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3MICT
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Abnormal Effect of Changing the Wetting Angle in Non-
Equilibrium Melt—Solid Metal Systems

E. Ph. Shtapenko” and Yu. V. Syrovatko™™
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The paper deals with the temperature dependence of the contact angle of wet-
ting of a steel substrate with a liquid tin. The experiment shows that the wet-
ting angle is decreased as the temperature rose, and the wettability of this
system is improved. However, with the further increase in temperature, the
contact angle is increased again that is an abnormal phenomenon. To explain
this phenomenon and the process of contact-angle formation in general, we
propose the quantum mechanical model based on the Wentzel-Kramers—
Brillouin (WKB) conception. In this case, interaction of the melt ions with
the substrate atoms is considered indirectly through the formation of a po-
tential barrier with the linear dimensions determined by both the ratio of
masses of the atoms of interacting metals and the temperature. From the
WKB standpoint, at low temperatures, when the kinetic energy of a general-
ized particle with the reduced mass is less than the potential barrier, the
wave function decays rapidly and, accordingly, the contact angle does not
actually change. Quantitative and qualitative changes appear, when the ki-
netic energy of particles with the reduced mass exceeds the positive barrier
values because of increase in temperature. Following the WKB conception,
passage or reflection of a particle with the reduced mass over the barrier is
determined by the integer or half-integer ratio of the de Broglie wavelength
and linear dimensions of the potential barrier. Therefore, qualitative chang-
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es in the system, i.e., the wetting threshold and abnormal increase in the con-
tact angle, are described by the processes associated with passage or reflec-
tion of a particle with the reduced mass over the barrier. Experimental and
theoretical curves of dependences of both the contact angle and the work of
adhesion versus temperature show similar dynamics.

Key words: temperature dependence of wetting angle, work of adhesion, pas-
sage of a particle over the potential barrier, reflection of the particle from
the potential barrier, de Broglie wave, quantum number.

B poborti gociigskeHo 3a1eKHICT, KPAOBOTO KyTa 3MOYYBAHHA PITKUM OJIU-
BOM IIiIKJIAMWHKY i3 KpUIli Bix TeMuepatypu. ¥ X0/l eKCIEePUMEHTY BUABJIE-
HO, III0 KPAWOBUI KYT 3MEHIIIYETHCA 3 I IBUIEHHAM TeMIIePaTyPH i moJrinIry-
€ThCA 3MOUyBaHicTh maHOI cuctemMu. OgHAK 3 MONATIBIIIUM TiABUAIEHHAM TE€M-
ImepaTypu KparoBUU KYT 3HOBY 30iJIbITyETHCHA, IO € aHOMAJBLHUM SBUIIIEM.
s moacHeHHA 1BOT0 (heHOMEHA, a TAKOXK mpoliecy (hOPMYyBaHHS KPaoBOTO
KyTa B IijioMmy 0yJIO 3aIIPOIIOHOBAHO KBAHTOBO-MEXaHiUHUI MOMENb, 3aCHOBA-
HUi Ha yaBIeHHAX BeuTtnensa—Kpamepca—Bpinatoena (BKB). ¥ nmbomy Buman-
Ky B3a€EMOJifA HOHIB PO3TONY 3 aTOMaMHU IIiIKJIATUHKKN PO3TIALAETHCSI OIIOCe-
penkoBaHo uepes (OpMyBaHHS IOTEHIISIIBLHOTO Oap’epa, JiHiWHI posmipu
AKOT0 BI3HAUYAIOTHCA CIHiBBiAHOIIIEHHAM MaC aTOMiB B3a€MOJIMHMX MeTAaJiB i
Temreparyporo. 3 nosuniii BKB 3a HuspKux Temmeparyp, Kosiu KiHeTmuHA
eHepria ycepeqHEHOI YaCTUHKY 31 3BeIEHOI0 MaCO0 MEHIIIA 32 BEJIMYNHY II0Te-
HI[iAJAbHOTO 0ap’epa, BiAOyBaeThbCcA IIBUAKE 3TAaCaHHS XBUJILOBOI (QYHKIIII i,
BinmOBimHO, 3MiHA KPAMOBOr0O KyTa IPAKTUYHO He BinoyBaeThesa. KinbkicHi Ta
AKicHI 3MiHU 3’ABAAIOTHCSA, KOJIM KiHeTUYHA €Heprid YaCTUHOK 3i 3BeIeHOIO0
MAacoO0 IIePEeBUINlye 3HAUEHHA MO3UTUBHOrO 0ap’epa BHACIILOK ITIiABUIIEHHSA
Temrneparypu. Bignosigao 1o BKB-yaBnens, npoxom:xeHHa abo BinOmBaHHA
YaCTUHKY 3i 3BeZIeHOI0 MAco0 Haj 0ap’epoM BM3HAYAETHCA IiJUM ab0 HAIIiB-
IiJIMM CIIiBBiHOINIEHHAM NOBKWHU Ae BpoiineBoi xBuii Ta JiHIAHUX po3MipiB
moTeHIiAaAbLHOr0 0ap’epa. Takum yuHOM, AKiCHI 3MiHU B cucTeMi, Taki AK 1O-
pir 3MouyBaHHA ¥ aHOMAaJIbHE 30iJIbITTEHHA KPaoBOro KyTa, OMUCYIOTHCS IIPO-
ImecaMu, OB’ I3aHUMHU 3 IIPOXOAKEeHHAM a00 BifOMBAHHAM YaCTUHKY 3i 3Befe-
HOIO Macoio Haj 6ap’epom. KpuBi s3amexHOCTEH KpaiioBOTro KyTa Ta pob0OTH aj-
resii Big TemmepaTypu, mo0ynoBaHi eKCIIePUMEHTAJIBLHO Ta TEOPETUYHO, MAIOTh
momiOHy IMHAMIKY.

Karouogi ciioBa: TeMmepaTypHa 3aJIeKHICTH KyTa 3MOUYYBaHHSA, poboTa ajre-
3ii, mpoxomKeHHA YaCTUHKY HaJl IOTEHIiAJbHUM 6ap’epoM, BimOMBaHHS Yac-
TUHKH BiJ MOTEeHITiAIBLHOTO 6ap’epa, me BpoiiieBa XBuisd, KBAHTOBE UHMCJIO.

(Received 4 January 2024, in final version, 11 March 2024 )

1. INTRODUCTION

Composite materials play an important role in the modern technolo-
gies. Composite materials with the metal matrix are used in various
industries owing to their mechanical and tribological characteristics
[1]. These materials are the result of the volumetric connection of two
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or more materials based on adhesive bonds. As a rule, composites con-
tain the materials with opposite properties (ductility and brittleness,
stiffness and elasticity, conductors and dielectrics) [2—4].

In the manufacture of the composite materials, the processes of con-
tact interaction at the filler—binder interface are to be strictly con-
trolled. Implementation of these processes should ensure the required
strength of the interfaces and, at the same time, it should not cause
any unwanted phases to occur in the structure [5]. Therefore, in the
processes of manufacture of the composite materials, attention is paid
to determination of the value such as the work of adhesion between the
structural components of composite materials and the nature of wet-
ting of the filler with the molten binder [6—8]. The work of adhesion
characterizes the interaction of two condensed phases per unit of con-
tact area. The better the wetting of the solid phase with the liquid one
and the smaller the wetting angle, the greater the work of adhesion [9].

The typical feature of systems where the chemical bonds between the
liquid and the substrate material prevail is a strong dependence of the
contact angles on temperature that is the wetting threshold is often
present [10—13]. When the system is heated above the threshold tem-
perature, the contact angle decreases because of significant rise in the
work of adhesion.

To ensure better wetting during impregnation of the composite ma-
terials, soldering processes, etc., it is necessary to determine the tem-
perature at which the threshold for wetting of the solid phase with the
liquid one occurs. Thus, calculation of the wetting threshold tempera-
ture holds the applied significance and is of interest from both practi-
cal and theoretical points of view.

The process of formation of the dynamic characteristics of liquid
media, which determine the properties of surface phenomena and, con-
sequently, the contact angle of a drop, is described in [14]. The paper
uses the fundamental Euler and Navier—Stokes hydrodynamic equa-
tion and creates the original computerized modelling algorithm. This
algorithm allows considering sufficiently large spectrum of statistical
oscillations of the shapes and density of a drop of the liquid media, but
generally, it cannot reflect the process of formation of the contact an-
gle itself and, accordingly, the wettability properties in a fairly com-
plete manner. Based on the computerized modelling of the modified
Euler equations, the papers [15, 16] consider the Cahn—Hilliard equa-
tion taking into account the van der Waals interaction for isothermal
liquids. Using the concept of the Ginsburg—Landau potential, this
equation allows considering the formation of density distribution in
the liquid drops and, in principle, to abandon the contact-angle indica-
tor in the assessment of wetting properties[15].

Some other papers [17—20] also use the fundamental principles of
computer model construction, including quantum mechanical con-
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structs of multilayer structures forming the surface phenomena in the
distribution of free energy and accordingly wetting properties.

The papers [21, 22] showed the increase of the contact angle in the
systems with the temperature rise in the study of dependence of the
contact angle on temperature. These cases of the contact-angle in-
crease are considered abnormal ones. The authors of [21, 22] suggest
that an increase in contact angles occurs owing to the formation of new
chemical compounds between contacting substances or as a result of
changes in the surface structure. In our opinion, this phenomenon is
little studied and requires further research. Our paper presents the re-
sults of study of the temperature dependence of contact angle in the
liquid tin—steel substrate system.

Wetting in liquid tin—steel substrate systems was previously stud-
ied in [23]. The paper [24] dealt with the dependence of contact angle in
the liquid tin—iron substrate system. However, the phenomenon of ab-
normal increase of the angle was not found in Ref. [23, 24], since the
temperature dependence of the contact angle was studied by continu-
ous heating of the system to high temperatures. Consequently, no fur-
ther increase in the angle with the temperature rise was observed in
[23, 24] after decrease of the contract angle of wetting of the solid sub-
strate with a drop of melt. In our experimental study, we supplied and
examined a new individual drop of tin to construct each subsequent
point of dependence of the contact angle versus temperature. There-
fore, at each point of dependence, the contact angle was formed as new,
that did not exclude its higher values compared to contact angles of pre-
vious drops of the substrate at the lower temperature. To explain this
phenomenon and decrease in the contact angle at the wetting threshold
temperature, this paper proposes the model representation based on the
Wentzel-Kramers—Brillouin (WKB) semi-classical quantum concep-
tion.

2. EXPERIMENTAL TECHNIQUE

The contact angle of wetting of the steel substrate with liquid tin was
determined by the sessile drop method [25]. For the experimental de-
termination of the contact angle and the work of adhesion, tin alloys of
the purity of 99.9995% wt. and steel of AISI 201 grade were used. An-
gles of wetting of the solid steel substrate with liquid tin were measured
on the high-temperature unit with high stabilization of the tempera-
ture. To prevent the formation of unwanted compounds, heating was
carried out in the nitrogen atmosphere, since no compounds are produced
in the direct interaction of nitrogen and tin [26]. A drop of the substance
under study was applied onto the substrate located on the object table of
the working chamber through the bent fused silica capillary.

Figure 1 shows a drop of the substance after passing through the ca-
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Fig. 1. A drop of liquid tin on a steel substrate of grade AISI 201.

Fig. 2. Scanned image of a drop of liquid tin on a solid AISI 201-steel substrate.

pillary. The drop was held at the given temperature for 12 minutes.
Then the furnace was cooled, the drop was removed, and the furnace
was heated again to the higher temperature, and the next drop of liq-
uid tin of the same type was fed through the capillary. Measurements
were taken in the temperature range of 525-775 K with a step of 25 K.
Contour of the drop was photographed using the digital camera. The
resulting image was scanned and processed with the use of TLC-
manager software [27]. When scanning the image, the program formed
the matrices of light absorption coefficients corresponding to each
pixel. Therefore, after scanning, a corresponding image was formed
(Fig. 2) with the clear outline of the drop and the co-ordinate grid. Af-
ter that, wetting angle of this drop was calculated. The work of adhesion
of the corresponding system was calculated by the formula[28, 29]
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A=0c(cosb+1), 1)

where o is surface tension of tin, 0 is calculated contact angle of the
system. To clarify the factors, which could affect the results of the ex-
periment, studies of the chemical composition of the substrate and so-
lidified tin drop using ion-selective [30] and atomic absorption [31]
methods were carried out before and after the experiment. In addition,
studies with the use of x-ray fluorescence method were conducted to
detect iron atoms in a tin drop [32].

