dimensions of the counterbody,
mm: outer diameter is 40, inner diameter is 16, and thickness is 12. As
the MCB, structural low-chromium steel 41Cr4 (DIN) was used. The
hardness of MCB according to the Rockwell scale, after its oil quenching
and subsequent tempering [32], is in the range of 52—54 HRC. The test-
ing of cast brass of the G-CuZn15Si4 (DIN) for wear resistance was car-
ried out using a laboratory installation (friction machine) of the ‘M22M’
model, the schematic diagram of which is given in [33]. The change in
the mass of the counterbody and cast samples was monitored by weigh-
ing them on analytical balances of the ‘Radwag XAS 100/C’ model.

The amount of wear of the zero-dimensional CCM of the system Cu—
FeCr and the G-CuZnl15Si4 (DIN) cast brass, as well as the wear of
structural low-chromium steel 41Cr4 (DIN), was determined, practi-
cally, as the ratio of the mass loss of the material of the cast sample and
the counterbody, respectively, to the product of the nominal contact
area of the pair ‘sample—counterbody’ and friction paths[30, 31]:
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 _Am
¢Sl
where Am is the mass loss of the studied casting and counterbody, mg,
S is the contact area of the sample-counterbody pair, cm?, [ is the fric-
tion distance, km.

The loss of material mass by both the cast sample and the counter-

body, in turn, was determined using the empirical formula proposed by
the authors of [30, 31, 33]:

(22)

Am=m, -m,, (23)

where m1, ms are the masses of the cast sample and counterbody before
and after the test process, respectively, mg.

The research was carried out on 5 castings from the experimental
alloy (the cast brass G-CuZn15Si4 (DIN) inoculated with 7% vol. frac-
tion dispersed intermetallide FeCr) and 1 from the control (the cast
brass G-CuZnl15Si4 without additive). The research results were ob-
tained by means of the mathematical processing of experimental data
taken from each casting as an arithmetic mean. A cast sample from a
control alloy (G-CuZn15Si4) and a test casting were subjected to MGA
(G-CuZn158Si4 + FeCr), the properties of which were as close as possible
to the arithmetic mean.

4. RESULTS AND DISCUSSION

For convenience and for the purpose of presenting the developed mate-
rial in an accessible form, research on the inoculation process of the
cast brass G-CuZn15Si4 (DIN) with dispersed intermetallic FeCr in the
‘volume’ of the CM according to the LFC process was carried out in
stages. The results of the research showed that zero-dimensional CCM of
the Cu—FeCr system has an optimal microstructure, high mechanical
and tribotechnical properties, which will be discussed in detail later.

At the first stage, the dependence of Fe and Cr concentrations on the
height of the cast sample was studied, and it was also clarified how and
to what extent these parameters influence each other. The results of
the presented experiment (Table 3) showed that in addition to the main
components in the alloy under study.

G-CuZn15Si4 (DIN) + 7% vol. fraction FeCr such elements as Fe and
Cr are also present. With the use of XSM, it was possible to establish
that the concentrations of Fe and Cr (see Table 3) vary with the height of
the composite casting. Graphical interpretation of experimental data is
presented in Fig. 4. Visualization of the results of research (see Table 3)
made it possible to find out that as the height of the cast sample increas-
es, the concentrations of Fe and Cr in the zero-dimensional CCM of the
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Fig. 4. Distribution of iron and chromium concentration along the height of
the composite casting: 1 is iron concentration, 2 is chromium concentration.

system Cu—FeCr gradually increase. Therefore, for example, increasing
the height of the composite casting from 15 mm to 105 mm leads to the
fact that the concentration of Fe in the volume of the cast sample in-
creases monotonically from 0.98% wt. fraction to 1.01% wt. fraction.

At the same time, the concentration of Cr in the G-CuZn15Si4 (DIN)
cast brass after the inoculation process at 15 mm is 0.75% wt. frac-
tion, while at a height of 105 mm this indicator reaches its maximum
value and reaches 0.78% wt. fraction. The results of the experiment
(see Table 3) and its graphical interpretation also showed that an in-
crease in Cr concentration, which is part of the zero-dimensional CCM of
the Cu—FeCr system, from 0.75% wt. fraction to 0.78% wt. fraction is
the reason for the increase in Fe concentration in the composition of the
composite casting from 0.98% wt. fraction to 1.01% wt. fraction. Since
the temperature of the metal melt during mold filling significantly ex-
ceeds 1093 K, the o phase turns into a solid solution of Cr in Fe[15], and
in this case, obviously, a chemical reaction occurs:

[FeCr]—X—[Fe] +[Cr], (24)

where T is the melting temperature of cast brass of the G-CuZnl15Si4
(DIN), K, [Fe] and [Cr] are concentrations of iron and chromium in the
matrix melt, respectively, % wt. fraction.

In order to predict, in the future, the influence of height of the cast
sample on the concentrations of Fe and Cr in the composition of zero-
dimensional CCM of the Cu—FeCr system (Fig. 4) and thus minimize
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the volume of experimental work, the empirical equations of the corre-
sponding trend lines were derived.

This also applies to the functional dependence (Fig. 5) of Fe concen-
tration on Cr concentration. Such equations analytically describe the
influence of independent factors on the characteristics of the test ma-
terials (R?=0.95-1.00), which were mentioned above. Equations were
obtained using computer technologies as a result of mathematical pro-
cessing of experimental data (Table 3), given in tabular form, and they
are given below:

[Fe] = 9.86765-10" —4.75807 - 10 °H, +1.64249-101g H,, (25)
[Cr]=7.45-10" +3.33333-10*H,, (26)
[Fe] =37.6971-37.645[Cr] + 29.48351g[Cr], (27)

where Hcis the height of the brass casting, mm.

This type of dependence (Figs. 4, 5) is explained by the fact that
[FeCr] depends on the height of the cast sample under the influence of
circulation flows that take place in the volume of the metal bath. The
nonlinear nature of these ratios indicates that [Fe] (Table 2) in the al-
loy of initial composition is imposed on the hydro- and gas dynamics of
the LFC process. Since the o phase in the alloys of the binary system
Fe—Cr is formed near the ratio [Fe]:[Cr]=1:1 [34], this is the nature of
the functional connection between the concentration of Fe and the con-
centration of Cr (see Fig. 5) in the composition of the zero-dimensional

1.01
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o
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® A
<
<] /

0.99 //

0.98

0.75 0.76 0.77 0.78

Cr, % wt.

Fig. 5. Dependence of Fe concentration in the G-CuZn15Si4 (DIN) cast brass
on the concentration of Cr in it.
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CCM of the system Cu—FeCr ‘speaks’ in favour of the coefficient of as-
similation of dispersed intermetallide FeCr and its thermal dissocia-
tion products (Eq. (24)) by the melt of the G-CuZn15Si4 (DIN) cast
brass. Mathematical processing (Eqgs. (20) 21)) of experimental data giv-
en in tabular form (Table 3) made it possible to find out that the coeffi-
cient of assimilation of dispersed intermetallide FeCr by the matrix
melt, provided that the density of cast brass of the G-CuZn15Si4 (DIN)
is 8500 kg/m?3 [23], the density of iron is 7874 kg/m?[35], and the densi-
ty of chromium is 7180 kg/m?3 [36], the average is 0.397. The low coeffi-
cient of assimilation of the ¢ phase by the matrix melt can be explained
by poor wetting of the powder by the molten G-CuZn15Si4 (DIN) cast
brass and the lower supply of liquid metal into the ‘volume’ of the CM.

The second stage is dedicated to the study of microstructure (Fig. 6)
of the control and composite castings. The results of MGA showed that
the microstructure of the control casting (Fig. 6, a) is typical for the
microstructure of the cast brass G-CuZn15Si4 (DIN).

The bright field of metallographic slides is a solid solution of a com-
plex chemical composition and the light inclusions of an irregular out-
line are eutectoid a +y. The basis of this eutectoid is the y phase, i.e., a
chemical compound with a metallic CusSi bond type, while the dark
component is the o phase. The increased content of this eutectoid is ex-
plained by the imbalance of the considered alloys. MGA of composite
casting (Fig. 6, b) made it possible to detect in the field of the metallo-
graphic section inclusions of the o phase, which grind the structure of
the base of the cast brass G-CuZn15Si4 (DIN), which is a sign of the mi-
crostructure of zero-dimensional CCM of the Cu—FeCr system. The
darker, compared to the previous case, base of the cast sample indi-

Fig. 6. Microstructure (x100) of the material of cast samples: the cast brass G-
CuZn158Si4 (DIN) (a), zero-dimensional CCM of the Cu—FeCr system (b).
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cates its possible contamination by products of thermal dissociation of
FeCr intermetallide.

At the third stage, the dependence of the hardness determined on
the Brinell scale, of the control and composite castings on their height
(Fig. 7), as well as Fe and Cr concentrations (Fig. 8) was studied. The
results of the research (Table 4) showed that the hardness of brass cast-
ings varies not only with their height, but also depends on the concen-
tration of Fe and Cr in the test material.

As a result of the graphical interpretation of experimental data
(Fig. 7), it was possible to prove in practice that as the height of the
cast samples increases from 15 mm to 105 mm, their hardness increas-
es noticeably. So, for example, at the first horizon, that is, at a height
of 15 mm, the hardness of the zero-dimensional CCM of the system Cu—
FeCr, which was determined according to the Brinell scale, is
107.0 kgf/mm?2, while the hardness of the cast brass G-CuZnl15Si4

114 T 110
g 112 NE 1001 /
= 8
110 D 90
e v
108 - f 80

106}5 45 75 105 7(}5 45 75 105

Height, mm Height, mm
a b

Fig. 7. Distribution of hardness of the test material along the height of the
cast sample: zero-dimensional CCM of Cu—FeCr system (a), the cast brass G-
CuZn15Si4 (DIN) (b).
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Fig. 8. The influence of the concentration of thermal dissociation products of
the intermetallic reinforcing phase on the hardness on the Brinell scale of
composite casting: Fe (a), Cr (b).
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TABLE 4. Efficiency indicators of the process of inoculation of the cast brass
G-CuZnl158Si4 (DIN) with a dispersed FeCr intermetallic.
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(DIN), under similar conditions, it is equivalent to 75.5 kgf/mm?2. The
increase in the height of the cast samples contributes to the fact that
its hardness gradually increases, and subsequently leads to the fact
that on the forth horizon, i.e., at a height of 105 mm, it is 114 kgf/mm?
for the experimental alloy, and 107 kgf/mm? for control one.

Graphical interpretation of the results of experiment (Figure 8, a)
also made it possible to find out that increasing of the concentration of
Fe in the composite casting from 0.98% wt. fraction to 1.01% wt.
fraction contributes to an increase in its hardness from 107 kgf/mm?
to 114 kgf /mm?. The same values (Fig. 8, b) acquires the hardness of
samples of zero-dimensional CCM system Cu—FeCr at 0.75% wt. frac-
tion Cr and 0.78% wt. fraction Cr, respectively.

Mathematical processing of experimental data (Table 4), which
practically amounted to the approximation of the ratios of physical
quantities given in tabular form, made it possible to derive a number of
empirical equations that analytically describe the influence of height
of the cast samples and the concentration of products of thermal disso-
ciation of the o phase, that is, Fe and Cr, on the hardness of the studied
materials. These equations (R?=1), which have the form of polynomi-
als of the third order, are given below:

HB, ... =2-10°H?-4.4.10°H? +2.944-10" +103.5,  (28)
HB, ., s =67.406+5.521. 10" H, -7-10*H? -9-10°H_®, (29)
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HB, ... =666667[Fe]’ —2-10°[Fe]* +2-10°[Fe] - 656689, (30)
HB,, ... =666667[Cr]’ —2-10°[Cr]* +10°[Cr]-298418. (31)

This dependence of the hardness of zero-dimensional CCM of the
Cu—FeCr system and the G-CuZn158Si4 (DIN) cast brass on the height of
the test castings is explained by the fact that when the matrix melt is
introduced from the bottom into the ‘volume’ of the CM, the density of
the material increases from the bottom to the top, and therefore its
hardness increases in the same direction. The influence of the concen-
tration of thermal dissociation products of intermetallic AP (amor-
phous phase) on the hardness of the zero-dimensional CCM of the sys-
tem Cu—FeCr is explained by the increase of its concentration also from
the bottom to the top, and since the hardness of Fe and Cr exceeds the
hardness of the binary system Cu—Zn, then the hardness of the cast
samples under such conditions, in the end, increases.

The fourth stage of the research is dedicated to the study of the in-
fluence of height of the control and composite castings and the prod-
ucts of thermal dissociation of the o phase on the tribotechnical prop-
erties of the G-CuZn15Si4 (DIN) cast brass and zero-dimensional CCM
of the Cu—FeCr system. As in the previously discussed case, the results
of the experiment showed (Table 4, Fig. 9) that the wear and rate of wear
of cast samples, as well as the operation of MCB and the sliding friction
coefficient of the ‘casting—counterbody’ pair depend, first of all, on the
height of cast samples, concentrations of Fe and Cr, which are included
in their composition. More details on this will be provided below.

Visualization of the results (Table 4) of the research carried out dur-
ing the implementation of this investigation made it possible to find out
(Fig. 9, a, c, d, e) that the tribotechnical characteristics of the composite
casting improve as its height increases. The same can be said about the
tribotechnical properties of the G-CuZn158Si4 (DIN) cast brass (Fig. 9, b,
d, e, g), which, like the zero-dimensional CCM of the Cu—FeCr system,
forms a sliding friction pair with structural low-chromium 41Cr4 (DIN)
steel. It has been experimentally proven that in the interval from 15 mm
to 105 mm the wear and wear rate of the composite casting decreases
from 1.00-102 g/(cm?km) and 5.556-10% g/(cm2km-s) to
0.54:102 g/(cm?km) and 3,000-107% g/(cm? km-s), respectively. At the
same time, at a height of 15 mm, the MCB activation and the sliding
friction coefficient of the CCM system Cu—FeCr—41Cr4 (DIN) steel are,
respectively, 3.1.107% g/(cm?km) and wear rate is 0.7, while when at a
height of 105 mm, the same indicators become 3.4-107% g/(cm?km) and
0.3, respectively.

In addition, on the first horizon of the cast sample, which is 15 mm, the
wear and wear rate of the control alloy, as well as the activation of the MCB
and the coefficient of sliding friction of the G-CuZnl15Si4 (DIN) cast
brass—41Cr4 (DIN) steel, respectively, acquire the value of
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2.84-102g/(cm?>km) and 15.778:10°%g/(cm?km-s), as well as
-2.70-103 g/(cm?km) and wear rate is 0.7. A further increase in the
height of the brass casting leads to the fact that already at the fourth hori-
zon, equivalent to 105mm, the same indicators change to
1.00:102g/(cm2km), 5.556-107% g/(cm?*km-s), —0.44-107% g/(cm2-km) and
wear rate is 0.8, respectively. The negative values of the coefficients of
sliding friction of the ‘cast sample—counterbody’ pairs indicate that in the
process of brass castings testing for wear under dry friction conditions,
the base of the test materials adhered to the surface of the counterbody.

As aresult of the approximation of the experiment results (Table 4),
it was possible to derive a number of empirical equations that analyti-
cally describe the functional influence of the height of cast samples on
the wear and wear rate of zero-dimensional CCM system Cu—FeCr and
the G-CuZnl15Si4 (DIN) cast brass, which form a sliding friction pair
with the structural low-chromium 41Cr4 (DIN) steel, the triggering of
MCB, which works in a pair with the zero-dimensional CCM of Cu—
FeCr system and of the G-CuZn15Si4 (DIN) cast brass, the sliding fric-
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Fig. 9. Distribution of tribotechnical characteristics of zero-dimensional CCM
of the system Cu—FeCr (a, c, e, g) and the G-CuZn15Si4 (DIN) cast brass (b, d,
f, k) by the height of the cast samples: casting wear (a, b), the rate of wear of
the cast sample (c, d), activation of the counterbody material (e, f), the sliding
friction coefficient of the pair ‘composite casting—counterbody’, ‘control
casting—counterbody’, respectively (g, k).
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Continuation of Fig. 9.

tion coefficients of the pairs ‘composite casting—counterbody’ and
‘control casting—counterbody’, respectively. These equations (where I
is wear, i is wear rate), in the form of polynomials of the second and
third orders, as well as linear dependencies, are given below:
e, =7-10°H2-1.31-10°H, +1.183, (32)
IHe sy = 4.0275-1.008 10" H, +1.6 -10°H2 -8-10°H?, (33)
P ey =T7-107H2 +2-10* H2 - 6.68-107H, +6.5004,  (34)
Qg . =22.875-5.598 10" H, +8.7-10°H. -5-10°H2, (35)

ISk — _8.10"H? +1.702-10" H, - 5.7807, (36)
IGCimmss _ 9 109 H? ~2.2-10°H? +1.787 10" H, - 4.9113, (37)
10— 4.7.10°H, +2.2-107, (38)

e =1.3-10°H, +6.7-107". (39)

Therefore, the reliability values of the approximation of mathemat-
ical expressions presented above are sufficient and, for each ratio, are
as follow: R?2=0.9998, R?=1, R?=1, R?2=1, R?=0.9435, R’=1,
R?2=0.98, R2=0.8, respectively. This certainly indicates the fact that
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the discrepancies between the functional dependencies given in the Ta-
ble 4 and the corresponding equations of the trend lines (32)—(39) are
minimal.

This type of dependences (Fig. 9, Egs. (32)—(39)) can be explained by
the structural heterogeneity of the material of cast samples. Since it
was previously proven that there is a functional relationship between
the concentration of Fe, Cr and the height of the casting under test
(Figs. 4, 5, Eqgs. (25)—(27)), it can be asserted with a high degree of
probability that on the tribotechnical properties of zero-dimensional
CCM of Cu—FeCr system and of the G-CuZn15Si4 (DIN) cast brass are
influenced by the concentrations of Fe and Cr. However, this is the
subject of especial studies, and it will be discussed further.

The results of the proposed experiment (Table 4), when performing
the research task and their graphic interpretation (Fig. 10), confirmed
the assumption made above. According to this assumption, the concen-
tration of the products of thermal ¢ phase dissociation determines the
tribotechnical characteristics of the composite and control castings.
Such products are Fe and Cr.

~1.0 =10

g £

o =, 09

2 <08

0.8 0.

P \ b \

~" 0.7 N «" 0.7 AN

5 & \

— v

P 0.6 ~N_ E 0.6 ~]

= 0.5 2 0.5

0.98 .99 .00 1.01 0.75 0.76 0.77 0.78
Fe concentration, % wt. Cr concentration, % wt.
a b

o~ 6.0 . 6.0

S~ T

TE =% N

5 560 %_55,0

B 4 Y

3 §, 0 + g

£ @ \ 2 7034.0 \

< -~

w &

3.0 o 3.0 —
0.98 0.99 1.00 1.01 0.75 0.76 0.77 0.78
Fe concentration, % wt. Cr concentration, % wt.
c d

Fig. 10. Dependence of the tribotechnical properties of the zero-dimensional
CCM Cu—FeCr system on the concentration of iron (a, c, e, g) and chromium (b,
d, f, k) in the volume of cast samples: wear of the composite casting (a, b), wear
rates of the cast sample (¢, d), activation of the counterbody material (e, f), the
friction coefficient of the sliding pair ‘composite casting—counterbody’ (g, /).
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In particular, it was established that increasing of the Fe and Cr
concentrations in the cast sample has the same effect as the height on
the tribotechnical properties of zero-dimensional CCM Cu—FeCr sys-
tem (Fig. 9, a, ¢, d, e) composite casting. Since the coordinates of con-
trol points, concentrations of products of the o phase thermal dissocia-
tion, mechanical characteristics and tribotechnical properties of the
cast sample (Table 4) are linked by the indices of the corresponding
templates (Table 4, Fig. 3), then the need for in-depth analysis of
graphical interpretation of experimental data (Fig. 10) is currently
eliminated. The truth of this statement is also proved by the graphic
interpretation of research results (Fig. 4), considered and analysed
earlier, which, through the scheme of marking and cutting composite
castings into templates (Fig. 3), indirectly demonstrates a functional
connection with the tribotechnical characteristics of zero-dimensional
CCM system Cu—FeCr.

In order to predict, in the future, the dependence of the tribotech-
nical properties of a composite casting on the concentrations of Fe and
Cr in its composition, it is necessary to approximate the ratios of phys-
ical quantities (Table 4) given in tabular form. Empirical equations
(polynomials of the second and third orders), which with a sufficient
value of approximation reliability (R*=1, R2?=1, R2?2=0.9998,
R2=0.9998, R2=0.9435, R?=0.9435, R2=1, R?=1, respectively) were
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obtained as a result of mathematical processing of experimental data
(Table 4), given below:

L s = 3333.3[Fe]’ —9350[Fe]” + 8690.2[Fe] - 2672.9,  (40)
Lot cry = 3333.3[CrT° — 7050[Cr T + 4918.2[Cr] -1128.2,  (41)

o toeory = 3332.5[Fe]’ — 6717.2[Fe] + 3387.9, (42)
o toeory = 3332.5[Cr]” — 5184.3[Cr] + 2019.3, (43)
Ighavery = —6850[Fe]’ +13868[Fe] - 7015.4, (44)
ISy oo, = —6850[Cr]’ +10717[Cr] — 4188.1, (45)
o = —83333[Fe]’ + 99500[Fe]’ — 98982[Fe] + 32816,  (46)
A0 = —88333[CrT® + 76500[Cr]* — 58502[Cr] + 14908 . (47)

The dependence of the tribotechnical characteristics of cast sample on
the concentrations of Fe and Cr in its volume is explained by the fact that
the hardness and wear resistance of these components significantly ex-
ceeds the hardness of the Me-matrix of zero-dimensional CCM Cu—FeCr
system. Therefore, increasing the concentrations of Fe and Cr contrib-
utes to the reduction of wear and the rate of wear of the composite cast-
ing, as well as to the increase of triggering of the MCB and the coefficient
of friction sliding of the ‘CCM Cu—FeCr system—41Cr4 (DIN) steel’.

5. CONCLUSIONS

During the implementation of this investigation, valuable scientific,
technical and practical results were obtained and, in this way, the ef-
fectiveness of inoculation of the melt of G-CuZn15Si4 (DIN) cast brass
grade with dispersed intermetallic FeCr in the ‘cavity’ of the CM ac-
cording to the LFC process was proven. The results of research made it
possible to reach certain conclusions and find out that.

1. The assimilation coefficient of dispersed intermetallide FeCr by the
matrix melt is 0.397, which is quite acceptable when performing the
given task.

2. Composite castings have an optimal microstructure, which is char-
acteristic of zero-dimensional CCM system Cu—FeCr.

3. The hardness of composite castings, determined according to the
Brinell scale, on average, is 18.3% higher than the similar value of the
G-CuZnl15Si4 (DIN) cast brass.

4. The wear and wear rate of the zero-dimensional CCM Cu—FeCr sys-
tem, on average, is on 62.0% lower than the same characteristics of the
control casting, and the sliding friction coefficient of the ‘CCM Cu-—
FeCr system—41Cr4 (DIN) steel’ according to average value, on 33.3%
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inferior to the similar value of the pair ‘the G-CuZn15Si4 (DIN) cast
brass—41Cr4 (DIN) steel’; activation of the MCB, which forms a pair of
sliding friction with the G-CuZn15Si4 (DIN) cast brass, is on 183.9%
lower than the triggering of the MCB, which works in a pair with a ze-
ro-dimensional CCM of Cu—FeCr system.
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BusHaueHHS CTPYKTYP JUTOTO MeTAaJy Ta 3BAPHOTO 3’€THAHHSI
MiCJISA eJICKTPOHHO-IIPOMEHEBOTI0 3BaPIOBAHHS iHTepMeTa i THOTO
TuTaHoBOro cromy Ti—28 Al1—-7TNb—2Mo—2Cr, ogep:kaHOro METOI0K0
€JIeKTPOHHO-IIPOMEHEBOTI0 TOILIeHHSI

C. B. Axomimn, A. 0. Cesepus, B. IO. Binoyc, B. A. Kocrin, B. O. Bepesoc

Incmumym enexmposeaprweannsin. €. 0. [Iamona HAH Ykpainu,
sya. Kasumupa Manesuua, 11,
03150 Ruis, Ykpaina

IIpoBeneno mocmigsKeHHS CTPYKTYPHU OCHOBHOT'O METAJIy Ta METaJIy IIIBa Iicssa
eJleKTpoHHO-TpoMeHeBoro 3BapooBaHHA (EII3) inTepmeranigaoro TuraHoBOTO
crorry Ti—28Al-7TNb-2Mo-2Cr (Bar.%), Omep:KaHOI0 METOHOI0 eJIEKTPOHHO-
npomeneBoro neperomieHHa (EITIT). MakpocTpykrypa BunuBka EIIII cromy
Ti—28A1-7TNb-2Mo—2Cr xapaKkTepu3yeTbCsA 3epHAMU, OJMUSBKUMU 10 PiBHOBI-
CHUX 3 BeJIUUYMHOIO 3epHa y 8—9 6auiB. Ilokasamo, 1110 MiKpOCTPYKTypa JIUTOTO
merany cromy Ti—28Al-7TNb-2Mo-2Cr ckiaagaeTbcAd 3 MATPUUHOI CBITJIIOL Y-
dasu, 110 YepryeTbcd 3 OiAAHKAMU ABOMA3HOL (Y + 02)-IAMEJIbHOI CTPYKTYpPU
posmipom 1o 50 MKM, 3 TOBIIMHOIO JiAMeJIel OJiM3bKO 1 MKM, Ta BIOPALKOBA-
HOI }-(asm, AKka yTBOPIOE ciTuacTuit BisepyHOK Ha TJi maTpuii. Beranosieno,
110 BHYTPIITHBO3EPEHHA CTPYKTYypa MeTajly 3BapHOro 3’eqHanuda nicaa EII3 3
JorasbHUM TepMmiunmM ob0pobaenuam (JITO) Bixpisusaernca Bif cTpyKTypm;
OCHOBHOT'O MeTaJly Ta CKJANAEThcAa 3 HeBeauKux (mo 20 MKM) AiIAHOK 3
(Y + 0l2)-J1AMEIIBHOIO CTPYKTYPOIO Ha TJIi CBiTJIOl MaTpuuHOI y-(hasu i3 ciTkoio 3
BUTATHYTUX YaCTUHOK NOBXUHOIO ¥ 30—-80 MKM i ToBIIIMHOWO ¥y 1-3 MKM.

Karouosi ciioBa: inTepmeTaIifHMA TUTAHOBUH CTOII, CTPYKTYpa, asa , eJIeKT-
POHHO-IIDOMEHEBE TOILJIEHH, eJIeKTPOHHO-IIPOMEHEBe 3BapPIOBaAHHA.
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The structure of the base metal and weld metal after electron-beam welding
(EBW) of the intermetallic titanium alloy Ti—-28Al-7Nb-2Mo—-2Cr (wt.%)
obtained by the electron-beam melting method is studied. The macrostruc-
ture of the Ti-28Al-7Nb-2Mo-2Cr alloy ingot is characterized by grains
close to equiaxed with a grain size of 8—9 points. As shown, the microstruc-
ture of the cast metal of the Ti—-28A1-TNb-2Mo—2Cr alloy consists of a ma-
trix bright y-phase alternating with sections of a two-phase (y + az) lamellar
structure up to 50 ym in size, with a lamellae thickness of about 1 ym, and of
the ordered B-phase, which forms a mesh pattern against the background of
the matrix. As established, the intragranular structure of the metal of the
welded joint after EBW with local heat treatment (LHT) differs from the
structure of the base metal and consists of small (up to 20 um) areas with a
(v + a2) lamellar structure against the background of a light matrix y-phase
with a network of elongated particles of 30—-80 ym long and 1-3 pm thick.

Key words: intermetallic titanium alloy, structure, phase, electron-beam
melting, electron-beam welding.

(Ompumano 17 woemnsa 2023 p.; ocmamoun. apiaum — 28 aucmonada 2023 p.)

1. BCTY1II

B Vkpaini, B yMoBax BOEHHOTO CTaHYy, Hapasi BUHMKAE BeJUKa IoTpeda
B OJlep:KaHHi Ta 3aCTOCYBaHHI HOBOT'O KJIacy MaTePisJIiB AJs aBiaiitHo-
ro 1 eHepreTHYHOr0 MAIIMHOOYAyBaHHA. B manmii yac mo umcjia Hai-
OLJIBIII TIEPCHEeKTUBHUX MATEPiAJJiB AJIsS ABUTYHOOYAiBHOI 00JaCTH IIPO-
MICJIOBOCTH BiJHOCATHCS iHTepMeTaJiZHI CTOIM Ha OCHOBI cmcTeMu
Ti—Al 3 pobounmu Temneparypamu Buitie 650°C, 110 MarOTh BUCOKI II0-
KasdHUKHU JKapPOMIIITHUX BJAaCTHUBOCTEeH. BUKOpPHUCTAHHSA CTOIIiB Ha OCHOBI
iHTepMeTanifiB THUTAHy OJA BUTOTOBJEHHS JIOIMATOK TYypOiH, a TaKoMXK
IeTajiB rapsAadYoro ra3oBOr0 TPaKTy (KaMepu 3ropaHHs, nudysopu, BU-
xJIonHi cucremu) razorypboinaux asuryHiB (I'T/I) aBiamiiinoro i inmroro
mpusHaueHb MacThb 3MOTY MmiABUIMUTH pobouy Temmeparypy I'TI ma
100-150°C, smeumutu Bary asuryua Ha 20-40%, migBuimuTu pecypc
nBuryHa y 2-3 pasu. Ha remepimruiii yac ma mimmpuemcTBax YKpainu
(ITAT «Motop Ciu», [III HBKT' «3opsa»—«MarmpoekT») 0CBOEHO BUPO-
OHUIITBO JIONATOK ra3oTypOiHHUX ABUTYHIB 3 TUTAHOBUX CTOIIiB METO-
maMu (acoOHHOTO JIMTTS Y BaKYYMHO-TYTOBMX MHedax i IITaMITyBaHHA.
ITe :x obagHAHHA MOKe OyTH BUKOPHCTaHE IJIs BUPOOHUIITBA BUPOOiB
i3 amomiHiZIB TUTAaHy. AJle B IMBapPHUX BaKyyMHO-IYTOBUX ITeUaXx pPis-
HUX THUIIiB JisIMeTep BUTPATHOI eleKTponu ckjazae Big 200 go 350 M,
III0 B3YMOBJIIOE MOMKJIHBICTL CTBOPEHHS BHUPOOHUIITBA BUJIMBKIiB-
3aroTiBOK 3 iHTepMeTaJi/iB Ha OCHOBI amoMiHiny TuTany. Ha Bigminy
BiJ 3BUUYAMHUX JKAPOMIiITHUX TUTAHOBUX CTOIIB, CyYacHi iHTepMeTaJin-
Hi THTAHOBI CTOIIM MAaIOTh IiABUINeHNHN BMicT Amtominiro Ta HioGizo, 1110
BUKJNKAE MEBHI TPYAHOII, IOB’A3aHi 3 BeJIMKUM BMiCTOM KPHUXKOI
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CKJIAZIOBOI IMUXTH, AKI MOMKYTDb IIPU3BECTHU 10 OOPUBY €JIEKTPOJ il dac
BaKyyMHO-gyroBoro neperomiaenasa (BIII) i dopmyBanua HeogHOPiZHO-
ro XeMiuHOTO CKJaAy 3JuBKa. TaKok B YKpaiHi BificyTHI mOTysKHOCTI
IJIA ofep:KaHHA AKICHUX eJIeKTPOJ BeJUKoro aidmerpa metomom BIII,
ajle € MOMKJIMBICTL 3amiATHM IJIg WX I[iJiell YCTAHOBKU €JIEKTPOHHO-
mpomeneBoro mepetrorienHa (EIIII). [Ixa BupoOHUIITBA MEeTaJiB 3 aJIio-
MiHiZiB THTaHy METOIAMM INTAMIIyBaHHS Ta IIPOKATYBAaHHS TAKOK He-
00ximui KpymumorabapuThHi BuauBKu. Tak, mHanpukxiganm, Ha HII «KB
«IliBgenne» mIamyoTh BUKOpucTOByBaTu y BupobuuiTei BIIJIA muctu
3 inrepmeraninis Ti—Al posmipamu mo 1,5x3500x6000 mm, a HeoOximHA
Maca 3aroToBOK JJIA OAepsKaHHS JIUCTIB TAaKOTO COPTAMEHTY CKJajae
200400 xr.