3. DEVELOPMENT OF THE THEORETICAL METHOD
FOR DETERMINATION OF THE NATURE OF WETTING

3.1. Formation of the Potential Barrier in the Context of One-
Dimensional Representation, Wave Packet and Interaction Conditions

When using this approximation, the description of interaction of the
tin melt and iron substrate was built on quite simple principles of qua-
si-classical quantum mechanical concepts based on the WKB princi-
ples. We consider the direct interaction of a mobile tin atom and a sta-
tionary iron atom built into the crystal lattice of the substrate, i.e., the
specific laboratory system. During transition to the centre-of-mass
system, an idea arises that a particle with the reduced mass m moves in
a particular field (in our simplified case, it is one-dimensional field).
Potential energy of this field is formed as a barrier owing to the inter-
action of similarly charged ions of the melt and the substrate. Accord-
ing to the known concepts, transmission coefficient shall be deter-
mined by the relation [33]

T(E) = (1 + ((E; — k) / 2k,k,)" sin® k1), (2)

where B =v2mE /h, k, =2m(E -U) / h; m=mimz/(m1+ my) is re-
duced mass, m; is melt atom mass, ms is substrate atom mass, # is
Planck’s constant, E is a total energy of the system, E—U =K =kpT/2
is kinetic energy of the movement of melt and vibrations of the iron
atom in the substrate, kg is Boltzmann’s constant, T is temperature, U
is potential energy of the barrier, [ is barrier width. Ultimately, parti-
cle with the reduced mass passes over the barrier under the conditions
sin(k2l) =0, (k2).l =7n, and
212
E:“—hanU,nsz,&.... 3)
2ml
Let us remark here that n has the meaning of a certain quantum
number and satisfies the condition [=(A./2)n, A=2n/k: is the
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de Broglie wavelength. In this case, the integer number of half-waves
is laid above the barrier. It is not necessary for n to have the large value
in this expression; it may have small values.

In the event that sin(k:l)=x1,l=(n+1/2)x,

i
ml?

and total reflection should be observed. Given that K =E — U, kinetic
energy of a particle with the reduced mass m, is determined by the
temperature: it depends on ksT/2 in the one-dimensional representa-
tion. In this case, even taking into account the statistical distribution
of individual particles by speed and potential-energy formation, i.e.,
barrier, with the temperature change, there should be a deviation from
the monotonic dependence of the contact angle and, as a consequence,
the change in the reflection coefficient. This dependence shall not have
a sharp abrupt change, but it is quite measurable and may have the rel-
atively pronounced amplitude range.

Further construction of the proposed model involves estimation of
the potential barrier width. For this purpose, it is necessary to form
quasi-classical representation of the wave function.

The process of contact of the melt with the surface can be represent-
ed in quasi-classical approximation as a total flow of non-interacting
particles, where each of them can be described by its own wave function
that can be compared with the wave packet. Its average value of the co-
ordinate, i.e., the total flow of particles, can be represented as

fx) =2 2, fe™"

(n+1/2°+U, 4)

where 1 << k <<, i.e., the wave-packet condition is satisfied, fi» is ma-
trix element, o, is transition frequency, x is co-ordinate, ¢ is time,

a,,a, are coefficients of expansion of the wave function y = Z a\y, .
k

Coefficients a, differ significantly from zero for the wave packet in the
range of numbers of 1 << k << o0 and are close in value to each other. If we
change the form of s =k — m, the previous equation can be rewritten as

f(x) =Y a, a,f,.e"" .

Since the coefficients as—» and a. in the range of £ numbering are
close to each other, we can write

1) =Y la,f S 1, Yla,[ = 1.
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That is, matrix elements are transformed into the coefficients of the
Fourier series. Generally, for each particle from the % spectrum, we
can write

fk = a’lfz fsei%tk .
S

Therefore, each particle can be separated from the others in its own
time #,. The wave function can be represented as the product of the
number of elements of the wave packet and the wave function of an in-
dividual component.

3.2. Formation of Quasi-Classical Wave Function
in the WKB Representation

Taking into account the time component, it is possible to form the wave
function, the value of which decays exponentially inside the potential
barrier when |U| > |E|. In this case, passage through the barrier sig-
nificantly reduces the amplitude of the wave function, which generally
corresponds to the absence of passage or reflection of the particle. Ob-
viously, this condition is satisfied at low temperatures. For high tem-
peratures in the order of the melt temperature, |E| > |U|. Here, we
shall observe the passage at integer n and, accordingly, the reflection
at half-integer n + 1/2. So, for the wave function, it is possible to write

n

\VZZ\/E

where N is number of components in a wave packet, C is coefficient,
p(x) is impulse of the particle, p;: is impulse of a fast particle of the
melt; a, b are boundaries of integration. This representation of the
wave function is quite acceptable, since the coefficients determining
the amplitudes in the wave packet do not differ much from each other.
So, the wave function can be expressed as the product of the individual
component by the number of components N. It should be noted that the
values of p; and p in these expressions are not identical; it follows from
the considerations below. Value of the impulse in the amplitude of the
wave function is determined by the second term in the expansion with
respect to the small parameter % of the quasi-classical function

Y ~exp(ip / h), where p =y, +ify,, p, ~*[ px)dx, p, ~Inp'* [33].
When substituting into the function ~ exp(iy, / %), the value of p; isin

the denominator. It means that, with the increase in speed, a particle
in the given volume is less likely to be detected. Therefore, the value of
pi1 is determined by fast particles, i.e., melt ions in the laboratory co-

E|>|U

, (5)

j p(x)dx

]exp(Ktk / h),
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ordinate system. Impulse of a fast particle of the melt can be correlated
with the de Broglie wave of the given particle. From these considera-
tions, we can also assume that, in the centre of mass system, the radius
vector of fast particle of the melt is of the order of the de Broglie wave-
length. Then, we can write:

h hm,  m\2m(E-U) 7

p =t _ n=—0= . m, <m,,(6)

ro (m, +my)r, (m, + m,) T \2m(E -U)
n hm, m,\/2m,(E - U) f
-

— ,rl:—,m2<m1,(7)

B (m1 + mz)’i (m1 + mz) «¢2m2(E — U)

where r is radius vector of a particle with the reduced mass in the field
of potential energy U.

P =

3.3. Normalization of the Wave Function and Calculation
of the Barrier Width

The coefficient C in Eq. (5) is found from the Bohr—Sommerfeld quan-
tization rule [33]. The wave function at the point x =b results in the
wave function

C 17 T

Y = —cos| — pdx——j. (8)
Feolifre]

During normalization of the wave function, it is sufficient to inte-

grate |\u 2 only in the interval of b < x <a, since, beyond this interval,

the function y(x) has small values, because the coefficients of expan-

sion of the wave packet are actually equal to zero. The square of sine
can be replaced by its average value, i.e., 1/2. Then, we get

a

_[ dx nC? _
, p(x)  2mo

2 C?
[hvl dx == 9)

where w=2n/t is frequency of the classical periodic motion. Conse-
quently,

C=.\4m/t. (10)
The wave function taking into account the time component has the

form:

C i Kt

= exp| — px |exp =3B (11)
2{p, (h j [ h j

by
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Using the normalization condition for the co-ordinate component,
we can write

D? j exp(i(p - p)x / h)dx =1. (12)

All components associated with the co-ordinate component, includ-
ing time-dependent components, are considered as D?.
Further, from (12), we shall write

Dzj.d j xp(lax) ax)=1, (13)

where o = (p — p') / 7. The inner integral is written and integrated as
follows:

1 I exp (iox)d(ax) = 1 I cos(ox)d(ox) =
X -

(14)
_ lsm(a )| sm(Lx) —sin(- Lx)
x x
Since sin(Lx) is the uneven function, we get from Eq. (14):
17§ 2
= _f exp (iox)d(ox) = =sin(Lx). (15)
x x

If we represent p’ as —p, i.e., impulse, which is opposite by direction,
but equal in value, that is the extreme value in the continuous spec-
trum of integration from —-L to L, we can determine the value
L =2p /h,andthe following expression is written

81n(2p x)
SN (16)

prwpdx ZI .

Considering the rapid convergence of the integral (16), we can re-
place the boundaries of integration by co-ordinates determining the
extent of the energy barrier o (0—I[); then, from (16) we write:

lsm(gj 2px sin 3
2D£ 2px d( . J:ZD!: 5 ap=1, (17)

h

where B = 2px / 1. Since the value B =1, by neglecting unity after in-
tegration, we obtain from (17)
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cos (%) = Re [exp [—i %ﬂ . (18)

After estimation of the co-ordinate component and return to the
original expression for normalization of the wave function, consider-
ing the time component, we write

2 2Kt
_NCh exp(—i@jexp[—kJ =1, (19)
8p,2p h h

where C =\/4m / t.

Performing one-term expansion of the time component, we express
the dimensions of the potential barrier. In the statistical aspect, when
we consider separation of each particle in the wave packet in time, the
total time of interaction with the substrate can be represented as
T~ Nt,. Then, we can write

z:iln[K””), (20)
2p tpp

where 1 is time of contact of interacting phases, ¢ is period of quasi-
classical motion of the particle.

Dimensions of the potential barrier and, accordingly, the number n
are determined by the set of components (p, p1, m, K, 1, t) establishing
a certain connection between [ and n. Further, using the Bohr—
Sommerfeld quantization expression [33]

l
%jx/2mde=nn—n/2, (21)
0

where the upper limit of integration is determined by linear dimensions
of the potential barrier, we determine the number n. In this approxima-
tion, taking into account possible deviations from integer values in the
calculations, the number n is actually the same with the value ~ 6.

3.4. Non-Wetting, Wetting and Abnormal Increase in the Contact Angle

Now we shall consider the system at the initial temperature of 525 K
(slightly above the melting point of tin). Here, we observe non-wetting
of the liquid phase with the solid phase and assume that the particle
passes over the barrier. In this case, the condition (3) is to be satisfied,
i.e., kinetic energy of the particle with the reduced mass will be
n’h’n?
(E-0U), o n==6. (22)
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For wetting to be observed in the system, the particle should be re-
flected from the barrier, i.e., kinetic energy of the particle from Eq. (4)
should be equal to

?hi(n+1/2)
2ml? |

Then, we find the difference of energies (23) and (22), i.e., the ener-
gy under which the system quantum number will change from the in-
teger to half-integer, and the particle is reflected from the potential
barrier:

(E-U),.., = (23)

e h?
2ml?

The system is capable of obtaining this energy when the temperature
increases. Consequently, energy of the system K, = ksT,/2, comparable
to (E —U) at the initial temperature, should increase by the value (24).
Then, the final value of this quantity is

n°h® 1
o (n+1/4)= EkBT,HI/Z. (25)

From Eq. (25), we find the temperature T,.1,2, at which the particle re-
flection from the barrier and wetting of the solid phase with the liquid
phase in the system is observed. At this temperature, a sharp decrease
in the contact angle shall be observed.

Now, we shall determine the distance between adjacent energy lev-
els, i.e., the energy required for the quantum number of the system to
change by unity and for the particle to pass through the potential bar-
rier again. Kinetic energy of the particle located at energy level n + 1 is

i’ (n + 1)

AE -U) =

(n+1/4). (24)

Kn+1/2 = Kn + 2

E-U = 26
( )n+1 2m[2 ( )
Difference of energies (26) and (22) is, accordingly,
n*h®
AME-U) = s(@2n+1). (27)
2ml

Transition of the particle to the next energy level can be accompa-
nied by deterioration of the wetting and increase in the contact angle.
In the same way, we add (27) to the initial kinetic energy K, at the ini-
tial temperature and find the temperature T..1, at which we observe
the deteriorated wetting:

212

n°h 1
K. =K +—(2n+1)==k,T 28
n+l n 2ml2( ) 2 B ( )

n+l *®
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Analysing the expressions (20), (24) and (27), we can come to the
conclusion that increase in the quantum number in the relation (24)
leads to the temperature rise in the system indirectly through kinetic
energy and, accordingly, through the impulse by a certain value. At
the same time, according to Eq. (20), impulse is directly involved in the
calculations of the potential barrier, and its increase will lead to nar-
rowing of the barrier in accordance with the temperature rise, ade-
quate to the increase in energy when the quantum number becomes
higher. Taking into account this relationship, in our opinion, it is logi-
cal to adopt the fixed dimension of the barrier in Egs. (24) and (27),
corresponding to the initial temperature close to the melting point of
melt. Therefore, modelling of the dynamics of temperature rise is pos-
sible by increasing the quantum number in Egs. (24), (27) and, respec-
tively, comparing the theoretical dynamics of the contact angle tem-
perature dependence to the experimental one.

4. THEORETICAL METHOD FOR CALCULATION OF THE WORK
OF ADHESION

In this model representation, it is possible to consider the issue of the
work of adhesion, linking it with the wetting phenomenon. That is,
non-wetting is observed during passage of the barrier, while wetting is
seen during reflection from the barrier. In accordance with the model
representations, the passage amplitude takes the form [33]

~ 4k,k,
(ky + ky)* — (R, — k)’

exp(i2k,y) .

Accordingly, the transmission coefficient is

-1

L & k)Y .,
T(E)=t {H(—zklkz ] sin (kzv)} )

where y is certain phase determined by the barrier dimension [. If
sin(k2y) =0, (ken)l=nn, T(E)=1, passage occurs over the barrier with
no wetting. In this case, the work of adhesion can be expressed as

U
A PR (29)
This expression is formed based on the representation of the barrier
dimension normalization in the de Broglie wavelength units and di-
mensional requirements. Next, we shall find the height of the potential
barrier.
From Ref. [33], it follows that
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r_AEE-U)

- - Y _ 30
(2E -U)’ (30)
The potential energy is represented as
U=-(E-U)+U -K)). (31)

After expressing (E —U) from Eq. (30) and substituting in Eq. (31),
we obtain

QRE-U)Y . _(E-U)+E)"
AE B AE

To describe fully the solution, there are no sufficient input variables
in the relation (32); so, in this case, we used the combined variable
(E —U) as a parameter. We obtained a family of solutions depending on
the ratio of variables included in the combined parameter. Further,
after analysis of the family of solutions, we chose the solution, which
was the most appropriate for the description of real dependences ob-
tained from experiments that is the contact angle as a function of time
and temperature. Components included in the optimal parameter,
which determined the optimal solution, were chosen with the use of
computer modelling.

Therefore, the expression for U depending on (E —U) and K in the
case, when the particle passes over the barrier, is obtained as follows:

_ 6K -2E-U)
18

-2U = K. (32)

Ul
1 (33)
+ (K + 2(E - U))? - 36(-3K? + (E -U)? + 2K(E - U)))"2.

In case of reflection, which can be achieved with a minimum trans-
mission coefficient, i.e., sin(kzy) =+ 1, (kn)l=(n+1/2)n, wetting is ob-
served.

Then, the reflection coefficient is

2
R:I—T:( v J=1. (34)
2E -U
From here,
A(E-U)E-U”=-U". (35)

Using Eq. (31), we get

AE-U)E-U?=—-((E-U)+ (U -K)). (36)
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Solving in the same way, we find the expression for the height of the
potential barrier from Eq. (36) for the case of the particle reflection
from the barrier

—2K(E -U) - (E-U)’ - K?| 37
6(E -U) - 2K |’

-

Substituting U; or U in the expression (29), we find the work of ad-
hesion for the case of non-wetting (U,) or for the case of wetting (U»).
The parameter (E — U) is, respectively, expression (22) at a given tem-
perature.

Contact angle of wetting of the solid phase with the liquid one is cal-
culated by formula[29]

06 = arccos(A /o —-1). (38)

In conclusion, it should be noted that it is quite acceptable to use the
quasi-classical approximations within the WKB representation, since
the condition below is satisfied [33]:

mis au

h3

<<1, 39
ix (39)

where x has the order of the barrier width. In our case, the left side of
Eq. (39) has the values of the order of 1074, i.e., less than unity.

5. RESULTS AND DISCUSSION

In the process of experiment for the determination of the contact angle
of wetting of the steel substrate with liquid tin depending on tempera-
ture, we have found a decrease in the contact angle with the tempera-
ture rise. However, as the temperature rose further, the contact angle
increased again [34]. Figure 3 shows photographs of a drop for three
characteristic temperatures.

The results of experimental study of the formation of a contact an-
gle and the work of adhesion depending on temperature for the system
of tin—steel AISI 201 are given in Figs. 4 and 5. From these figures, it
is clear that at first the values of the contact angle of this system de-
crease; the wetting threshold is observed at the temperature of
=600 K, and the dependence has a minimum at the temperature of
650 K. Values of the contact angle of wetting and the work of adhesion
at 650 K are equal to 55° and 0.913 J/m?2. Further, with the rising tem-
perature, the angle value increases and, at the temperature of 725 K, it
is equal to 112°. Accordingly, the work of adhesion at this temperature
is of 0.363 J/m?2. Therefore, we can determine the effect of abnormal
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a b c

Fig. 3. Photograph of drop of liquid tin on substrates made of steel AISI 201
at the temperatures of 550 K (a), 650 K (b), and 775 K (¢).

increase in the contact angle of wetting of the system tin—steel AISI
201, which is confirmed by experimental data.

For the comparison with the experimental results, Figures 4, 5 show
the dependences of the contact angle of wetting and the work of adhe-
sion on temperature, obtained by the given theoretical method for the
tin—iron system. Mass of the tin atom was considered as mi, and mass
of the iron atom was taken as ms. Calculations were carried out at
1=12 min, starting from the temperature of 525 K. At the given tem-
perature, the energy E — U of the system was equal to 3.57-10721 J, and
the value of kinetic energy K was of 3.62-10721J, comparable to E - U,
with the quantum number n =6. The calculations show that the energy
required for changing of the quantum number from 6 to 6.5 is of
0.62-10721 J, while the energy required for transition of the system to
the new level is of 1.29-1072! J. Consequently, values of the correspond-
ing temperatures are of 614 K and 711 K. Values of the work of adhe-
sion were calculated up to 614 K under Eqgs. (29) and (33), in the tem-
perature range of 614—711 K, according to Egs. (29) and (37). When
the temperature increased further above 711K, the expression (33)
was used again to calculate U.

Values of the contact angle and work of adhesion at the temperature
of 525 K were of 122° and 0.272 J/m?, respectively (Figs. 4, 5). At the
temperature of 614 K, the quantum number changed from the integer
to half-integer and values of these characteristics were of 60° and
0.868 J/m?. As the temperature rose further, values of the contact an-
gle decreased and those of the work of adhesion increased. The mini-
mum dependence of the contact angle values on the temperature was
observed at T =700 K being equal to 28°. Accordingly, the value of the
work of adhesion at this temperature was of 1.092 J/m?. With the fur-
ther increase in temperature, the system transitioned to the next ener-
gy level, and the wetting deteriorated. Therefore, at the temperature
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Fig. 4. Temperature dependence of the wetting angle: curve constructed ex-
perimentally (o), curve constructed by calculation (m).
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Fig. 5. Temperature dependence of adhesion: curve constructed experimental-
ly (o), curve constructed by calculation (m).

of 725 K, the values of the contact angle and work of adhesion were of
95° and 0.526 J/m?, respectively. Then, the contact angle values de-
creased.

The convergence of experimental data with the calculated ones
shows that the proposed model used to calculate the work of adhesion
and contact angle of non-equilibrium systems describes the observed
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phenomena well.

The authors of Refs. [23, 24, 35, 36] suggest that the phenomenon
of a sharp decrease in the contact angle of wetting at the temperature
rise, i.e., the wetting threshold, arises owing to the destruction of ox-
ide films or the occurrence of chemical compounds between the solid
and liquid phases. However, in our study no iron atoms were detected
on the surface of the tin drop during the investigation by the x-ray flu-
orescence and atomic absorption methods after the experiment. Insig-
nificant amount of nitrogen oxides was found on the surface of the tin
drop by the ion-selective method. Nevertheless, it could not signifi-
cantly affect the contact-angle dependence on the temperature. Since
the proposed theoretical method for the calculation of the contact an-
gle does not take into account the factors of nitrogen oxide formation,
some discrepancies are observed in the constructed theoretical and ex-
perimental curves of dependence of the contact angle and adhesion on
temperature.

Insignificant shift can also be explained by the fact of use of multi-
component steel substrate in the experiment, while pure iron was used
in the calculations. Consideration of multicomponent systems will be
the subject of our further studies. According to this model, the wetting
threshold phenomenon arises owing to the fact that the system thermal
energy exceeds the required value and the condition of a particle re-
flection from the potential barrier is satisfied. The other factor is the
change in the ratio of linear dimensions of the barrier and the de Brog-
lie wavelength from integer to half-integer. Therefore, the method
proposed in this paper explains the observed phenomena during the
contact of the liquid and solid phases in a different way, relying on
quantum effects of the systems.

Previous studies in the systems of tin—steel and tin—iron [23, 24] did
not reveal any abnormal increase in the contact angle depending on the
temperature, since, for a heated system in equilibrium, the tempera-
ture rise cannot cause an increase in the contact angle of wetting [37].
Therefore, if a drop of tin is continuously heated to the certain tem-
perature, the contact angle shall decrease, and it does not increase any
longer with the rise in temperature. In our study, for each point of
temperature dependence of the contact angle, a new drop of tin was ex-
amined each time with a step of 25 K. In this regard, at the tempera-
ture of about 725 K, as a result of changes in the interaction processes
of the system, the contact angle initially did not reach small values
that were observed at lower temperatures. The increase in wetting an-
gle in the tin—steel system is observed, according to our ideas, as a re-
sult of changing energy of interaction between the melt and substrate
atoms, as described by our model based on the WKB quasi-classical
quantum conception.

This method can be used for the metallic non-equilibrium systems,
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and we consider promising to study its application for non-metallic
systems. The use of this method will allow predicting the processes in
non-equilibrium systems by calculations, without conducting any ex-
periments; so, it can find practical use in the creation of composite ma-
terials, soldering processes and solving of other applied problems.

6. CONCLUSION

We carried out the experimental observation of wetting of the solid sub-
strate of steel AISI 201 with liquid tin. The temperature was increased
in steps of 25 K, and for each fixed point of dependence, a new drop of
tin was supplied on the substrate and examined. The wetting threshold
is observed at =600 K on the experimental curve of temperature de-
pendence of the contact angle of wetting of this system. Therefore, de-
crease in the angle and increase in the work of adhesion corresponds to
improved wetting. Further, with the temperature rise, the contact angle
begins to increase abnormally and the work of adhesion decreases.

The abnormal effect of the sharp change in the wetting angle de-
pending on temperature at the contact of the solid and liquid phases is
described using the quasi-classical approximation of quantum mechan-
ics. According to our ideas, the sharp change in the contact angle is ex-
plained by changing ratio of linear dimensions of the barrier and the de
Broglie wavelength of the system.

The wetting threshold temperature is defined as the temperature, at
which the condition of reflection of a particle with the reduced mass
from the potential barrier determined by interaction energy of the con-
tacting phases is satisfied.

The experimental curve of change in the contact angle of the system
of tin—steel AISI 201 agrees satisfactorily with the theoretical curve
for the tin—iron system. Thus, the proposed method of calculation can
be used to find wetting indicators in non-equilibrium melt—solid metal
systems.

This work was performed within the research ‘Adhesion Strength of
the Galvanic Coatings’ (No. 0121U13278 of the State registration),
‘Development of Plasma Technologies for Strengthening Coatings
Used in Extreme Conditions’ (No. 0123U104531 of the State registra-
tion).
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The Effect of the Specific Magnetic Susceptibility

of the 06 XH28MT/I Alloy (Similar to AISI 904L Steel)
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The article investigates the effect of the specific magnetic susceptibility yo of
06XH28MIT alloy (similar to AISI 904L steel) on its corrosion behaviour in
recycled water of enterprises, which most often has a pH of 4-8 and a chlo-
ride concentration of up to 600 mg/1. Under such conditions, heat exchangers
made of this alloy melt can be subject to pitting. Their resistance to pitting
corrosion is estimated by means of the critical temperatures (CPT) in model-
recycled water with the following parameters. In particular, it has been
found that the chlorides’ concentration within them has a more intense effect
on the alloy CPT than their pH, since it increases up to 8°C with an increase in
pH from 4 up to 8 and up to 11°C with a decrease in chlorides’ concentration
from 600 down to 350 mg/1. It is found that, in the model recycled water with
pH 4 and chlorides’ concentration of 350 mg/1, the CPT of the alloy decreases
from 53°C down to 46°C, and with chlorides’ concentration of 600 mg/1 from
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42°C down to 38°C with an increase in its parameter yo from 2.86 m3/kg up to
3.09 m3/kg. However, its further increase up to 3.38 m?/kg contributes to
the elevation of the CPT up to 49°C in media with pH 4 and 350 mg/1 and up
to 40°C with pH 4 and 600 mg/1. This corrosion behaviour of the alloy is due
to the synergistic effect of the alloy high yo, the maximum content of titani-
um nitrides and sulphides, and the characteristic features of the selective
dissolution of ACr, ANi and AFe from pits. In particular, under such condi-
tions, they are stable and develop steadfastly, since the coefficients of selec-
tive dissolution of Cr Zc: < 1 and Ni Zni > 1.

Key words: resistance of 06 XH28M/IT alloy to pitting, specific magnetic sus-
ceptibility of 06 XH28M/T alloy, selective dissolution of base metals from
pits, chloride-containing recycled water.

¥ crarTi DOCHiAiKeHO BIJIMB IUTOMOI MAarHETHOI CIPUUHATIUBOCTU Yo CTOILY
06XH28M/T (amasnor xpurti AISI 904L) Ha fioro KOpo3iliHy HOBeZiHKY B 000-
POTHIiX BOJax HiAmpmeMCTB, sIKi Hamuacrinie maioTb pH 4—8 i KOHIEeHTpAaIIiT0
xaopuziB go 600 mr/n. 3a TaKUX YMOB TEILIOOOMIHHUKM 3 ITOT'O CTOIIYy MO-
MYTh MiJaBaTHUCA HiTTiHI'YBaHHIO (TOUKOBi# Koposiil). Ixmiil omip mirrimry-
BaHHIO OIfiHeHO 3a KputnuHuMu Temueparypamu (KTII) B mogensHIX 060pOT-
HiX BOJjax 3 TAKMMU IapaMeTpaMu. 30KpeMa, BCTAHOBJIEHO, 110 KOHIIEHTPAIlia
xjaopuniB y Hux inteHcusHimne BuiauBae Ha KTII cronmy, HidK IxHil nokasHUK
pH, ockinbku KTII 3poctae g0 8°C 3i s6inbinennam pH Bix 4 no 8 Ta 1o 11°C 3
MMOHMKEHHAM KOHIIeHTpatii xaopuzais Big 600 mo 350 mr/a. 3’sAcoBaHo, 1110 B
MOIeabHUX 000pOTHIX Bomax i3 pH 4 Ta KoHIeHTpallieio xjJopunis y 350 mr/n
KTII crony mormxkyerhea Big 53°C mo 46°C, a 3 600 mr/1 — Big 42°C mo 38°C
3i 36inbIeHHAM Moro mapamerpa Yo Big 2,86 m3/kr mo 3,09 m3/kr. Aue moza-
JIBIIIE H0ro 3pocTanus 1o 3,38 Mm% /kr cupusc pocty KTII no 49°C y cepegosuii
3 pH 41350 mr/n ta 5o 40°C — 3 pH 4 1 600 mr/s. Taky KOpO3iliHy IIOBEIiHKY
CTONY 3yMOBJIEHO CUHEPTETUUYHUM BILJINBOM BUCOKOI'O 3HAUEHHS IapaMeTpa Yo
CTOIly, MaKCUMaJbLHUM BMicTOM y HbOMY HiTpuAiB i cysnbdiniB Turany Ta xa-
PaKTepHUMHU OCOOJIUBOCTAMU cejieKTuBHOTO posumHeHHA ACr, ANi i AFe i3
miTTiHT'iB (DAKOBUH Ha BUJIUBKY). 30KpeMa, 32 TAKMX YMOB BOHU € CTabibHU-
MU Ta PO3BUBAIOTHCA CTA0IIBHO, OCKIIBKY KOe(iIlieHTH CeIeKTUBHOTO PO3YUM-
HeuHACr Zor <1, aNi — Zni > 1.