EnexTpouuo-npomeneBe 3BapoBanusa (EII3) mupoko 3acTocoBy€eThCS
IJIs BUPOOHUIITBA KOHCTPYKI[H 3 JJerOBaHMX TUTAHOBUX CTOHiB. B ma-
HUHM dYac Ile — HaWOiJbIT HOIMMPEHUH MEeTOH OAep:KaHHS 3BapHUX
3’eIHAHD *KaPOMIIIHIMX CTOIIiB HA OCHOBI aJIIOMiHiAYy TUTAHYy.

Buiresaznauene 3yMOBJIIOE HaraJbHYy TOTpe0y B CTBOPEHHI iHTepMe-
TaJiJHUX CTOIIB CMCTEMU THUTAH—AJIOMIiHINA 3 HAMJIIOIIINM ITO€ THAHHAM
BJIACTUBOCTEM, PO3poO0Ili TeXHOJIOTil ofep:KaHHA BUJIMBKIB ITUX iHTEp-
MeTaJifHUX CTOMiB i po3po0bIli TexHOJIOTil 3BapioBaHHS ITNX MAaTEePiAIiB.

2. AHAJIISA JIITEPATYPHUX JAHUX I IIOCTAHOBRA
ITPOBJEMMU

IaTepmeranigfym — KJiac JIETKUX, KAPOMIITHUX 1 »KapoCTiMKuUX maTepi-
ANiB, AKi Ipu3HAUeHi AJad poOOTH B Pi3HUX KOHCTPYKIIAX 3a TeMIlepa-
Typ y 600-900°C [1, 2]. IIpoMucI0Bi :KapOMiIlHi TUTAHOBI CTOIIM MAIOTH
pobouy Temmnepatypy He Buitie 600°C (BT18Y, BT-25, TIMETAL1100,
TIMETAL-15-3, IMI 834), ockinbKu 3a 0iJbIII BUCOKUX TeMIIEPATYP B
TUTAHOBUX CTOIIaX PO3BUBAIOTHLCS XapaKTEePHi AJId HUX IPOIIECH MisKae-
PeHHOro pyiHyBaHHA, 1[0 IPU3BOIUTH J0 PiBKOT0 IIOTiPIIeHHS BJIACTH-
Bocreii. B poGorax [3, 4] mokasaHo, 110 inTepmeranin TiAl Burigao Big-
PiSHAETHLCA BiJ iHIMNX CIIOJYK THM, ITI[0 AOT0 MesKa INIMHHOCTH 3POCTAE 3
migBuineaamM TeMmnoeparypu g0 600-800°C. CuabHi KoBajIeHTHI
3B’a3KU MiK aromamu inTepmeraniny TiAl sabesmneuyioTsb I ABUINEHHS
eHeprii akTuBaii gudysii, 1110 YIOBIJILHIOE PO3BUTOK IIPOIIECIB ILIA3Y-
yocTu 3a Temiepatyp 1o 900°C i 3abesneuye BUCOKY KOPCTKICTh B IITH-
poxomy imTepBaii remneparyp. Onmak inrepmerasin TiAl gy»xe cuiabHO
MIOCTYHAETHCA TPOMUCJIOBUM CYIEePCTOIIaM 3a ILJIaCTUYHICTIO, aje IIepe-
BEPIIye KepaMiKM 3a XapaKTepUCTUKAMU HU3bKOTEeMIIepATypPHOI ILIac-
TUYHOCTHU, B’ A3KOCTH PYHHYBAHHSA 1 OIIOPY TePMOyIdapy, Mae€ 0iIbIll Bu-
COKY TeILJIONPOBiIHiCTE i Kpallly TeXHOJIOTiUHiCTD, HidK KepaMika [5].
TomaeHHs iHTepMeTaIiTHNX TUTAHOBUX CTOIIiB ITOB’sI3aHe 3 IeBHUMU
TEeXHOJIOTiYHMMHY TPYIHOIITAMHY Yepes3 BeJINKY KiJbKicTh AJOMiHiIO, ITI0
BXOIUTH 0 CKJIAAY CTOIIY, Ta MOT0 BUCOKY JIETIOUiCTh ¥ BaKYyMi, 3HAU-
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HY PisKHUI[IO B TeMIlepaTypaxX TOIJIEHHA TUTaHy U aJioMiHil0, BUCOKY
XeMiuHy aKTUBHICTh PO3TONYy, HEOOXiTHICTh OJep:KaTu TOMOTE€HHUI PO-
arorn. CTomu Ha OCHOBI aJIIOMiHiIAY THTAaHy MAalOTh MaJIUii iHTepBaJ KPU-
cTajizarii Ta MalOTL rapHi JuBapHi BaacTuBocTi [6, 7]. Bumusku asro-
MiHiZy TuTamy a60 PO3TOI PiAKOro MeTasy IJs IOJaJbIINOl 3aJUBKU Y
GopMy OLepPKYIOTEL TUMH K CIIOCO0aMM, IO i IIPOMUCJIOBI THTAHOBI CTO-
nu. B manuii yac OCHOBHOIO METOO0I0 OJepP:KaHHSA BUJIMBKIB KapoOMill-
HUX CTOIIiB TUTAHY € BaKyyMHO-IyroBe mepetorienta (BIII). Aie B po-
6orax [8, 9] moBemeHo, 1o Texuosoria BIII He 7ae 3Moru BUPIIIIUTH Of-
HY 3 HaWBaXKJUBIIINX TPoOJeM SKOCTH MATEPifly, AKUI BUKOPKCTO-
BYIOTBCA B IeTAJAX BilIIOBigaILHOTO IpU3HAUEHHS, a caMe, TapaHTyBa-
TU BiJICyTHiCTP B HbOMY Ae(eKTiB y BUTJAMI BKJIOUEHbL 3 HUB3BKOIO
HTiJbHicTIO (TaK 3BaHI TBepAi O-BKJIIOUEHHS) Ta TIKKOTOIMIKUX BKJIIO-
YeHb 3 BUCOKOIO ITiIbHiCTIO. A B po6ori [10] mpunyckaeTbes, 1110 HepiB-
HOMIipHUM PO3IOIiJ JIeI'yBaJIbHUX €JeMEeHTIB ¥ TUTaHOBUX CTOMAaX, OJie-
psxanux metomoro BJIIII, mpusBomuTh 40 pyiiHyBaHHS BuUpPoOiB. Aje B
poborax [11-13] moBemeno, 1o Texuosoria EIIIl ymo:KauBI0E YHUK-
HYTU OUX HEOOJIiKiB. ¥ HiCYMKY: JOIiJIBHNM € IIPOBEIECHHS eKCIIePH-
MEHTIiB 3 OleP:KaHHA KapOMII[HUX iHTepMeTaJIiTHIX TUTAHOBUX CTOIIB
came meronoio EIIII i1 gocuaimKeHHs AKOCTH Ta BJACTUBOCTEH OfepsKa-
HUX BUJINBKiB.

Opmmiero 3 mpuYMH, 1110 00MeKy€e BUKOPUCTAHHA aJIIOMiHiIiB TUTAHY, €
IXHs HM3bKA TeXHOJIOTiYHICTh, Y TOMY YMCJIi CKJIaIZHICTH 3BapiOBaHH,
3YMOBJIEHA HAJA3BUYAHO HU3LKOIO IIJIACTUYHICTIO, BUCOKOIO UYTJIMBiC-
TIO 70 HaOpPy’KeHb V 3BapHOMY 3’€IHaHHi, AKi 3’ ABJSIOTECA B yMOBaXx
HepiBHOMipHOro HarpiBy 3’e¢THAHHSA I Yac 3BaplOBaHHA, IO B CBOIO
Yyepry, IPU3BOAUTH JJO YTBOPEHHSA MONEPEeYHNX i MO3MOBXKHIX TPIlIIUH ¥
3Bapuomy 3’emHanHi [14]. IIpolec eneKTPOHHO-IIPOMEHEBOTO 3BapIO-
BaHHS MAa€ iCTOTHI IlepeBaru IIiJi yac 3BapIOBAaHHS CTOIIIB Ha OCHOBI
aJIIOMiHIZIIB TUTaHy: YHiBepcaJbHICTh, THYUYKiCTh, BUCOKA IIMTOMAa IIO-
TOHHA eHeprid Ta HIBUJAKIiCTh 3BapIOBAHHA, a TAKOMK HANIMHUN 3aXUCT
30HH 3BaPIOBAHHSA Ta MOKJINBICTDL 3iliICHIOBATHU JIOKAJILHE TepPMiuHe 00-
pobOJeHHA y BaKyyMHilI Kamepi, IO Jae 3MOTy OAep:KyBaTH 3BapHi
3’eIHAHHS HAWBUINOI AKocTu [15, 16]. IlapameTpu mporiecy eIeKTpPOH-
HO-ITPOMEHEBOT'0 3BapIOBAHHA Ta JOKAJIHLHOTO TEPMiuHOTO 00pOOJIeHHS
MOXKYTh 3abesneunTyn (GOPMYBAHHA CHPUATIUBOIL (Y + O2)-CTPYKTYPH Y
MeTaJi 3BapHoro 1mBa [17]. [I1a moHMKeHHsa MMOBIiPDHOCTHY IIOSABU Y 3Ba-
pHUX 3’¢THAHHAX AJIOMIiHIIIB TUTAHy TPIiIIWH IIig Yac 3BaplOBaHHA TO-
IJICHHAM HeOoOXimHWI IolepenHiil mimgirpi 3’eaHaHb, IO 3BAPIOIOTHCS
nmo sHaunux Temiepartyp (y 200-500°C). B poborax [18, 19] mpoanai-
30BaHO PO3BUTOK IIPYKHBO-INIACTUYHUX Je)opMalliii mij yac 3BapioBa-
JBHOT'O HarpiBaHHA M OXOJIOIKEHHS 3Pa3KiB Ha OCHOBIi aJIIOMiHiZiB TH-
Tagy. TOMy HOIiJIbHO OIIiHUTH BILJIMB 3BAapPIOBAaHHSA i3 3aCTOCYBaHHIM
IOomepeSHBOTO MiLirpiBy Ta JOKaAJBHOTO TEPMIiUHOTO OOpOOJeHHS Ha
CTPYKTYPY 3’€THAHD 3i CTOITY Ha OCHOBI aIlOMiHiny TUTaHY.
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3. META TA 3AJTAYI JOCJII:KEHHSA

MeTor0 AOCTiKeHHA € BU3HAYEHHA CTPYKTYPU JUTOTO MeTay Ta BU-
3HAUEeHHS CTPYKTYPHO-(pa30BUX IMepPeTBOPEHD IIif uac mpoBegeHHsa EII3
B MeTaJIi 3BapHOro 3’€¢THAHHA iHTepMeTaJiJHOTO THUTAHOBOTO CTOILY,
oxep:xkamoro meronoio EIIII, 1o gacTh MOMKJINBICTE MOKA3aTH MEePCHEK-
TuBy 3actocyBaHHA EIIII nia oxep:kaHHA AKiCHUX BUJIUBKIB i BUKOPH-
crauad EII3 nya MOMKIMBOCTY 3BAPIOBAHHS CKJIAJAHOJEI'OBAHOTO iHTep-
MEeTaJIiTHOT'O CTOIIY.

[ mocATHEHHS TOCTABJEHOI MeTH IOTPiOHO BUPIIIUTU HACTYIHI
3amaui:
— oxep:xaTtu MeTomoro EIITI 6e3medekTHII iHTepMeTaIi THUHA TUTAHOBU
CTOII;
— IOCTiAUTH CTPYKTYPY Ta XeMIUHMH CKJal (pa30BUX CKJIAJOBUX OHep-
skaHoro metany EIIII;
— OOCTIAUTH CTPYKTYPY METAJy 3BAPHOrO 3’€THAHHS iHTepMeTaJiTHOTO
TUTAHOBOTO CTOIY, OIEP;KAaHOTO0 MEeTOI0I0 eJIEKTPOHHO-IPOMEHEBOT0
TOILJICHHS MiCJs eJIeKTPOHHO-ITPOMEHEBOT'0 3BapIOBAHHA.

4. MATEPIAJN TA METOIHU DOCJIIIKEHD

B AKocCTi BUXigHUX IMUXTOBUX MATEPifAJiB BUKOPHCTOBYBAJMUCS TUTAH,
Hi00ifi, MOJiOZeH i XpoM y UMCTOMY BUIJIALL I amoMiHiii Mmapku AT y
BUTJIALL 4yIIoOK. EjleMeHTH 3 BHMCOKOIO NPYJKHICTIO Map¥W AOJABaJIHd 3
ypaxyBaHHAM BTPaT iX HA BUIIAPOBYBaHHAI.

Bunaueku inrepmerasnigmoro crouny Ti—28 Al-TNb-2Mo-2Cr (Bar.%)
ozep:xkyBaiu 3a po3podseHoro B IE3 im. €. O. Ilatroma HAH Ykpainu Te-
XHOJIOTi€I0 eJIeKTPOHHO-ITPOMEHEBOT'0 TOILJIEHHA 3 MPOMisKHOIO MicTKic-
0 [12,13]. [Hocaimui TomJIeHHA HTPOBOAWMIMN Ha eJEKTPOHHO-
mpoMeHeBi#i  ycraHoBii YE-121, ocmamerHiii 3  eJeKTPOHHO-
npomeneBuMu rapmatamu <«IlaTon 300» (VKpaiHa) DOTYMKHIiCTIO ¥
300 kBt ko:xua. IIpomec TommeHHsa 3mificHIOBaIWM y BaKyyMi
0,1-0,01 IIa, 110 cTBOPIOBAJO HAMOLILII COPUATINBL YMOBHU OJs BULA-
Jeunda ligporeny 3 MeTaay i YHEeMOMKJINBJIIOBAJIO 3a0pyAHEHHSA TUTAHY
Hitporenowm i Okcuresom.

Jia aHaisu BMiCTy Jier'yBaJIbHUX €JeMEHTIB y BUJIUBKAX ofep:Ka-
HUX CTOITiB BUKOPUCTOBYBAaBCA METO]l ONITUUYHOI eMiCiliHOI CIIeKTpoMeT-
pii (ICP-OES) 3 Buropucranuam ICP-cuexkTpomerpa ICAP 6500 DUO 3
iHAYKTHUBHO 3B’ A3aHOI0 ILTa3MOI0 BUpoOoHuITBa (pipmu Thermo Electron
Corporation (CIIIA).

s mocaim:KeHHS HaABHOCTH a00 BiICYTHOCTH B TUTAHOBUX BUJIUB-
Kax BHYTPiNIHIX fedeKTiB y BUIJIALl HeMeTaJleBUX BKJIIOUYEHb, a TAaKOXK
IOp 1 HemIiJIbLHOCTEH BUKOPHCTOBYBaJacs MeToda yJbTPa3BYKOBOIL Je-
dekTockorrii. JocaiiskeHHA TPOBOAUINCA 3 BUKOPUCTAHHAM JedeKTo-
CKoIIa yJbTpasByKoBoro ¥Y4-76 (Ykpaina) BiZayHHA-iMIIyJILCHOIO Me-
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TOIOIO i3 KOHTAKTHUM BapigaHTOM KOHTPOJIIO.

[ BUABJIEHHA MiKPOCTPYKTYPU 3pasKiB 3/ificHIOBaIU IIaBJIEHHA B
pPeaxTusBi, AKNU CKJIAJAETLCA 3 CYMIIIli INIABUKOBOI i1 a30THOI KUCJIOT Y
cuiBBigaomenHi: 5% maaBukoBoi Kucaotu (HF), 30% asoTHoi KucaoTu
(HNO:s) Ta tucTninroBaHoi BOLH.

Ornan cTPYKTYpH 3pasKiB 3milicHIOBAJIN HA CBiTJIOBOMY MiKPOCKOIIi
«Neophot-32» (Himeuunna) 3a pisHux 36iabireHb. Takoix Ha pacTpo-
BOMY eJsieKTpoHHOMY Mikpockori JEOL JSM-840 (JEOL Ltd, dAmonisa)
IPOBEeIEHO MiKPOCTPYKTYPHI MOCIIKEHHS CTPYKTYPHHUX CKJIAZOBUX,
onmep:xkaunux metoxoro EIIII cromy, a MeTOm00 MiKpPOPEHTI'eHOCIEeKTpa-
apHOI anaJaisu Ha npuiaagi INCAPentaFET-x3 gipmu «Oxford Instru-
ments» (Amraiag) 3 Si(Li)-meTekTOpoM BCTAaHOBJIIOBABCA XeMiuHU
ckJaz das i HeMeTaJaeBUX BKJIIOUYEHbD, IIT0 YTBOPUJIMUCS.

EnexTponuo-npomeneBe 3BapoBanuda (EII3) mpoBoguin HA MOomepHi-
s3oBamiii ycranoBii YJI-144, ocHamieHiii mxepesoMm xuBaeHHA EJIA
60/60, sBaproBasbHOI0 rapmaToo 1[dP-19 i npunagom KepyBaHHS IIPO-
menem CY-220. EII3 BukoHyBaJIu 3a OGUH IPOXia 0e3 00pobJieHHAa KPo-
MOK i 0e3 mprcagHOro MAaTePisAay; TOMY BJIACTHBOCTI 3BAPHUX 3’ €JHAHD
BU3HAYAJIMUCA XEMIUHUM CKJIQJIOM OCHOBHOT'O MeTaJy, KiJIbKicTIO Jery-
BaJIbHIUX €JIEMEHTIiB i JOMIIIIOK, PeKMMOM 3BapIOBaHHS Ta XapaKTEepPOM
TePMiUYHOTO IUKJIY.

5. JOCJHIIJREHHA CTPYRTYPU JIUTOT'O IHTEPMETAJIAHOI'O
THUTAHOBOI'O CTOILY, OAEPKAHOI'O METOAOIO
EJEKTPOHHO-ITPOMEHEBOT'O TOIIJIEHH{, TA CTPYRTYPHU
METAJIY HIBA ITICJIA EII3

5.1. XemiuHuii CKJIa]y BUJINBKA iHTEPMETAIiTHOTO THTAHOBOTO CTOILY,
OIeP:KaHOr0 METO0I0 eJIEKTPOHHO-IIPOMEHEBOI0 TOILIEHH ST

Ha eaexTpoHHO-IpoMeHeBi#i ycranoBIi YE-121 ozep:XaHO BHJINBOK
crorry Ti—-28Al-7TNb-2Mo—-2Cr (Bar.%) miamerpom y 200 MM i qOBKH-
HoI0 v 500 mM. Binbip mpob mpoBoauaIM B3AOBMK BHUJINBKA HA MINOWHI Y
10 mMm Bim moBepxHi BuamBKa. Hocaim:KyBannucsa Tpu 30HU — BepPXHA,
HUXKHS Ta cepefuHa BUJIMBKA. Pe3yibTaTy AOCTiIKEeHb XeMiuHOTO
CKJIaZly MeTaJy MOoKasajii MOCTATHbBO PiBHOMIipHMI PO3IOIiJ Jier'yBaJib-
HUX eJIEMEHTiB IT0 JOBXKUHi BUTOILJIEHOTO BuIuBKa (TabJ. 1).

YapTpasByKOBUIT KOHTPOJb OIEP:KaHOTO BUJINBKA He BUSIBUB BHYT-
pimHix medeKTiB.

5.2. locrigxeHHA CTPYKTYPHU iHTEepMETaJiTHOTO THTAHOBOTO CTOILY,
O/IePIKaHOTO METO/I0I0 eJIEKTPOHHO-TIPOMEHEBOTO TOTLICHHS

MakpocTpyKkTrypa imTepmerainigaoro cromy Ti—-28Al-TNb—-2Mo-2Cr
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TABJUIIA 1. Xemiunwnii ckaan sunuska EITIT & 200 mm.
TABLE 1. Chemical composition of EBM ingot & 200 mm.

) ) . BwmicT eremenrTis, mac.%
Micrie Bizbopy 3paskiB Al Nb Mo ‘ Cr ‘ -
Bepx 27,6 7,6 2,0 1,5
Cepenuna 28,7 7,5 2,1 1,8 OCH.
Hus 29,5 7,2 2,2 1,7

XapaKTepus3yeThCA 3epHaMu, OJIM3bKUMHU A0 piBHOBicHuUX (puc. 1). Be-
JUYKNHA 3epHa, 1[0 BU3HaUaeThed 3a 10-0aIbHOI0 IITKAJI0I0 MAKPOCTPYK-
Typ IHcTpyrmii Ne 1054-76, Bigmosimae 8—9 6amam (IpuCyTHI TiIAHKY 3
b6asom 3epHa y 6—7). IcToTHOI piskHUI Yy XapakTepi Kpucraiisarii mo
IOBXKUHI BUJIMBKA HE CIIOCTEPiraeThCs.

¥ nporieci BUBUeHHA MiKPOCTPYKTYPU MeTaJay BUJIMBKA METOIO0I0 OIl-
TUYHOI MiKpPOCKOMIii BuABJIeHO KijlbKa (hpa3oBUX cKJIamoBux: I — cBiTiaa
MaTpuuHa (asa; 2 — OiIAHKUN 3 JIIMeJIPHOIO0 CTPYKTYPOIO HA TJIi MaT-
puiii (puc. 2, 8); 3— remHa (asa, IKa YTBOPIOE CiTUACTUI Bi3epyHOK Ha
i marpuri (puc. 2, a, 6); 4 — cBiTaa ¢asa, YaCTUHKU AKOI MalOTh pis-
HY opMy Ta IPUMUKAIOTH 10 (hasdu, 1110 yTBOPIOE ciTKY (puc. 2, 2).

Ha pacTpoBOMYy €JIeKTPOHHOMY MiKPOCKOIi ITPOBEIEHO AOCJiAKeHHA
CTPYKTYPHUX CKJaJOBUX ojep:xkaHoro wmeroxor EIIII cromy
Ti-28 A1-7TNb—2Mo—2Cr Ta BCTaHOBJIEHO XeMiunuii ckjan das i BKJIIo-
YeHb, 110 yTBopuaucs (puc. 3).

1[ /HH]HH‘H!IIHII\IH ‘HH\\\ \
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Puc. 1. MakpocTpyKTypa IOIEPEUHOro IIepepisy BMIMBKA aJNIOMiHimy TuTaHy
Ti-28Al-7Nb—-2Mo-2Cr (8ar.%) & 200 mm.

Fig. 1. Macrostructure of the cross-section of titanium-aluminide ingot
Ti-28Al1-7Nb—-2Mo—-2Cr (wt.%) & 200 mm.
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Puc. 2. MikpocTpyKTypa 3paskiB BUJIMBKA aTIOMiHiy TUTAHY.

Fig. 2. Microstructure of titanium-aluminide samples.

PenTreHocexTpaJbHi JOCHIIKEeHHI BULOBKEHUX (Pas mo Mexax Iie-
pBuHHUX 3epeH (puc.3,a) morasaiu, M0 BoHU 30aradeHi Xpomom
(5,69%) i Moxni6gemom (12,16%), ane MalOThL TOHMMKEHUH BMicT Aromi-
Hito (23,04%) mopiBuaHo 3 maTpurieio. Ile BKasye Ha Te, 1110 1€, TMOBip-
HO, — BHOPAAKOBaHA KybiuHa [-hasa. Bigomo, 1o serysanua Hiobiewm,
Xpomom i Moni6genom, aki € cunpbHUMHA P-cTabisisaTopaMu, IPUBOAUTH
o yTBOpeHHSA B(B2) + 02-CTPYKTYPH, AKA 3aBAAKU HadABHOCTI B2-dasu
3a0e3neuye 0iJbIII BUCOKY IJIaCTUUHiCTh MaTepisany (mounazn 10%). Ana-
Jiza BKJIIOUEHb (puc.3,6) BKasye Ha miaBulleHuil BmicT Momaibmemy
(6,48%) i Hiobito (8,84%), 1110 BKasye Ha YTBOPEeHHA CKJIagHUX das, AKi,
MMOBipHO, YMOMKJINBJIIOIOTL TiABUITUTH KAaPOMIiIlHI BJJaCTHBOCTI MaTe-
piany.

Amnaiza obyiactu, AKy HaBeIeHO Ha puc. 3, 8, IOKAa3ye, IO I1e — ILja-
CTUHYATa CTPYKTYpPa 3 MIOUEPTOBUX Oz- Ta Y-has, sKa mpuTaMaHHa JBO-
dazaum (a2 + y)-amoMiHizaM TuTaHy. AHaJi3a BKJIIOYEHHA HA puc. 3, 2
BKasye Ha Te, IO Iie, K 1 BKJIOUYeHH Ha puc. 3, a, — UMOBipHO, TaKOXK
e B/B2-dpa3om0, AKa Mae moHMKeHUU BMicT Astominiro (18,64%) 1 min-
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Puc. 3. EnexTponne 300pakeHHA Ta JIOKAJbHA XeMiuHa anaiisa as, Imo yTBo-
puiucs 3a kpucranisamnii suauska EITII Ti—28 Al1-TNb—-2Mo—-2Cr & 200 mm.

Fig. 3. Electronic image and local chemical analysis of the phases formed dur-
ing the crystallization of the EBM ingot of Ti-28Al-7Nb—-2Mo-2Cr & 200
mm.

Bulrennit Bmict Mouiomeny (14,21%) i HioGizo (9,29%).

MeTo1010 PEHTI'€HOCIIEKTPAIbHOI aHAIi3KM 0yJIO BUBHAUEHO PO3IIONia
eJIEMEHTIiB IIO IIOJII0 3pasKa. BcTaHOBIEHO, IO POSIOAiJ OCHOBHUX
Jer'yBaJIbHIX €JIEMEHTIiB IO IIOJII0 3pas3Ka y MeKax CyCigHixX 3epeH € Jo-
CTaTHBLO piBHOMipHUM. € TedAKi HeicTOTHI BiIXMIeHH 3a CKJIAAOM i3 Ie-
pexomoM MeK BiJ OZHOTO 3epHa A0 iHImoro. BinxmieHHs B XeMiuHOMY
CKJIaJi CIIOCTePiraroThCcsA TIJIbKUY i3 IepexoJ0oM Uepes CBiTJIi BKJIIOYEHHA.
Takum uwmHOM, IIpoBeleHa (ha3oBa aHaJi3a MiKPOCTPYKTYPU CTOITY
Ti-28Al-TNb-2Mo-2Cr, oxepskanoro meromoro EIIII, mokasaJa, 1110
BOHA CKJIAQIa€ThCcA 3 MATPUYHOI CBiTJIOl omHOMasHoi cTpyKTypu V-TiAl
(basal pwmc.2), mo uyepryerbcsa 3 mpimaEkamMm aBodasHOl (Y + oz)-
JaMesbHOI cTPYKTypu (dasa 2 puc. 2) poamipom mo 50 MKM i3 TOBIIHU-
HOIO JaMeeit 6sm3bKo 1 MKM, Ta 3/B2-dasu (dpasa 4 puc. 2), sKa yTBO-
proe€ ciTuacTuil BisepyHOK Ha TJIi MaTpPHUILi.
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6. TOCIIIKREHHA CTPYRTYPHU 3SBAPHOI'O 3’°€ITHAHH S
IHTEPMETAJIIHOI'O TUTAHOBOTI'O CTOIIY, OJEPRAHOI'O
METOJ010 EJIEKTPOHHO-ITIPOMEHEBOTI'O TOIIJIEHHA

3BapioBanusa 3paskis 3i crony Ti—-28Al-7TNb—2Mo—-2Cr Ha OCHOBI aJio-
MiHiIy THTaHy TOBIIWHOIO y 8 MM, momepeaHbo mimgirpitToro mo 400°C,
BUKOHYBAJIY 31 IIBUAKOCTSIMY 3BapioBaHHA y 7 MM/c. Iliciia 3BaproBam-
HA 3BapHi 3’¢qHaHHA IiAZaBaJNCA JIOKAJILHOMY TEPMOOOPOOJIEHHIO Y
BaKyyMHil Kamepi 3a Temmeparypu y 750°C nporarom 10 xBuaus [20].
300pakeHHA MOMEePevHOro MaKpoIILTipa 3BapHOrO 3’¢THAHHS CTOIY
Ti—-28 A1-7TNb—2Cr-2Mo, sukonanoro EII3 3 momepeguim migirpisom i
IicJIA3BapIOBAILHUM JIOKAJIbHUM TepMiuHuM 00pobaenuam (JITO), ma-
BeJeHo Ha puc. 4.

dopmysanusa msis nix vac EIIS 3 monepenuim mifgirpisom i miciisasea-
proBambauM JITO gobpe: migpisis, mop i Tpimuu He BusBaeHo. He BuaB-
JIeHO TPiIlMH Hi B 3BapHOMY IIIBi, Hi B 30HI TepMiuHOro BILIMBY. Takum
YMHOM, momepenHiit mizirpiB 3a 400°C Ta micassBaproBaiabue JITO za
remneparypu y 750°C edpeKTUBHO 3a1mobiraioTh YTBOPEHHIO TPIIIUH Y
3’emnanHax amoMminigy tutany Ti—-28 AlI-TNb—2Cr-2Mo.