Karouosi caoBa: omip cromy 06XH28MIT wmiTrinryBamHIO, mapaMarHeTHA
cupuitaaTauBicts cromy 06XH28M/IT, ceneKTmBHe PO3UMHEHHA OCHOBHUX
MeTaJIiB i3 miTTiHT'iB, XJTOpUIOBMiCcHI 000POTHI BOAH.

(Received 15 November, 2023; in final version, 11 April, 2024 )

1. INTRODUCTION

Alloy 06 XH28M/IT (similar to AISI 904L steel) has high corrosion re-
sistance in many aggressive media, in particular at temperatures up to
80°C in sulphuric acid of various concentrations, but it is subject to
intercrystalline corrosion in 565% acetic and phosphoric acid. It is used
to make castings of mining and metallurgical equipment parts, welded
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construction of boilers, heat exchangers, pipelines, tanks, equipment
for the production of complex mineral fertilisers, coils of tubular fur-
naces for ammonia, hydrogen, ethylene, carbon disulfide production
plants, etc. [1, 2]. This alloy and its similars AISI 904L (USA),
Z1NCDU 31-27-03 (France), SCS23 (Japan) are often used in the pro-
duction of heat exchange elements for plate-like heat exchangers made
of cold-rolled metal with a thickness of 0.3 to 1.0 mm, which are used
in the production of sulphuric, hydrofluoric, orthophosphoric acid,
etc. At the same time, recirculating systems with water are used to cool
the process product in these industries. It is known [3—5] that, under
such conditions of acid production, heat exchanger plates on the side of
recycled water can be subjected to pitting and crevice corrosion under
the influence of chloride ions present in it. Many scientific studies the
evaluation and prediction of pitting corrosion resistance of heat ex-
changers made of AISI 321, 12X18H10T [6], AISI 304, 08X18H10 [7],
AISI 316 [8], AISI904L, 06XH28M/IT have been devoted [9, 10]. They
found that it mainly depends on the parameters of the chloride-
containing media (pH, chloride concentration) and, to a lesser extent,
on their structural heterogeneity and Cr content. At the same time,
paper [11] established a correlation between the corrosion losses of
AISI 304, AISI 321 steels and 06XH28M/IT alloy and their specific
magnetic susceptibility, where the possibility of using this indicator to
assess the pitting corrosion resistance of these construction materials
in chloride-containing media has been considered. Therefore, the rela-
tionship between the critical pitting temperatures (CPT), corrosion
losses of metals ACr, AFe, ANi from pits on the surface of 06 XH28MIIT
alloy in model recycled water and its specific magnetic susceptibility
has been investigated.

2. EXPERIMENTAL/THEORETICAL DETAILS

Five industrial melts of 06 XH28M/T alloy have been studied. Their
CPT, chemical composition (Table 1), and structural heterogeneity in [5,
9, 10] have been investigated.

The value of the specific magnetic susceptibility yo in the saturation
field has been determined experimentally using automated magneto-
metric equipment such as Faraday scales [11]. The values of y, for five
melts of 06 XH28M/IT alloy obtained earlier in [12] are given in Table 2.

The critical pitting temperatures of the 06 XH28MIIT alloy in mod-
el-recycled water with a pH of 4—8 and a chloride concentration from
350 mg/1 up to 600 mg/1 have been determined [9]. Such water parame-
ters of recycling systems of enterprises are most often encountered
during the operation of heat exchangers [4]. The corrosion losses of the
main metals from stable pitting ACr, ANi, AFe using the methods of
[13-15] in model recycled water with a pH of 4—8 and a chloride con-
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TABLE 1. Chemical composition of 06 XH28M/T alloy (similar to AISI 904L
steel).

Melt Content of alloying elements, % wt.
number| ¢ | si [ Mn | cr | Ni [Mo|cu| Ti | s [P
1 0.050 0.60 0.32 24.31 27.39 2.90 2.75 0.79 0.006 0.029
0.067 0.57 0.46 22.68 27.65 2.78 2.68 0.59 0.005 0.027
0.068 0.55 0.54 21.84 27.45 2.55 2.60 0.55 0.004 0.038
0.048 0.62 0.57 22.67 27.73 2.56 2.53 0.67 0.006 0.028
0.050 0.57 0.31 23.46 27.51 2.51 2.78 0.89 0.004 0.032

Ot B~ W N

centration 300 mg/1 and 600 mg/1 have been determined.

3. RESULTS AND DISCUSSION

The analysis of the dependencies between the CPT of 06 XH28M/IT alloy
and the pH of model recycled water showed that they increase with an
increase in this indicator regardless of the chloride content (Fig. 1). In
particular, it has been found that in model recycled waters with a chlo-
ride concentration of 600 mg/1, the CPT of melts Nos. 2 and 4 increases
by 6°C with an increase in the pH of model-recycled waters from 4 up to
8. At the same time, the CPT of melts No. 6 in model recycled waters
with pH 7, 8 and No. 2 with pH 4, 5 were the same (44°C and 42°C, re-
spectively). This is most likely due to a decrease in the hydrogen ionisa-
tion overvoltage on Mo and Ti carbides in melt No. 2 in low acidic chlo-
ride-containing solutions and the ‘inhibition’ of the alloy’s CTP increase
with increasing pH, since it has a higher Mo and C content than No. 4
(Table 1).

And in melt No. 4, the probability of precipitation of Mo and Ti car-
bides from the austenite solid solution is very low, since it contains on-
ly 0.048% wt. of carbon (Table 1), which is less than its maximum sol-
ubility (0.05% wt. at room temperature [15]). At the same time, mo-
lybdenum and titanium carbides are characterised by a very low hy-
drogen overvoltage, which, under conditions of hydrogen depolarisa-
tion corrosion, accelerates cathodic reactions and shifts the corrosion
potential of steel or alloy in the positive direction, increasing the speed

TABLE 2. Specific magnetic susceptibility of 06 XH28MIT alloy.

Melt number 1 2 3 4 5
x0, m3/kg 2.95 2.86 3.38 3.09 2.96
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Fig. 1. Dependence of the CPT of 06 XH28MIIT alloy (curves 1, 3 are melt 2,
curves 2, 4 are melt 4) on the pH of model recycled water with a chloride con-
centration of 350 mg/1 (curves 1 and 2) and 600 mg/1 (curves 3 and 4).

of anodic processes [17].

With a decrease in the chloride concentration in the model recycled
water to 350mg/l, a significant increase in the CPT of the
06XH28M/T alloy has been found (Fig. 1). This is consistent with the
data of papers [6, 7, 9, 10, 18—23]. It has been found that the CPT of
melt No. 2 increased by 5°C and No. 4 by 8°C with an increase in the pH
of the model recycled water from 4 up to 8. At the same time, it should
be noted that, in the model-recycled water with pH 4, the CPT of melt
No. 4 increased by 8°C, and with pH 8 by 10°C with a decrease in its
chloride concentration from 600 mg/1 down to 350 mg/1 (Fig. 1). The
same tendency for melt No. 2 has been observed, in particular, in the
model-recycled water with pH 4, its CPT increased by 11°C, and with
pH 8 up to 10°C with a decrease in the chloride concentration in the
media from 600 mg/1 down to 350 mg/1 (Fig. 1).

Summarising the above-mentioned ones, it can be noted that, in the
studied model-recycled waters with pH 4—8 and chloride concentra-
tions of 350 mg/1 and 600 mg/1, the influence of the last parameter on
the CTP of 06 XH28M/IT alloy is more significant than that character-
ising its acidity. In addition, it is higher in melt No. 2 in model recy-
cled water with pH 4, and No. 4 with pH 8. This is most likely due to
the higher content of Mo and Cr in melt No. 2 than in No. 4 (Table 1),
since Mo together with Cr form mixed oxides in the passive film that
are more corrosion-resistant than chromium oxides [22]. The im-
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provement of the protective properties of oxide films under conditions
of alloy alloying with Mo is due to the adsorption of (M0QO,) 2 ions on its
surface, formed as a result of oxidative dissolution of Mo from the al-
loy and the squeezing out of chloride ions from its surface [22, 23]. In
addition, such an effect of Mo on the pitting corrosion resistance of
stainless steels and alloys is mainly observed in low acidic and close to
neutral chloride-containing media, since these processes are associated
with the adsorption of chlorine ions and (MoO4)2 on the surface of steels
and alloys [22].

Analysis of the data from paper [9] showed that the volume of tita-
nium nitrides and sulphides does not affect the CPT of the
06XH28M/T alloy in model recycled waters with pH 4—8 and chloride
concentration from 350 mg/1 up to 600 mg/1, since they are 0.1427 and
0.0036% wvol., respectively, and in the melt No.4 and 5—0.1692,
0.003% vol. and 0.0931, 0.0036% vol., respectively. It is obvious that
the atomic-electronic state of austenite may have a greater influence
on the activation of metals in the vicinity of these inclusions by chlo-
ride ions in model recycled water than the imperfections of the struc-
ture in these places. The specific magnetic susceptibility characterises
the atomic-electronic state of the austenitic matrix of steels and alloys
[12], so we further investigated the correlation between the CPT of the
06XH28M/IT alloy and its specific magnetic susceptibility (Fig. 2).

According to the results of the analysis (Fig. 2), it has been found
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Fig. 2. Relationship between the CPT of 06 XH28M/IT alloy and its specific
magnetic susceptibility in model-recycled water with pH 4 and chloride con-
centration of 350 mg/1 (curve 1) and 600 mg/1 (curve 2).
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that in the model recycled water with pH 4 and chloride concentration
of 350 mg/1, the CPT of the 06 XH28MJIT alloy intensively decreased
from 53°C melt No. 2 down to 46°C melt No. 4 with an increase in their
Yo from 2.86 m3/kg melt No. 2 up to 3.09 m3/kg melt No. 4 (Table 2),
but then its rapid growth up to 49°C melt No. 3 with an increase in its
%o up to 3.38 m®/kg has been observed (Table 2). It should be noted that
in the model recycled water with pH 4 and a chloride concentration of
600 mg/1, the same dependence between the CPT of the 06 XH28MIIT
alloy and its %o has been found (Fig. 2). At the same time, the intensity
of the decrease and increase in its CPT with an increase in the value of
o was somewhat lower (Fig. 2). This may indicate the presence of a
correlation between the chlorides’ concentration in the model-recycled
water and the ability to absorb the chloride ions on the surface of the
alloy, depending on the atomic and electronic state of its austenitic
matrix.

It should be noted that in the model recycled water with pH 4 and
chloride concentration of 600 mg/l, melts No.5 and No. 3 have the
same CPT (40°C), but different values of the yo parameter (2.96 m?/kg
and 3.38 m?/kg, respectively (Table 2)). At the same time, melt No. 5
contains more Cr, Ni, Cu, and Ti than No. 3 (Table 1) with almost the
same Mo content (2.51% wt. and 2.55% wt., respectively). However,
the volume of titanium nitrides (0.1918% wt.) and sulphides
(0.0043% wt.) in melt No. 3 is higher than in No. 5 (0.0931% wt. and
0.0036% wt., respectively). It turns out that these inclusions in the
06XH28M/T alloy compensate for the lower content of Cr [6, 7, 12,
24, 25],Ni[26, 27], Mo [28-30], Cu[29] and Ti[31]in the melt No. 3 in
terms of its resistance to pitting corrosion in chloride-containing me-
dia, since it is known [24—31] that these alloying elements in steels and
alloys increase their pitting corrosion resistance. This is consistent
with the data of papers [5, 9] and [24], which mention the positive ef-
fect of carbides in stainless steels on their pitting resistance in chlo-
ride-containing media due to an increase in hydrogen ionisation over-
voltage on them in acidic and low acidic solutions.

The synergistic effect of the parameter yo of the 06 XH28M/IT alloy
and the volume of inclusions in it on its CPT in model recycled waters
has been established above, so the characteristic features of the selec-
tive dissolution of ACr, ANi and AFe from pitting in the vicinity of
these inclusions (Fig. 3), depending on this integral alloy characteris-
tic (y0), are of scientific and technical interest.