MikpocTpyKTypy MeTaJsy IiiBa, BukoHamoro EII3, mpexacraBieHo Ha
puc. 5. Mera 111Ba CKJIaZAEThCA IePEeBAKHO 3 BEINKUX, BUTATHYTUX Y
HaIpPAMKY TeIJIOBiABEeIeHHs 3epPeH; TiJIbKM B3JOBXK OCi IIIBA yTBOPIO-
I0ThCs ApibHinT piBHOBicHI 3epHa poamipom y 100-200 MM (puc. 5, a,
0). Jlimifima TemHa (pasa, III0 YTBOPIOE CiTKY, pPO3TaIllOBaHA Y BUTJIAII
omnepeyHUX IMOAO OCi IBa CMyT y cepenHill Mo BUCOTi yaCcTHHi IIBa
(puc. 5, a). Y BepxHii i KopeHeBii (puc. 5, 6) YaCTHHAX IIBa CTPYKTYPHI
CKJIQIOBI Yy BUIJIAML CiTKM He cIocTepiraroTbcsA. BHyTpilmHO3epeHHA
CTPYKTypa MeTally CepeIHbOI YaCTUHU IIIBA CKJIAJAETLCA 3 HEBEJIUKUX
(mo 20 MKM) TiTAHOK 3 JISIMEJHLHOIO CTPYKTYPOIO i3 TOBIITUHOIO JIAMeJell

Puc. 4. Makpomnid 3BapHOro 3’€fHaHHA CTOIIY Ha OCHOBI aalOMiHimy TuTany
Ti—-28Al-7Nb-2Mo-2Cr, sBurxouauoro EII3.

Fig. 4. Macrosample of a welded joint of the alloy based on titanium-
aluminide Ti-28 Al1-7TNb—2Mo—2Cr produced by means of EBW.
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Puc. 5. MikpocTpyKTypa MeTajay IIBa 3BAPHOrO 3’€QHAHHSA, BUKOHaHOro EII3
amromiuigy turamny Ti-28 Al-7Nb—-2Cr-2Mo.

Fig. 5. The microstructure of the metal of the welded joint of titanium-
aluminide Ti-28 Al-7Nb—2Cr-2Mo produced by means of EBW.

6sm3bK0 1 MKM Ha TJIi cBiT/I0i MaTpuuHOi asu. Kpim Toro, B cTpyKTYypi
MIPUCYTHI JiHIHI YaCTUHKMU, IO YTBOPIOIOTH CiTKY HOBXKUHOIO y 3—80
MKM, 3aBTOBIIKM y 1-3 MKM (puc. 5, 8), AKa OyBae AK OTHOPiZHOIO
(puc. 5, a), Tak i pparmenroBanoio (puc. 5, z). Ha b6ararbox JsiHifiHMX
YaCTUHKAaX KOHIIEHTPYIOThCS AUCHEPCHi (pas3oBi BuAiJIeHHs, III0 PO3Ta-
IIOBYIOTHCSA 1 Ha TJIi MaTpuuHOl (hpasm. ¥ CTPYKTYPi MeTasy IIBa TAaKOMXK
NPUCYTHI OKPYTJi eJleMeHTH, AKi € MiKponopaMu; IXHil po3mip cTaHo-
BUTH 1-2 MKM.

Tax OyJsio HOCTimKEeHO MiKPOCTPYKTYPY B30HU TEPMIiUHOTO BILIUBY
(3TB), aky sob6paskeno Ha puc. 6. Ha BigmMiny Bim ocHOBHOTO MeTaJsy, B
3TB cnoocrepiraerbca JaMeJadIpHa CTPYKTypa i3 JOCTATHHO HEBEJIUKOIO
moB:kmHOIO Jamerneir (mo 10MxM) i TOBHIMHOIO OaM3bKO 1 MKM
(puc. 6, 0). Tako:xxk metan 3TB BigpisHAETHCA 3HAYHO MEHIIIOIO ITiJIbHiC-
TIO PO3TAITYBaHHS TiJIAHOK i3 JAMEJSIPHOIO CTPYKTypoio (puc. 6, 8).
Iamii crpykTypHi ckaamoBi 3TB imenTnuHi aHajorivHMM ejleMeHTaM
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Puc. 6. MikpoctpykTypa Merasny 3TB 3BapHOTO 3’€IHAHHA ANIOMiHITY THUTaHY
Ti—-28 Al-7Nb—-2Cr-2Mo, Buxkonauoro EII3.

Fig. 6. The microstructure of the metal of the heat-affected zone of the welded
joint of titanium-aluminide Ti—-28 Al-7Nb—2Cr—2Mo produced means of EBW.

CTPYKTYpPHU MeTajJy IIBa, 3a BUHATKOM TOTO, 1110 (pasa, 10 YTBOPIOE CiT-
YacTy CTPYKTYpPY, B 3TB He yTBOpIOE monmepevHunx Ioa0 OcCi I1rBa cMyT, a,
HIBUAIIIE 3a BCe, YCIAaJIKOBYE XapaKTep po3TallyBaHHA a3y OCHOBHOI'O
MeTaJy, IT1I0 YTBOPIOE CiTRy (puc. 6, 2).

7. 0OBI'OBOPEHHS PE3Y JIBTATIB JOCJIIIEKREHHA CTPYKTYPHU
JINTOI'O METAJIY TA METAJIY SBBAPHOI'O 3’°€THAHHS
IHTEPMETAJIOAHOI'O TUTAHOBOTI'O CTOIIY, OJEPARAHOI'O
METOJ1010 EJIEKTPOHHO-ITIPOMEHEBOTI'O TOIIJIEHHA

PesyabTaTyn gocaimiKeHHS iHTEPMETAJNIJHOTO THUTAHOBOTO CTOIIY
Ti-28 A1-7TNb—2Mo—2Cr, oxepsxanoro 3a rexuosoriero EIIII, nokasaJio,
110 B 00’eMi BUJIUBKY BificyTHI medeKTH, HeMeTaJIeBi BKJIIOUEHH, a Ta-
KOMK IIiJIbHI CKyImueHHs OijbIn ApiOHMX BKJIOUeHL. CTPYKTypa omep-
sxkamoro meraJry EIIII e nrinpHOI0, KprcTadiuyHa HEOSHOPIAHICTE i 30HA-
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JbHa JIiKBaIia BifcyTHi. XapakTepHoi ajga BuauBkKiB BIII cer'perarrii
Jer'yBaJIbHIX €JIeMEHTiB He BUABJEHO. P0O3MOis Jier'yBaJIbHUX €JIeMeH-
TiB IIO0 HOB!KHWHI BHJIMBKA € JOCTATHLO piBHOMipHUM (Tabs. 1). Maxkpo-
CTPYKTypa MeTajly BUJIMBKA € PiBHOMiPHOIO 10 yCHOMY IIePETUHY Ta Xa-
paKTepusyeThCcsa KpHUcTajgaMu, 3a GOpMOI0 OJM3bKNMHU A0 PiBHOBiCcHOI
(puc. 1). [IinaaKu cTOBOYACTOI CTPYKTYPU BiACYTHI.

Hocaimsxena mikpoctpykTypa crorny Ti—28 Al-7TNb—2Mo—2Cr € Tumno-
BOIO MJIsI ABO(pa3sHMX AJNIOMiHIZIB THTAHY i CKJAZaeThbCsI 3 MaTPUYHOI
cBiTyOI omHOMAa3HOI Y-(hasu, 0 UepryeThbCcs 3 AiIAHKaAMU ABO(asHOI
(Y + 02)-TAMENIBHOI CTPYKTYPH, ajie 3aBAAKM BeJUWKill KigbkocTi f3-
cTabinmisyBaJbHUX JEI'yBAJLHUX €JIEMEHTIB Ma€ ITOCTAaTHbO BeJIMKUI
00’em [((B2)-hasu, AKa yTBOPIOE ciTUacTUil Bi3epYHOK Ha TJIi MaTpPUIL
(puc. 2 ta puc. 3).

BeraHoBieHO, IO JUTHUM MeTaJ BUJIMBKIB aJOMiHIZY TuUTaHy
Ti—-28 A1-7TNb—2Cr—2Mo 3agoBinsuo 3Bapoerseda BEII3. ITix uac EII3 Ges
momepenHboro nigirpisy Ta JITO B 3’eqHaHHAX YTBOPIOIOTHCA IMOMEePEUHL
Ta MOB3JIOBKHI X0JIOAHI TpimuHu. 14 monepeyKeHHA YTBOPEHHA TPi-
ITUH TOTPiOHO 3acTocoByBaTH momepenHii migirpis i JITO. Temnepary-
py momepenunoro mizirpiBy oopamo y 400°C srigHO 3 mocBimoMm 3Bapio-
BaHHA CTOIIy Ha OCHOBi amoMiHimy tutany 47XD. ddopMmyBaHHA IIBiB
oix vac EII3 3 momepenuim migirpiBom i micis 3BaproBagbHOro JITO €
mobpuM: mimpisiB, mop i TpiuH He BUABJEeHO. BHyTpilTHLO3epeHHA
CTPYKTypa MeTaJly CepeIHbOI YaCTUHU IIIBA CKJIAJAETHLCA 3 HEBEJIUKUX
(mo 20 MKM) OiISHOK 3 JIAMEJIBbHOIO CTPYKTYPOIO HA TJIi CBiTJIOl MaTpuu-
HOI (pa3u; TOBIMHA JAMEJIeH y MeTaJIi mBa — OJU3bK0 1 MKM.

TaxkuMm YMHOM, IIPOBEIEHI HOCHTiAKEeHHA IIOKa3al, 0 eJeKTPOHHO-
IIpOMeHeBe TOIJIEHHS € e(eKTHBHOIO METOJOI0 OJepP:KaHHA AKiCHUX
CKJIATHOJIETOBAHX BUJINBKIB iHTepMeTaJiZHMX THUTAHOBHX CTOIIIB, a
eJIeKTPOHHO-IIPOMEHEeBe 3BaplOBAHHA YMOMKJIMBIIOE OAep:KaTHu AKicHe
3BapHe 3 €JHAHHA I[UX MaTEePiAIiB.

8. BUCHOBRKH

1. EleKTpoHHO-IPpOMEHEeBe TOILIEHHA € e(@eKTUBHOI0 METOJ0I0 oIep-
JKaHHS IKiCHUX CKJIQIHOJIeTI'OBAHMX BUJIMBKIB iHTepMeTaJiZHUX THUTA-
HOBUX CTOIiB, a eJIeKTPOHHO-IPOMEHEeBe 3BapIOBAHHA YMOYKJIUBJIIOE
oJlep:KaTH fAKicHe 3BapHe 3’eqHaHHA HMuxX Mmarepianis. Meromoro EIIII
OoZlep:KaHO BUJINBKU iHTEepMeTaJiJHOTO THUTAHOBOTO CTOITY
Ti—28Al-7Nb-2Mo—2Cr, AKi xapaxTepu3yIOThCA AOCTATHLOIO XeMiu-
HOIO OSHOPIAHICTIO Ta BiIcyTHiCTIO e(heKTiB JINTOIO IOXOMKEHH.

2. IToxazaHo, 1m0 magkpocTpykTrypa cromy Ti—28Al-7TNb-2Mo—-2Cr, oxe-
pxanoro metonor EIIII, € ogHOpPiAHOIO IO yChbOMY HEPETUHY BUJNBKA
Ta XapaKkTepus3yeThCA KPHUcTaaaMu, 3a (GopMor0 OJIU3LKUMHU O PiBHOBI-
CHOI, a I0T0 MiKPOCTPYKTypa CKJIaLaeThcA 3 MaTPUUHOI cBiTIO1 Yy-hasu,
10 YepryeThed 3 AiIgHKaMu NBO(MAasHOI (Y + 02)-1AMeJIbHOI CTPYKTYPU
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poamipom go 50 MKM i3 TOBIIIMHOIO JIAMeJel 0JI13bK0o 1 MKM, Ta Ky0iu-
HOI -(hasu, AKa YTBOPIOE CiTUaCTU BidepyHOK HA TJIi MaTPUILi.

3. BayTpiiabo3epeHHa cTpyKTypa Meraiy mBa micaa EII3 3 JITO six-
piBHsAETHLCA Bi CTPYKTYPH OCHOBHOTO MeTaJIy Ta CKJIAJa€ThCd 3 HeBe-
aukux (o 20 MKM) AiasaHOK i3 (Y + 02)-JIAMEJBFHOI0 CTPYKTYPOIO Ha TJIi
CBiTJIOI MaTpUUHOI Y-asu i3 ciTKOIO 3 JiHIMHNX YaCTUHOK SOBXKUHOIO ¥
3—-80 MKM i TOBITUHOIO ¥ 1-3 MKM.

4. Po3p00JieHO TeXHOJIOTiI0 3BapIOBAHHS BUJINBKIB Ha OCHOBI ayIlOMiHiTy
turany Ti—28Al-TNb-2Cr-2Mo, ozepxanux metonoro EIITI. B ymosax
3aCTOCYBAHHSA TOLATKOBUX TEXHOJIOTIUHUX IIPUHOMIB, a camMe, IIoIepes-
HbOTO migirpisy (3a 400°C) Ta T0OKaJIBHOTO MiCIA3BapPIOBAJILHOTO TEPMi-
yHOT0 00pobaenns (3a 750°C) yMOKIMBIIIOE OfepKaTy MeTaJ 6e3 miapi-
3iB, mop Ta e(eKTHMBHO 3amo0irTH YTBOPEHHIO TPIIlUH Yy 3BapHUX
3’emnanHax amoMinigy tutany Ti—-28 Al-7TNb—2Cr-2Mo.

ABTOpU HEeKJIapyIoTh, IIJ0 He MalOTh KOH(MJIIKTY iHTepeciB CTOCOBHO
JAHOTO HOCTiMIKeHHdA, B TOMY UHMCJi (piHamcoBOro, ocodOMCTicHOro xapa-
KTepy, aBTOPCTBA YU iHITIOTO XapaKTepy, I0 Mir 01 BIJIMHYTH Ha TOCJIi-
IKeHHA Ta MoTo pe3yJIbTaTu, IIPeJICTaBJIeH] B TaHili cTaTTi.
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The present research work describes the effect of normalizing and tempering
(N&T) treatment on microstructure evolution in various zones of gas tung-
sten arc-welded (GTAW) P92 pipe weldments. For N&T treatment, P92 pipe
weldments are subjected to various normalizing (950-1150°C) and tempering
(730-800°C) temperatures. The effect of varying heat treatment on tensile
properties and hardness of P92 pipe weldments are studied for V-groove and
narrow-groove weld designs. The effect of increase in normalizing tempera-
ture (at fixed tempering temperature) results in increase in strength and
hardness, while increase in tempering temperature (at fixed normalizing
temperature) results in the decrease in strength and hardness of P92 steel
weldments. Creep strength-enhanced ferritic/martensitic P92 steel is con-
sidered as a candidate material for the reactor pressure vessels and reactor
internals of Very High Temperature Reactor (VHTR). The heterogeneous mi-
crostructure formation across the P92 weldments leads to premature Type
IV cracking and makes the weldability of P92 steel as a serious issue. The bet-
ter combination of strength, ductility and microstructure are obtained for
the maximum normalizing temperature of 1050°C and tempering tempera-
ture of 760°C. The effect of increase in normalizing temperature (at fixed
tempering temperature) results in increase in strength and hardness, while
increase in tempering temperature (at fixed normalizing temperature) re-
sults in the decrease in strength and hardness of P92 steel weldments.
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Y mi#i mocaimHUNBbKi# poboTi ommcaHO BILIMB HOpMAJisallii Ta BimmycKy Ha
€BOJIIOI[iI0 MiKPOCTPYKTYPHU B PisHMX 30HAX 3BapHUX 3’enHaHb Tpyd P92, 3Ba-
peHUX razoBoJb(GPAMOBUM AYyTOBUM 3BaploBaHHAM. [[1a mopmanisanii Ta Bix-
IIycKy 3BapHi 3’exHanasa Tpyd P92 nignasanm pisHmM TeMiepaTypam HOpMaJIi-
zarrii (950-1150°C) ra Biznycky (730-800°C). Buius pisHOro TepMiuHOoro 006-
poOJieHHS Ha PO3PUBHI BJIACTUBOCTI Ta TBEPZiCTh 3BapHUX IIBiB TPyO P92 BU-
BUaJu Ay V-ToAiOHUX i By3bKOKaHABOUHUX 3BapHUX IBiB. IligBuIenusa Te-
MIIepaTypu HopMmaJisaii (3a ¢ikcoBaHOI TeMIIEPATYPU BiAIIYCKY) IPUBEJIO JO
30iIBINIEHHSA MIiITHOCTY Ta TBEPAOCTHU, TOHAI AK IMOHMKEHHS TeMIIepaTypu! Bin-
mycKy (3a ¢ikcoBaHOI TeMIepaTypu HOPMAaJidallil) IPU3BEJIO A0 3MEHITIeHHA
MIITHOCTH Ta TBEPAOCTM 3BapHUX 3’eAHaHb i3 Kpumi P92. ®epurHo-
MapTeHcuTHA Kpullsg P92 3 migBuIieHoo MiIHICTIO Ha MIa3ydicTh PO3TJIsaaa-
€ThCA K MaTepidAJ-KaHAWAAT OJA KOPIIYCiB peaKTopa Ta BHYTPIIIHIX YacTUH
HagBucokoremmeparypHoro peaktopa (HBTP). Heoxmopingma MiKpoCcTpyKTY-
pa, II10 YTBOPIOETHCA Y 3BAPHUX IIBaX i3 Kpuili P92, mpusBoguTts 10 nepemguac-
HOTO po3TpickyBaHHA IV Tuny Ta podbuts 3BaproBaHicTs Kpuii P92 cepiiozHoro
mpobsemoro. Hatirimnie moefHaAHHA MilTHOCTH, MJIACTUUYHOCTHU Ta MiKPOCTPYK-
Typu 0yJIO OZlepPKaHO 3a MaKCUMAaJbHOI TeMIepaTypu HopMmasisalii y 1050°C
Ta Temneparypu Bignycky y 760°C. EdexT minBuienna remMnepaTypu HopMa-
gisarii (3a hikcoBaHOI TeMIepaTypu BifIlyCKy) OIPU3BiB 40 30iNMbIIIEHHSA MiIl-
HOCTHU Ta TBEPIOCTHU, TOAi AK IiABUINEHHA TeMIepaTypu BiamycKy (3a gikco-
BaHOI TeMIlepaTypu HOpMaizaiii) npusBeso g0 3MEeHIIIEHHA MIiITHOCTH Ta TBe-
pAocTu 3BapHUX 3’e€qHaHb i3 KpuIi P92.

Karouosi cioBa: HOpMastizanisa, Bignyck, P92-tpy6bui 3BapHi BUpobM, MiKpo-
CTPYKTYpa, MeXaHiuHi BJaCTUBOCTi.

(Received 7 August 2023; in final version, 5 October 2023 )

1. INTRODUCTION

P92 steel processed tempered martensitic microstructure obtained by
normalizing and tempering treatment (N&T). Normalizing of P91
steel is generally carried out in the austenitizing temperature range of
1040-1060°C for 20-40 min, followed by air-cooling. The subsequent
tempering is performed in the temperature range of 730-780°C for
1-2 h, followed by air-cooling. The strength of P92 steel is primarily
derived from its stable microstructure. The stability of microstructure
is governed by the tempered martensitic lath structure, sub-grain size,
prior-austenite grain boundaries (PAGBs), lath width, lath bounda-
ries, precipitate size and their distribution inside the structure, dislo-
cation density, precipitate morphology and their amount [1]. Very
High Temperature Reactor (VHTR), Sodium cooled fast reactors
(SFRs) are being developed to fulfil the growing energy demand with a
view to greater reliability, safety, economy and lesser environmental
pollution [2, 3]. 9% Cr CSEF/M steels development started from last
few decades, starting from plain 9Cr-1Mo (P9), modified 9Cr—-1Mo
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(P91) and P92 steel. P91 steel is next version of plain 9Cr—-1Mo steel,
which was developed in Oak-Ridge National Laboratory (ORNL) by
modifying the chemical composition of P9 steel [4, 5]. P92 steel was
developed by adding the strong carbide and carbonitride former ele-
ment such as 0.2 wt.% vanadium, 0.08 wt.% niobium, and 0.05 wt.%
nitrogen. El-Azim et al. [6] performed a comparative study on creep
behaviour of P91 steel joint and base metal. The creep strength of base
metal was observed to be superior to weld joint at higher creep expo-
sure temperature about 650°C while at a lower temperature about
600°C, it approached to creep strength of the base metal. Fracture lo-
cation was observed in the base metal near to HAZ for short-term creep
exposure (426 h) at 600°C and high applied stress of 150 MPa. The low-
er applied stress for same applied temperature was resulted in shifting
of fracture location and type IV fracture occurred in FGHAZ of the
weld joint. Laha et al.[7] reported the soft zone formation in IC-HAZ of
P91 joint and type IV fracture was associated with IC-HAZ. Maruyama
et al. [8] reported that the precipitate remains undissolved are mainly
TypeI NbX. The undissolved precipitates limit the austenitic grain
growth during normalizing treatment. The undissolved MX precipi-
tates provide the pinning effect to grain boundaries and produce a fi-
ne-grained structure during normalizing. The modified Z-phase comes
out after long-term exposure at a temperature about 600-700°C [9].
The dissolution temperature of modified Z-phase was reported about
800°C which is much lower than the solution temperature of original
Z-phase (1200-1250°C) [9]. The heating of creep exposure steel above
800°C resulted in the formation of MX nitride from the Z-phase [10].
Abd El-Salam et al. [11] had incorporated the effect of normaliz-
ing/tempering (N&T) treatment on microstructure homogenization of
shielded metal arc welded P91 joint and compared it with subsequent
PWHT. For N&T treatment, the optimum degree of hominization was
observed along the weldments that were attributed due to the recrys-
tallization effect during the normalizing. Manugula et al. [12] had per-
formed the N&T and subsequent PWHT for electron-beam welded re-
duced activated ferritic—martensitic steel. The weld was produced with
poor toughness and high hardness due to the presence of d-ferrite in
the martensitic microstructure. Subsequent PWHT resulted in signif-
icant reduction in hardness of weld fusion zone but the heterogeneous
distribution of hardness across the weldments was still present with 8-
ferrite. Albert et al. [13] have also studied the effect of PWHT dura-
tion on type IV cracking nature in P122 weld joints. The creep test was
performed at 650°C for 70 MPa. PWHT duration was varied from
15 min to 4 h, but no any significant change was observed in creep rup-
ture time and fracture behaviour. In all the cases, type IV fracture was
observed. Sawada et al. [14] have studied the cross-weld long-term
creep behaviour of E911 joint at 600°C. The fracture was noticed in
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soft FGHAZ. The growth of M23;Cs in FGHAZ was observed faster than
the base metal. The Z-phase formation was observed both in FGHAZ and
base metal FGHAZ exhibited higher number density of Z-phase than the
base metal. For long-term creep exposure at the low level of stress, creep
life was observed to be minimum in FGHAZ[15].

A systematic study of different normalizing and tempering temper-
ature combination that leads to the optimum combination of mechani-
cal properties and microstructure stability, considering the necessity
of effect of N&T treatment on microstructure stability and mechanical
properties of P92 steel weldments, efforts are being made to perform.

2. EXPERIMENTAL DETAILS
2.1. Groove Design and Welding Process Parameters

The base metal used for the experiment was P92 pipe with an outer di-
ameter of 60.3 mm and thickness of 11 mm. Gas tungsten arc welding
(GTAW) of P92 pipes was carried out using conventional V-groove and
narrow-groove designs. The conventional V-groove and narrow grove
pipes and weld design is shown in Fig.1, a—c. The conventional V-
groove design used for the weld confirms to Section IX of the ASME
Boiler and Pressure Vessel Code. Initial groove openings for conven-
tional V-groove and narrow-groove were 14.58 and 9.06 mm, respec-
tively (as measured after groove preparation). The conventional V-
grooved and narrow-grooved pipes after the tack welding are shown in
Fig. 2, a. To weld the P92 pipe joints using the GTAW process, a weld-
ing turntable with a rotating three-jaw self-centring chuck was uti-

Fig. 1. (a) and (b) grooved pipe joints with tacking, (c) experimental set-up
with welded pipe joints.
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1.5
All dimensions in

Fig. 2. (a) P92 pipe with conventional and narrow weld-groove design (b) Con-
ventional V-groove and narrow-groove design.

TABLE 1. Chemical composition of P92 pipe, AWSER90S-B9 (9CrMoV-N)
filler wire, and weld metal (wt.%).

Ele- ¢ Iymlor|si|Mo| v Nb|INi|S| Ti | W |culFe
ment
EtZil 0.12 0.54 8.48 0.28 0.95 0.18 0.05 0.350.011 0.012 <0.001 0.06 Rest
Filler o 0.50 8.83 0.30 0.90 0.20 0.06 0.50 0.019 0.001  — —  Rest
metal
Weld
Mioga] O-11 0.52 8.28 0.28 0.87 0.20 0.04 0.440.019 <0.002 <0.001 0.05 Rest

lized. P92 pipes of 150 mm length were multipass welded (eight passes
for conventional V-groove and seven passes for narrow-groove) at 1-
GR position (pipe rolled in flat position), as shown in Fig. 2,b. The
welded pipe joints with experimental set-up are shown in Fig. 2, b.

The AWSER90S-B9 (9CrMoV-N) filler wire with a diameter of 1.6
mm was used for the GTAW purpose. The composition of the as-
received material, filler wire and weld metal are given in Table1.
GTAW parameters for the root pass were 110 A DC and 12 V. For sub-
sequent GTAW passes, the filling parameters are given in Table 2. To
maintain the linear travel speed of 2.11 mm/s during the filling pass, a
motor.controlled fixture was used. The preheat temperature of 250°C
was maintained by using the flame heating and interpass temperature
was selected in the range of 200-250°C. For the shielding purpose,
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TABLE 2. Welding process parameter.

Nos. of | Current | Voltage Travel Current | Voltage Travel
passes (amp) V) speed (amp) V) speed
(mm/sec) (mm/sec)
Conventional V-groove Narrow-groove
Rootpass 105-115 12 1.47 105-115 12 1.47
1 110-115 12-14 2.11 110-115 12-15 2.11
2 120-125 12-15 2.11 110-115 12-15 2.11
3 118-124 14-16 2.11 112-120 14-16 2.11
4 120-123 12-14 2.11 118-124 15-18 2.11
5 110-115 18-20 2.11 118-124 14-18 2.11
6 112-120 14-16 2.11 115-120 14-15 2.11
7 120-125 12-14 2.11 114-118 13-16 2.11
8 120-125 12-15 2.11 - - -

pure argon gas was used with a flow rate of 151/min.

2.2. Heat Treatment of P92 Weldments

After the completion of welding, the weld joints were subjected to
three different heat conditions as per given Table 3 One welded pipe
joint of each groove type (V-groove and narrow groove) was allowed to
cool in air up to room temperature without any heat treatment. The
second one from each groove design was subjected to post-weld heating
before post weld heat treatment (PWHT). Generally, post-weld heating
of P92 weld to 250-300°C for 30 to 60 min followed by air cooling up to
100°C is recommended before PWHT for removing the diffusible hy-
drogen. The cooling is carried out to ensure the formation of complete
martensitic microstructure just before PWHT, as residual austenite
does not respond to the PWHT, which leads to the formation of harm-
ful untempered martensite [16]. After the post-weld heating, subse-
quent PWHT was performed at 760°C for 2 h. The third weld joint was
subjected to conventional normalizing and tempering or post weld
normalizing and tempering (PWNT) heat treatment. The weld joints
were reaustenitized at 1050°C for 40 min and air cooled, then tempered
at 760°C for 2 h, and finally air-cooled. The PWHT was performed to
homogenize the microstructure and remove the quench stresses by
tempering the lath martensite. The PWHT temperature range should
be below than the critical temperature (A.1), which mainly depends on
the fusion zone composition (Ni+Mn content). Newell [17] had also
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TABLE 3. Different heat treatment condition performed just after the weld-
ing for V-groove and narrow groove designs.

P92 pipe weldments Heat treatment condition
1 (as-welded) After welding, allowed to cool in air up to room tempera-
ture
2 (PWHT) After welding, PWHT in range of 250-300°C for 30 to

60 min and then air cooling up to 100°C followed by
PWHT at 760°C for 2 h, followed by air cooling

3 (PWNT) After welding, normalized at 1040°C for 60 min, and
air-cooled and tempered at 760°C for 2 h, followed by air
cooling

suggested that for the large size specimens, the PWHT temperature
should be lower than A.; by 10 to 20°C. Based on the Ni + Mn content in
weld fusion zone, Santella et al. [18] had proposed a mathematical
equation to calculate the A.; temperature.

The equation is given below:

Ac1 (°C)=854-5+0.6 -43.9 + 1x(Mn + Ni) -9 + 0.4x(Mn + Ni)2. (1)

From this equation and Table 1, the A.; temperature was calculated
about 809°C. The PWHT parameter was as per the code recommended
following ASME B31.1—760°C for 2 h.

2.3. Mechanical Testing and Characterization

To study the effect of different heat treatments (as-welded and PWHT)
on yield strength, ultimate tensile strength, and percentage elongation
of P92 steel weld joints, flat tensile test specimen was prepared as per
ASTM A370-14 [19]. The room temperature tensile tests were per-
formed on the vertical tensile testing specimen (Instron: 5982) at the
constant crosshead speed of 1 mm/min. The gauge length and width of
the flat tensile specimen were 50 mm and 11.8 mm, respectively. The
microhardness of welded samples before and after PWHT was meas-
ured by using a Vickers hardness tester at a load of 500 g and dwell
time of 10 s. Cross-sectional samples were prepared from welded pipes
for both the conventional and narrow-groove designs in order to meas-
ure the hardness in various weld zones and base metal. The through-
thickness hardness at the centre of the weld fusion zone was measured.
Furthermore, the hardness was also measured across the welds at 4 mm
below the weld reinforcement outer surface.

For both the through the thickness and across the weld hardness
measurements, indented points were located along a straight line at
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Fig. 3. Macrostructure of impact toughness specimens showing (a) weld zone,
FGHAZ zone, base-HAZ boundary, fusion zone boundary, (b)) CGHAZ bounda-
ry and CGHAZ zone, and (c) a notch adjacent to fusion boundary.

1 mm intervals. To study the impact toughness of P92 base metal in
different operating temperature conditions, flat samples of 7.5 mm
thickness were prepared from the pipe. Standard sub-size Charpy im-
pact V-notch specimens (55x10x7.5 mm?3) were prepared according to
ASTM A370-14 [19]. Charpy toughness tests were performed in the
temperature range of 25-1000°C. For each test, three samples were
prepared and an average of three test results has been reported.

To study the Charpy toughness of HAZ, notches were prepared in
the HAZ of both conventional V-groove and narrow-groove-welded
joints. Weld samples were polished using emery paper up to grit size
600 and then etched with Nital solution (10% nitric acid in methanol)
to reveal the fusion boundary, which served as the location for prepa-
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TABLE 4. Different operating condition to evaluate the impact toughness of
HAZ of P92 steel weldment.

S. No. Conventional V-groove Narrow groove

1 Charpy test at room temperature Charpy test at room temperature

2 Hot Charpy test at 760°C Hot Charpy test at 760°C
3 Charpy test at room temperature Charpy test at room temperature
after PWHT at 760°C for 2 h after PWHT at 760°C for 2 h
4 Hot Charpy test at 760°C after Hot Charpy test at 760°C after
PWHT at 760°C for 2 h PWHT at 760°C for 2 h

ration of notches as shown in Fig. 3. The different operating condi-
tions considered for Charpy toughness testing of HAZ of P92 steel
weldments are stated in Table 4. Charpy toughness tests were also con-
ducted to study the effect of post-weld heating at 280°C for 40 min and
60 min just after welding on the impact toughness of P91 weld fusion
zone and HAZ. To study the effect of subsequent PWHT and PWNT
heat treatment on tensile properties of different weld groove designs,
round subsize tensile-test specimens were prepared as per to ASTM ES8-
E8M-13a[20] standards with a gauge diameter of 6 mm.

3. RESULTS
3.1. As-Received Materials and Microstructure

The microstructure of weld fusion zone and FGHAZ in as welded condi-
tion are presented in Fig. 4, a, b. The weld fusion zone is characterized
with columnar laths in packets form with similar spatial orientation
inside the PAGBs with almost negligible precipitates, as shown in
Fig. 4, a. The precipitates are dissolved at such high temperature and
increase the carbon (C) percentage in martensite that makes it brittle
with high strength and poor toughness. The heterogeneous micro-
structure mainly occurred among weld fusion zone, ICHAZ and
FGHAZ. In P92 weldments, it is quite difficult to distinguish the
FGHAZ and IC-HAZ. The most common type IV failure of P92 weld-
ments are initiated from FGHAZ or IC-HAZ because of soft zone (low
hardness). The FGHAZ are partially austenitized during weld thermal
cycle because of low temperature as compared to weld fusion zone and
CGHAZ. FGHAZ shows a complex structure of newly formed grain and
existing grains with coarse undissolved M:3Cs precipitates, as shown in
Fig. 4, b.

After the PWHT, secondary electron micrograph of weld fusion
zone and FGHAZ are shown in Fig. 4, ¢, d.
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In weld fusion zone, a number of particles re-precipitated along the
boundaries and inside the matrix region. The columnar laths mainly
braked into equiaxed lath and tempered martensitic microstructure
along with precipitates have been observed. The size of lath width was
measured in the range of 3.74-4.68 ym, as shown in Fig. 4, c¢. The grain
coarsening was clearly noticed in the FGHAZ after the PWHT. After

Fig. 4. Microstructure of weld fusion zone and FGHAZ in as-welded condition
(a) and (b); microstructure after the PWHT for weld fusion zone and FAHAZ
(c) and (d).

[ As-received P92 As-welded condition

FGHAZ

Weld fusion
zZone

Fig. 5. Characteristic of microstructure in weld zone and FGHAZ in as-welded
and PWHT condition.
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Fig. 6. Schematic of microstructure evolution in subzone of P92 weldments
during PWNT treatment.

Prior austenite 1
grain boundary

Lath boundaries < MG,

Packet boundaries

Fig. 7. Schematic evolution of M23Cs and MX precipitates.

PWHT, coarse undissolved M23Cs and newly developed fine MX and
M33Cs precipitates are observed in FGHAZ. The PWHT results in the
tempered martensitic structure formation with coarse and fine precipi-
tates along the boundaries and grain interior region.

The schematic diagram showing the microstructure evolution in
as-welded and PWHT state of weld fusion zone and FGHAZ is de-
picted in Fig. 5.

After the study of the effect of PWHT, an attempt has been made to
perform a comparative study between subsequent PWHT and PWNT
heat treatment. In normalizing condition, various zones can be treated
as the normalized base metal. Tempering after the normalizing results
in the evolution of precipitates along the PAGBs, lath boundaries,
packets and inside the intralath region. The subzone of P92 weldments
can be treated as the virgin P92 steel.

Schematic of PWNT treatment process and their effect on micro-
structure evolution is shown in Fig. 6. The study was related to the ef-
fect of PWNT heat treatment on microstructure evolution, residual
hardness, Charpy toughness and tensile properties of P92 weldment
and these results were compared to that of subcritical PWHT.



442 V.K.PALand L. P. SINGH

. ,: P s
() 1050°C/760°C
X T

‘2‘:‘ 5.

-
iy

59(7) 1150°C/T60°C
£ o

o

Precipitates

20) 'Ly

Fig. 8. Optical micrographs of weld fusion zone for different normalized and
tempered conditions (a) 950°C/730°C, (b) 950°C/760°C, (c) 950°C/800°C, (d)
1050°C/730°C, (e) 1050°C/760°C, (f) 1050°C/800°C, (g) 1150°C/730°C, (k)
1150°C/760°C, (i) 1150°C/800°C.

Figure 7 shows the schematic diagram of PAGBs, lath boundaries,
packet boundaries, lath blocks and precipitates evolution along the
boundaries and lath blocks. From Fig. 7, it is clear that the coarse
M3sCs precipitates are formed along the PAGBS and lath boundaries
while MX precipitates inside the intra-lath region. Hence, area frac-
tion of precipitates mainly depends on the availability of grain bound-
aries in the microstructure.

3.2. Microstructure Evolution in Weld Zone and FGHAZ for Varying
PWNT Conditions

The microstructure of weld fusion zone for different normalized and
tempered condition is depicted in Fig. 8, a—i. The bulged grain bounda-
ry at low tempering temperature and straight boundary at higher tem-
pering temperature are shown in Fig. 8, and Fig. 8, i. For higher
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normalizing and lower tempering temperature, less fraction area of
precipitates makes the grain boundaries free from pinning effect that
resulted in bulging of the grain boundary. For lower normalizing and
higher tempering temperature, the availability of a large number of
grain boundaries led to higher fraction area of precipitates. This re-
sults in restriction of grain boundary movement leading to straight
boundary formation.

The optical micrographs of the fine-grained heat-affected zone
(FGHAZ) are shown in Fig. 9, a—i. In FGHAZ, the similar pattern of
grain structure was noticed as obtained for the weld fusion zone. The
grain size is observed to increase with an increase in normalizing tem-
perature (fixed tempering temperature) and decrease with increase in
tempering temperature (fixed normalizing temperature), as shown in
Fig. 10, a. For a normalizing temperature of 1150°C, bigger size grain
boundaries are clearly seen in Fig.9, h—i. The microstructure of
FGHAZ is characterized by the presence of tempered martensite,

Fig. 9. Optical micrographs of fine-grained heat affected zone for different
normalized and tempered conditions (a) 950°C/730°C, (b) 950°C/760°C, (c)
950°C/800°C, (d) 1050°C/730°C, (e) 1050°C/760°C, (f) 1050°C/800°C, (g)
1150°C/730°C, (h) 1150°C/760°C, (i) 1150°C/800°C.
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Fig. 10. Variation in grain size with normalizing and tempering temperature
(a) FGHAZ and (b) over-tempered base metal zone.

PAGBs, lath boundaries and packets with M23Cs precipitates along the
grain boundaries. The subgrain boundaries are clearly seen in optical
micrographs.

The variation in grain size of FGHAZ and over-tempered base zone
(OTB) is shown in Fig. 10. For FGHAZ, the grain size increased with an
increase in normalizing temperature for a fixed tempering tempera-
ture. The grain size decreased with increase in tempering temperature
for fixed normalizing temperature. This similar pattern was also ob-
served for the OTB. In FGHAZ, for fixed tempering temperature a neg-
ligible change in grain size was observed after increasing the normaliz-
ing temperature from 950°C to 1050°C, while a drastic increase was
observed after normalizing beyond 1050°C. Grain size plays an im-
portant role in determining the strength, hardness and precipitate size
distribution. Presence of coarse grain (1150°C/730°C) leads to less
availability of grain boundaries, i.e., less fraction area of precipitates.
Barbadikar et al. [21] had reported that less fraction area of precipi-
tates resulted in the higher availability of C and N in solution matrix
that led to solid solution strengthening and ultimately higher strength
and hardness.

Secondary electron (SEM) micrograph of weld fusion zones for dif-
ferent normalizing & tempering condition is shown in Fig. 11, a—i. The
distribution of precipitates is clearly seen in SEM micrograph. At low
normalizing temperature range (950-1050°C), equiaxed lath morphol-
ogy is observed while at a higher normalizing temperature of 1150°C
lath morphology is observed, and it became difficult to trace the
PAGBSs. The lath boundaries and packets are clearly seen at a normaliz-
ing temperature of 1150°C.

The microstructure of FGHAZ for the different PWNT conditions is
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Fig. 11. Secondary electron micrographs of weld fusion zone for different
normalized and tempered conditions (a) 950°C/730°C, (b) 950°C/760°C, (c)
950°C/800°C, (d) 1050°C/730°C, (e) 1050°C/760°C, (f) 1050°C/800°C, (g)
1150°C/730°C, (k) 1150°C/760°C, (i) 1150°C/800°C.

shown in Fig. 12, a—i. For a low normalizing temperature of 950°C, the
microstructure looks similar for each tempering condition except the
grain coarsening. For normalizing & tempering of 1050°C/800°C, the
microstructure looks different and typical columnar lath morphology
is seen, as shown in Fig. 12, f. For PWNT of 1150°C/730°C, due to
high coarsening rate, the PAGBs disappear and only lath boundaries
are observed. With the increase in tempering temperature for a fixed
normalizing temperature, continuous reduction in grain size of
FGHAZ was predicted (Fig. 10). Due to smaller grain size, the PAGBs
are clearly seen in Fig. 12, a—f. Initially, the microstructure of weld
fusion zone and FGHAZ looks similar up to normalizing & tempering
of 1050°C/760°C, after that a drastic change was noticed in the micro-
structure in terms of PAGBs, lath boundaries and precipitate distribu-
tion. At a higher normalizing temperature of 1150°C, columnar lath
morphology is clearly seen in micrographs.

The size and distribution of precipitates in FGHAZ were also meas-
ured for all the normalizing & tempering conditions, and it is shown in
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Fig. 12. Secondary electron micrographs of fine-grained heat affected zone
for different normalized and tempered conditions (a) 950°C/730°C, (b)
950°C/760°C, (c¢) 950°C/800°C, (d) 1050°C/730°C, (¢) 1050°C/760°C, (f)
1050°C/800°C, (g) 1150°C/730°C, (k) 1150°C/760°C, (i) 1150°C/800°C.

Fig. 13, a, b for 950°C/730°C and 1150°C/800°C condition. Coarsening
of precipitates with an increase in normalizing temperature is clearly
noticed in Fig. 13, a, b. At the initial stage of PWNT process, globular
and spherical shape particle are observed, while, at higher PWNT pro-
cess, mainly cylindrical and needle shaped particles are observed.

The variation in area fraction of precipitates for weld fusion zone
and FGHAZ are shown in Fig. 14, a, b. The area fraction of precipitates
increased with increase in tempering temperature (constant normaliz-
ing temperature) and decreased with increase in the normalizing tem-
perature (constant tempering temperature) for both weld zone and
FGHAZ. The less area fraction of precipitates at low tempering tem-
perature led to the formation of the bulged boundary because of less
pinning force from precipitates.

The area fraction of precipitates governs the mechanical properties
due to precipitation hardening and solid solution hardening. A higher
fraction of precipitates results in a considerable lowering of solid solu-
tion hardening due to less availability of C and N in solid solution ma-
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trix. However, higher fraction area of precipitate might leads to pre-
cipitation hardening. Generally, solid solution hardening dominates
over the precipitation hardening.

3.3. Hardness Variation

The hardness of weld fusion zone and FGHAZ for different PWNT
conditions is given in Table 5. The hardness value increased with in-
crease in normalizing temperature for given tempering temperature
while the hardness value decreased with increase in tempering temper-
ature. The extent of increase in hardness in the temperature range of
1050°C-1150°C was found to be more compared to a temperature range
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TABLE 5. Hardness variation in weld fusion zone and FGHAZ for different
normalizing and tempering condition.

Heat | Hardness(HYV) Heat Hardness (HV) [Heat Hardness (HV)

treated treated treated
condi- | Weld lpqapagicondi- | Weld Jpapagcondi- | Weld | pgpag
tion zone tion zone tion zone

950°C/ 1050°C/ 1150°C/
730°C 235+3 235+3 730°C 237+2 233+2 730°C 238+3 235+3

950°C/ 1050°C/ 1150°C/
760°C 230+£3 2295 760°C 232+3 228+4 760°C 235+3 231+2

950°C/ 1050°C/ 1150°C/
800°C 232+3 231+3 800°C 239+3 233+3 800°C 247+2 237+2

of 950°C-1050°. The lower hardness in the temperature range of
950°C-1050°C is attributed to the presence of higher grain boundaries
and large fraction area of precipitates. For a normalizing temperature
of 1150°C, coarse grain size led to lower precipitation of M23Cs and M X
precipitates and ultimately larger presence of carbon and nitrogen in
solution matrix that resulted in higher solid solution hardening. Lower
precipitate formation resulted in reduced precipitation hardening.
Grain coarsening might also lead to poor hardness but higher solid solu-
tion hardening dominate over the reduction in precipitation hardening
and grain coarsening. This resulted in an increase in hardness value at
higher normalizing temperature compared to lower normalizing tem-
perature.

3.4. Tensile Properties

For V-grove and narrow groove weld design, transverse tensile test
specimens were tested. The gauge length and width of the flat tensile
specimen were 25 mm and 6.25 mm, respectively. For transverse ten-
sile tested specimen, variation in ultimate tensile strength (UTS) and
yield strength (YS) with normalizing and tempering are depicted in
Fig. 15, a—d. In each test, the fracture location was noticed in the OTB.
For a fixed tempering temperature, the YS and UTS were increased
with an increase in normalizing temperature for both the groove de-
signs. For V-groove design, UTS increased from 705 MPa to 730 MPa
with an increase in normalizing temperature from 950°C to 1150°C
(tempering temperature 730°C), while, for narrow groove design, it
increased from 683 MPa to 712 MPa. The minimum UTS and YS were
measured for sample normalized at 950°C and tempered at 800°C for
both groove designs. The sample normalized at 1150°C led to coarse
grain and higher lath width. This resulted in less availability of grains
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Fig. 15. Variation in tensile properties for V-groove and narrow-groove de-
sign with varying normalizing and tempering temperature: (a), (b) UTS; (¢),
(d) YS.

and grain boundaries per unit area and reduced the fraction area of
precipitates. The lower availability of carbide precipitates led to solid so-
lution strengthening and resulting in an increase in strength of steel for
sample normalized at 1150°C compared to the sample normalized at 950°C
and 1050°C. For narrow groove design, similar behaviour was noticed in
UTS and YS variation. However, the UTS and YS measured for the nar-
row groove weld design was found to be less corresponding to V-groove
designs.

For a given normalizing temperature, the YS and UTS decreased
with increase in tempering temperature. For V-groove design and
fixed normalizing temperature of 1150°C, the maximum UTS and YS
were measured to be 730 MPa and 570 MPa respectively for tempering
temperature of 730°C, while minimum UTS and YS were measured to
be 660 MPa and 520 MPa respectively for tempering temperature of
800°C. For V-groove design, the rate of decrease in UTS was found to
be lower up to tempering temperature of 760°C and beyond that, a
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Fig. 16. Variation in % elongation (a) V-groove and (b) narrow-groove design.

drastic decrease was noticed in the UTS value. For narrow-groove de-
sign, a near uniform decreasing trend was observed for given temper-
ing temperature range. The variation in YS and UTS value of P92 steel
weldments for different PWNT conditions were strongly affected by
the solid solution hardening and precipitate hardening. The coarse
precipitates at higher tempering temperature were also responsible for
the strength and hardness degradation. The coarse precipitates have
poor tendency to act as the dislocation barrier resulting in poor
strength and hardness. The increase in tempering temperature led to
consumption of C and N from the matrix for higher carbide and car-
bonitrides precipitation. The reduction of C and N from the matrix re-
sulted in poor solid solution hardening. The formation of precipitate
might lead to precipitation hardening but the reduction in solid solu-
tion hardening dominates over the increase in precipitate hardening.
This resulted in a reduction in strength value of P92 steel at higher
tempering temperature. A good agreement was also observed in hard-
ness and strength relationship.

Figures 16, a, b show the variation [in %] elongation for transverse
tensile tested weld specimens in different normalizing and tempering
temperature range. The percentage elongation increased with increase
in tempering temperature for normalizing temperature range of
1050-1150°C. For V-groove weld design, maximum percentage elonga-
tion was measured to be 24.7% for sample normalized at 950°C and
tempered at 730°C, while a minimum of 24.13% was for sample tem-
pered at 800°C for same normalizing temperature. The similar pattern
of percentage elongation was also measured for narrow-groove design
as shown in Fig. 16, b. The percentage elongation decreased with in-
crease in normalizing temperature. For tempering temperature of
730°C and normalizing temperature of 1150°C, the percentage elonga-
tion was observed to be less than 20% for both the groove designs.



STUDY ON NORMALIZING AND TEMPERING TREATMENT REGIME 451

4. CONCLUSIONS

1. The normalizing and tempering treatment, recovery processes leads
to the refinement of grain structure. This resulted in higher Charpy
toughness value in weld zone than as-received P92 steel.

2. The normalizing and tempering treatment of P92 weldments pro-
duced uniformed hardness measured in weld zone and the fine-grained
heat affected zone was found to be very much similar to that recorded
in as-received P92 steel.

3. The ultimate tensile strength and yield strength value of V-groove
weld design were measured to be higher than narrow-groove design
while Charpy toughness value of narrow-groove weld design was meas-
ured to be superior to V-groove weld design.

4. The final fracture zone of tensile fracture surface revealed the
mixed mode of failure for all normalizing and tempering action.

5. The normalizing at 1050°C and 760°C is recommended for P92
weldments for the optimum combination of strength and ductility.
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The aim of this study is to focus on the multiresponse-process optimization of
friction stir processing of AA6063/n-graphene-based surface composites to
obtain enhanced mechanical properties using Taguchi’s technique combined
with grey relational analysis (GRA) technique. The parameters of the process
selected for this study are tool rotation speed (rpm), tool traverse speed
(mm/min), and tilt angle (°). Commonly followed mechanical characteriza-
tion, namely, hardness and tensile strength are considered as the output per-
formances. The experiments are conducted with a minimal run designed by
Taguchi’s L¢ orthogonal array factorial design of experiments. GRA is used
to optimize the multiresponse-process parameters. In accordance with the
analysis, it is found that the specimen synthesized with the tool rotation
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speed of 1200 rpm, traverse speed of 40 mm/min, and 1.5° tilt angle exhibits
superior mechanical properties. Analysis of the variance is done to study the
dominant factor affecting the strength of the processed composites. SEM
analysis with EDX spectrum is done to study the morphological characteriza-
tion of the prepared composites.

Key words: surface composites, Taguchi’s grey relational analysis, friction
stir processing, AA6063, n-graphene.

Mertoto manoi poboTu OyJI0 IPOBeAEHHS ONITUMi3allii mpoiecy o6pobIeHHA Tep-
TAM 3 IEePeMiITyBaHHAM IIOBEPXHEBUX KOMIO3UTIB Ha ocHOBI AA6063/n-
rpadeHy Ui OfEPsKaHHA MOJIINIIeHNX MeXaHIiYHIX BJIACTUBOCTEH 3a JOIIOMO-
roo Metonuky Tarydi B moegHaHHi 3 ciporo pesarnitinor anarizoio (CPA). Ila-
paMeTpaMu mpoIlecy, OOpaHUMU AJISA ITHOT0 HOCJiMTKeHHSA, € MIBUAKICTL 00ep-
TaHHA iHCTpyMeHTY (00./XB.), IIBUAKICTH IEPEMiIlleHHA iHCTPYMEHTY
(MmM/xB.) i KyT Haxwiry (°). 3araJabHOBiIOMI MexaHiUHI XapaKTepUCTUKY, a ca-
Me, TBEPZJIiCTh i MiIHIiCTh HA PO3PUB, BBAYKAIOTHCS BUXITHUMY XapaKTEPUCTH-
Kamu. EKcriepuMeHTH TPOBOIMIUCS IJIs MiHiManabHOI cepii, po3pobJieHOi 3a
daxTopiasIbHOIO cxeMOoI0 opToroHanbsHoi maTpuIli Taryui Le. CPA BukopucTo-
ByBaJlacA AJA OIITHMi3allii mapaMeTpiB mpoiiecy 3 0araTopasoBUM BiATyKOM.
Bceranosieno, 110 3pa3ok, CHHTE30BaHUY 3i IMBUAKiICTIO 00epTaHHA iHCTpyMe-
HTy ¥ 1200 00./%B., mBugkicrio xony y 40 mm/xB. i KyTom Haxuay y 1,5°, ne-
MOHCTPY€ BUHATKOBI MexaHiuHi BIactuBocTi. [lucnepcitiny ananisy BUKOHAHO
IS BUBUEHHSA JOMiHYBaJIbHOTO YMHHUKA, IO BILJIMBAE HA MiIlHicTL 00pobie-
HUX KOMIIOBUTiB. AHAajis3a CKaHyBaJbHOIO €JIEeKTPOHHOI0 MiKpocKomieio is
€HEepProAUIIePCiiHUM PEHTI'€HiBCLKUM CIEKTPOM IPOBOAUTHCS IJIs BUBUEHHS
MOPGOJIOTIYHNX XapaKTEePUCTUK OJIePyKAaHUX KOMIIO3UTIB.

Karouosi ciioBa: moBepxHeBi KOMIIO3UTH, cipa pesdrniiiHa anaziiza 3a Tarywui,
00pobsenua Teptam, AA6063, n-rpaden.

(Received 10 October, 2023; in final version, 10 December, 2023 )

1. INTRODUCTION

Aluminium alloys gained much industrial significance due to their
unique lightweight properties. Many industries especially automotive
and aerospace are concerned the curb weight of the product is a critical
factor deciding the fuel efficiency and it could be resolved by employ-
ing such lightweight alloys. Composites made of aluminium alloy have
significant applications in automobile fields and aerospace due to its
lightweight, lesser wear rates, and other enhanced mechanical and
thermal properties as compared to the virgin materials [1-8].
Composites based on aluminium matrix can be useful only if it is rein-
forced with suitable materials that will enhance its properties. Among
all the other reinforcements are considered, the carbon-rich reinforce-
ments like carbon nanotubes, graphite, and graphene have unique elec-
trical, mechanical, and thermal properties. Researchers gain the ad-
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vantage of the lubricous nature of such carbon materials and taken ef-
forts to synthesize self-lubricating lesser-weight composites that will
withstand extreme wear and tear and hence these materials could be em-
ployed in automotive and aerospace industries [9—13]. Among these car-
bon reinforcements, graphene is found to have a cutting-edge advantage
over the other materials because to its outstanding optical, mechanical,
electrical and thermal properties for varied potential applications. In
addition, the honeycomb lattice of single sheet structure in graphene
found it to be superior to the other materials [14—16]. Further, the high
mechanical strength and high modulus of graphene have gained signifi-
cant attention in the fabrication of composites.

There are many traditional methods like melting and solidification
for fabricating metal matrix composites. However, there are challeng-
es in using the melting and solidification technique for fabricating
graphene-reinforced composites. However, graphene has a large sur-
face area, with a lower mass density, which leads to agglomeration dur-
ing fabrication, and is destroyed by molten metals upon melting. Thus,
in order to improve the dispersion of graphene particles, solid-state
stirring has been used to fabricate the composite plates.

In the fabrication of aluminium matrix composites, the fabrication
methods play a vital role in establishing bonding strength between ma-
trix medium and reinforcement. Hence, selection of fabrication meth-
ods is extremely important in determining the mechanical strength of
the developed composites. Several fabrication methods are available in
the literatures for developing aluminium matrix composites. In recent
days, eco-friendly fabrication techniques such as friction stir pro-
cessing (FSP) have gained much attention among researchers in devel-
oping aluminium matrix composites. In FSP, process parameters selec-
tion plays a critical role in determining the mechanical strength of the
developed composites. The main parameters involved in FSP are tool
rotation speed, traverse speed, tool profile and axial load. The impact
of these parameters critically affects the properties of metal matrix
composites as reported by researchers[12, 17].

The effect of process parameters, on the properties of the developed
composites, could be studied by applying a suitable multiresponse opti-
mization tool. The grey relational analysis (GRA) is a suitable multire-
sponse optimization tool. Aydin et al.[18] studied the impact of process
parameters on friction welding of AA1050 plates and optimised the pro-
cess responses using the Taguchi-based GRA. Many researchers used the
parametric conventional time-consuming technique where one of the
parameters will be varied and all other parameters are kept constant.
Hence, to analyse the impact of these parameters by limiting the num-
bers of experiment runs, a statistical-technique for Taguchi design of
experiments could be used. Taguchi’s S/N and orthogonal array (OA)
are very popular and mostly used for optimization of single response
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factor.

Recently, the Taguchi methodology has been integrated with grey
relational analysis to solve multiresponse-optimization problems as in
the case of friction welding and friction stir processes. Studies con-
ducted by Sureshet et al.[19] analysed the effect of tool pin profiles in
friction stir welding using Taguchi analysis method, and found that
tool rotation speed has more impact on the tensile strength as com-
pared to welding speed and plunging depth.

Pravinet et al. [20] investigated the effect of processing parameters
on yield strength and tensile strength of friction stir processing of
AAG606I aluminium alloys and found that titanium carbide shows su-
perior quality of welding at the tool rotation speed of 1500 rpm, tool
traverse speed of 25 mm/s and with a square pin profile. Using the
Taguchi L;s orthogonal design, Koilraj et al.[17] conducted FSW stud-
ies to optimize process parameters such as tool transverse speed, tool
pin shape, rotational speed and D/d ratio.

Vijayan et al. [21] investigated the optimization of the FSW process
parameters for AA5083 using a Ly orthogonal array with multiple re-
sponses and studied the effect of welding parameters on tensile
strength and power with using Taguchi grey relational techniques.
Jenson et al. [22] used Taguchi combined with grey relational analysis
to study the wear characteristics of high-density polyethylene compo-
sites with tungsten reinforcement and found that filler content is the
dominant factor affecting the wear characteristics of the composites.
Hence, Taguchi combined with grey relational analysis will be the suit-
able tool for the optimization of multiresponse problems.

In this present research, nanographene particles are reinforced into
the AA 6063 alloy to form the composite layer. DOE was applied to in-
vestigate the effect of process parameters on the mechanical character-
istics of the AA6063/n-graphene composites fabricated by friction stir
processing. An orthogonal array of Lo is adopted to find out the impact
of process parameters, namely, tool rotational speed, tool traverse
speed (mm/min) and tool tilt angle (°) on the hardness and tensile be-
haviour of AA6063/nanographene composites.

2. MATERIALS AND METHODS

Aluminium AA6063 was selected as the matrix medium, which con-
tains Al-Si—-Mg as major composition. The chemical composition of

TABLE 1. Details of the chemical composition of AA6063.

Al | si | Mg [ Mn | Cu | Fe | Zn [ Cr | Ni
97.68 0.68 0.88 0.20 0.014 0.30 0.03 0.05 0.007
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AA6063 is derived from XRD analysis shown in the Table 1. The ma-
trix material AA6063 is procured as plates of 6 mm thickness. The
specimens were cut by wire cut using electric discharge machining to
rectangular sheets of size, 150x50x6 mm. Further, graphene particles
of diameter 10 to 15 nm with 10 to 15 layers were purchased from
Techinstro, PVT Ltd., Nagpur, were used as reinforcement particles.
The tool was fabricated by using a surface grinding and lathe machine.
The tool is made of high carbon high chromium (HCHR) of a shoulder
diameter 18 mm and attached with a square pin profile of size 6x6 mm
and height 3 mm was selected as FSP tool. Square grooves were ma-
chined in the centre of the AA6063 specimens (see Fig. 1). The gra-
phene particles are then were filled in the groove. FSP experimenta-
tion was conducted using a milling machine with special attachments.

3. RESULTS AND DISCUSSIONS
3.1 Design of Experiments

Friction stir processing of materials were performed with the parame-
ters mentioned in Table 2. Friction stir processing was done with a pin-
less tool to prevent powder dispersing from the groove during pro-
cessing. Taguchi Ly OA designed for this experiment is shown in the
Table 3. For each parameter, the plates were rotated 180° to improve
powder dispersion and prevent aggregation of powders on the advanc-
ing side. The specimens were then machined as per ASTM E8 standards
for tensile strength and were tested in universal testing machine and
the results are displayed in Table 3. Main effects plot of data mean vs.
tensile strength and data means vs. hardness are plotted using Minitab
16.0 and the results are shown in Figs. 2 and 3.

From Figure 2, it is clear that the tensile strength increases with in-
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TABLE 2. FSP parameters.

Levels
Parameters Units 1 I I DOF
Tool rotational speed rpm 900 1200 1500 2
Tool traverse speed mm/min 20 30 40 2
Tilt angle Degree 1 1.5 2 2
Total 6

TABLE 3. Experimental results for tensile strength and hardness as per
Taguchi Lo OA.