The analysis of the relationship between AFe of the 06 XH28M/T
alloy from pitting and its yo showed that AFe intensively increases
from 783-107° mg melt No. 2 up to 3138-107° mg melt No. 1 with an in-
crease in the yo parameter from 2.86 m3/kg melt No. 2 up to 2.95 m3/kg
melt No. 1 (Fig. 4). This is most likely due to the higher content of Cr
(24.31% wt.), Mo (2.9% wt.), Cu (2.756% wt.), Ti (0.79% wt.) (Table
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Fig. 3. Pitting nucleation in the vicinity of an inclusion (x600).

1), the volume of nitrides (0.1711% wt.) and sulphides (0.0091% wt.)
of titanium [9] in the melt No.1 than in No. 2 (22.68, 2.71, 2.68,
0.59% wt. (Table 1), 0.1427 and 0.0036% vol. [9], respectively). Fur-
ther, a rapid drop in AFe from 3138-107% mg in the melt No. 1 down to
111-10 % mg in the melt No. 5 with an increase in y, of the alloy from
2.95 m3/kg in the melt No.1 up to 2.96 m3/kg in the melt No. 5 has
been recorded (Fig. 4). Obviously, this is due, first of all, to a decrease
in the volume of titanium nitrides and sulphides in the melt No. 5
down to 0.0931% vol. and 0.0036% vol., respectively [9], and Cr and
Mo down to 23.4% wt. and 2.51% wt. (Table 1), respectively (Fig. 4).

After that, it has been found that the AFe of the alloy from pitting
rapidly increased from 112-:107® mg melt No. 5 up to 4651-107 mg melt
No. 4 and 5155-10° mg melt No. 3 with an increase in their y, parame-
ter from 2.96 m3/kg melt No.5 up to 3.09m3/kg melt No.4 and
3.38 m?/kg melt No. 3 (Table 2). Most likely, this trend is due to the
lowest content of Cr, Mo, Cu in these melts (Table 1) and the largest
volume of inclusions, in particular in melts 3 and 4 of nitrides
0.1918% vol. and 0.1692% vol. and sulphides 0.0043% vol. of titani-
um [9].

Summarising the above, it turns out that the lower the pitting re-
passivation ability provided by Cr and Mo, more intense the metal ioni-
sation in them, which is ‘inhibited’ by Cu, shifting the pitting poten-
tial of the alloy to the positive side, and the more imperfect the austen-
ite structure in the vicinity of the inclusions, the more intense the se-
lective dissolution of iron atoms from the pits on the surface of the
06XH28M/IT alloy.

The analysis (Figs. 4, 5) showed that the corrosion losses ACr from
pitting of melts Nos. 2, 1, 5 of 06XH28M/IT alloy and their index vy,
have the same relationship as between AFe and yo. Thus, it can be as-
sumed that the mechanisms of influence of alloy alloying elements and
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Fig. 4. Dependence between corrosion losses AFe from pitting on the surface
of 06XH28M/IT (numbers near the dots are the melts numbers) alloy and its
specific magnetic susceptibility yo of austenite in model recycled water with
pH 4 and chloride concentration of 600 mg/1.

its structure components on ACr from pitting are the same as those on
AFe mentioned above. However, with an increase in the y, of the stud-
ied alloy from 2.96 m3/kg melt No. 5 up to 3.09 m3/kg melt No. 4 and
3.38 m?/kg No. 3 (Table 2), a slow decrease in ACr from 1109-107% mg of
No. 5 down to 900-10% mg of No. 4 and 796-10° mg of No. 3 has been
observed (Fig. 5). This feature of the selective dissolution of ACr and
AFe from the pittings of melts Nos. 3 and 4 of 06 XH28M/T alloy is in-
herent in the selective dissolution of atoms of these metals from stable
pittings. Under such conditions, iron atoms diffuse in the nanovolumes
of the alloy austenite solid solution to their surface, and Cr atoms—in
the opposite direction, which contributes to the reorganization of metal
nanovolumes in their vicinity with the emergence of nonequilibrium va-
cancies that diffuse into its volume, where they coagulate and form
pores [32—34].

At the same time, according to [35], the less thermodynamically sta-
ble alloy components Cr and Mn than Fe dissolve selectively and accel-
erate its dissolution. At the same time, Cu, which is more thermody-
namically stable than Fe, accumulates on the alloy surface and slows
down the dissolution of Fe [36]. This is consistent with the results of
these studies, in particular, in the melts Nos.1, 2, 5 of the
06XH28M/T alloy, the largest amount of Cu (2.75, 2.68, and 2.78%
wt., respectively) and they susceptible to pitting corrosion with the
formation of metastable pits on their surface, since their coefficients
of selective dissolution of Cr from pittings Z¢.>1 (1.26, 3.75, and
17.5, respectively; see Fig. 6). This shows that under such conditions,
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Fig. 5. Dependence of corrosion losses ACr from pitting on the 06 XH28MIIT
(numbers near the dots are the melts numbers) alloy surface on its specific
magnetic susceptibility yo of austenite in model-recycled water with pH 4 and
chloride concentration of 600 mg/1.

chromium dissolves more intensively from pittings. This trend, as
mentioned above, is associated with the accumulation of copper on
their surface.

Analysis of the data (Fig. 6, Tables 1, 2) and the volume of inclu-
sions in the melts Nos. 1-5 of 06 XH28M/IT alloy [9] showed that meta-
stable pittings on their surface is formed in a chloride-containing me-
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Fig. 6. Dependence of the coefficient of chromium selective dissolution from
pitting (Zc:) on the 06 XH28M/T (numbers near the dots are the melts num-
bers) alloy surface of and its specific magnetic susceptibility yo of austenite.
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dia with a pH of 4 and a chloride concentration of 600 mg/1, which can
be formed on the surface of melt exchangers from recycled water
sludge, at volumes of titanium nitride and sulphide up to 0.1692% vol.
and 0.0043% vol., respectively, the value of 3o from 2.86 m?/kg up to
3.09 m?3/kg, Cr content up to 22.67% wt., Cu more than 2.6% wt. Oth-
er alloy parameters mentioned above contribute to the formation of
stable pittings on its surface under the same test conditions.

The data analysis (Fig. 7) showed that the dependence of ANi of the
06XH28M/T alloy from pittings on its yo parameter is the same as that
of ACr (o) (Fig. 5). Thus, the mechanisms of influence of the parame-
ter yo on ANi from pits are similar to its influence on ACr, which were
mentioned above.

At the same time, it should be noted that under such test conditions,
ANi of the alloy from pittings varied from 3748-107 mg melt No. 3 up
to 8406-107° mg of melt No. 5 (Fig. 7), and AFe from 112-107% mg melt
No. 5 up to 56155-107° mg of melt No. 3 (Fig. 5). Because of this, the co-
efficients of selective chromium dissolution from pittings Zc, of melts
Nos. 3 and 5 were 0.31 and 17.5, respectively (Fig. 6), and Zx; is 1.16
and 75.3, respectively (Fig. 8). It turns out that melt No. 3 of the
06XH28M/IT alloy susceptible to pitting corrosion with the formation
of stable pits, and No.5—metastable pittings. In addition, in melt
No. 3, the intensity of metal dissolution from pitting increased in the
following range: ACr, AFe, and ANi. As a result, stable pittings grew
slowly, since the main component of the alloy, iron, dissolved more
slowly than nickel, which contributed to a decrease in the number of

ANi, 10%.mg

2.75 Y 835
Xo» 107°-m®/kg

Fig. 7. Dependence of corrosion losses ANi from pitting on the 06 XH28MIIT
(numbers near the dots are the melts numbers) alloy surface and its specific
magnetic susceptibility yo of austenite in model recycled water with pH 4 and
chloride concentration of 600 mg/1.
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Fig. 8. Dependence between the nickel selective dissolution coefficient from
pitting Zni on the 06 XH28M/IT (numbers near the dots are the melts numbers)
alloy surface and its specific magnetic susceptibility yo of austenite.

nonequilibrium vacancies and corrosion pores in the vicinity of the pit-
tings, as mentioned in [81-33]. However, the intensity of metal disso-
lution from pittings in the following range increased in the melt No. 5:
AFe, ACr, and ANi. This contributed to the solid-phase diffusion of
chromium atoms to their surface and the repassivation of metastable
pittings due to the formation of dense chromium containing oxide film
on their surface formed in the process of counter-diffusion of chromi-
um and oxygen atoms.

Summarising the above-mentioned ones, it can be noted that in the
studied model recycled waters, the effect of chloride concentration on
the CPT of 06 XH28MIIT alloy is greater than their pH. This tendency
is most pronounced in a low acidic media, which is due to the formation
of dense Cr and Mo containing oxide films on their surface, which ef-
fectively counteract the formation of pittings. At the same time, the
CPT of an alloy decreases with an increase in its specific magnetic sus-
ceptibility, and, at a high values of yo and the volume of titanium ni-
trides and sulphides in the alloy, its CPT can increase that is most like-
ly due to an increase in the hydrogen ionisation overvoltage on inclu-
sions, in the vicinity of which pittings are formed in low acidic model-
recycled water and a change in the characteristics of selective dissolu-
tion of ACr, ANi and AFe from pittings. In particular, pitting with the
formation of metastable pitings on their surface at low values of y, is
characteristic of melts Nos. 1, 2, 5, and stable pitting with a maximum
value of yo is inherent in melts Nos. 3, 4. At the same time, the coeffi-
cients Zc and Zn decrease with an increase in the parameter yo that
may indicate an intensive growth of stable pitting.
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4. CONCLUSION

According to the results of the study, it has been found that in model-
recycled waters with a chloride concentration of 350mg/l and
600 mg/1, the CPT of the 06 XH28M/IT alloy increases by 5—8°C with
an increase in their pH from 4 up to 8. At the same time, they increase
by 10—-11°C with a decrease in the chloride content in the media from
600 mg/1 down to 350 mg/l, regardless of their pH in the studied in-
terval. It has been found that in model recycled waters with pH 4 and a
chloride concentration of 350 mg/1, the CPT of the alloy decreases from
53°C down to 46°C, and with 600 mg/1 from 42°C down to 38°C with an
increase in its specific magnetic susceptibility yo of austenite from
2.86 m?/kg up to 3.09 m3/kg. A further increase in the alloy yo parame-
ter up to 3.38 m3/kg contributes to an increase in its CPT up to 49°Cin a
media with pH 4 and 350 mg/1 and up to 40°C with pH 4 and 600 mg/1.
This tendency is due to the synergistic effect of the alloy yo parameter,
the high content of titanium nitrides and sulphides in it, and the charac-
teristic features of the selective dissolution of ACr, ANi, and AFe from
pitting. In particular, it is shown that the highest content of these inclu-
sions in the alloy and the highest value of the parameter yo (3.09 m3/kg,
3.38 m3/kg) is inherent in its pitting with the formation of stable pit-
ting, so the coefficients of selective dissolution of chromium from them
are less than one, and Zx;>1, which is characteristic of their slow
growth.
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The paper investigates the effect of silver coating on the corrosion behaviour
of magnesium alloy NZ30K alloyed with 0.09 wt.% Ag in Ringer—Locke solu-
tion. Samples of the alloy under study are plated with a silver layer of 200—
300 nm and 500 nm thickness using the DC-magnetron sputtering system
equipped with a circular silver source and target (of 50 mm in diameter) in a
gas discharge. An unbalanced magnetron in a 600 mA DC mode at a voltage of
400V is used. The silver coating at a constant magnetron power of 240 W and
a bias voltage of 100 V is applied. The deposition time of a silver layer of 200—
300 nm is of 5 minutes, and for 500 nm, is of 15 minutes. As found, the
steady-state value of the corrosion potential Ec.- for the samples of the stud-
ied alloy clad with a silver layer of 200—300 nm is formed during 2060 s from
—1.418 up to —1.4449 V, and with 500 nm layer, during 1880 s from -1.433
up to—1.465 V. As recorded, the steady-state value of Ec.r for both samples is
established in two stages. As found, the rate of shifting of the potential Ecor
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for the studied samples in the negative direction at the first stage is of 0.062
and 0.034 mV /sec, respectively. As shown, the rate of shifting of Ec.: in the
negative direction for the sample with a coating thickness of 200—-300 nm at
this stage is by 1.82 times higher than for the sample with a coating thickness
of 500 nm. This is due to a larger number of linear and point defects over the
coating with a thickness of 200—300 nm than with 500 nm and more intense
contact corrosion. During the transition from the first stage to the second
one of the formation of the stationary value of the potential E..., its abrupt
fluctuation of up to 5 mV is observed that is associated with the delamination
of the coating from the alloy in the vicinity of corrosion pits on the surface of
the samples due to the contact and crevice corrosions and the mechanical ef-
fect of hydrogen bubbles released at the cathodic areas (of silver coating). As
shown, the steady-state value of the potential E..- for the samples of the alloy
under study with a coating thickness of 200—300 nm and 500 nm is more pos-
itive by 9 and 7%, respectively, than that of the sample of the same alloy
without a silver layer. This proves that, by applying silver coatings with dif-
ferent thicknesses, it is possible to control the rate of corrosion dissolution of
NZ30K alloy with Ag (0.09 wt.%) in Ringer—Locke solution, and this ap-
proach can be used for the fabrication of biodegradable implants for the
treatment of broken human bones.