No. Process parameters Processing responses
peed rom || Tibangle, 7| o Bt rpy | Hardness
1 900 20 1 179.5 95.7
2 900 30 1.5 183.6 95.2
3 900 40 2 187.3 92.3
4 1200 20 1.5 212.3 123.4
5 1200 30 2 203.45 124.56
6 1200 40 1 215.56 122.45
7 1500 20 2 195.56 117.8
8 1500 30 1 189.67 113.2
9 1500 40 1.5 191.23 110.5

crease in tool rotation speed till 1200 rpm, and then, it decreases and
this is because with increase in tool rotation speed the heat generated
also increases, which in turn melts a large pool of material and hence a
better distribution is possible. Whereas beyond 1200 rpm because of
this high heat generation, more metal pool is generated, and hence, the
particles are freely movable and so, it will be thrown out due to cen-
trifugal force, and they are clogged in outer area, which causes ag-
glomeration, which causes decreases in the strength of the material.

The tensile strength decreases with the increases in traverse speed
and it increases. It is because, initially at less traverse speed, the fric-
tion is minimal, and hence, the heat generated will be minimal, which
is not sufficient for better distribution of particles. When the traverse
speed increases, then, the heat generated also increases which in turn
gives a better distribution, which increases the tensile strength. The
tensile strength shows only slight variation with the change in tool tilt
angle and this is because tool tilt angle do not play significant role in
increasing heat generation during processing.
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Fig. 2. Main effects plot for tensile strength.

Figure 3 shows that the hardness of the material increases with in-
crease in tool rotation speed till 1200 rpm and beyond that the hard-
ness decreases and it is due to the fact that hardness mainly depends on

Main effects plot for hardness
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uniform distribution of reinforcement in matrix medium. With in-
crease in tool rotation speed at 1200 rpm, the distribution is uniform
as shown in Fig. 3, and hence, the hardness is high. With increasing
the tool rotation speed, the uniform distribution gets affected, and in
turn, hardness decreases. Hardness gradually decreases with increase
in tool traverse speed, and it is because traverse speed highly affects
the uniform distribution of reinforcement and which in turn affects
the hardness of the manufactured specimen. Hardness shows only
slight variation with tool tilt angle because tool tilt angle do not have
much influence on the distribution of reinforcement.

3.2. Grey Relational Analysis

Grey relational analysis is one of the most suitable tools to analyse mul-

tiresponse optimization problems. In this study, the optimization of

multiple responses is mandatory and hence GRA is adopted. In GRA ini-

tially, the data is normalized between 0 and 1 using Egs. (1) and (2):

Xl __ maxyx, (k) —.xl.(k) , 1)
max x, (k) — minx, (k)

X - x, (k) —min x, (k) 2)

max x, (k) — minx, (k)

Tensile strength and hardness follow the larger the better criteria,
hence, Eq. (2) is applied to normalize the data. The normalized values
are listed in Table 4. Then, deviation sequence is calculated for the
normalized values using Eq. (3):

Ay (k) = |x; (k) - =] (R). (3)
TABLE 4. Normalised values.
No. Tensile strength, MPa Hardness
1 0.000 0.105
2 0.114 0.090
3 0.216 0.000
4 0.910 0.964
5 0.664 1.000
6 1.000 0.935
7 0.445 0.790
8 0.282 0.648
9 0.325 0.564
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TABLE 5. Calculated deviation sequence, GRC and GRG.

No. Deviation sequence GRC
i i GRG |RANK
Ideal sequence Tensile Hardness Tensile Hardness
strength strength

1.000 0.895 0.333 0.359 0.346
0.886 0.910 0.361 0.355 0.358
0.784 1.000 0.390 0.333 0.361
0.090 0.036 0.847 0.933 0.890
0.336 0.000 0.598 1.000 0.799
0.000 0.065 1.000 0.884 0.919
0.555 0.210 0.474 0.705 0.589
0.718 0.352 0.411 0.587 0.499
0.675 0.436 0.426 0.534 0.480

© 00 3O O W N+
S O M W hN 30 ©

The sequence of deviation calculated using Eq. (3) is displayed in
Table 5. The grey relational coefficient (GRC) depicts the relationship
between reference and normalised values. GRC is calculated using Eq.

(4):

_L{:‘Amax
& (k) = AL(B)TEA. (4)

max

Grey relational grade (GRG) is the mean of GRC and can be calculat-
ed using Eq. (5). It provides information on the relationships between
the sequences. The range of GRC lies between 0 and 1:

1= Y e ). 5)

From Table 5, it is evident that experiment number 1 has the highest
GRG, and therefore, the optimal sequence to obtain maximum tensile
strength and hardness is AyBs;Ci, i.e., with tool rotation speed at 1200
rpm, tool traverse speed at 40 mm/min and tool tilt angle at 1°, it is pos-
sible to obtain maximum tensile strength and hardness of the specimen.

Average grey relational grade value for three levels is mentioned in
Table 6. From Table 6, it is clear that tool rotation speed of 0.5231 is
the most significant factor affecting the strength of the specimen fol-
lowed by tool traverse speed of 0.0896 and tool tilt angle of 0.0394.

3.3. Analysis of Variance (ANOVA)

For GRG, the sum of squares and all other factors are listed in Table 7. It
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TABLE 6. Main effects on mean GRG.

Level |Tool rotation speed (4) ‘ Traverse speed (B) ‘ Tilt angle (C)

1 0.3553 0.6248 0.6083

2 0.8784 0.5353 0.5892

3 0.5327 0.6062 0.5689
Delta 0.5231 0.0896 0.0394
Rank 1 2 3

TABLE 7. ANOVA results on grey relational grade.

Source Degrees S:glr;egge AS(H;S;GEd Adjusted | F- P-value p.C,
of freedom MS value %
squares squares
Toolrota- 0.424664 0.424664 0.212332 19.28 0.049 91.8
tion speed
T‘;;Zigse 2 0.013401 0.013401 0.006701 0.61 0.622 2.89
Tilt angle 2 0.002328 0.002328 0.001164 0.11 0.904 0.50
Error 2 0.022022 0.022022 0.011011 4.76
Total 8 0.462415

is clearly evident from Table 7 that tool rotation speed has a significant
contribution of 91.8% affecting the strength of the specimen. Therefore,
tool rotation speed is the dominant factor affecting the strength of the
specimen. The other factors have only minimal contribution.

3.4. Confirmation Experiment

The results are confirmed by conducting a confirmation test. The op-
timal value of the multiple factors is predicted using Eq. (6):

q
Y=Y+ 20 ) (6)

The predicted value and experimental value of GRG is displayed in
Table 8. From Table 8, it is found that the predicted value is in line

TABLE 8. Confirmation experiment results.

Predicted (A2B1C1) ‘ Experiment (A2B1C1)
GRG 0.9341 0.9852
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Fig. 4. SEM image (a) and EDX spectrum (b) of AA6063/n-graphene compo-
site, 1200 rpm.

with the experimental value.

3.5. Microstructural Studies

The SEM images of the fabricated AA6063/n-graphene surface compo-
sites are shown in Fig. 4, a. The typical SEM images of AA6063/n-
graphene surface composites, which are fabricated at the rotational
speed of 1200 rpm, is shown in Fig. 4, a, which shows the uniform dis-
tribution of graphene particles in the matrix.

EDX also confirmed the existence of graphene particles, which are
securely fixed within the aluminium matrix to produce a vast interface
area. The secure attachment and higher uniformity of graphene parti-
cles in the matrix are thought to help the composites’ tribological per-
formance due to stress dissipation.

3.6. Microhardness Evaluation

Figure 5 displays the microhardness readings of the specimens pro-
cessed (FSP) with graphene particles under different rotational speeds
(900 rpm, 1200 rpm, and 1500 rpm) at a traverse speed of 20 mm/min.
The microhardness of the processed zones is found to be much higher
than that of the aluminium matrix AA6063, and the values are rather
uniform throughout the processed zones, indicating good graphene
particle dispersion in the aluminium matrix. Even though the particles
are well dispersed in the matrix after two passes of FSP, the amount of
increasing trend is highly minimal, while compared with base metal
and processed (FSP) base metal. The value of friction stir processed
specimens with particles under three different speeds (900 rpm,
1200 rpm, and 1500 rpm) attained the values of 90 HV, 96 HV,
125 HV, respectively.
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Fig. 5. Microhardness profiles.

The presence of soft graphite phase in all reinforced composites
might have resulted in lower hardness values. Further, in this current
investigation, processed (FSP) AA6063/nanographene composite un-
der the rotational speed of 1200 rpm showed higher hardness, which is
50% higher than the base metal.

4. CONCLUSION

Friction stir processing of AA6063/n-graphene was done successfully.
Based on the analysis, following conclusions are drawn. The input pa-
rameters were optimized using GRA for getting highest tensile
strength and hardness of the specimen. The obtained results are sum-
marized below.

Ly OA was successfully combined with GRA to optimize the multiple
factors.

Observation concludes that the optimal settings to obtain high tensile
strength and hardness is A2-B1-Cl1, i.e., tool rotation speed of 1200
rpm, traverse speed of 20 mm/min and tilt angle of 1° respectively.

From the ANOVA table, it was found that tool rotation is the domi-
nant factor with 95% confidence level affecting the process followed
by tool traverse speed and tool tilt angle.

Confirmation experiment shows that the predicted GRG value is in
good agreement with the experimental GRG value.

EDX spectrum reveals the presence of AA6063 and n-graphene in
the composites

SEM analysis shows uniform distribution of n-graphene in the ma-
trix of AA6063.
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Influence of Pyrolysis Products on the Formation of a Joint
During Pressure Welding Through a Layer of Hydrocarbon
Substance

0. V. Jartovsky

Donbass State Engineering Academy,
72 Akademichna Str.,
UA-84313 Kramatorsk, Ukraine

The work is concerned with the study of the process of joint formation during
pressure welding by pulse current through a layer of hydrocarbon substance.
During the development of this welding method, there was no necessary
amount of scientific knowledge about concomitant physicochemical process-
es. Interdisciplinary experimental studies performed by different authors
have allowed establishing scientific facts necessary for the formation of a
hypothesis about the mechanism of formation of a welded joint. Carbon
nanoformations are found and their properties are studied. The phenomena
accompanying the passage of pulse electric current through them are stud-
ied. The phenomena of anomalous mass transfer under the action of shock
loading during diffusion welding of dissimilar materials are studied. It is
experimentally proved that electroexplosive and electromagnetic phenomena
as well as shock waves activate diffusion processes, when applied to the sur-
face layers of metal. The hypothesis assumes that, when a pulsed electric cur-
rent of constant polarity is passed, an electrical explosion of contacting me-
tallic microblasts occurs. The formation and subsequent microexplosions of
conductive carbon particles occur. Microexplosions and shock waves activate
diffusion processes on the surfaces to be joined. The process is completed af-
ter the ‘Coulomb explosion’ and the release of pyrolysis products from the
central part of the joint of the welded surfaces. It is experimentally proved
that the formation of the joint occurs at temperatures below the melting
point of the materials to be welded. The time of joint formation at the same
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temperature is much shorter than during diffusion welding in vacuum. The
structure of the welded joint is similar to the structure obtained by diffusion
welding in vacuum. The methodology is developed, and experimental studies
are carried out. The obtained results confirm the put forward hypothesis and
correspond to the previously performed interdisciplinary studies of special-
ists.

Key words: pressure welding, hydrocarbon substances, electric explosion,
electric current, nanotubes, diffusion.

PobGora cTocyerhea mociimkeHHs mporiecy GopMyBaHHS 3’€THAHHS I yac
3BapIOBAHHA THCKOM iMIIyJIbCHVM CTPYMOM uepe3 IIap BYIJIEBOZHEBOI pedo-
BuHU. Ha MOMEHT po3po0KY IILOTO CIIocO0y 3BapIOBaHHS He 0yJI0 HeoOXimHoro
00cATYy HAYKOBUX 3HAHBb Hpo (idsuKo-xeMiuHi mporecu, 1110 mepediraioTb BOI-
Houac. MixaucnuiuriHapHi eKCIIepUMeHTANbHI JOCHiPKeHHA PiSHUX aBTOPiIB
JlaJii 3MOT'y BCTAHOBUTY HayKOBi harkTy, HeoOXigHI ia hopMyBaHHS rinoTesn
IPO MeXaHi3M yTBOPEHHS 3BAPHOTO 3’€qHAHHA. BUABIEHO BYTJIeIeBi HAHOYT-
BOPEHHSA Ta BUBYEHO iXHi BIacTuBOCTi. BuBueHo sBUIIA, 1110 CYIIPOBOIKYIOTH
IIPOXO/’KEHHS Yepe3 HUX iMIIyJIbCHOTO €JEKTPUUYHOro cTpymy. IHociimxeHOo
ABUINA AaHOMAJbHOT'O MACOIIEPEHOCY i/ Tieto yIapHOTro HaBaHTAKEHHS ITiT yac
nu@dysitHoro 3BapOBaHHA Pi3HOPiZHUX MaTepisaniB. ExcnepumeHTaNBLHO IO-
BeJIeHO, IO eJeKTPOBMOYXOBi ¥ eJleKTPpOMAarHeTHi SBUINA, a TaKOMK yaapHi
XBWJIi aKkTUBi3YIOTH Audy3iiiHi mpomecu mix yac il Ha TOBepXHEBi Mmapu MeTa-
ay. 'imoresa mpumyckae, 1o mif 4yac IPOXOAKEHHA iMITyJICHOTO eJIeKTPUY-
HOTO CTPYMY HOCTifHOI MOJAPHOCTH BiIOYBaETHCA EJIEKTPUUYHUN BUOYX KOH-
TaKTyBaJIbHUX MeTaJeBUX MiKpoBuOyxiB. BigOyBaeTbca yTBOpeHHs Ta moja-
JBIN MiKPOBHMOYXM CTPYMOIPOBIZHMX YAaCTHMHOK Byryerno. MixkpoBubyxu i
ymapHi XBwi AaKTHUBYIOTH JuUysifiHIi Ipomecu Ha TOBEPXHAX, IO
3’emuyioThedA. Ilportec 3aBepinyeTbea micas «KymomoBoro BuOyxy» Ta BUIi-
JIEHHA IPONYKTiB IipoJisy 3 IieHTPaabHOI YaCTUHY CTUKY 3BaPIOBAHUX IIOBEP-
X0Hb. EKCIIEpUMEHTAIBHO TOBEJIEHO, 110 (hOpMyBaHHA 3’€THAHHSA Big0yBa€Th-
cd 3a TeMIepaTyp HUKUe TeMIIepaTypPH! TOIJIEHHS MaTepidiiB, 1110 3BapIOIOTh-
ca. Hac dopmyBaHHA 3’€JTHAHHA 3a Tiel X TeMIlepaTypu 3HAYHO KOPOTIIIMIL,
aHixk 3a mudysiiiHOr0 3BapioBaHHA y BaKyyMi. CTpyKTypa 3BApHOro 3’ € THAHHA
momibHa IO CTPYKTYPH, Ofep:KaHoi 3a Au@y3iAHOTO 3BapiOBAHHA y BaKyyMi.
PospobiieHo MeTOAUKY Ta IMPOBEIEeHO eKCIIepUMeHTaNbHI gocaimxenuda. Ome-
p’KaHi pe3ysbTaTU MiATBEPIKYIOTH BUCYHYTY TimoTe3y Ta BigmoBizmaroTs pa-
Hillle BUKOHAHUM MiKINCIIUILIiHADHUM AOCTIiyKeHHAM (QaxiBIIiB.

Karouogi ciioBa: 3BaproBaHHA TUCKOM, BYIJIEBOLHEBi PEUOBUHY, €JIEKTPUYHUH
BUOYX, JIEKTPUUYHUH CTPYM, HAHOTPYOKY, Zudy3id.
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1. INTRODUCTION

Pressure welding is widely used in industry. One of the types of pres-
sure welding is vacuum diffusion welding. In vacuum diffusion weld-
ing, the joint is formed because of deformation effect on the surfaces
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of the materials being welded to be joined. Joint formation occurs with
the formation of a transition zone and joint grains at the contact
points. There is a model for the formation of a diffusion compound [1].
It involves three stages. First, physical contact is formed based on in-
teratomic interaction. Further, the contact surfaces are activated with
the formation of active centres on the surface of the harder of the met-
als to be joined. After that, volumetric interaction takes place on the
active centres. This is accompanied by stress relaxation. The formation
of a joint with minimal deformation in the welding zone with high
productivity is an urgent task and is solved in different technological
processes in different ways. One of the methods for intensifying the
diffusion welding process is the use of intermediate layers. Known
technologies [2-5], which use various kinds of tapes and foils, powder
layers. The processes occurring during the formation of ‘materi-
al-layer-material’ contacts are determined by the properties of all
substances in the contact zone. The use of intermediate layers [4, 6—8]
of submicron and nanosize powders makes it possible to exclude
macroplastic deformations in the zone of the welded joint. The use of
an activating Ni sublayer and a powder layer of submicron Ni powder
made it possible [6] to obtain a high-quality diffusion joint of steel
samples at temperatures of 0.5-0.6 of the melting temperature of the
material being welded. Researchers have carried out work to study the
factors that accelerate diffusion processes in the zone of formation of a
welded joint. The phenomenon of anomalous mass transfer under
shock loading of dissimilar materials during welding has been experi-
mentally proved [9]. The method of radioactive isotopes on commer-
cially pure metals (Fe, Ni, Cu) and steels (steel3, 12Kh18N10T) was
used to study diffusion processes during high-speed plastic defor-
mation of metals [10-16].

The occurrence of an electric current pulse during high-speed plastic
deformation of metals has been established. There is a dependence of
the current strength on the nature of the material and the rate of de-
formation of the metal. Electric potential and anomalous mass transfer
are observed only because of pulsed plastic deformation. The phenom-
ena are interconnected and occur simultaneously. Experimental stud-
ies were carried out [17] to study the simultaneous effects of double
and triple effects. Three processing schemes were investigated. Ac-
cording to the first scheme, alternating deformations with an ultra-
sonic frequency were used at elevated temperatures. The second
scheme involved the use of ultrasonic shock treatment together with
pulsed plastic deformation. According to the third scheme, ultrasonic
vibrations, a constant magnetic field and quasi-static deformation
were simultaneously applied without heating. The results of experi-
mental studies [17] indicate that the use of double and triple effects is
promising for obtaining diffusion layers on metals and alloys. Experi-
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mental studies [18] on welding metals in the solid phase using high-
density current pulses have shown the possibility of high-quality weld-
ing with various pulse shapes. The authors of [19] presented an analy-
sis of the mechanism of interaction of two dissimilar materials under
the influence of plastic deformation and high-density pulsed current
for assessing the strength and quality of metal joining. An assessment
of the energy interaction of two metals under the influence of a pulsed
current and plastic deformation is carried out. The studies carried out
confirm the effect of pulsed current on diffusion processes. The pre-
sented works confirm the possibility of stimulating diffuse processes
by pulsed electric current, pulsed plastic deformation and combined
action. There are data on the study of the influence of elastic waves on
the rate of chemical transformations in a solid. The work [20] describes
low-temperature solid-phase detonation. The author has proposed a
probable mechanism for this phenomenon. The initiator and driving
force of ultrafast low-temperature chemical transformations in solids
is an elastic wave. The authors of Ref. [20] argue that from a combina-
tion of compressive, tensile, and shear deformations, shear defor-
mations are more effective. They are primarily responsible for super-
fast conversions in the system.

The authors of works [21, 22] proposed to introduce hydrocarbon
substances into the space between the surfaces to be welded, and to car-
ry out heating by passing a pulsed electric current. The introduction of
a hydrocarbon substance into the space between the surfaces to be
welded when heated by a pulsed electric current makes it possible to
accelerate the formation of a joint. The literary sources do not describe
the processes occurring during the formation of welded joint using in-
terlayers of hydrocarbon substances. The task is urgent and of great
practical importance. The previously described studies by various au-
thors suggest a special role for a number of factors affecting the accel-
eration of diffusion processes. These factors include the dispersion of
substances in microvolumes between the contacting surfaces [4, 6-8],
the electromagnetic effect of a pulsed electric current [17-19], a
pulsed force[9-16, 20] on the surfaces of materials to be welded.

When a pulsed electric current of constant polarity is flowing, local
overheating occurs at the contact points of the metal surfaces in con-
tact with each other and electrical explosions occur. In the space be-
tween the surfaces to be welded, pyrolysis of hydrocarbon substance
occurs with the formation of nanosize carbon formations. The result-
ing conductive carbon particles explode to form a multitude of micro-
pinches. Shock waves activate diffusion processes on the surfaces to be
joined. The proposed hypothesis is based on a large number of interdis-
ciplinary experimental studies. In the literature, there is no model of
joint formation in pressure welding through a hydrocarbon layer.

The aim of this paper is experimental verification of the provisions
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of the proposed hypothesis.

The objectives of this work are to develop an experimental technique
to prove the formation of carbon structures in the microvolumes be-
tween the surfaces to be welded, to show experimentally the presence
of electric charge of carbon structures, to show experimentally their
movement to the centre of the cross-section of the welded surfaces un-
der the action of the magnetic field of the pulse electric current of con-
stant polarity. An accumulation of charged carbon structures is
formed there. When a critical mass of charged particles accumulates, a
‘Coulomb explosion’ occurs.

2. METHODS, EXPERIMENTAL RESULTS AND DISCUSSION

To accomplish the set task, an experimental setup was developed and
used, consisting of a power supply with a pulsed electric current of
constant polarity, devices for fastening samples and longitudinal com-
pression. Experiments were carried out to isolate the substance formed
during the pyrolysis of the hydrocarbon substance. Cylindrical speci-
mens with an axial circular cylindrical hole were used. The surfaces
were coated with a hydrocarbon material (uncured epoxy) prior to
welding. Welding temperature was of 1180-1200°C. The heating rate
of the welded joint did not exceed 120-200°C/sec. The duration of the
welding process did not exceed 10-12 seconds. The nature of the de-
struction of the samples was studied during mechanical tests of the
welded joint. The structure of the welded joint was investigated by
metallography methods. The nature of the release of the substance
from the welded joint was studied visually.

In pressure welding with the use of hydrocarbon interlayers of ho-
mogeneous and dissimilar steels, the process always ended with the re-
lease of a substance from the joint zone with a specific sound and flash.
This allowed us to assume the nature of the movement of the substance
at the junction between the surfaces to be joined.

First, the pyrolysis products moved to the central part of the joint.
Then, because of the ‘Coulomb explosion’, the substance was ejected.
Figure 1, a show a diagram of the movement of products during heat-
ing of the welded surfaces and pyrolysis of hydrocarbon layers. Fig-
ure 1, b shows a diagram of the movement of products during an explo-
sion of a substance.

Such motion of substance in the joint is possible at formation of
charged particles because of explosion of metal in the contact points
and microexplosions in products of pyrolysis of hydrocarbon material.
This does not contradict the known data [23]. Pressure welding using
hydrocarbon interlayers is characterized by the movement of pyrolysis
products into the central part of the joint. This assumption was con-
firmed by physical experiment. A special sample design was used to
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Fig. 1. Diagram of the movement of products at the joint during welding.

isolate the formed substances. Cylindrical samples with an axial round
cylindrical hole were prepared. The ends of the samples were coated
with the hydrocarbon substance under study. They were placed in a
fixation device, subjected to compression and passed a pulsed current
of constant polarity. The scheme of the experiment is shown in Fig. 2.
The experiment was conducted according to two schemes. According
to the first scheme, the surfaces of the samples to be joined were coated
with a hydrocarbon substance. The samples were placed in a fixing de-
vice, subjected to longitudinal compression. The joint was heated to
the welding temperature and was welded. Then, the specimens were
opened by milling parallel to the specimen axis. The nature of the re-
lease of the substance from the welded joint was studied visually.
There were studied the structure of the substance inside the sample
chamber. The substance inside the sample is shown in Fig. 3.
According to the second scheme, the samples were placed in a fixing
device. The surfaces to be joined were coated with a hydrocarbon mate-

1

Y

\2

Fig. 2. Scheme of the experiment: steel cylinders with holes (1), hydrocarbon
substance (2).
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Fig. 3. Carbon layers inside the sample chamber.

rial. By passing a current, they were heated to the welding tempera-
ture. The samples were not subjected to longitudinal compression. Af-
ter heating to the welding temperature, the samples were opened per-
pendicular to the axis at the place of heating. The placement of the
products of pyrolysis of the hydrocarbon substance inside the sample
chamber was studied. The effectiveness of the effect of pyrolysis prod-
ucts of the investigated hydrocarbon substance during welding was
checked. The results of displacement of carbon structures are shown in
Fig. 4. This figure shows the uneven distribution of carbon particles.
The matter inside the chamber is represented by carbon structures.
Both parts of the chamber have different amounts of carbon on the
walls. Part of sample 1 has a thin layer on the surface. Part of the layer
is missing. Part of sample 2 contains dense deposits of carbon parti-
cles. The presented experimental results confirm the presence of
charged particles in the space between the surfaces to be joined.
Charged carbon particles under the pinch effect move deep into the
sample. There they settle on the sample walls. The distribution of the
particles is not uniform. The particles settle on the surface with oppo-
site electrode charge. This confirms the presence of electric charge on

Fig. 4. Uneven distribution of carbon formations in different parts of the sample.
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the carbon particles. Cylindrical steel specimens without cavities were
welded. When opening the solid cylindrical welded specimens without
internal cavities, capsules were found, in which carbon particles accu-
mulated during welding according to the scheme in Fig. 1, a. As a re-
sult of a ‘Coulomb explosion’, these carbon particles are ejected from
the weld and are visually observed as a flash in Fig. 1, b. Figure5
shows a fragment of a capsule with a product exit channel.

Obtained experimental results are in agreement with the available
experimental data [24] on the synthesis of carbon nanotubes at high
pressures and temperatures. The experimental results also confirm the
presence of high pressure and temperatures in the space between the
surfaces to be welded. The creation of high pressure occurs due to mul-
tiple micro explosions. The source of this kind of explosion is the con-
tact points of the surfaces to be welded. During passing an electric cur-
rent through the surfaces to be welded, its value in the initial period of
the process is 103-10* times higher than the nominal value due to the
fact that the contact area is from 0.01% to 0.1% of its nominal value
[25]. The explosion time is about 120-300 ns [26]. The pinch effectis a
factor contributing to multiple manifestations of the ‘Coulomb explo-
sion’ in the environment of carbon nanoformations between the sur-
faces to be welded. The existence of both the ‘Coulomb explosion’ and
the charge of carbon nanoparticles coincide with the conclusions in
[27, 28]. Shock waves increase diffusion activity on the surfaces to be
welded. Due to the electromagnetic effect and the action of shock
waves, diffusion processes are accelerated. The increase in the diame-
ter of the cylindrical specimens at the point of formation of the joint
after welding did not exceed 0.5%.

Mechanical tensile and toughness tests of homogeneous steels
showed characteristics that did not differ from those of the base metal.

Fig. 5. Fragment of the image of the capsule with the product outlet channel
(increase of 5000).
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Fig. 6. The nature of the fracture of the sample during tensile tests (a) and the
impact toughness of the KCU joint (b) according to GOST 6996-80 of R6M5
steel with steel 45 of the welded joint obtained by pressure welding through
hydrocarbon interlayers.

In tensile tests of a welded joint of dissimilar metals, fracture occurred
on a less strong material. Specimens for impact toughness fractured in
brittle material. The nature of the destruction is shown in Fig. 6.

The microstructure of the welded joint of steel R6M5K5 with steel
45 isshown in Fig. 7.

The structure of the welded joint obtained by the investigated meth-
od is similar to the structure of the joint by diffusion welding in vacu-
um. The duration of the process of formation of a joint in vacuum
without the use of intermediate layers and during welding by the in-
vestigated method was compared. According to Ref. [29], diffusion
welding in vacuum under various conditions can be from 20 to
60 minutes. During welding with pressure through a layer of hydro-

M

AR
R D

-

Fig.7. Microstructure of welded joint of steel REM5K5 with steel 45 (increase
of 200).
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carbon substance for welding samples with a diameter of 16 mm, it
takes 10-12 sec.

3. CONCLUSION

Based on the results of a large number of interdisciplinary experi-
mental studies, the hypothesis [1] about the influence of hydrocarbon
interlayers on the formation of a welded joint was first put forward
and experimentally confirmed. When passing a pulsed electric current
of constant polarity, an electric explosion occurs at the contact points
of the welded metal surfaces. In the space between the welded surfaces,
pyrolysis of hydrocarbon substance occurs. This is accompanied by
multifactor pulse force and electromagnetic impact. These impacts
contribute to the activation of diffusion processes.

The methodology of experimental studies has been developed and
realized. The experiment confirmed the formation of carbon struc-
tures in the microvolumes between the surfaces to be welded. The for-
mation of charged particles from hydrocarbon pyrolysis products has
been proved. It is proved that, under the action of magnetic field, the
charged particles move to the central part and a critical mass of
charged particles is formed there. This leads to a powerful ‘Coulomb
explosion’ with the release of pyrolysis products into the surrounding
space. The mechanical properties and structure of the welded joint of
steel billets have been investigated. The structure of the welded joint is
similar to the structure of the joint obtained by diffusion welding in
vacuum.
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Development of Heat-Resistant Coatings for Protection
of Niobium and Tantalum from the Oxidizing Effect of Air at

Temperatures 1700—1900°C

S. G. Rudenkyi, V. I. Zmii, R. V. Kryvoshapka, M. F. Kartsev,
0. 0. Kornieiev, O. V. Kunchenko, Y. V. Kunchenko, T. P. Ryzhova,
I.A.Li

Liashenko, and M. Y. Bredikhin

National Science Centre ‘Kharkiv Institute of Physics and Technology’,
N.A.S.of Ukraine,

1 Akademichna Str.,

UA-61108 Kharkiv, Ukraine

The paper presents the results of creating protective coatings on niobium and
tantalum samples. These coated samples are tested for heat resistance in air in
the temperature range of 1700-1900°C. The coating is formed by the method
of activated vacuum diffusion saturation at temperatures of 1150-1310°C.
When forming a part of the protective coatings, a layer of slurry is applied to
the surface of the samples, followed by chemical and thermal treatment in a
vacuum in the presence of NaCl vapours. A thermodynamic analysis of possible
chemical reactions taking place in the process of formation of protective coat-
ings is carried out. The developed heat-resistant coatings provide protection of
niobium samples from air oxidation at a temperature of 1700°C from 8 to 13.5
hours. Heat-resistant coatings created on samples with Nb and Ta protect them
from exposure to an oxidizing environment from 3 to 6.3 hours at a tempera-
ture of 1800°C and for 0.5 hours at a temperature of 1900°C.