Key words: biodegradable implants, magnesium alloy for implants, silver
coating on the surface of magnesium implants, local corrosion of magnesium
implants clad with a silver layer.

¥ craTTi gocaigiKeHO BIJIMB IOKPUTTA 3i cpibiia Ha KOPOBiiHY MOBENIHKY Mar-
umiftoporo cromy NZ30K, userosanoro 0,09 mac.% ApreHtymy B pPO3UYMHI
Pinrepa—Jlokka. 3pasku 3 JOCJTiAMKYBAHOTO CTONY IJIAKYBaJU IITapoM cpibJia
ToBuHOIO vy 200—-300 M i 500 HM, 3aCTOCOBYIOUM CHUCTEMY MArHeTPOHHOI'O
POBIIOPOIIIEHHS TOCTIHHOTO CTPYMY, OOJIafHaAHy KPYTJIUM J:KEepesioM i MireH-
HIO i3 cpibaa (miamerpom y 50 MMm) y rasoBomy po3pani. HesbamarncoBaHUil Ma-
THETPOH BUKOPUCTOBYBAJH B PEXKUMi mOCTifiHOrO cTpymMy y 600 MA 3a Hampy-
ru y 400 B. IToxkpurTa 3i cpibsa HAHOCUIIM 32 ITOCTiMHOI IOTYKHOCTY MAarHeT-
poHa y 240 Br i manpyru smimenna y 100 B. Yac ocagsxennsa mapy cpibna y
200-300 um craagaB b xBuiauH, a 500 uMm — 15 xBuamH. BeramosiaeHo, 1o
cTalioHapHe 3HAUEHHS HOTEHIiANy KOpPO3il E.r 3paskiB 3 ZOCIiIKyBaHOTO
cTomy, mIakoBaHoro 1apom cpidma y 200—300 um, opMyBasIoCsa BIIPOIOBIK
2060 cex Bim —1,418 mo —1,4449 B, a 3 500 um — 1880 cex Big —1,433 mo
—-1,465 B. 3agixkcoBano, 1110 cTarioHapHe 3HaYeHHA Ecor 060X 3pa3KiB BCTaHO-
BJITOBAJIOCS ¥ ABA eTanu. BUSABJIEHO, M0 IMIBUAKICTH 3CYyBaHHSA MOTEHITIANY Feor
IOCJiIKyBaHUX 3pasKiB y 6isbin Bix’eMHmME OiK Ha mepmIoMy erami cKjaajaja
0,062 i 0,034 mB/cex BimmoBiguo. ITokasamo, 1110 MBUAKICTh 3cyBaHHA Ecor Y
6iseI Bix emMHMI OiK y 3pasKy 3 TOBITUHOIO TOKpuTTA y 200—300 HM Ha ITHOMY
erami OyJia B 1,82 OisbIlie, HidK y 3pasky 3 MoKpUTTAM ToBITuHOW ¥ 500 M. Ile
3YMOBJIEHO OiJIBIIIOI0 KibKiCTIO JiHIAHUX 1 TOUKOBUX nedeKTiB HA IOKPUTTI
ToBuHOIO ¥ 200—300, Hixx v 500 HM, Ta iHTEeHCUBHIIITOI0 KOHTAKTHOIO KOPO3i-
€10. 3 Iepexo/ioM Bij[ IepIoro A0 Apyroro erany (GopMyBaHHS CTAI[iIOHAPHOTO
3HAUEHHA MOTEHIiANY Ecor CIIOCTEpPEIKEeHO HOT0 CTPUOKOIIOAIOHY (DIIOKTYAIIifo
Io 5 MB, 1110 TOB’A3aHO 3 BiAIIIapyBaHHAM HOKPUTTSA Bifi CTOIy B OKOJIi KOPO-
3ifHMX BUPA30K Ha IIOBEPXHi 3pas3KiB BHACIiIZOK KOHTAKTHOI Ta IIiINHHOI KO-
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posiii i MexaHiuHOro BIJINBY OyJIL0AIIOK i3 BOOHIO, AKUH BUAIIABCA Ha KATOI-
HUX Oingaikax (moxpurTTsa 3i cpibsa). Ilokasamo, 110 craiioHapHe 3HAUYEHHSA
MOTEeHIiANY Ecor 3pasKiB 3 AOCTiMKYyBAHOTO CTOIIY 3 TOBITMHOIO IMOKPUTTA y
200—-300 ta 500 um Ha 91 7% BiAIIOBIAHO € GBI HO3UTUBHUM, HijK y 3pasKy
3 TAKOT'0 JK CTOIIY, He IJIAaKOBAHOTO ItapoM cpibsa. Ile mepekonye, 1110, 3acTo-
COBYIOUHY MTOKPUTT 3i cpibiia 3 pidHOIO TOBITUHOIO, MOYKHA KEPYyBaTHU IITBUIKI-
CTIO KOpoasifinoro posunnenusa crony NZ30K, serosanoro Ag (0,09 mac.%) y
posumHi Pinrepa—Jlokka, a Takuii migxim MoskHA 3aCTOCOBYBATH [IJIsT BUPOO-
HUIITBA 6i0pO3KJIAAHUX iMIJIAHTATIB M JIIKYBaHHS 3JIaMaHUX KiCTOK JIIOHEH.

KarouoBi ciioBa: 6ioposkaagHi iMmiIaHTaT, MaTHiHOBUM CTOI MJIs iMIIJIaHTA-
TiB, MOKPUTTA 3i cpibyia HA TOBEPXHi MarxHiioBux imMniaanTaTiB, JIOKAJIbHA KO-
posia maruiioBux iMmIaHTATiB, IJIaKOBAHUX IITAPOM CpPibia.

(Received 5 December, 2023; in final version, 11 March, 2024 )

1. INTRODUCTION

Today, stainless steels, cobalt-containing and titanium alloys are most
commonly used in the manufacture of bone fixation implants [1]. These
materials can withstand mechanical loads throughout the duration of a
person’s treatment, but they can contribute to surgical complications,
such as metal allergies, infections, or soft tissue necrosis in their vicini-
ty [2]. At the same time, there is a need for surgical removal of implants
after fusion of broken bones, which is a problem for paediatric patients
[3] and increases medical costs [4]. Biodegradable implants made of pol-
ymers [6] and magnesium alloys [6—8] do not have these disadvantages.
At the same time, polymeric materials have low mechanical characteris-
tics, which limit their use [56]. However, magnesium alloys have an elas-
tic modulus of 40 GPa, which is close to that of tubular bones [9], which
contributes to the uniform redistribution of stresses during human
treatment [10]. In addition, the yield strength of magnesium alloys [11]
is higher than that of human bones (about 120 MPa) [12] and guarantees
their reliable fixation during treatment. For biodegradable implants,
aluminium-containing [13-16] and aluminium-free magnesium alloys
based on Mg—Mn, Mg—Mn-Zn, Mg—Y-Zn and McGaw [17] systems are
used, which meet the requirements for biodegradable implants in terms
of mechanical characteristics. However, aluminium-alloyed magnesium
alloys should be used with caution in implant production, as they can
contribute to biological complications such as Alzheimer’s disease, mus-
cle breakdown, and reduced osteoclast activity [18—20]. The magnesium
alloy NZ30K alloyed with Zn, Zr and Nd has no such reservations, and
its additional alloying with silver made it possible to improve its me-
chanical characteristics [21], provide slow uniform corrosion dissolu-
tion in the Ringer—Locke solution [21] and antibacterial properties of
the medium typical of antibiotics [22]. It is known that the rate of corro-
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sion dissolution of magnesium alloys can also be controlled by strength-
ening its structure [23—25] or by applying various coatings [26]. Taking
into account the above-mentioned information, the effect of silver coat-
ing on the corrosion behaviour of silver-alloyed NZ30K alloy in Ringer—
Locke solution is investigated in this paper.

2. EXPERIMENTAL/THEORETICAL DETAILS

We studied samples of magnesium alloy NZ30K alloyed with silver
(0.09 wt.%) smelted in an induction crucible furnace and subjected to
aging [21]. The diameter of the samples was 12 and the length was 30
mm. Their chemical composition by XRD using the INKA ENERGY
350 has been determined (Table 1).

The samples of the alloy under study were clad with a layer of silver
200-300 and 500 nm thick using a DC-magnetron sputtering system
equipped with a circular source and a target made of Ag (50 mm in di-
ameter) in a gas discharge. The vacuum chamber of the system was a
cylinder with an internal diameter and height of 500 mm. Cylindrical
samples made of silver-alloyed NZ30K (Table 1) were chemically de-
greased and cleaned by ultrasonication in a hot ethanol bath for 10
minutes and dried in warm air. Then, they were mounted on a rotating
(9 Hz) fixture located 90 mm from the sputtering source. Before the
silver coating was deposited, air was pumped out of the chamber by a
diffusion oil pump to a residual pressure of 1:107% Pa. The samples were
ion-etched at a bias potential of 1000 V for 15 minutes at a pressure of
1.5 Pa. An unbalanced magnetron in a 600 mA DC mode at 400 V has
been used. The silver coating at a constant magnetron power of 240 W
and a substrate bias voltage of 100 V has been applied. The argon pres-
sure in the deposition chamber was 1.0 Pa. The time of silver deposi-
tion on the surface of the studied magnesium alloy was of 5 minutes for
a coating thickness of 200—300 nm and of 15 minutes for 500 nm.

Corrosion tests of silver clad samples have been carried out in a
Ringer—Locke solution (an aqueous solution of undissociated water
with the following chemical reagents, in mg/l: NaCl—9, NaHCOs;,
CaCls, KCI—0.2, CHOg126—1 at a temperature of 20 + 1°C.

The establishment of a stationary value of the corrosion potential
E . on the tested samples on the PN-2MK-10A potentiostat in auto-
matic mode has been recorded. The surface of corrosion damage on the

TABLE 1. Chemical composition of silver alloy NZ30K.

Alloy Content of chemical elements, wt.%
Mg Zn Zr Nd Ag
95.57 0.69 0.86 2.76 0.09

NZ30K+Ag
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samples after their testing in the Ringer—Locke solution using an opti-
cal microscope MMR-2P has been examined.

3. RESULTS AND DISCUSSION

According to the results of corrosion tests of a sample made of NZ30K
alloy additionally alloyed with Ag and clad with a silver layer 200—300
nm thick, it has been found that its potential E.. intensively shifted to
the negative side from —1.41776 and —-1.41904 at points 1, 2 up to
—1.4408 and —1.44048 at points 18, 19 (Table 2) during its exposure to
the test solution for the first 384 seconds of testing.

After further exposure of the sample in the test solution for 1684
seconds, the establishment of a stationary value of the potential E..
has been observed (Fig. 1).

It varied in a narrow interval from -1.4420 at point No. 20 up to
-1.4448, -1.4442, -1.4448 and —-1.4432 at points Nos. 60, 78, 79 and

TABLE 2. Corrosion potentials E... of NZ30K alloy additionally alloyed with
Ag and clad with a layer of silver 200—300 nm thick depending on the time (t)
of exposure of samples in Ringer—Locke solution.

No. of No. of No. of No. of
S s BV | D% 4s| EenV | 0% s | EenV | 0% s | EenV
points points points points

1 4 -1,41776 21 500 -1,44 41 1000 -1,44192 61 1520 -1,44288

2 24 -1,41904 22 520 -1,43872 42 1020 -1,4416 62 1540 -1,44384
3 44 -1,42064 23 540 -1,44064 43 1060 -1,4432 63 1580 -1,4432
4 64 -1,4232 24 560 -1,43968 44 1080 -1,44224 64 1600 -1,44352
5 84 -1,42384 25 580 -1,43904 45 1100 -1,4432 65 1660 -1,4432
6 104 -1,42672 26 600 -1,44128 46 1140 -1,44224 66 1680 -1,44448
7 124 -1,4264 27 640 -1,43904 47 1160 -1,4432 67 1700 -1,44256
8 144 -1,42864 28 660 -1,44192 48 1180 -1,4432 68 1740 -1,44352
9 164 -1,42864 29 680 -1,44192 49 1220 -1,44288 69 1760 -1,44288
10 184 -1,4312 30 700 -1,44064 50 1240 -1,44224 70 1780 -1,44192
11 204 -1,4312 31 720 -1,44064 51 1260 -1,44288 71 1800 -1,4432
12 224 -1,43344 32 760 -1,44064 52 1300 -1,44256 72 1840 -1,4432
13 244 -1,4344 33 780 -1,44224 53 1320 -1,44288 73 1860 -1,44384
14 264 1,436 34 800 -1,4416 54 1340 -1,4432 74 1900 -1,44384
15 284 1,436 35 820 -1,4416 55 1360 -1,4432 75 1920 -1,44352
16 304 -1,43632 36 840 -1,44192 56 1400 -1,44256 76 1980 -1,44288
17 324 -1,43792 37 860 -1,44256 57 1420 -1,44352 77 2000 -1,4432
18 344 -1,4408 38 900 -1,44224 58 1440 -1,44352 78 2040 -1,44416
19 364 -1,44048 39 940 -1,44256 59 1460 -1,44384 79 2060 -1,4448

Do
o

384 -1,44208 40 980 -1,44288 60 1480 -1,4448 80 2068 -1,4432
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Fig. 1. Dependence between the corrosion potential Ecr of NZ30K alloy addi-
tionally alloyed with Ag and clad with a silver layer of 200—300 nm thickness
on the time of exposure of samples (t) in Ringer—Locke solution.