Key words: protective layer, activated vacuum diffusion saturation, solid
non-porous coatings, refractory metals, heat-resistant.
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3 HioOiro Ta TanTasy. Ili 3pasKu 3 MOKPUTTAMU BUIIPOOOBYBAJIN HA YKaPOTPUB-
KicTs Ha oBiTpi B inTepBasi remneparyp 1700-1900°C. IToxpurra hopmyBasim
METO/I0M aKTHMBOBAHOT'O BaKyyMHOro Audy3iifHOro HACUUEeHHS 3a TeMIIEePaTyp y
1150-1310°C. na dopMyBaHHA YaCTUHU 3aXUCHUX ITOKPUTTIB HA ITOBEPXHIO
3pas3KiB HAHOCWUJIM Iap ILIIKePy 3 MOJAJBIINM XeMiKO-TepMiuHUM 0OpOOJIeH-
HAM y BakyywMmi 3a npucytHocTu napis NaCl. Byso nmpoBeneso TepmMoguHAMIYHY
aHaJIisy MOMKJIVBUX XEMIiUHUX PEAKITill, [0 MalOTh MiCIle y IPOIeci yTBOPEeHHA
3aXUCHUX NOKPUTTIB. Po3po0ieHi :KapOTPUBKi MOKPUTTS 326€31€UYIOTH 3aXUCT
3pasKiB 3 Hi00Oi0 Bif OKMCHEeHHA Ha NMOBiTPi 3a Temueparypu y 1700°C Big 8 mo
13,5 rogun. JKapoTpuBKi mOKpUTTs, cTBOpeHi Ha 3paskax 3 Nb i Ta, saxwuia-
I0Th IX Bijf BIJIMBY OKVCHOTO cepenoBuUIna Bix 3 mo 6,3 roaus 3a TremMueparypu y
1800°C ra nporarom 0,5 roguau 3a remneparypuy 1900°C.

Karouosi ciioBa: 3axmcHUM m1ap, aKTUBOBaHE BaKyyMHe nudysiiine HacU4YeH-
Hs, CYIIiJIbHI HEeTIOPUCTi MOKPUTTSA, TAKKOTOIKI MeTain, TEPMOCTiKiCTD.

(Received 13 November, 2023; in final version, 15 December, 2023 )

1. INTRODUCTION

The problem of protecting refractory metals (niobium and tantalum)
from the influence of oxidizing environments at elevated temperatures
remains relevant today. Previously, they tried to create a protective
layer on the surface of these metals with the help of silicification and
the introduction of refractory components into it. Another method was
preliminary boron saturation of the niobium surface with subsequent
silicification. This method makes it possible to reduce the rate of deg-
radation of the heat-resistant layer on the refractory metal. Currently,
one of the most high-quality methods of protecting niobium from the
influence of an oxidizing environment is a heat-resistant coating,
which is formed using a two-stage technology.

At the first stage, a layer of molybdenum is applied to the niobium
surface, and then the silicification process is carried out. This stage
forms a layer of molybdenum disilicide on niobium. The first stage of
creating this coating—applying a layer of molybdenum is carried out
by the method of ion bombardment condensation (IBO). In the case of
protection of a complex-shaped niobium product, the process of mo-
lybdenum deposition is carried out by gradually applying a layer of
metal to separate areas of the surface of the part. Direct silicification
of niobium does not provide protection of this metal against the influ-
ence of oxidizing environments at temperatures above 1000°C. When
the niobium surface is saturated with silicon, a coating is formed,
which can consist of 3 layers. These are layers consisting of niobium
silicides NbSis, NbsSi3, NbsSi, respectively. All these compounds form
silicon oxide SiO: and niobium oxide Nb:Os, when exposed to oxidizing
media. Niobium oxide Nb2Os has a powdery structure and does not al-
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low creating a continuous non-porous coating on the metal surface.
Such a coating does not prevent the penetration of oxygen to niobium
and the oxidation of this metal will continue.

One of the ways to eliminate this problem is to saturate the niobium
surface with several refractory metals. When the surface is further
saturated with silicon, a layer consisting of several refractory silicides
is formed on the niobium. Under the action of oxidizing media, a layer
consisting of several oxides is formed on such a surface. Depending on
the goal, the content of niobium oxide in this surface layer will not be
the main one. This can make it possible to form a continuous heat-
resistant layer on the surface of niobium, which prevents the penetra-
tion of oxygen to the metal. The method of activated vacuum diffusion
saturation allows introducing such metals as Ti, Cr, V, Hf, Zr and oth-
ers into the treated surface. The use of sodium chloride as an activator
in this method makes it environmentally friendly [1, 2]. It makes it
possible to form uniform diffuse layers even on products with holes of
small diameter [3].

The purpose of this work is to create heat-resistant coatings to pro-
tect niobium and tantalum from the effects of oxidizing environments
at temperatures T =1700-1900°C by the method of vacuum activated
diffusion saturation.

2. MATERIALS AND METHODS

In this paper, the main method of forming heat-resistant coatings on
niobium and tantalum was the vacuum diffusion saturation method.
An activator (sodium chloride) was used to speed up the processing
process. Niobium and tantalum samples had a cylindrical shape with a
diameter of 2 mm and a length of 80 mm. This form of samples allows
them to be tested for heat resistance on a special stand. On this device,
the samples are heated by direct passage of electric current to a given
temperature. The temperature of the samples is determined by an opti-
cal pyrometer. The measure of heat resistance of the samples is the du-
ration of their work in the air until complete destruction.

Powders of various elements and compounds were used during the
chemical and thermal treatment of the samples. Silicon powder of sem-
iconductor purity was used for silicification. When carrying out the
process of vacuum activated diffusion borosilication, a powder mix-
ture of the composition Si (95-97) +B (3—-5) % wt. was used. In addi-
tion, to speed up the process of formation of the protective coating,
slurry was used. Slurry was created on the basis of a powder mixture
with the addition of a liquid binder. Tsapon-lacquer KO-85 was used as
such a substance. Slurry was applied to the surface of the sample be-
fore its chemical and thermal treatment. X-ray fluorescence analysis
was used to measure the surface composition during the formation of
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coatings. For this purpose, flat witness samples were used. These sam-
ples were usually used for metallographic research. In this way, the
structure and structure of the surface layers on the samples were stud-
ied. Another way to conduct research on the process of forming heat-
resistant coatings was to use calculations to determine thermodynami-
cally possible chemical reactions that take place in the reaction space
during activated vacuum diffusion saturation. The analysis of possible
chemical reactions allows us to make assumptions about the mecha-
nism of the transfer of saturating elements and the formation of the
surface layer and its composition.

3. RESULTS AND DISCUSSION

To create a heat-resistant coating on niobium and tantalum, it is neces-
sary to create a layer on their surface consisting of several refractory
metals. These should be such metals as chromium, zirconium, hafni-
um, titanium, vanadium, molybdenum, tungsten. Silicon and boron
must be introduced into this layer. Due to its physical properties, bo-
ron is a component that inhibits the processes of destruction of heat-
resistant coatings at elevated temperatures. We have tested various
options of protective coatings, which are presented below in Table 1.
Under point 1 of this table, a comprehensive protective coating is giv-
en. Niobium samples were processed in chromium powder in the pres-
ence of NaCl vapours and reduced pressure at a temperature of 1150°C
for 6 hours.

During the interaction of NaCl vapours with chromium, 5 chromium
chlorides can be formed. In Table 2, column 1 is the reaction number,
column 2 is the chemical reaction equation, next column 3 is the reac-
tion temperature, and columns 4 and 5 are the degree of reaction at the
specified pressure. The degree of progress of a chemical reaction a is
the proportion of starting substances that have reacted according to
the reaction. The flow of the activator (sodium chloride) was set by its
temperature. During the processes of vacuum diffusion saturation,
the temperature of NaCl was maintained in the range of 790-810°C. At
these temperature values, the pressure of saturated NaCl vapour var-
ies in the range from 1 to 102 Pa. The design of the container is analo-
gous to a Knudsen cell; so, the vapour pressure and composition of the
gas medium will be the same throughout the reaction space [4—6]. The
process of vacuum activated diffusion chrome plating was carried out
at a temperature of T=1423 K and a gas pressure in the reaction space
in the range of 1-10% Pa. Under these conditions, the main components
of the gas saturation medium will be the lower chromium chlorides
CrCl and CrCl; (reactions 1, 2, Table 2). These compounds interact with
the niobium surface according to reactions 3, 4 (Table 2). Chromium
plating led to the formation of a surface layer with a composition of
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27.9 Nb+72.1 Cr % wt. Then, a layer of 70 Mo+ 20 Ni+5.4 Ti+ 2.8
Si++1B+0.8 Al % wt. slurry was applied to the surface of these sam-
ples and borosilication was carried out.

The composition of the slurry includes titanium, silicon, nickel, bo-
ron and aluminium. As thermodynamic analysis shows, when these
components interact with NaCl sodium chloride vapours, according to
reactions 5—15 (Table 2), chlorides of titanium, silicon, and boron are
formed. Therefore, after chemical and thermal treatment, the surface
layer has the following composition: 15.75 Si+8.65 Ti+28.05 Cr+
+0.25 Ni+34.3 Nb+ 18.8 Mo % wt. This coating provides protection
against air oxidation for 8 hours. After chromium plating of niobium
samples, a layer containing 72% Cr is formed on the surface. When
chrome-plating low-carbon steels, a layer is formed on their surface,
the concentration of chromium in which is about 90% . Therefore, it is
possible to try to achieve an even higher content of this element on the
surface of the sample by varying the niobium chroming regimes.

TABLE 1. Results of comparative heat resistance test of niobium and tanta-
lum samples with protective coatings.

Heatre-
Sub- | The process of forming a heat-resistant coating on [sistance test| Heatre-
No,| .
strate the sample tempera- |sistance, h
ture, °C
1 2 3 4 5
The samples were chrome-plated at a temperature of
1 Nb 1150°C for 6 hours, then a layer of 70 Mo + 20 Ni + 1700 8
+5.4Ti+2.8Si+1B+0.8Al % wt. was applied to
them and borosilicated at T'= 1280°C for 6 hours
A layer of 35 MoSiz + 20 HfBy + 10 ZrSis + 20 VSis + 1700 9
9 Nb +9 Al + 6 B % wt. was applied to the samples and
borosilicated in a mixture of 97Si+ 3B % wt. at 1800 3
T =1300°C for 7 hours
A layer of 80 Mo +13.5 Ni+ 6.5 Sn % wt. slurry was
3 Nb applied to the samples and titanated at T=1150°C 1700 9
for 7 hours. After that, the samples were borosilicat-
ed at a temperature of T'=1300°C for 7 hours
The samples were hafniated at a temperature of 1300°C
for 6 hours using NaCl vapours. After that, a slurry of
the composition 35 Hf By + 20 ZrSiz + 20 MoSiz +
4 Nb +10TiB2+ 6.5 Ni+ 6.5 Zr + 2 Bwas applied to the 1700 9-13.5

surface of the samples and processed in a mixture of
powders 22 Si+ 22 ZrSis + 22 Hf B, + 31 MoSiz % wt.
at temperature T'=1300°C for 7 hours. NaCl was
used to speed up the process
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Continuation of Table 1.

1] 2 | 3 4 5
The samples were processed in a powder mixture of
40 MoSis + 20 HfBs + 20 VSis + 20 Si % wt. in the

presence of NaCl steam at a temperature of
T =1310°C for 7 hours

The samples were processed in a powder mixture of
. . o .
6 Ta 40 MoSis + 20 HfBs + 20 VSis + 20 Si % wt. in the 1800 5-6.3
presence of NaCl steam at a temperature of

T =1310°C for 7 hours

The samples were annealed in a mixture of composi-
7 Nb tion40Si+ 30 HfBy+ 30 ZrSis % wt. in NaCl vapours 1900 0.5
at a temperature of T'=1300°C for 7 hours

5 Nb 1800 5-6.3

The samples were annealed in a mixture of composi-
8 Ta tion 40 Si+ 30 HfB; + 30 ZrSi; % wt. in NaCl vapours 1900 0.5
at a temperature of T'=1300°C for 7 hours

Table 1, point 2 shows the method of obtaining a heat-resistant layer
on a niobium sample. A layer of 35 MoSiz+ 20 HfB; + 10 ZrSis + 20 VSiz +
+9 Al+6 B % wt. was applied to this sample, and then borosilication
was carried out at a temperature of T=1573 K. During borosilication,
the interaction of sodium chloride NaCl vapours with the components
of the slurry, as well as silicon and boron, occurs in the reaction space.
The aluminium present in the slurry is in a liquid state at the tempera-
ture of the chemical and thermal treatment. It acts as a liquid layer on
the surface of the sample and facilitates the process of forming a diffu-
sion layer. When NaCl vapours are exposed to boron B [4] present in the
slurry, boron chlorides BCl, BCl; are formed in reactions 12, 13 (Table
2).

The interaction of NaCl steam with molybdenum disilicide MoSi;
leads to the formation of molybdenum dichloride MoCl; and silicon di-
chloride SiCls,, reaction 14. The effect of NaCl steam on the slurry
component—HTfB,, at the appropriate temperature and pressure, leads
to the formation of boron chlorides BCl, BCl; and hafnium chlorides
HfCl;, HfCl3, HfCl4, points 15—18 (Table 2). The zirconium disilicide
ZrSis introduced into the slurry under the influence of NaCl steam
forms zirconium chlorides ZrCl-ZrCl, and silicon chlorides SiCl-SiCly,
points 19—-30 (Table 2).

Another component of the slurry is VSis. When NaCl vapour is ex-
posed to VSiz, vanadium chlorides and silicon chlorides are formed
(points 31-41, Table 2).

The formation of the coating according to point 2 occurs by means of
processing in a saturating gas environment consisting of molybdenum
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dichloride, boron chlorides, hafnium chlorides, zirconium chlorides,
vanadium chlorides, and silicon chlorides. The process also involves
borosilication of the niobium surface.

As a result of this chemical-thermal treatment, a diffusion layer is
formed on the sample, consisting of molybdenum silicides, hafnium
silicides, zirconium silicides, vanadium silicides, and it contains boron
in the form of a compound. The heat-resistant layer created by this

TABLE 2. The degree of progress of chemical reactions in the reaction space
at temperature T and pressure P.

Degree of conver-
No. The equation of a chemical reaction T, K|sion a at pressure
P-102%, Pa
1 2 3 4 5
1 NaCl (g) + Cr (s)=CrCl (g) + Na (g) 1423 1-10% 1-102
2 NaCl (g)+1/2Cr (s)=1/2CrCl; (g) + Na (g) 1423 4-10® 1.8:10?
3 CrCl (g)+ 3/8Nb (s) = 3/8CrsNb (s) + 1/4CrCls (g) 1423 1 1
4 CrClz (g) + 1/4Nb (s) = 1/4CrsNb (s) + 1/2CrCly4 (g) 1423 0.87 0.20
5 NaCl (g) + Ti (s) = TiCl (g) + Na (g) 15534.5-:102 0.41
6 NaCl (g)+ 1/2Ti (s)=1/2TiClz (g) + Na (g) 15537.6-102 0.30
7 NaCl (g)+ 1/3Ti(s)=1/3TiCl; (g) + Na (g) 15536.6-:102 0.19
8 NaCl (g) + 1/4Ti (s)=1/4TiCls (g) + Na (g) 15531.8:102 4.4-102
9 NaCl (g) +Si(s) =SiCl (g) + Na(g) 1523 6-10° 6-102
10 NaCl (g)+ 1/2Si (s)=1/2SiCl; (g) + Na (g) 15231.7-102 7.7-1072
11 NaCl (g) + 1/3Si (s) = 1/3SiCls (g) + Na (g) 1523 5-10® 1.6-1072
12 NaCl (g) + B (s)=BCl (g) + Na (g) 15731.5:102 0.15
13 NaCl (g)+1/3B (s)=1/3BCl;(g) + Na(g) 1573 5-10® 1.6-1072

14 NaCl (g) + 1/6MoSi; (s) = 1/6MoCl; (g) + 1/3SiCl: (g) + Na (g) 1573 2.3-10% 1.1072

15 NaCl (g)+1/4HfB;(s)=1/2BCl (g) + 1/4HfCl; (g) + Na(g) 1573 2-10® 1.5-1072
16 NaCl(g)+1/5HfB;(s)=2/5BCl (g)+ 1/5HfCls (g) + Na(g) 15735.4.10% 3.1072

17 NaCl(g)+1/6HfB;(s)=1/3BCl (g)+ 1/6HfCl,(g) + Na(g) 15733.2:103 1.4.102
18 NaCl (g) + 1/9HfB, (s) = 2/9BCl; (g) + 1/9HfCl;3 (g) + Na (g) 15733.6-103 1.1.1072
19 NaCl(g)+1/5ZrSi, (s)=1/5ZrCl (g) + 2/5SiCl: (g) + Na (g) 1573 3-:10° 1.6-1072
20 NaCl(g)+ 1/4ZrSi, (s)=1/4ZrCl; (g) + 1/28SiCl (g) + Na(g) 1573 3-103 2.4.102
21 NaCl (g) + 1/6ZrSiz (s)=1/6ZrCl, (g) + 1/3SiCl; (g) + Na (g)1573 8102 3.5-102
22 NaCl (g) + 1/8ZrSi; (s) = 1/8ZrCl; (g) + 1/4SiCls (g) + Na (g)1573 4-103 1.3-102
23 NaCl (g) + 1/5ZrSi, (s)=1/5ZrCls (g) + 2/5SiCl (g) + Na (g) 1573 9-103  5.1072
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Continuation of Table 2.

1 2 (3] 4 | s

24 NaCl (g) + 1/TZrSis (s) = 1/TZrCla (g) + 2/TSiCl (g) + Na () 1573 1.5.10° 5.9-10°2
25 NaCl (g) + 1/9ZrSis (s) = 1/9ZrCls (g) + 2/9SiCls () + Na () 1573 710 2.2.10°
26 NaCl (g)+1/11ZrSi, (5)=1/11ZrCls (2)+ 2/11SiCly (g)+ Na () 1573 410 1.1-10°2
27 NaCl () + 1/6ZrSiz () = 1/6ZrCLi (g) + 1/3SiCl (g) + Na (g) 1573 1.3-10  6.10°
28 NaCl (g) + 1/8ZrSiz (s) = 1/8ZrCl (g) + 1/4SiCl: (g) + Na () 1573 1.9-10° 6.6-10°2
29 NaCl (g)-+1/10Z1Siz (s)= 1/10ZrCL (g) + 1/58iCl; (g) + Na ()15739.1.10° 2.6.10°2
30 NaCl (g) + 1/12ZrSi (s) = 1/12ZrCl, () + 1/68iCLi (¢) + Na (£) 1573 5.2-10° 1.3-10°2
81 NaCl(g)+1/3VSi, (s) = 1/3VCl (g) + 2/3SiCl (g) + Na(g) 15731.7-10 1.7-10°2
32 NaCl(g)+1/5VSiz(s) = 1/5VCl (g) + 2/5SiCl: () + Na () 1573 510 2.9-10°2
33 NaCl (g)+1/7VSia(s) = 1/7VCl (g) + 2/TSiCls (g) + Na (¢) 15732.6.10% 1.10°
34 NaCl(g)+1/TVSia(s) = 1/7VCl (g) + 2/TSiCl; (g) + Na (¢) 15732.6.10% 1.10°
35 NaCl (g)+ 1/4VSiz (s) = 1/4VCl, (g) + 1/2SiCl (g) + Na (g) 1573 3.10° 2.3.10°
36 NaCl (g)+ 1/6VSi; (s) = 1/6VCl; (g) + 1/38iCl: () + Na (g) 15731.6-102 7.4.10°2
87 NaCl () + 1/8VSis (s) = 1/8VCla (g) + 1/48iCl; (g) + Na (g) 1573 6.10° 2.1.10°
38 NaCl (g)+ 1/10VSis (s)= 1/10VCl (g) + 1/58iCLi (g) + Na () 1573 410  1.10°
39 NaCl(g)+1/5VSis (s)=1/5VCls (g) + 2/58iCl (2) + Na () 1573 410°  0.20
40 NaCl (g)+ 1/7VSi (s) = 1/7VCl; () + 2/TSiCl () + Na (g) 1573 710 2.6-10°2
41 NaCl (g)+ 1/9VSi: (s) = 1/9VCl; (g) + 2/98iCls () + Na (g) 15733.5-10 1.1-10°2

method protects the surface of the niobium sample from oxidation in
the air for 3 to 9 hours, depending on the test temperature.

Point 3 of Table 1 shows the result of creating a heat-resistant coat-
ing by applying a layer of slip on a sample made of niobium and subse-
quent titanation. Slurry has a composition of 80 Mo+ 13.5 Ni+6.5 Sn
% wt. The tin present in the slicker will be in liquid form during the
chemical and thermal treatment. Tin at the processing temperature
T =1150°C will cover the niobium surface with a thin layer.

In this case, molybdenum and nickel will dissolve in it. During ti-
tanation in NaCl vapours, according to reactions 5—8 (Table 2), chlo-
rides of this element are formed. Exposure to this gaseous saturation
medium will lead to saturation of the niobium surface with molyb-
denum and titanium. After that, the samples were borosilicated at a
temperature of T=1300°C for 7 hours. As a result of such chemical
and thermal treatment of samples, a surface layer consisting of sili-
cides of titanium, molybdenum, nickel and niobium is formed on their
surface. Such a coating provides protection of niobium from oxidation
in air at a temperature of T=1700°C for 9 hours.
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Point 4 of Table 1 presents another option for creating a heat-
resistant coating on niobium. The niobium samples were previously
hafniated at a temperature of T'=1300°C for 7 hours. Hafnium powder
was used as a saturating mixture, and to accelerate the rate of diffu-
sion saturation, the process was carried out using sodium chloride va-
pour. This treatment usually results in the formation of a surface layer
containing more than 50% wt. hafnium on the niobium sample. A layer
of 35 HfBy+ 20 ZrSis + 20 MoSiz + 10 TiB2: +6.5 Ni+6.5 Zr+ 2 B % wt.
was applied to the hafniated surface of the samples, and these samples
were placed in a powder mixture of the composition 22 Si+ 22 ZrSi, +
+ 22 HfB: + 31 MoSiz % wt. After that, the process of chemical-thermal
treatment of the samples was carried out in NaCl sodium chloride va-
pours at a temperature of T'=1300°C for 7 hours. Such substances as
Si, Zr, HfB2, ZrSi», MoSis, and TiB: are involved in the process of
chemical and thermal treatment. Ni and B components, which are part
of the slicker, form a liquid medium on the surface of the sample at the
saturation temperature. When the NaCl vapour affects the compo-
nents involved in the chemical-thermal treatment, a gas-saturated en-
vironment is formed. According to points 9-30 of Table 2, its main
components will be silicon chlorides, boron chlorides, zirconium chlo-
rides, hafnium chlorides and molybdenum dichloride. This chemical
action on the niobium surface will lead to the formation of a diffusion
layer. This layer will consist of niobium silicides, zirconium silicides,
hafnium silicides, molybdenum silicides, and will contain boron too.
Depending on the thermodynamic characteristics of compounds, it is
possible to form not only silicides, but also zirconium borides and haf-
nium borides. This coating provides protection of niobium from expo-
sure to an oxidizing environment at temperature T =1700°C from 9 to
13.5 hours. Figure 1 shows the structure of the heat-resistant layer on
the niobium sample. It was also established that re-forming the surface
layer provides an increase in the thickness of the protective layer and
slightly increases heat resistance.

Heat-resistant coatings were created on niobium and tantalum sam-
ples in accordance with points 5 and 6 of Table 1. These samples were
chemically and thermally treated in a powder mixture with a composi-
tion of 40 MoSis + 20 HfB; + 20 VSis + 20 Si in the presence of NaCl va-
pour at a temperature of T=1310°C during 7 hours. According to Ta-
ble 2, at this temperature, silicon chlorides, hafnium chlorides and bo-
ron chlorides, vanadium chlorides and molybdenum dichloride will be
present in the reaction space; these are reactions 9-11, 14-18, 31-41,
respectively.

The influence of the gaseous components of the saturating medium
listed above on the niobium surface will lead to the formation of a pro-
tective layer consisting of a number of components. These will be nio-
bium silicides, hafnium silicides, vanadium silicides, molybdenum sil-
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Fig. 1. Image of a cross-section of a niobium sample with a heat-resistant coat-
ing obtained according to point 4, Table 1 (x400).

icides, and some boron-based compounds. As you know, each of these
metals (niobium, hafnium, vanadium, and molybdenum) has several
silicides. If we also take into account possible borides, then, the total
number of components of the surface layer turns out to be significant.
When the gaseous oxidizing medium acts on this treated niobium sur-
face, a film is formed consisting of oxides of niobium, hafnium, vana-
dium, and silicon. When creating a protective coating on tantalum,
point 6 (Table 1), the picture will be similar. Such coatings provide
protection of niobium and tantalum from oxidation in air at a tempera-
ture of 1800°C. The conducted studies showed that repeating the pro-
cess of forming the surface layer leads to an increase in the thickness
of the protective coating and, thus, it is possible to increase the heat
resistance of the samples to the maximum value.

In Table 1, points 7 and 8 present the method of creating a heat-
resistant coating on niobium and tantalum samples. These samples were
placed in a powder filling with a composition of 40 Si+ 30 HfB;+30
ZrSiz % wt. After that, the samples were chemically and thermally
treated in the presence of NaCl vapours at a temperature of T =1300°C
for 7 hours. During this process, a gaseous saturating medium is
formed. Silicon, hafnium diboride and zirconium disilicide are includ-
ed in the powder filling. These components under the influence of NaCl
steam at a process temperature T =1300°C and a pressure of 1 to 102 Pa
form silicon chlorides, hafnium chlorides and boron chlorides, zirco-
nium chlorides, these are reactions 9-11, 15-18, 19-30 presented in
Table 2, respectively. The effect of this gaseous saturation medium on
the surface of niobium or tantalum will lead to the formation of a dif-
fusion layer consisting of a large number of compounds. The diffusion
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layer on niobium will consist of niobium silicides, hafnium silicides,
zirconium silicides, as well as the possible presence of compounds of
these metals with boron. A tantalum sample will have a layer of tanta-
lum silicides and components similar to those present on the surface of
a niobium sample. Such a complex coating provides protection of nio-
bium and tantalum samples from oxidation in air at a temperature of
T =1900°C for 30 minutes.

Table 2 shows the results of calculations of the possibility of chemi-
cal reactions taking place in the reaction space, allowing a deeper un-
derstanding of the essence of the process of formation of a protective
coating. All reactions describing the interaction of NaCl vapour with
the components of the powder saturating mixture proceed with an in-
crease in volume. In this case, they will be better implemented with a
decrease in pressure. In addition, with a decrease in pressure, the share
of lower chlorides will increase. On the other hand, the reactions de-
scribing the interaction of the gaseous saturated medium with the
treated surface proceed with a decrease in volume. For example, these
are reactions 3, 4 (Table 2). Therefore, when the treated surface is sat-
urated, an increase in pressure will contribute to an increase in the
concentration of the injected substance. The composition of the gas
saturation medium and the pressure in the reaction space will affect
the process of chemical and thermal treatment of samples. The flow of
the activator and its pressure in the reaction space depend on the par-
tial pressure of NaCl, which is determined by its temperature. On the
other hand, this value is affected by the pumping speed of the vacuum
system, which removes the gas mixture from the reaction container.
The speed of pumping from the reaction volume depends primarily on
the particle size of the powder filler used to saturate the samples. As
follows from the above, it is necessary to create optimal conditions to
achieve the maximum results of the formation of a diffusion layer on
the surface of the samples.

4. CONCLUSIONS

1. The method of vacuum activated diffusion saturation with the use
of a preliminary application of a slicker layer on the surface of niobium
and tantalum samples allows you to create continuous non-porous coat-
ings on their surface.

2. It was established that repeated application of the surface layer on
niobium and tantalum samples leads to an increase in the thickness of
the protective coating and helps to increase its heat resistance.

3. Pre-saturation of the niobium surface with such metals as chromium,
titanium, hafnium followed by chemical and thermal treatment of the
samples helped to increase the heat resistance of the overall coating.

4. As follows from the analysis of the obtained results, it was estab-
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lished that preliminary saturation of the niobium surface with refrac-
tory metals followed by silicification improves the heat resistance of
the coating with an increase in the heat resistance of silicides—
chromium, titanium, and hafnium.
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Electrocatalytic and Corrosion Properties of CoOWRe Alloys
Electrodeposited from a Citrate-Pyrophosphate Electrolyte
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UA-03142 Kyiv, Ukraine

This work presents studies of the electrocatalytic properties of ternary
CoWRe alloys during the hydrogen-evolution reaction in KOH solution and
their corrosion properties in KOH, H2SO4 and NaCl solutions. These alloys
are electrodeposited from a citrate-pyrophosphate electrolyte with potassi-
um-perrhenate concentrations of 0.01, 0.03, and 0.05 mol-17!. As shown, the
use of such alloys makes it possible to increase the exchange current density
by an order of magnitude and reduce the hydrogen overvoltage by 150 mV
compared to electrolytic cobalt. An increase in the content of rhenium in the
alloy leads to an increase in the overvoltage of hydrogen evolution in alkaline
solutions: both in the KOH solution and in the electrolyte for the deposition
of the alloy that explains the high current efficiency when obtaining alloys’
coatings. As shown, the highest corrosion resistance of such coatings with
the ratio Re:W = 2:4 reaches 8.9 kQ-cm? in NaCl solution, and in KOH solu-
tion, it is of 3.1 kQ-cm?, and corrosion resistance increases in time.

Key words: cobalt, tungsten, rhenium, electrodeposition, corrosion, electro-
catalysis.