80, respectively (Table 2). It has been found that the incubation period
for the formation of a stationary value of the corrosion potential E.
on the sample clad with a silver layer of 200—300 nm thick was of about
400 seconds after its immersion in the Ringer—Locke solution (Table
2). During this interval, the potential E.. shifted to the negative side
at arate of 0.062 mV /s (Fig. 1), which is 1.22 times more intense than
the shift to the positive side on the sample made of NZ30K alloy addi-
tionally alloyed with Ag and not clad with a silver layer [27]. Corrosion
studies have shown that even a very small thickness of the silver layer
on the surface of the alloy under study contributes to a shift in its po-
tential E.., to the positive side by about 0.06 V. This is because the
standard potential of magnesium in a solution of its own salts is of
—2.36, and that of silver is of +0.8 V [28]. With a perfectly dense silver
coating on a magnesium alloy, the sample potential would be close to
the value of the standard potential of silver in a solution of its salts.
However, the results of corrosion studies have shown that the poten-
tial E..r of a sample coated with a silver layer 200—300 nm thick is posi-
tive not much more than that of an uncoated sample of NZ30K alloy
additionally alloyed with Ag [27]. This is because the coating on the
surface of the alloy under study has a small thickness and defects (Fig.
2).

In particular, point defects up to 1 ym in size and linear macrostrat-
ification on the surface of the clad silver layer with a thickness of 200—
300 nm have been found, which contributed to the contact of the alloy
under study with the Ringer—Locke solution, where galvanic pairs
with a high potential difference (of about 3 V) have been formed. In-
tensive contact corrosion of the alloy in these areas has been observed,
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Fig. 2. Point and linear defects of the clad silver layer with a thickness of
200-300 nm on the surface of NZ30K alloy additionally doped with Ag
(x800).

as it has a much more negative potential value than silver. The conse-
quences of contact and subsequently crevice corrosion of the sample
surface are shown in Fig. 3.

It revealed large corrosion ulcers up to 1000 pm in size formed be-
cause of anodic dissolution of metals from the alloy and small corrosion
damage up to 2 um in the silver clad layer, which most likely originated
in places of its minimum thickness at the tops of the alloy microrelief
(Fig. 3). Using the Image J computer program, it has been found that
the total area of localized corrosion damage on the end surface of the
sample was 13.26 mm?. This is 26.4% of the total area of the sample
and 1.63 times larger than that of a sample of the same alloy not clad
with silver [27]. It is known [29, 30] that in chloride-containing media,
which is also a Ringer—Locke solution, steels and alloys are subject to
pitting corrosion. At the same time, the more pitting on their surface,
the lower the rate of their growth due to the redistribution of anode
current density between a larger number of them [31]. The analysis of
local corrosion damage on the surface of the samples showed that the
number, area, and depth of pittings on the samples coated with a silver
layer with a thickness of 200—300 nm (Fig. 3) are greater than on the
uncoated samples [27]. This is due to the fact that the uncoated alloy
underwent pitting and ulcer corrosion by the mechanisms inherent in
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Fig. 3. The surface of NZ30K alloy additionally alloyed with Ag and clad with
a layer of silver 200—300 nm thick after corrosion tests in Ringer—Locke solu-
tion.

pitting corrosion [30]. However, a sample of the same alloy clad with a
silver layer 200—300 nm thick underwent corrosion pitting, mainly
due to the mechanisms of contact corrosion, which is characterized by
the potential difference between the materials of the contact pairs
[32].

A characteristic feature of both mechanisms of local corrosion of
samples is the selective dissolution of metals from the surface of corro-
sion damage. This is consistent with well-known data from [30, 33] and
may contribute to the enrichment of anodic areas on the surface of
samples with chemical elements that are capable of forming stable ox-
ide films resistant to local corrosion in the chlorine ion media. In stain-
less steels and alloys, such a component is chromium [34—-37], and in
the studied NZ30K + Ag alloy, it is Zr, Zn, and Nd. At the same time,
due to the redistribution of currents between a large number of corro-
sion damage on the surface of the sample, as mentioned above [31],
conditions can be created for their repassivation through the for-
mation of Zr-, Zn-, and Nd-containing oxide films on their surface and
a decrease in the potential difference between the coating and the alloy
in the process of its corrosion—mechanical destruction.

Summarizing the above-mentioned information, it can be noted that
the rate of local corrosion of the sample clad with a silver layer with a
thickness of 200—300 nm is higher than that of the uncoated sample,
which is due to different mechanisms of these processes. It should be
noted that local corrosion processes on both samples occurred mainly
during the establishment of the stationary value of E.., and then, local
corrosion turned into general corrosion, which meets the requirements
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Fig. 4. Point defects of a 500 nm thick silver clad layer on the surface of
NZ30K + Ag alloy (x500).

for biodegradable implants. At the same time, they need to have an op-
timal dissolution rate in the human body [39], similar elastic modulus
values to tubular bones [36] for satisfactory stress redistribution [40],
and yield strength not less than that of bones for reliable fixation for
the entire treatment period [41-43]. The NZ30K + Ag alloy meets these
requirements, as its yield strength is 137 MPa [44] and that of tubular
bone is 120 MPa [42], it is non-toxic, does not contribute to metal al-
lergy, infections and soft tissue necrosis in the vicinity of implants [2,
18-20], and selectively dissolved Ag ions can be a source of disinfec-
tion of human soft tissue [45]. Taking into account the above-
mentioned data and the information of Ref. [38], the NZ30K + Ag alloy
clad with a silver layer of 200—300 nm thickness can be recommended
for the production of biodegradable implants after positive clinical tri-
als. To optimize the rate of their decomposition, samples of this alloy
clad with 500 nm silver layer have been studied. Metallographic analy-
sis revealed that the sample surface contained only point defects of up
t0 0.5 um (Fig. 4).

This significantly affects the dynamics of establishing the station-
ary value of the corrosion potential E.. of the sample during its study
in the Ringer—Locke solution (Fig. 5).

In particular, the results of the analysis of the dependence E..—t
(Fig. 5) showed that it was formed in two stages. At the first stage,
during 104 seconds after the sample was immersed in the test solution,
the following values of the potentials E.. have been recorded:
-1.43324, -1.43452, —1.43484, -1.43612, —-1.43708 at points 1-5, re-
spectively (Table 3). However, after 500 and 524 seconds of corrosion
testing, they are linearly shifted in the negative direction to —-1.45404,



764 V.L.GRESHTA, O. E. NARIVSKYI, A. V. DZHUS, R. V. IVASHKIV et al.

-1.43
-1.435
-1.44
-1.445

-1.45

cor?

-1.455
-1.46
-1.465

_ 1 .4 7 1 1 1 J
0 500 1000 1500 2000

1,8

Fig. 5. Dependence of the corrosion potential Ec. of NZ30K alloy additionally
alloyed with Ag and clad with a 500 nm thick silver layer on the exposure time
(1) of the sample in Ringer—Locke solution.

-1.45512V (see points 21, 22, respectively, in Table 3).

It should be noted that at this stage of the corrosion tests, the rate of
shift of the potential E.. in the negative direction was of 0.034 mV/s.
This is 1.82 times slower than for the sample with a coating thickness
of 200—300 nm (Figs. 1, 5), which is due to slower contact corrosion of
the sample plated with a 500 nm thick silver layer. This was facilitated
by the smaller size of the pitting and the absence of linear defects on
the surface of the 500 nm-thickness coating. It should be noted that, at
the end of the first stage of formation of the stationary value of the
corrosion potential E. on both samples (Figs. 1, 5), a slight shift of
this potential to the positive side by 5 mV has been recorded. This is
due to the local destruction of the coating on the surface of the tested
samples under the influence of a stream of hydrogen bubbles formed on
the cathodic areas, i.e. the surface of the silver coatings, which has
been determined visually. Further, an intensive shift of the potential
E.r in the negative direction to —1.46144, -1.46496, —1.4656 V at
points 48, 52, 71, 75 (Table 3), respectively, has been found. This ten-
dency is inherent in the second stage of establishing the stationary
value of E.. during 1256 seconds of testing (from point 22 to point 75
in Table 3).

At this stage, a less intense corrosion—mechanical destruction of the
coating was observed than at the first stage, since the potential E... of
the sample shifted to the negative side at a rate of 0.01 mV /s (from
point 22 to point 52 in Table 3) until the stationary value of —1.466 V
has been established. It is associated with the stabilization of anodic—
cathodic processes on the surface of the sample after corrosion—
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TABLE 3. Corrosion potentials E... of NZ30K alloy additionally alloyed with
Ag and clad with a 500 nm-thickness silver layer depending on the time (t) of
exposure of the sample to Ringer—Locke solution.

II:I(:;I(:Z 1,8 Eer,V II:I(:;I(:Z 1,8 Eewr,V Ejﬁlﬁ 1,8 Ewr,V Ejﬁlﬁ 1,8 Eewr,V
1 4 -1,43324 21 500 -1,45404 41 1000 -1,45632 61 1500 -1,46336
2 24 -1,43452 22 524 -1,4512 42 1020 -1,4576 62 1520 -1,46304
3 44 -1,43484 23 544 -1,45024 43 1060 -1,45568 63 1540 -1,46208
4 84 -1,43612 24 584 -1,45216 14 1080 -1,45728 64 1560 -1,46208
5 104 -1,43708 25 604 -1,45312 45 1100 -1,45888 65 1580 -1,46304
6 124 -1,44124 26 624 -1,45152 46 1120 -1,45984 66 1600 -1,46272
7 164 -1,44444 27 644 -1,45312 47 1140 -1,4592 67 1620 -1,46208
8 184 -1,44252 28 684 -1,45184 48 1180 -1,46144 68 1640 -1,46272
9 204 -1,44284 29 704 -1,45216 49 1200 -1,45856 69 1660 -1,46208
10 244  -1,44732 30 724 -1,45568 50 1220 -1,46208 70 1680 -1,46272
11 264 -1,44508 31 744  -1,45504 51 1260 -1,46016 71 1700 -1,46496
12 304 -1,447 32 784 -1,45472 52 1280 -1,46144 72 1720 -1,46336
13 324 -1,44796 33 804 -1,456 53 1300 -1,4608 73 1740 -1,46368
14 364 -1,44988 34 824 -1,456 54 1320 -1,46176 74 1760 -1,46336
15 384 -1,45052 35 844 -1,456 55 1360 -1,46112 75 1780 -1,4656
16 404 -1,45084 36 884 -1,45472 56 1380 -1,4624 76 1800 -1,46496
17 424 -1,45148 37 904 -1,45536 57 1400 -1,46304 7 1820 -1,46368
18 444 -1,45084 38 924 -1,4576 58 1420 -1,45952 78 1840 -1,464
19 464 -1,45436 39 944 -1,45568 59 1440 -1,46208 79 1860 -1,46336
20 484 -1,4518 40 984 -1,45696 60 1480 -1,46464 80 1880 -1,46464

mechanical destruction of the coating (Fig. 6).

An analysis of the surface of the 500 nm-thickness coated specimen
after its corrosion tests in Ringer—Locke solution showed that it suf-
fered the greatest localised corrosion damage at its ends, where the
coating adhered to the alloy with the lowest adhesion (Fig. 6). In par-
ticular, on the right side of the sample (Fig. 6), the coating was de-
tached from the alloy surface. This is obviously due to the local contact
of the alloy with the Ringer—Locke solution and the formation of con-
tact pairs between it and the coating. Under such conditions, anodic
and cathodic processes were accelerated with the formation of hydro-
gen bubbles on the coating, which contributed to its detachment from
the alloy and the formation of a gap between them, which was filled
with the solution. This also contributed to the development of crevice
corrosion on the sample.

It should be noted that the formation of a stationary value of the
corrosion potentials E., of NZ30K and NZ30K + Ag alloys occurred
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Fig. 6. The surface of NZ30K alloy additionally doped with Ag and clad with a
500 nm-thickness silver layer after corrosion tests in Ringer—Locke solution.

under the influence of selective dissolution of the most electronegative
magnesium component from its surface, so their E.. shifted to the pos-
itive side after immersion of the samples in the Ringer—Locke solution.
However, the E... potentials of the NZ30K + Ag alloy samples clad with
a silver layer of 200—300 nm- and 500 nm-thickness shifted to the neg-
ative side before its steady-state value has been established, which was
due to pitting, contact, and crevice corrosions, which are formed and
developed on point and linear coating defects. This one occurred in two
stages. For a sample with a coating thickness of 500 nm, the first stage
lasted about 400 s, and its potential E... shifted to the negative side at a
rate of 0.034 mV /s, which is 1.82 times slower than for a sample with a
coating thickness of 200—300 nm. The second stage for both types of
samples was longer (up to 1500 s) and was characterized by corrosion—
mechanical destruction of the coating and a very slow shifting of E.. of
the sample with a coating thickness of 200—300 nm in the negative di-
rection (of about 2 mV during 1500 s) and slightly faster for the sample
with a coating thickness of 500 nm (0.01 mV/s).