Y pobotri mpencTaBiIeHO AOCTiMKEeHHS €JeKTPOKATANITUYHUX BJIACTHUBOCTEH
norpitinux croniB COWRe y peaknii Buninenua I'inporeny B posumnai KOH ta
KOPO3ifiHuX BjacTuUBOCTEH 1ux cTomiB y podunaax KOH, H2SO4 Ta NaCl. Cro-
N eJIEKTPOOCAIIKYBAJY 3 IIUTPATHO-TIipodochaTHOTO €JIEKTPOJIITY 3 KOHIIEH-
rpamicio neppenary Kauiro y 0,01, 0,03 i 0,05 moas-1. ITokasano, 1110 BUKO-
PHUCTAHHS TAKWX CTOIIIB [a€ 3MOry Ha HOPSANOK 30iJBIINTU T'YCTUHY CTPYMY
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obMminy I'imporeny Ta samenmuTu nepesanpyry 'igporeny sa 150 mB nmopiBua-
HO 3 eseKkTposiTnunmM Kobansrom. 36inbmiensaa smicty Peniro y croni npuso-
IUTH 0 30i/bIIIeHHA TepeHanpyru BugineHHa ['inporeny B Iy:KHUX PO3YMHAX
— gk B po3umHi KOH, Tak i B eIeKTPOJIiTI A5 OcamKeHHS CTOIY, IO TOSICHIOE
BUCOKi 3HaUEHHA BUXOAY 3a CTPYMOM IIiJl yac ofep:KaHHA MOKPUTTIB 3 TAKUX
cromiB. ITokasaHo, 110 KOPO3iiiHa CTIHKiCTh MOKPUTTIB € HAMOIIBIITOIO 34 CIIiB-
Bigmomenns Re:W = 2:4; omip koposii carae 8,9 kOm-cm? y posuuni NaCl, a 'y
posumui KOH — 3,1 kOm-cm? Ta 3 yacom 3pocTae.

Karouosi cioBa: KobansT, Bonbhpam, PewHiii, ereKkTpoocamkeHHsa, KOpoaisd,
eJeKTpoKaTaigisa.

(Received 5 October, 2023; in final version, 10 January, 2024 )

1. INTRODUCTION

The modern development of hydrogen fuel cell and internal contribu-
tion engine technologies creates good prospects for the development of
method for the production, storage and use of eco-friendly hydrogen
fuel. As was pointed out in [1-3], the increase in power consumption in
the world and striving for using renewable power sources put pure hy-
drogen production among important and urgent tasks. The electrolytic
method of hydrogen production is a highly efficient, but expensive
method because of the cost of electrocatalysts based on platinum met-
als. Thin-layer coatings of base metal alloys can solve this problem
thanks to deposition onto a cheaper metallic substrate and modifying
the surface to impart the required functional properties to it.

Among the various methods of applying protective functional coat-
ings, such as chemical deposition, thermal spraying and vapour depo-
sition, the galvanic method occupies a special place, since it allows one
to obtain coatings of a given composition and structure.

It is known that electrolytic binary refractory metals alloys with
iron subgroup metals (including CoW and CoRe) exhibit electrocatalyt-
ic properties in the hydrogen evolution reaction (HER) in acidic and
alkaline solutions [4—9]. The difference between rhenium alloys and
alloys of other refractory metals (molybdenum and tungsten) is that
the rhenium content in coatings can be varied over a very wide range
(11-80 at.%), while, for tungsten alloys [9], the concentration of the
refractory component at electrodeposition from similar solutions does
not exceed 30 at.% . It was shown in [8] that CoRe alloys exhibit the
highest electrocatalytic activity (EA) at low (20-30 at.%) and high
(> 60 at.% ) concentrations of refractory metal.

Ternary CoWRe alloys deposited from an acidic citrate electrolyte
also exhibit electrocatalytic activity in HER [10, 11]. The use of ter-
nary alloys makes it possible to arise significantly the exchange cur-
rent density of hydrogen and to reduce hydrogen evolution overvoltage
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compared to binary alloys. In [10, 11], the concentration of perrhenate
ions was 0.01 mol/l, and the concentration of rhenium in the ternary
alloy did not exceed 40% . In the present work, the concentration range
of potassium perrhenate in the electrolyte for the deposition of alloys
was extended in comparison with [10, 11] and amounted to 0.01-
0.05 mol/l. The aim of our work was to study the electrocatalytic prop-
erties of CoWRe ternary alloys deposited from a citrate-pyrophosphate
electrolyte, the use of which makes it possible to increase the rate of the
electrodeposition process and obtain high-quality uniform coatings with
a higher current efficiency relative to the citrate deposition electrolyte
and with a high content of rhenium and tungsten in the coatings.

A technical characteristic required for the use of new electrocatalysts
is their stability in aggressive medium. Therefore, it is necessary to inves-
tigate the corrosion properties of coatings in solutions, which are used to
produce electrolytic hydrogen, i.e. KOH and H2.SO,, and in a simulated
corrosive NaCl solution in order that the characteristics of the materials
obtained can be compared with literature data on similar materials.

Corrosion properties of electrolytic alloys Co—W in solutions of
H:SO, and NaCl were studied in [12—14]. It is shown that coatings con-
taining 17-24 at.% W have the highest corrosion resistance, which
practically correspond to the composition of the CosW intermetallic
phase, as well as to the transition from the polycrystalline to amor-
phous structure of the coatings. It was found that the resistance of the
coatings significantly changes with prolonged exposure of the sample
in a NaCl solution, so after 12 hours it decreases from 7.12 kQ/cm? to
0.97 kQ/cm?2.

One of the ways to increase the corrosion resistance of electrolytic
coatings with alloys of refractory metals is the electrodeposition of
ternary alloys containing two refractory metals (tungsten and molyb-
denum) [15, 16] with a total content for ones of 15—-20 at.% . Improve-
ment of the mechanical and electrochemical properties of such alloys in
comparison with binary ones can be achieved using the pulsed electrol-
ysis mode. It is shown that with an increase in the total content of re-
fractory metals in CoMoW coatings, the corrosion rate decreases in an
acidic medium in comparison with alloys containing only one of the re-
fractory metals and increases in an alkaline medium due to the insta-
bility of molybdenum and tungsten oxide.

We have investigated [17] electrodeposition of ternary cobalt alloys
also containing two refractory metals: tungsten and rhenium. The pa-
per shows the dependence of the chemical and phase composition, cur-
rent efficiency and microhardness of ternary CoWRe alloys on the con-
centration of the components of deposition electrolytes and the elec-
trolysis mode. Since tungsten and rhenium are corrosion-resistant
metals, it can be expected that electrolytic coatings with alloys of these
metals will exhibit significant corrosion resistance in corrosive envi-
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ronments. This work presents a study of the electrocatalytic activity
and corrosion resistance of coatings obtained under the same condi-
tions. We assume that the coprecipitation of rhenium into the ternary
CoWRe alloy will improve the functional characteristics of coatings,
as we showed for the CoMoRe alloy in [18].

2. EXPERIMENTAL DETAILS
2.1. Materials and Synthesis

The electrodeposition of CoWRe alloys was carried out from citrate-
pyrophosphate electrolytes containing (mol/l): CoSOs7H.0—0.1,
N32WO4'2H20—0.2, NachH507'7H20—O.2, K4P207—0.2,
Na:S04,10H;0—0.3 and KReO, for electrolyte No. 1—0.01, No. 2—
0.03 and No.3—0.05 at pH 9.0.

Deposition was carried out in a thermostated cell at a temperature of
50°C in a galvanostatic mode using a LIPS-35 direct current source
under forced convection at a magnetic stirrer rotation speed of
300 rpm. As a working electrode, a copper plate with an area of 0.25 cm?
was used, on the surface of which a layer of electrolytic cobalt was depos-
ited from an acidic sulphate-chloride electrolyte of the following compo-
sition, g/1: CoSO4TH:0—504, NaCl—17, HsBOs—45 [19] at a current
density of 3 mA /cm? for an hour. The anode was a platinum wire.

2.2. Study of Chemical Composition and Morphology

The morphology and chemical composition of samples were studied by
using a JSM-6700F field emission scanning electron microscope
equipped with a JED-2300 energy-dispersive spectrometer (JEOL).
Operating conditions were as follows: 20 kV accelerating voltage,
0.75 nA beam current, 1 ym beam size. Counting time for EDS analyses
was 60 s. Pure W and Re were used as standards. Raw counts were cor-
rected for matrix effects with the ZAF algorithm implemented by
JEOL. Three to five spots per each sample were analysed.

2.3. Study of the Alloys Properties in the Hydrogen Evolution Reaction

Voltammetric measurements of the electrocatalytic properties of al-
loys in the hydrogen evolution reaction were carried out in a solution
of 1.0 mol/1 KOH under natural convection conditions in a thermostat-
ed cell with separated cathode and anode spaces at a temperature of
20°C. To obtain the j—E dependences, a IIN-50-1.1 potentiostat and a
IIP-8 programmer were used. Stationary polarization curves were ob-
tained in potentiostatic mode with a step of 20 mV.
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2.4. Corrosion Measurements

The study of corrosion was carried out by impedance spectroscopy and
voltammetry using the AUTOLAB system (GPSTAT 20+ FRA) with
the GPES 4.9 software in solutions, mol/l: 0.01—H>SO., 3.5% NaCl,
1.0—KOH; at a temperature of 20 +1°C in a cell assembled according
to a three-electrode circuit with a saturated silver-chloride reference
electrode and an auxiliary electrode in the form of a platinum grid. All
potentials in this work are given relative to a saturated hydrogen elec-
trode. Cathodic and anodic polarization curves were obtained with a
potential task rate of 1.0 mV/s. Analysing the data of polarization
measurements in the stationary potential region (100 mV), the re-
sistances and corrosion currents were calculated. The electrochemical
impedance spectra were recorded after keeping the sample in a corro-
sive solution for 10 minutes for the potential to reach a steady—state
value. The voltage was applied sinusoidally with amplitude of 5 mV.
The spectra have been obtained in a frequency range of 5.0 kHz—
20 MHz. The parameters of the corrosion process have been deter-
mined from an analysis of the spectra obtained.

3. RESULTS AND DISCUSSION
3.1. Chemical Composition and Morphology

Figure 1 shows the effect of the deposition current density and rheni-
um ion concentration in the solution on the rhenium and tungsten con-
tent of alloys (the residue is cobalt). It can be seen that the amount of
refractory metals in coatings under experimental conditions is not
over 47 at.%, i.e., the basic metal in the alloy is cobalt. The rhenium
content of the coating increases with current density and potassium
perrhenate concentration from 13 at.% to 44 at.%, and the tungsten
content decreases from 11 at.% to3 at.%.

The electrolysis conditions and electrolyte composition have the
same synchronous effect on the morphology of coatings, i.e., when the
deposition current density and rhenium ion concentration in the solu-
tion are increased, the size of surface agglomerates increases by two
orders of magnitude from 0.1 uym to 10 pm. Figure 2 shows micro-
graphs of coatings having the greatest differences: minimum rhenium
content and a current density of 5 mA/cm? (a) and high rhenium con-
tent and a current density of 30 mA /cm? (b).

3.2. Properties of Alloys in the Hydrogen Evolution Reaction

Figure 3 shows the voltammetric dependences of hydrogen evolution in
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Fig. 1. Dependence of the percentage of refractory metals in CoWRe alloys on
the deposition current density and potassium perrhenate concentration in the
electrolyte.

a . b

Fig. 2. Surface morphology of CoWRe alloys electrodeposited from electrolyte
No. 1 at current densities of 5.0 mA /cm? (a) and No. 38 at 30.0 mA/cm? (b) (re-
print from [17]).

a KOH solution on CoWRe alloys electrodeposited from electrolytes
Nos. 1-3 in the current density range of 5—30 mA /cm?.

To compare the effect of the chemical composition of coatings on
their electrocatalytic properties, the figure shows the voltammetric
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Fig. 3. Voltammetric curves of hydrogen electroreduction on CoWRe alloys
electrodeposited from electrolytes No. 1 (a), No. 2 (b), No. 3 (¢) and the Tafel
section for Co and alloys deposited at 20 mA /cm? (d).

characteristic for a pure electrolytic cobalt cathode deposited from an
acidic sulphate electrolyte.

The presented dependences show that an increase in the electrodepo-
sition of potassium perrhenate in the solution, and, consequently, the
amount of rhenium in the alloy, leads to a significant change in the
properties of the coatings. Thus, in comparison with pure cobalt, the
coatings obtained from electrolyte No. 1 exhibit good electrocatalytic
properties; the coatings deposited from electrolyte No. 2 only slightly
reduce the overvoltage of hydrogen evolution, and the properties of
the coatings obtained from electrolyte No. 3 are comparable to those of
cobalt. The figure also shows that the best electrocatalytic properties
are exhibited by coatings deposited at 20 mA /cm?. For these alloys Fig.
3, d shows the Tafel sections, and it can be seen from data the best cata-
lyser is alloy, deposited from electrolyte No. 1.

To determine the kinetic parameters of the hydrogen evolution reac-
tion, all experimental dependences were rearranged in semi-logarithmic
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coordinates. Previously, we found significant differences in the value of
the hydrogen exchange current density on the surface of electrolytic co-
balt [20, 21]. Under the conditions of our experiment for cobalt, the
Tafel slope is 120 mV, which indicates that the limiting stage of sum re-
action is the transfer of the first electron, i.e., the Volmer reaction, and
the logarithm of the hydrogen exchange current density is of —4.08.

In the case of ternary alloys, a much more complex picture is ob-
served. Based on the Sabatier principle and volcano-like dependence,
rhenium is the closest metal to platinum in terms of the Me—H bond
energy and hydrogen exchange current density, and also belongs to the
group of metals that are characterized by the limiting stage of electro-
chemical desorption (Heyrovsky reaction), as well as for platinum [22].
In the presence of rhenium, the coefficient b changes significantly and
for alloys deposited from electrolyte No. 1 is 78-72 mV, for coatings
deposited from electrolyte No. 2 is 107-96 mV, and for No. 3 is 129—
103 mV with increasing current density of alloy deposition.

When analysing the experimental data, several factors should be
taken into account: an increase in the degree of surface coverage with
atomic hydrogen as the cathodic polarization increases; oxides of
tungsten and rhenium are always present on the surface of alloys of
these metals, formed as a result of contact with air, as well as in case of
incomplete electroreduction of salts of these metals in solution, while
part of the formed hydrogen atoms can be spent on the reduction of
these oxides; the ability of rhenium to absorb hydrogen. These factors
contribute to a change in the surface of the alloys and the experimental
results obtained. The authors of [23] performed calculations of the ki-
netic parameters of different stages of hydrogen electroreduction tak-
ing into account such changes and came to the conclusion that a high
content of rhenium on the surface can lead to the fact that the Volmer
and Heyrovsky reactions can proceed with comparable rates, which is
why Tafel slope is 60—80 mV. The authors of [24] came to a similar con-
clusion. However, the value of the coefficient b in our case cannot
serve as an unambiguous proof of a change in the reaction mechanism;
the changes can also indicate that the experimental data are distorted
precisely due to the mentioned changes in the alloy surface.

If we assume that the mechanism of hydrogen electroreduction does
not change, then the Volmer reaction, which is the limiting stage for
metals of the iron group (including cobalt), occurs quickly and reversi-
bly on the surface of tungsten and rhenium, and the reaction of elec-
trochemical desorption, on the contrary, is limiting for refractory
metals and reversible for cobalt. Thus, to create effective electrocata-
lysts, it is necessary to take into account that there should be metal at-
oms on the surface, on which an electrochemical reaction occurs at a
high rate (refractory metals W, Re, Mo) and the amount of these atoms
should be sufficient for the possibility of surface diffusion of hydrogen
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adatoms (spill over effect). However, a large number of refractory
metal atoms leads to a decrease in the number of cobalt atoms, on
which the stage of electrochemical desorption rapidly occurs to remove
hydrogen from the surface and the rate of the entire process decreases.

Despite the generality of the mechanism of hydrogen evolution, the
refractory metals W, Re, and Mo differ significantly in their proper-
ties, while the common thing is that to achieve the electrocatalytic ef-
fect, the amount of refractory metals (one or two at the same time)
must be in the range of 10-30 at.%.

The dependence of the exchange current density for cobalt and
CoWRe alloys (Fig. 4, a) shows that the use of ternary alloys makes it
possible to reduce jo(Hz) by an order of magnitude compared to pure co-
balt when the rhenium content in the alloy is 6—10 times more than the
content of tungsten. However, in this case, it is necessary to take into
account the differences in the value of the coefficient b for different
coatings. Regardless of the reasons for these differences (change in the
mechanism or change in surface properties), the exchange current
density calculated for different values of b cannot be compared with
each other and unambiguously judge the magnitude of the electrocata-
lytic effect; therefore, Fig. 4, b shows a similar dependence for hydro-
gen overvoltage. This dependence shows that the use of alloys deposit-
ed from electrolyte No. 1 can reduce the hydrogen overvoltage by 150
mYV and the more rhenium is in the deposition electrolyte and in the
coating, the less this effect becomes.

When comparing the dependences of the electrocatalytic properties
of coatings in a KOH solution and the current efficiency of alloys dur-
ing their electrodeposition from a citrate-pyrophosphate electrolyte
[14] on their chemical composition, it can be seen that during the ca-

lgj(H,), A/em?

6 2 4 6 & 1o 12 0 2 4 6 & 10 12
Re/W, at.% Re/W, at.%
a b

Fig. 4. Dependence of the hydrogen exchange current on CoWRe alloys depos-
ited from electrolytes 1-3, respectively (a) and hydrogen overvoltage at
30 mA /em? (b) on the ratio of refractory metals in the alloy.
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thodic process on the alloy surface in an alkaline medium, these de-
pendences have opposite tendencies. That is, the ability of the coating
to reduce the hydrogen evolution overpotential is manifested not only
in the KOH solution, but also in the process of the formation of the al-
loy itself in a weakly alkaline deposition electrolyte. With an increase
in the concentration of potassium perrhenate in the electrolyte, and
hence an increase in the amount of rhenium in the coating (electrolytes
Nos. 1-3), the value of the current efficiency, and, consequently, the
rate of deposition of alloys, increases markedly and at a rhenium con-
tent of 35—45 at.% reaches the maximum value under experimental
conditions 93%. This value of the current efficiency of the CoWRe
ternary alloy is not typical for the electrodeposition of alloys of refrac-
tory metals with metals of the iron subgroup and can be explained pre-
cisely by the properties of ternary alloys in the hydrogen evolution re-
action, which is a side and undesirable reaction during alloy electro-
deposition, and a target reaction in a KOH solution. Thus, the for-
mation and growth of an alloy capable of electrocatalysis of a hydrogen
reaction leads to a significant decrease in the current efficiency during
its production, which is observed for coatings deposited from electro-
lyte No. 1. On the contrary, the alloys deposited from electrolyte No. 3
have a high overvoltage of hydrogen evolution and therefore they
themselves are released with the highest current efficiency up to 93%.

3.3. Corrosion Studies

It is known that each of the refractory metals (tungsten and rhenium)
has a high corrosion resistance. In this case, as was shown in Ref. [8],
the corrosion resistance of a binary electrolytic alloy is an intermediate
value between the corrosion resistances of pure metals. For ternary al-
loys [11], a difference was shown in the corrosion resistance of crystal-
line and x-ray amorphous coatings. So, crystalline coatings are formed
at a low content of rhenium in the alloy (up to 20—-25 at.%). As the rhe-
nium content increases, a transition to x-ray amorphous (nanocrystal-
line) alloys is observed. During electrodeposition from acidic citrate so-
lutions [11], crystalline coatings are formed at deposition current densi-
ties of 20—40 mA /cm? and have the highest corrosion resistance. Nano-
crystalline coatings demonstrate lower corrosion resistance in all stud-
ied corrosive solutions. In this work, we studied the influence of the
chemical composition and conditions of electrodeposition from polylig-
and electrolytes of the CoWRe ternary alloy on the corrosion resistance
of coatings in media with different pH. The study of the corrosion prop-
erties of alloys of refractory metals in a KOH solution is of great im-
portance, since these materials are considered by modern researchers as
the most promising electrocatalysts for producing pure hydrogen. In
electrolysers, both acidic and alkaline electrolytes are used to produce
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hydrogen, but the use of KOH solutions has become more widespread
precisely because of the greater corrosion resistance of the electrodes.

The current—voltage curves of corrosion of CoWRe alloys (deposited
at the same current density of 10 mA /cm?) in a solution of KOH, NacCl,
H:SO, and the dependence of the specific corrosion resistance on the ra-
tio of rhenium and tungsten concentrations in coatings during corrosion
in a NaCl solution are shown in Fig. 5. Figure 5, a shows the difference
in potentials and corrosion currents in various corrosion solutions, as
well as in the behaviour of alloys during anodic polarization. This depo-
sition current density was chosen because the coatings obtained under
these conditions have the most corrosion resistant. Experimental cur-
rent—voltage dependences for samples obtained at other current densi-
ties have a similar form and therefore are not shown in the figure.

A feature of corrosion of coatings in an alkaline solution is the pres-
ence of a dissolution peak before reaching the limiting current. This
behaviour is associated with the dissolution of one of the phases on the
alloy surface, which begins at anodic polarization of 300 mV from the
corrosion potential and is probably related to the dissolution of the
component that is least stable in an alkaline environment, namely, co-
balt. The current—voltage curves show that the potential of the corro-
sion process shifts to the negative side with an increase in the current
density of the deposition of coatings, which is explained by a change in
their chemical composition, in particular, an increase in the amount of
rhenium in the alloy. The corrosion resistance of the studied coatings
is quite high, more than 3 kQ-cm? (Table 1), and the optimal ratio of
refractory metals for corrosion protection in an alkaline environment
is Re:W =3—4. Obviously, the corrosion characteristics depend not on-
ly on the chemical, but also on the phase composition.
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Fig. 5. Voltammetric curves of corrosion of CoWRe alloys, deposited at
10 mA /cm?, in a KOH (1), NaCl (2), H2S804 (3) solution (a) and dependencies of
corrosion resistance on Re/W concentration ratio.
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TABLE 1. Potential (E), current (j) and resistance (R) of corrosion represent-
ed for alloys deposited at 10 mA /cm?.

Electrolyte/Alloy ‘Corrosionmedial Ecorr, V b‘mn-IOE’, A/cmz‘ R, kQ-cm?

No. 1/76Co18Re6 W 1M KOH -0.783 1.6 3.14
No. 2/71Co23Re6 W 1M KOH -0.734 2.0 2.49
No. 3/64Co27TRe9W 1M KOH -0.705 2.7 1.35
No. 1/76Col8Re6W  3.5% NaCl -0.267 0.6 8.86
No. 2/71Co23Re6W  3.5% NaCl —0.266 0.8 7.71
No. 3/64Co27Re9W  3.5% NaCl —0.228 0.7 8.08
No.1/76Col8Re6W 0.01 M H2SO: -0.142 20.0 0.29
No. 2/71Co23Re6W 0.01 M H>SO: -0.125 18.3 0.32
No. 3/64Co27Re9W 0.01 M H».SO. -0.131 15.9 0.37

In our work [17], the results of x-ray phase analysis of alloys deposited
from electrolyte No. 2 at various current densities were presented, and it
was shown that the peak of the crystalline phase is observed only in the
case of deposition at a low current density of 5 mA/cm?, i.e., with a low
content of rhenium in the alloy. This peak was attributed to the WosReo.»
intermetallic compound. Our further studies show that the peak at the
same values of ® also corresponds to a solid solution of rhenium in cobalt;
the value of © is due to the deformation of the crystal lattice of cobalt dur-
ing the formation of a solid solution, since the radius of the rhenium atom
is larger than that of cobalt. Thus, the high values of the corrosion re-
sistance of coatings deposited at low current densities can be due to the
formation of a solid solution of rhenium in cobalt and a tungsten-rhenium
intermetallic compound during electrodeposition. Alloys obtained at cur-
rent densities > 10 mA /cm? are x-ray amorphous and it is not possible to
determine their exact phase composition by this method.

A study of the corrosion of CoWRe alloys in sulfuric acid shows
that, regardless of the chemical composition of the coatings and the
electrolysis mode, the current—voltage curves for all the obtained sam-
ples practically coincide. The corrosion potential of all samples varies
in a narrow range of 40 mV and shifts to the positive side with an in-
crease in the rhenium content. Studies show that the obtained coatings
have the least resistance in sulfuric acid, which is explained by the
ability of refractory metals, which should provide corrosion re-
sistance, to dissolve in an acidic environment with the formation of
tungstic and perrhenic acids. The highest corrosion resistance under
these conditions was obtained up to 370 Q-cm?.

During corrosion in a NaCl solution, two regions of limiting cur-
rents are observed on the anodic branch of the polarization curves, and
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the potential for reaching the second limiting current (E ~0.2 V) does
not depend on the composition of the alloy and the corrosion potential.
Therefore, it can be assumed that the first limiting current is of a dif-
fusion nature and is associated either with the delivery of a depolarizer
or with the removal of reaction products from the surface, and the sec-
ond is with the formation of oxide compounds on the surface. Howev-
er, the oxide film is not dense and cannot protect the coating due to
surface activation in the chloride solution, so further dissolution oc-
curs at a constant rate, the same for all coatings. In Figure 5, b, it can
be seen that there is an area of optimal ratio of components, at which
the highest corrosion resistance is observed. Therefore, to protect
against corrosion in a chloride solution, the content of rhenium in the
coating should be 2—4 times higher than that of tungsten. Such a ratio
of refractory components is formed during electrodeposition at low
current densities of 5—10 mA /cm?. Similar results were obtained both
in alkaline and acid corrosive solutions.

Obviously, the corrosion characteristics largely depend on the crys-
tal structure of the alloy. In the case of ternary CoWRe alloys deposit-
ed from both acidic citrate and polyligand citrate pyrophosphate elec-
trolytes, alloys with a pronounced crystal structure and containing a
small amount of rhenium have the highest corrosion resistance. At the
same time, the ratio of refractory metals in the alloy is also important,
where Re:W =2—4 is optimal. The corrosion properties of coatings are
also directly related to the electrocatalytic properties in the hydrogen
evolution reaction. With an increase in the content of rhenium in the
alloys due to an increase in the concentration of perrhenate ions in the
solution or an increase in the deposition current density, the electro-
catalytic properties of the alloys in HER deteriorate, i.e., the overvolt-
age of hydrogen evolution increases. In the case of corrosion processes,
this means that the depolarizer recovery rate decreases. Since the cor-
rosion process takes place without access to oxygen, the only possible
depolarizer is hydrogen. Decreasing the recovery rate of the depolariz-
er reduces correspondingly the rate of the corrosion process as a whole.

When assessing the possibility of using coatings as electrocatalysts,
information on the corrosion stability of the material in time is needed.
The authors of [14] showed that in the case of binary CoW alloys, the
corrosion resistance in the simulated corrosive solution decreases
within 12 hours by a factor of over 4. The KOH solution, which is main-
ly used to produce pure hydrogen, is still more aggressive, and this
rapid loss of stability of electrodes is inadmissible. Using electrochem-
ical impedance spectroscopy, we have studied the behaviour of a ter-
nary CoWRe alloy deposited from electrolyte No. 3 at a current density
of 10 mA /ecm? in a KOH solution during 24 hours (Fig. 6).

Figure 6 shows a fivefold increase in corrosion resistance within 24
hours. This behaviour shows a gradual slow surface passivation owing
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Fig. 6. Electrochemical impedance spectra (a) (the holding time in the solution is
given in the figure in min.) and the time dependence of corrosion resistance (b).

to the formation of refractory metal oxide compounds.

4. CONCLUSION

The properties of alloys in the hydrogen evolution reaction in a KOH
solution depend on the rhenium content in the coatings. Thus, an in-
crease in the amount of rhenium in the precipitate leads to a signifi-
cant increase in the overvoltage of hydrogen evolution, which affects
negatively on the process of obtaining hydrogen in a KOH solution, but
positively on the process of growing the precipitate in an electrodepo-
sition solution and makes it possible to obtain an alloy with a current
efficiency of up to 93%, which is not characteristic for the electrodep-
osition of binary alloys of this type with molybdenum and tungsten.

Ternary CoWRe alloys deposited from a citrate-pyrophosphate elec-
trolyte have high corrosion resistance, especially in neutral (up to
8.9 kQ-cm?) and alkaline media (up to 3.1 kQ-cm?). Corrosion resistance
of coatings increases by 4 times during exposure of samples in an alkaline
solution for one day. The highest corrosion resistance in all investigated
solutions is possessed by coatings electrodeposited at current densities of
5—10 mA/cm? and containing 25—-35 at.% of refractory elements.

This work was performed with the financial support of the National
Academy of Sciences of Ukraine within the state budget theme ‘Finish-
ing processing of materials in order to give them unique functional
properties’ (0123U100650).
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o 95-pivuga Big mua HapomkeHHa Muxaiiaa OixekcaHapoBHUYa
Kpusoraasa

A. 1. KapaceBcbkuii, B. A. Tatapeuko

Inemumym memanogisuxu im. I'. B. Kypodiomosea HAH Ykpainu,
oyave. Akademixa Bepnadcvrozo, 36,
03142 Ruis, Ykpaina

18 mpasnsa 2024 p. sunosruaoca 95 pokie 6i0 OHA HAPOOIHCEHHA BUSHALHOMY
@isury-meopemury, 06iui naspeamy Heprcaenoi npemii YPCP 6 zany3si Hayku i
mexnixu (y 1978 ma 1988 pp.), raspeamy npemii imeni €.C. Pedoposa AH
CPCP (y 1986 p.), uneny-kopecnondenmy AH YPCP (gid 1978 p.) Muxaiiny
Oxnexcandposuny Kpueoznasy. [Jani oxapaxmepu3o6ano 0CHO8HI 11020 npauyi.

Muxaiino OnexcaugpoBuu Haponusca y Kueri 18 Tpasua 1929 poky.
Barbko Muxaiina OsnekcamapoBuua OyB IOPUCTOM, MATH — BUUTEJb-
KO0 pocilicbkKol MoBu Ta Jjitepatypu. llicisa sakiHueHHA i3 30J0TOIO
memamaio 'y 1945 pori cepemuboi miroau Ne 25 m. KueBa Mwuxaiiio
OsexcauapoBUY BCTYHOUB 00 KHIBCHKOIr0o Iep:KaBHOTO YHiBEPCHUTETY
Ha Qisuunuil haKkyabTeT, AKUHN 3aKiHuMB 3 BimsuHakom y 1950 porri.
Yepes pik miciaa sakimuenmusa yHiBepcutery M. O. Kpusorsas 1mo-
yaB mparoBatu B Jlabopatopii meramodisuku AH YPCP imxeHepom
(1951-1954), momyommimM HaAYKOBUM cHiBpobiTHuKOM (1954-1959),
cTapmimM HayKoBuUM cuiBpobiTHuKOM (1959-1963). Ilicia saxwucTis
KaugugaTcbKoi (1954) i mokTopcskoi (1962) muceprarisi y 1964 p.
BiH ouoJsiuB J1aboparopiro (Bigmin) Incturyry meranodpisuku AH YPCP.
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Ya.-kop.AH YPCP, 0.¢p.-m.H., npogh. M. O. Kpueoznasz (18.05.1929-30.06.1988 )

IT'armecAaTi pOKM MMHYJIOrO CTOJIITTS OyJIM POKaMM aKTHBHOI'O [O-
cHigsKeHHA (PIBMUYHUX BJIACTUBOCTEN KOHIEHCOBaHOI peuoBMHU. Byam
BiIKpUTI Ta BUBYAJIUCH ABUINA HAAIIPOBiTHOCTA MeTaJiB, HaAIJIMHHO-
CTHU PigKoro rejii, (asoBux mepexoxiB I Ta II pogy B TBepaux Tijgax
i pimuHax.

Ho mouatky 1960-x pokis B IHcTuTyTi MeTamodizuku chopMmyBaBcsa
KOJIEKTHUB ILTiJHO MPAIlIOI0UNX MOJIOAUX CIIiBPOOITHUKIB, AKi aKTHUBHO
JociimkyBaau (ismuHi BIACTUBOCTI KOHIEHCOBAHWX pPEUYOBUH (HAalI-
OPOBiIHICTL MeTaJIiB, HAAILIMHHICTE PifKOro rejiio, (pasosBi mepexomu
Ii Il pony B TBepaux Tijmax i pigmHax), oOTPYHTOBYBAJIMN IHCJIOKA-
IifHY KOHIIENIilo IIIAacCTHUYHOI medopmalrii marepianis, 3 sacoByBan
IedeKTHY CTPYKTYPY KpHUCTaJiB, BOOPAAKYBAHHSA Ta PO3IAJ MeTaje-
BUX CTOIiB, aKTMBHO BMUBYAJM HAaIliBIIPOBIJHMKOBiI BJIAaCTHBOCTiI MaTe-
pisuriB, po3BMBaJIM HOBI MeTOAM BHM3HAUEeHHS (PA30BOr0 CKJAAy Ta
CTPYKTYpPHU HeijleaIbHUX KPHUCTAJIB i CTOIIB.
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1. ITIOJIAPOHN

Kepisaukom aumaomuoi poboru M. O. Kpusormasza 6yB oguH 3 IIpO-
BigHUX yuYeHUX y rajaysi Teopii TBepmoro Ttima — CosomoH IcakoBuu
Ilexap, AKuii He3agoBro mo mouatky cmiBmpari 3 M. O. Kpusoriazom
BBiB y (piduUKy yABJEHHA IIPO IIOJAPOHU — aBTOJIOKAJIi30BaHi cTaHU
€JeKTPOHIB y MOJAPHOMY CepemoBHUIIi, dKa IPUBEPHYJa OO IIHOTO
sBUINia yBary ¢isukis ycworo city. Ilogansiia croiabaa pob6ora M. O.
Kpusorsasza ta C. I. Ilekapa mpusesia G0 PO3poOKH HOBOTO MAaTeMa-
THUYHOTO IIiIXOAY B TEOPETHYHOMY OIIMCi IIOJITPOHIB, IKWIH JaB 3MOIY
TOCIIiMKYBAaTU IOJAPOHU 3a OyIb-IKUX TeMIepPaTypu Ta BeJIUUYUHU
eJIeKTPOH-(POHOHHOI B3aEMOIil — i3 CHIBHUM, IIPOMIiKHUM i cJIabKUM
3B'A3KOM eJICKTPOHIB MPOBIAHOCTA 3 MHO3LOBXKHIMN KOJIMBAHHAMU
aToMiB KpucTasxy. Po3pobieHnI TeopeTUUHHNN IMiAXim r'pyHTyBaBCsSI Ha
00uMCJIeHHI CTaTUCTUYHOI CYMH CHUCTEeMHU SK ciimy omepartopa (I'ami-
JbTOHiSIHA), AKUI OHHCYE B3a€MOiI0 €JeKTPOHIB 3 IO3MOBKHIMHU KO-
JUBAHHAMHU aTOMiB Kpucrany. Omep:KaHi pesyJbTaT BUKOPUCTOBY-
BaJIMCs IJIs aHAJiI3W BILIUBY IMOJAPOHHOTO e(eKTy Ha TepMOAMHAMIiU-
Hi Ta KiHeTWYHi BJIACTHBOCTI €JEeKTPOHIB y KpucTajax.

2. OIITUYHI CIIEKTPH IIOTJINMHAHHSA TA BE3®OHOHHI JITHII

Y 1953 pomi M. O. Kpusormas i C. I. Ilekap mepenbaunin HaaBHICTH
HaJ3BUUYaHO BY3bKUX JIiHIN y CcIeKTpaxX ONTUYHOTO IOTJIMHAHHA I0-
Mimox y Kpucraiax [2]. BysbKicTh cHneKTpajJbHUX JHIA OB s3aHA 3
TUM, IO iMIIyJbC HMOTJINHAHHS a00 BUIIPOMiHIOBAaHHA (DOTOHA IIepena-
€ThbCA KPUCTAJNy B I[iJIoMy, i B pedyabTaTi BifcyTHe IommiepoBe pos-
MIVpeHHd JIiHill, cIpuYMHEHe TeIJIOBUM pyxom artomiB. Ha xanb,
crartio M. O. Kpusorsasza ta C. I. Ilexapa mpo 6e3domonHi ginii or-
TUYHOTO IIOTVIMHAHHS MOOMIIIIOK y KpHcTalax Oyjao omyOJiKoBaHO B
«Tpymax Uuacturyra pusuku AH YCCP», aKi He mepexamaancsa am-
TJIificChKOI0 MOBOIO; TOMY IS PO0OOTa IIPOTATOM TPHUBAJIOTO UACY 3aJIH-
majiacs MaJioBimomoio. Amasoriunmii edekT, — BY3bKi 0e3doHOHHI
aiuii B cmeKTpax y-mOTJIMHAHHA AOMIITKOBUMHU AApaMu, — OYB BiIK-
puruit Meccbayepom y 1957 porri, 3a mo Bim orpumaB HobemiBcbKy
mpemio. A 6e3doHOHHI JiHII B ONTUYHOMY CHEKTPi IMoUyasy HA3WBATHU
onTUUYHMM aHajoroM MeccbayepoBoro edpexty. M. O. Kpusoriazom
O0yJI0 BCTAHOBJIEHO, IO PO3IIUPEHHA 0e3(POHOHHUX JiHilT (MOmyJs-
IifiHe PO3IIMPEHHs) MOoXKe OyTH IIOB A3aHe 3 aHrapMOHi3MOM (POHOHIB
abo 3miHOIO IXHiIX YacTOTHM Ta KOOpAWMHAT Iif dyacu (oTomepexony,
TOOTO IIiJ Yac KBa3UIIPYKHLOTO PO3Cil0OBAHHS (POHOHIB Ha eJIEKTPOH-
HOMY IieHTpi. ¥ 1965 pori 0yB omyoOsikoBanuit oryaang M. O. Kpusor-
gdasa «IppekT MéccOayepa M ero mpuMeHeHne B (PU3UKe TBEPAOTO
Tena» [3], B AKoMy OyJIO HOKJAAHO ITPOAHAJi30BAHO MOMKJIUBOCTI BU-
KopucTanHAa MeccOayepoBoro e(@eKTy /MOJs BUBUYEHHS eJeKTPOHHOIL
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CTPYKTYPU TBEPAUX TiJl, MIiKPOCTPYKTYPHA KpPUCTATY, aHTapMOHI3MY
KOJIMBaHb MOTro aToMiB, AMQY3iiiHOI PYXJMBOCTHU aTOMiB y cepeloBU-
mri Ta iH.

3. TEOPI{ TEIIJIOBUX IIEPEXO/IIB

Y 1953 poui M. O. KpuBorsaasom 0OyJ0 IIOKa3aHO, IO B IOJAPHOMY
cepemoBUIIi TeIJoBi (PIIOKTyaIlil moapusallii HaBK0OJIO JOHOPHOI'O Ta
aKIIeIITOPHOTO IeHTPiB HPUBOAATH A0 3MII[eHHSA AOHOPHOTO Ta aKIle-
NTOPHOTO eJeKTPOHHUX PiBHIB, IO MOKE CTBOPUTHU PE30HAHCHI yMO-
BU IJIs 0e3BUIIPOMiHIOBAJIHLHOTO KBAHTOBOTO IIEPEXOAY eJeKTPOHAa MixK
mumu piBHamu [4]. Ha xanp, M. O. KpuBorsias o0MeKUBCA PO3TJIS-
IToM 0e3BUIIPOMiHIOBAJIBHOTO MEPEeXOony eJeKTpoHa Ha OJHOMY ITEHTPi.
Ha mouatky 1960-x pokiB amepukaHchKkuii ¢isux P. MapKyc sampo-
IIOHYBAaB TeOpiio, AKa po3raanajia IepeHeceHHsS eJeKTPOHA B IIOJAP-
HOMY PO3UMHHUKY Mi’K IIPOCTOPOBO BiIOKPEMJEHUMM JOHOPOM i aK-
merntopoMm. ¥ 1985 pormi P. Mapkycy O6yno npucym:xeno HoGemiBCbKY
nopeMiro 3 xeMii 3a MOSACHEHHS MeXaHi3My pPelloKCc-PeaKIriid.

4. TEOPIS CTOIIIB I CUJIBHO AHISOTPOITHUX KPUCTAJIIB

M. O. KpuBorsiasom Oyau 3HAYHO PO3BUHYTI TepMOAMHAMIYHA Ta CTa-
THUCTUYHA Teopil BIOPAAKYBaHHS Ta PO3MAAy CTOIIB, MiKpPOCKOMIiuHA
Teopida Audysii y cTomax 3 yIOPAAKYBAaHHAM i pO3IIaZioM, PO3BUHYTI
Teopii pPO3UMHHOCTU ¥ YTBOPEHHA BaKaHCilfi y pidHOro TuIily cromax 3
VIOPAIKYBAHHAM; BiH DPO3BUHYB 0OaraToeJeKTPOHHY TEOpilo 3aJImIII-
KOBOTO €eJIEKTPOOIIOPy 0araToOKOMIIOHEHTHUX TBEPAUX PO3UUHIB 3
YIOPAAKYBaHHAM, IOOYAyBaB KiHeMATHUYHY TEOPil0 Po3CiloBaHHS BU-
IpOMiHEHb ¥ TBEPAUX PO3UMHAX Ta iH.

4.1. YuopagKyBaHHA aTOMIB y cTomax

Ha mouaTtky 1960-x pokiB 3HaUHy YacTMHY HayKoBuX inTepeciB M. O.
KpuBorsaza cramoBmJia TeOopid YHOPAAKYBAHHS Ta PO3IMAAY CTOIIiB.
Bin ycminmtHO posBMBaB AK TepMOAMHAMIiUHY, TaK i CTATUCTUUYHY TeO-
piro BIOpPAJKYBaHHA Ta po3mnany cTomiB. B pamMKax pisHUX TeopeTHy-
HUX MOMEJiB OyJIO PO3TJISIHYTO PO3IAaJ i BIOPAAKYBAaHHS PidHUX, TO-
JOBHUM UHNHOM, OiHapHUX, CTOImiB. Pe3yabTaTum IUX JOCJiIKeHb
IIpeACTaBJIeHO y IMTUPOKO Bimomiit moHorpadii [5].

4.2, Tudysia y cromax

IIpuanumoBo HoBi pesyabraTtu Oyau omeps:kani M. O. Kpusoriazom
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CTOCOBHO PO3PO0KHU Teopii audysii B TBepAMX po3umHAaX, IO BIOPSII-
KOBYIOTBCA.

Byno BcTaHoBJeHO, IO TOJOBHA BiAMiHHiCTH MexaHisMy audysii y
CTOIlaX, B IIOPiBHAHHI 3 Am(y3iei0 B OJHOKOMIOHEHTHHX CHCTEMax,
IOJIATA€E B TOMY, IO B PO3YMHAX pPeJbe(]d) HMOTEHIiAJbLHOI eHeprii B
nporeci au@pysii aromMa 3MIiHIOETHCA B 3aJIEXKHOCTL BiJ JIOKAJIbHOI
KOHIIeHTpAIlii posumHy; TOoMy AppeHitocoBa TeMIlepaTypHa 3ajerk-
HicTb KoepimienTa nudysii y cromax me sactocoBHa [6].

4.3. Po3uunnicrts. Po3nan cromis

Y po6orax M. O. KpuBornaza [7, 8] O6yso 3ampoIrloHOBAHO CTATHCTIH-
KO-TepMOJMHAMIUHUN MOJeJb POSUMHHOCTH aTOMiIiB TPETHOTO0 KOMIIO-
HEeHTa y MiMBY3JAX a00 By3Jjax KPHUCTATIUHWX I'DATHUIIL OiHApHUX
cTolmiB 3amimieHHdA. [ocaifyKeHO BIJIMB MOMIIIKM AeAKOTO eJieMeHTa,
PO3MIiIlEeHOT0 B OKTAEIPUYHUX MisKBY3JAX CTOIYy 3aMiIllleHHsA, IO po-
snagaeTbeda. Omep:KaHo PiBHAHHS AJIA BUSHAYEHHS 3aJIEKHOCTH TeM-
ImepaTypu po3many Bil CKJIamy CTOIy, TOOTO AiArpaMu CTAHY CTOITY.

4.4. MisxaToMOBi B3a€MoOii y cTONax i CHIBHO aHi30TPOMHUX
KPHCTAJNIYHUX CHCTEeMaXx

CrinbHe 3aCTOCYBAHHSA CTATUCTUKO-TEPMOIMHAMIUHOTO (DIIOKTyaIliii-
HOTO METOAY Ta TepMoAuHaMiuHOi Teopii 30ypeHb maJyo smory M. O.
KpuBornasy BuBecTu aHAJNiTUUYHHWI BUpas, AKUH OTPUMAaB y CBiTOBil
Jitepatypi HasBy «dopmyaa Kpusornaza—Kiaenna—Mocca». 3a goro-
Moromo Ifiel GopMyJH LOCTATHLO IIPOCTO MOYKHA IIOB A34TH EKCIepH-
MEHTAJIbHO CIIOCTEePEe:KYyBaHY IHTEHCUBHICTHh AMQPY3HOTO PO3CIAHHA 3
Qyp e-KOMIOHEHTAMI eHepriil 3MilIaHHA aTOMIB V HEBIOPSALKOBAHO-
my cromi [9, 10]. Ba:KimBoio mepeBarom TaKOTO HiAXOAy € MOKJIU-
BiCcTh BpaxyBaHHA JAJIEKOCAKHUX BHECKIiB y MisKaToOMOBI B3aemomii,
110 aKTYyaJbHO JJIsI 3aCTOCYBAHHSA 0 PeaibHUX CTOIIiB.

Kpim Toro, y peanbHmx KpucTajax iCTOTHY poJib Bimirpae medop-
MalliiiHa B3aeMopis TOuKoBuUX nAederTtiB. Ha ocHOBI mMeTomiB craTuKm
rparuauni (Mamy6apu—Kpusoraaza—Kansaki—Xapai) M. O. KpusBoraa-
3y BIAJIOCA BpaXyBaTHU ITI0 B3BAEMOiI0 TOUKOBUX Ae(eKTiB.

5. TEOPIS PO3CIIHHSA PEHTITEHOBHX ITPOMEHIB
Y HEITJEAJBHUX KPUCTAJAX

Haii6inpin 3HAUHMI BHECOK Y TEOPil0 TBEPAOro Tijia IIOB I3aHUN 3
BugatauMu poboramu M. O. KpuBoriasa 3i CTBOPeHHS Ta PO3BUTKY
KiHmemMaTuuHOI Teopii po3cigAHHA PeHTr'eHOBUX IIPOMEHIiB i HEUTPOHIB
Kpuctajgamu 3 gedexkramu. Hum 6ysio po3pobJieHo epeKTUBHUN METO/I
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(QIOKTyallifHUX XBUJb OJS OIHNCY CHEKTPAJbLHOTO PO3MOLiIy 3Mi-
IeHb, YTBOPeHUX medexkTamMu B Kpucraaax [9—12].

5.1. Knacudirkamia nedekrriB kpucramy

M. O. KpuBorsasom BIepIlle B paMKax KiHemaTuuyHoi Teopii OyJio
npoBeneHO KJacudikaiiio gedeKTiB 3a CTBOPIOBAHMM HUMU e(eKTOM
Ha KapTUHI PEHTI'€HiBCHKOT'O PO3CistHHA. ByJio mMOKasaHoO, IO HaJIeX-
HicTh medeKTiB KpPHUCTANLy MO IIEPIIOro abo APYyroro KJjacy BH3Haua-
€ThCS 3aKOHOMIPHOCTAMHU CIaAaHHS ITOJIB 3MiIlleHb 3 BigmgaJeHHAM
Big mederTy.

Jlo mepimoro KJjacy BifHOCAThCA AedeKTu, moJje 3MilleHb BiJl AKUX
BiIHOCHO IIBHUAKO 3MEHINYyeThbCA 3 Bimmammmo (o« 1/r® abo mBupie).
Jlo HUX HaJjeKaTh, HAIIPUKJA, TOUYKOBI TedeKTH, 3apoJKU YaCTUHOK
apyroi (¢asu, (QuroxTyarmiiiHi HeomHOpimHOCTI cKJaamy. Taxi mederTu
OPUBOAATHL M0 3MIIIEHHS PEHTI'€HIBChbKUX JIIHIA uepe3 3MiHY cepef-
HBOTO HapaMeTpa I'PAaTHUII, BUKJMKAHOTO HAaABHICTIO me(eKTiB, OO
ocnabJeHHs iHTeHCUBHOCTM ITMX JIiHiM, a TaKOK OO0 IIOSBU IIJIABHOTO
In()y3HOro poacigHHsA. BomHOoUAac POIMIMPEHHS JIHIA He crmocTepira-
€ThCA.

Y Bunaaky gedexTiB apyroro kKJjacy (KOoaum moje 3MiImeHsb o 1 3/2)
CIIOCTEPIraeThbCcA iCTOTHE PO3INUPEHHA PEHTTeHiBChKUX JiHiH, 110 Io-
B's13aHO 3i 3pocranmam (arxropa lebasa—Bammepa. Mo medexTiB apy-
roro KJIACYy MOJKYTh OyTM BijHeceHi HNPAMOJiHilHI muMcIOKaIlii, mumc-
JOKaIifiHi 1meTJi, BeJIUKi YacTUHKM Apyroi ¢asu ToIIo.

g kigpKicHOTO ommcy ¥ aHaNi3W BOJIUBY JAedeKTiB Pi3HOTO TUITY
M. O. KpuBorsaszom 3i cmiBpobiTHUKamMu Oyau po3pobieni pisHi miz-
xonu. Hampurianm, Oyso ImokasaHo, IO V KPHUCTAJIaX 3 XAOTUUHUM
posmomisioM AUCIOKAIill IMMPHUHA KBA3UJIIHIN Ha gebaerpami mporop-
mifima KBaJApaTHOMY KOPeHI0 3 ryctuHu aucjokariii. M. O. Kpusor-
Jas3oM OyJ0 MOOYAOBAHO TEOPil0 PO3CIAHHA Y BUOAIKY HEXAOTHUUYHOTO
PO3MOALIY AUCJOKAIIA Ta 00 €gHAHHA IX yV CTIHKM; PO3IJIAHYTO BU-
OagoK, KOJU € SK CTiHKM, TaK i XaOoTMYHO PO3IOAiJIeHI AMCJIOKAIIii;
To0yAOBAHO TEOPil0 PO3CiAHHS Y KBa3MOSHOBUMIPHUX i KBA3UIBOBU-
MipHUX cucTemMax ToIimo. BimbmricTs mepembauenux M. O. Kpuporaa-
30M peHTreHorpadgiuaux e(eKTiB 3HAHIILJIA CBOE eKCIepuMeHTAJbHEe
OiATBEepPAKEeHHSA W OTPUMAJIO IINPOKEe IIPAKTUYHE 3aCTOCYBAaHHS AK
TEOPeTUYHA OCHOBA CyYaCHUX METOiB AiArHocTuKu medeKTiB [9—13].

6. TEOPISI HEJTOCKOHAJIOCTEN KPUCTAJIITYHOI IPATHHIII
6.1. Pyx BKJIIOYEHb y TBEePAUX TijIax

HucmepcHi cumcTeMu, IO CKJIAMAIOTHCA 3 YaCTHHOK po3mipom y 10—
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103 A, BKIIOUeHNX y MaTpUUHy (Pasy, IPOABIAIOTL PAJ CIenuMiuHIX
BJIACTUBOCTEM i MAalOTL BeJMKe IIPaKTHUYHE 3HAUYeHHS. 3MiHIOIOTHCS
XapaKTEePUCTUKMN MIITHOCTH, IIiABUIIYETHCA MKAPOMIIHICTH TOINO. Bu-
COKOTeMIIepaTypHa MJa3yYiCTh TaKMX CHUCTEM iCTOTHO BiApPi3HAETHCS
Bil TOMOTreHHMX CHCTEM, IO IIOB A3aHe, TOJOBHUM YHHOM, 3 TUQPY-
3il1HOI0 PYXJIUBICTIO BKJIOUEHb abo mop [14]. Cuau, 1110 IpUBOSATE O
PYXy BKJIOUEHb, CTBOPIOIOTHCA Pi3HMMU UYMHHHUKaMHU. Audysitinui
pPyx BimOyBaeThcs IIif Mi€l0 30BHIITHIX cUJ — I'pafi€eHTiB TeMIepary-
pu abo KOHIIEHTpAIlii, eJeKTPUUYHOTO ab0 MAarHeTHOro MOoJd, PisHoi
KOHITeHTpaIlil AucJoKaIliiit abo Bakamciii, Ha Mexxi mominy ¢as ToIro.

6.2. 3mimeHHA TeMIepaTypu MapTEHCUTHOTO NEPETBOPEHHS
B MArHETHOMY MOJIi

M. O. KpuBorsaszom 6yau mpoBemeHi mocaimkenus [15, 16], axi mosc-
"oBanu Busasiaenuir B. II. CagoBcbKuM edeKT 3MillleHHSA TeMIIepaTypu
MapTEeHCUTHOT'O IEPETBOPEHHA Y KPUIli B CUJIBHOMY iMITyJIbCHOMY Mar-
HeTHOMY moJji. IIpmumHa 1poro epeKTy HoJIArae B TOMY, IO MapPTEHCH-
THa (pasa, Ha BiAMiHY BiJ aycTeHiITHOI, € (pepoMarHeTHoO, i TOMy 30B-
HiIITHE MarHeTHEe II0Jie IIOHMMKYE Il TepMOAMHAMIUHMWI IIOTEHIIisJ, BU-
KJuKaoouyu (paszoBe IePeTBOPEHHA B ayCTEHiITHiN (asi y MarmeTrHomy
TOJTi.

7. ENIEKTPOHHI CTAHHU B KPUCTAJAX. ®JIOKTYOHHA
7.1. ®aoKTyOHN

B 1960-x poxax y (ismIli KOHIEHCOBAHOTO CTaHy HAKOIWYMJIMNCS
eKCIepUMeHTaJlIbHi AaHi, IM0 cBifuaTh Npo HAABHICTH aBTOJIOKAJIi30-
BaHUX CTaHIB €JIEKTPOHIB y PAAl HENMOJAPHUX CUCTEM, TAKUX AK Pil-
Ki remifi Ta imeprtui rasu Ne, Xe, Ar, HeIOJAPHI piguHM, JedaKi Mar-
HeTHi HamiBUOpoBigZHWKM. B TOH Ke uac JIOKaJIi30BaHiI cTaHU eJEeKTPOo-
HiB y pigmHax, Takux IK BojAa (TiZpaToBaHUU eJeKTPOH), abo B Me-
TaJI-aMiIKOBUX PO3UYMHAX, iCTOTHO BiApi3HAJJMCSA 3a CBOIMH BJIACTH-
BOCTAMM BiJ MOJIAPOHIB y HOHHUX KpHUCTaJIax.

Y 1969 porii, sBuxongauu 3 remiaabuol imei C. I. Ilexapa mpo moas-
pox, M. O. KpuBorjia3 3aIpoIlIoHyBaB 3araJbHUI TEOPETUUYHUN Hiaxin
IIOA0 OIIMCY AaBTOJIOKAaJi3allii eJIeKTPOHIB y HEBIOPAIKOBAHUX cCepe-
moBurmiax [17]. Bynu omep:kaHi OoCcHOBHiI pPiBHSAHHS, AKi BM3HAYAIOTH
YMOBY BUHUKHEHHSA Ta XapaKTePUCTUKU (IIOKTYOHIiB — YTBOPEHb, B
AKUX €JEeKTPOH JIOKANi3yeThcsad Ha (QUOKTyaIii OJM3bKOr0 IIOPAIKY
cepeoBHUINA, AKY BiH Ke caMOy3TO:KeHO IiATpuMye.

Hatinipocrinii aBToJIOKa/IidoBaHI cTaHU MOMKYTh BUHUKATU Y HAaIIiB-
MPOBiTHUKAX 0iJA TOYOK (hpa30BOTO mepexoAy MHepIIoro Poay, KOJIM Ha
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OiISTHIII HOBOI (pasy IIOTEHI[iAJIbHA €HEeprid eJeKTPOHA IIOHUIKYEThCS
Ha NEeBHY BeJUYMHY BiJHOCHO JHA 30HM HPOBIAHOCTH HAIIiBIIPOBiIHM-
Ka. DIIOKTYOH! MOMKYTh BUHMKATH B MarHeTHUX HaNiBIIPOBiZHWKAX,
HaIIiBIIPOBIJHMKOBUX PO3UMHAX, & TAKOK y CerHETOeJIeKTPUKaX. ¥
HAIIiBIPOBiTHMKOBUX pO3uMHAX ab0 MarHeTHKax B e(peKTHUBHOMY MOJIi
JIOKAJIi30BaHOTO eJeKTpPOoHa MOJKe BimOyBaTucs HeIepepBHaA 3MiHa
BHYTPilITHBOTO mapamMerpa. Ha Bimmimy Bim mossapoHa, ae foHU HaOy-
BAIOTH JININIE HEBEJUKHUX 3MIiIlleHb 3 IIOJOKEHHA pPiBHOBAru, y BUIIAI-
Ky (PJIIOKTYOHIB B cepemoBHUIIi B 00JIaCTi JIOKaJisallili eJleKTpoHA Bif-
OyBaeThcA icTOTHaA peopramHisarisa, i eleKTpoH cTabiiisdye KJactep 3
aTOMiB OJTHOT'O COPTY.

7.2. TepmogunamiuHo piBHOBasKHI rereporeHHi cranu [18]

HucoepcHi cucTeMu MIMPOKO IOIMMpPeHi B mpupoxni. OgHak uepes mo-
IaTKOBY MisK(pasHy eHeprito BOHM TepMOAMHaMiuyHO HecTiliKi Ta 3 ua-
CcOM MAalOTh KOaI'yJIIOBaTH, YTBOPIOIOUM MAacCUBHY I'OMOTeHHY (asy.

M. O. KpuBorias Bmepiile 3BepHYB yBary Ha Te, II[0 BiJbHI (He3B -
3aHi) 3apsaAAW € TUMU KOMIIOHEHTAMHU CUCTEMU, IePepPo3IMOMi SIKUX
MidK (pasaMuy HTPHUBOAUTL OO HOHMKEHHS eHeprii, AKe MOPOMmopIliiiHe
mwiIoii mikdasHol Merxi, a mamexkocs:kHi KymoHOBiI cuam, 110 BOIHO-
Yyac BUHUKAIOTh, (PiKCyIOTh po3Mip uacTMHKU. Po3Mip yTBOprOBaHUX
YaCTUHOK Ma€ BeJIMUMHY HOPAAKY pazxitoca Tomaca—®Pepmi Bupomixe-
HOTO eJeKTPOHHOro rasy. Popma AMCIIEPCHUX YaCTUHOK B3aJIeKUTh
BiJ eKpaHyBaHHA IXHBOTO 3apsAAy B CepPeaOBUIIII.

3a JocTaTHLO BHMCOKOI KOHIIEHTpAIlil BIJIbHUX eJIEKTPOHIB y OJHO-
pifHOMY HAIIiBIIPOBIMHMKY €HEPreTMYHO BUTIAHIINMMHU IIOPiBHAHO 3
(IoKTyoOHAMM MOMKYTHL CTATH 00JacTi 3MiHeHOTo ImapameTpa cepejmo-
BUINA, CTAOIMBbHICTD, AKUX HiATPUMYETHCSI BUPOAIKEHUM T'a3oM eJIeKT-
POHiB, AKi HepeHIJu 3 OTOUYBAJIBLHOT'O CEPENOBHUINA HA YaCTUHKU 3
MeTaJiuYHOI TYCTUHOIO eJeKTPOHHOTO rasdy. ¥ CUJbHO BUPOIKEHUX
HaIIiBIIPOBIAHMKAX 34 HEBEJIMWKOI BeJWYMHMN KOHCTAHTH B3aEMOIil
€JIEKTPOHIB y IIOPiBHSAHHI 3 eHepricio Pepmi eJeKTPOHHOro rasy 3i
3MiHOI0 KOHIIEHTpAIlil po3unHy ab0 HaMarHeTOBAHOCTH YMOBHU T'e€Tepo-
re”izarrii 3HaYHO 3MiHIOIOTHCS.

Ilepexinm cucTeMu B reTeporeHHHUII cTaH BiZOyBaeThcA AK (has3soBUit
mepexiJ meprioro poay, B pes3yJabTaTi AKOTO0 YTBOPIOETHCA MOAYJIbO-
BaHa cTpyKTypa [19].

Ilicia cmepti M. O. KpuBorsasa mpoiinnio B:xe 36 pokis, aje goci
Ha MiKHaApOOHUX KOH(pEpeHIIiax i B HAayKOBUX JKypHAJax IUTYIOTHCS
oro poboTH I OOrOBOPIOIOTHCSA MOr0 HAYKOBI imei, a TMM IIOCJIiZOB-
HUKAaM, XTO IIpaloBaB pasoMm iz Mwuxaiimom OnekcaunmpouueMm (i Ha-
BiTHL IIPOCTO TOPSAN 3 HUM), BUKOPHCTOBYIOUM HOTO ifei Ta HaIpairo-
BaHHS, BOHU CJYTYIOTH JOPOTOBKAa30M y CBiTi (hismuHOI HayKu.
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