These corrosion—mechanical processes on the surface of the samples
contributed to the fact that its E... potential was 95 (200—-300 nm) and
75 mV (500 nm) more positive than that of a sample of the same alloy
not plated with silver. This shows that these coatings on the surface of
the NZ30K + Ag alloy can be used to control the dissolution rate and to
disinfect additionally surgical sites with selectively dissolved silver
from the alloy and coating.
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4. CONCLUSIONS

According to the results of the research, it has been found that the cor-
rosion potential E.. of samples made of NZ30K alloy alloyed with Ag
and clad with a silver layer of 200—300 nm- and 500 nm-thickness
shifted in the negative direction from -1.418 up to —1.449 V during
2060 s and from —1.433 up to —1.465 V during 1880 s of exposure in
the Ringer—Locke solution, respectively, until its stationary value has
been established. During the first 400 seconds of testing the samples,
the most intense shift of this potential to the negative side at a rate of
0.062 and 0.034 mV /s has been observed, respectively. The potential
E.. of the samples coated with a silver layer with a thickness of 200—
300 nm was 1.82 times more intensively shifted to the negative side
than that of the samples with a coating thickness of 500 nm. This is
due to the more intense contact and crevice corrosion of the former on
coating imperfections. Further, after 400 seconds of research, a jump-
like fluctuation of E... has been detected, which is associated with the
delamination of the coating from the alloy under the influence of crev-
ice corrosion and the mechanical pressure of the flow of hydrogen bub-
bles on it, which was released at the cathode areas. After establishing
the steady-state value of the potential E..., both samples showed main-
ly uniform corrosion dissolution at a rate by 1.09 and 1.07 times lower
than that of the sample of the same alloy without coating, if take into
account the steady-state values of their potentials E.... It has been
shown that silver coating on NZ30K alloy additionally alloyed with sil-
ver (0.09 wt.% ) can be used to control the rate of its corrosion dissolu-
tion in Ringer—Locke solution and recommend this approach for im-
plant manufacturing.
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Y 1ocKOHaJIeHHS TapaMeTPiB SKOCTH IOBEPXHEBUX NIAPiB AeTaJiB
3 KPMIIi ITic/Ia aJIiTyBaHHS METOIOM eJIEKTPOiCKPOBOTO JIeTYBaHHS.
Y. 3. MaremaTu4YHMi1 MOJEJIb IPOTHO3YBAHHSA apaMeTpPiB IKOCTH
IOKPHUTTIB i3 ypaxXyBaHHAM INPOTYKTHBHOCTHU IIOBEPXHEBOT'O
00po0JIeHH S

O.II. TanonoBa, H. B. TapeasHUK "
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3ampomoHOBaHO PiBHAHHS JJIs MPOTHO3YBAHHSA ITapaMeTPiB SKOCTH ITOKPUT-
TiB, III0 TaIOTh 3MOTY 34 €HEPreTUYHUMU MOKa3HUKaMU eJIEKTPOiCKPOBOTO Jie-
I'YBaHHA, TAKUMH K €HEPTid po3pAny, a TaKOXK 3a MPOAYKTUBHICTIO IpoIecy
MIPOTHO3YBATH CTPYKTYPHI HMOKasHUKU (TOBIIMHY, CYIiJIbHICTH), MexaHiuHi
BJIACTUBOCTi (MiKpoTBepaicTh) i reomerpuyHi mapamerpu (IIepcTKicTs) i, oT-
JKe, I1JIeCIPAMOBAHO BCTAHOBJIIOBATH AJITOPUTM IIOJAJBIIIOr0 KEPYBaHHA BJa-
CTUBOCTSAMU IIOBEPXHI MeTasiB. PeKoMeHI0BaHUIT aJITOPUTM A€ 3MOTY BU3HA-
YNTHU HaWOinbII pamioHaIbHUE cnoci6 ¢opMyBaHHA IMOBEPXHEBUX INapiB He-
o6xigHoi AKocTu. MeToAMKY BUIPOOYBaHO A (DOPMYBaHHSA IIOKPUTTIB Ha
karoxi 3 Kpuib 20 i 40 i3 BUKOPUCTAHHAM aJIOMiHiI0 IK aHOIH.

KarouoBi ciioBa: piBHSAHHS TPOTHO3YBAHHA ITapaMeTpPiB AKOCTU MOKPUTTIB,

Corresponding author: Oksana Petrivna Haponova
E-mail: gaponova@pmtkm.sumdu.edu.ua

Sumy State University,
2 Rymsky-Korsakov Str., UA-40007 Sumy, Ukraine
“Sumy National Agrarian University,

160 Gerasym Kondratiev Str., UA-40021 Sumy, Ukraine

Citation: O. P. Haponova and N. V. Tarel’nyk, Improvement of the Quality Parame-
ters of the Surface Layers of Steel Parts after Alitization by the Electrospark-Alloying
Method. Pt 3. Mathematical Model of Forecasting the Quality Parameters of Coatings
Taking into Account the Performance of Surface Treatment, Metallofiz. Noveishie
Tekhnol., 46, No. 8: 771-795 (2024) (in Ukrainian). DOI: 10.15407 /mfint.46.08.0771

771


https://doi.org/10.15407/mfint.46.08.0771
https://doi.org/10.15407/mfint.46.08.0771

772 O.II.TAIIOHOBA, H. B. TAPEJIbHIK

MOKPUTTS, €Hepria po3psay, IMPOAYKTHUBHICTL, €JIEKTPOiCKpoBe JeryBaHHA,
KpUIlA, aHOa, KaToja.

The equations for predicting the quality parameters of the coatings is pro-
posed, which allow predicting structural parameters (thickness, continuity),
mechanical properties (microhardness) and geometric parameters (rough-
ness) based on the energy indicators of the electrospark alloying, such as dis-
charge energy, as well as process productivity, and, therefore, to establish
purposefully an algorithm for further governing of the surface properties of
parts. The recommended algorithm allows determining the most rational way
of forming of surface layers with a demand quality. The technique is tested
for the fabrication of coatings on the cathode of steels 20 and 40 using alu-
minium as an anode.

Key words: prediction equation of coating-quality parameters, coating, dis-
charge energy, productivity, electrospark alloying, steel, anode, cathode.

(Ompumano 30 mpasnsa 2023 p.; ocmamoun. sapisnm — 26 cepnusa 2023 p.)

1. BCTYII

B uwactuni 1l (crarTra [1]) mpoBeeHO aHANMiI3y CTPYKTYPOYTBOPEHHA Ta
BJIACTHBOCTEl ITOBEPpXHEBUX IIapiB AeTasiB 3 KPUIli IIicad ajiTyBaHHSA
TPASUIIMHUMHY TEeXHOJIOTiAMU Ta METOJIOM eJIEKTPOiCKPOBOTO JIeT'yBaH-
Ha (ELJI). HocaigsxyBanu ABa BapidHTU 3MEHIIEHHSA IPOIYKTUBHOCTHU
10 BiJHOIIIEHHIO 10 BKasauoi B TabJ. 1 podoru [1].

B rabaumni 2 po6oru [1] mpeacraBiaeHo AaHi X BapidHTIB: mepIumii,
KOJIM IPOAYKTUBHICTH OyJjia 3MeHIIIeHa = B JIBa pasu, APYTUii, KOJIU IIPO-
IYKTUBHICTH OyJia 3MeHIIIeHA =~ B YOTHUPHU pasu. KOoKHUI 3 BapisgHTIB
BMKOHYBAJIU B IBa €TAaIN.

B nepiriit uacTuHi poboTH JOCTIMIKYBAIM IEPIINE eTam 000X BapisH-
TiB, KOJI 00PO0JIeHH S ITOBEPXHEBOTO 1apy 3paskiB kpurli 20 i xpuri 40
IIPOBOJAATE AJIOMiHIII0BOIO eJIeKTPOZOI0 3a eHeprii pospany W,=0,52—
6,8 [k i mMpoayKTHUBHOCTH 3TigHO 3 Tabu. 2[1].

B pesysabTaTi mpoBeleHUX OOCTIAMKEHBb BILIMBY NTPOAYKTUBHOCTU
nporiecy ELJI amtomMinifioBOIo e1€eKTPOL0I0-iHCTPYMEHTOM Ha TapaMeTpHu
SKOCTY IOBEPXHEBUX IIapiB AeTajiB 3 KPUIll YIOCKOHAJIEHO TeXHOJIOTiI0
IXHBOT'O aJIiTYyBAHHS.

Hpyry dactTuny [2] IpUCBAYEHO TOCTiAKEHHIO BIJINBY TPOAYKTUBHO-
ctu EIJI Ha mapamMeTpu SIKOCTHU ajiTOBaHUX IOKPUTTIB, 110 OJePiKaHi 3
BUKOPHUCTAaHHAM KOHCUCTEHTHOI PEUOBUHU, AKA MiCTUTH AJIIOMiHiOBY
nyapy abo adoMiHifioBy myapy Ta mopoimnok rpadiry. ITokasano, 1o 3
ITOJaBaHHAM IIOPOIIKY IpadiTy 36LIbITYyETHCA MiKPOTBEPIICTEh «6iI0TO
urapy» Ta nudysiiiHol 30HU, IIIEPCTKiCTh MOBEPXHi 3MEHUTYETHCH, & CY-
inbHicTh mOKpuTTA cKIazae 100% . o mpakTuuHOI peanisarlii pexo-
MEHJOBaHO IIPOBOAUTHU MIPOIEeC aJiTyBaHHA 3a TexHoJorier: I eramr —
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EIJI anrominiiioBoro esleKTPo/0I0 3a eHeprii pospany W, =4,6-6,8 [Ix,
II eranmn — HaHeceHHS KOHCUCTEHTHOI PEUOBMHU, AKa MICTUTh aJOMiHi-
oBy myapy Ta mopomrok rpadiry. EIJI Tpe6a BuKOHyBaT! 3a yMOB, KOJIT
MIPOAYKTUBHICTE Oye 3MeHIIeHa = y IBa pasu.

JJ1sa KepyBaHHA T€XHOJIOTIUHUM IIpoIlecoM ()OPMYBaHHSA €JIeKTPOiCK-
POBUX HOKPUTTIB Ta e(peKTUBHOI aHATI3HN OJePKaHuX Pe3yJIbTaTiB IIOT-
PiOHO BUABUTH B3a€MO3B’ I30K UMHHUKIB, 1[0 BU3HAYAIOTh XiI mpoIiecy,
i mpeacTaBUTH iX Yy BUIVIALL MaTeMaTHYHOTO MOJeJJ 0. MareMaTHYHUNI
MOJIeJIb JAa€ 3MOTY oJiepskaTy ind)opMaIliro Ipo IPoIecH, IKi mepediraroTn
B 00’€KTi, po3paxyBaTu HOro XapaKTePUCTUKU Ta BUKOPUCTATHU OJepKa-
HY iHpopMalIrito 1jig yIIpaBiIiHua 00’ €KToM B mpolleci MogentoBamud [3].

B mpexcrasieHiit poOOTi 3aIpOIOHOBAHO PiBHAHHSA HPOTHO3YBaHHS
mapaMeTpiB SKOCTH IOKPUTTIB, IO JAIOTh 3MOTY 3a €HEePreTUUYHUMU
noxkaszaukamu npornecy EIJI, TakuMu AK eHeprisa po3psany, a TaKoMK 3a
MIPOAYKTUBHICTIO ITPOIlecy IIPOTHO3YBATH CTPYKTYPHI ITOKa3HUKU (TOB-
ITUHY, CYIiIbHICTD), MEXaHIUHi BJIACTUBOCTI (MiKpOTBEepAicTh) i reoMer-
puuHi mapameTpu (IIIEPCTKICTD) i, OTIKe, IiJIeCIIPAMOBAaHO BCTAHOBJIIOBA-
TH aJITOPUTM IIOJAJIBIIIOTO KePYBaHHA BJIACTUBOCTAMU IIOBEPXHI AeTaJiB.

2. IIOCTAHOBEA ITPOBJIEMU

TpamuiitHUM MeTOIOM OIiHIOBaHHA e(peKTUBHOCTH MacOIepeHeCceHH
pedyoBMHM 3 aHOAM Ha KaToxay ninx yac EIJI € BUBUeHHA 3a/1€3KHOCTU 3Mi-
HU MacH eJeKTPOJ Bim uacy oOpobseHHS. ¥ XOmi UMCIEHHUX eKCIIepPH-
MEHTiB BCTAHOBJIEHO, IO B OiJBIIIOCTI BUNAAKiB Y TOUATKOBUI MOMEHT
EILJI maca xaTogu 3pocTae, a Maca aHOAU 3MeHITyeThCs [4, 5]. Bogmopas
3a abCOJIIOTHMM 3HAUYeHHAM 3MEHIIeHHsS MAacu aHOAUW He 30iraeTrhca 3
IPUPOCTOM KAaTOAM, IO IOACHIOETHCA TUM, IO YACTUHA PEUOBUHU BU-
ITaIs€ThCA 3 IIOBEPXHI 000X eJIeKTPO Y HABKOJIUIITHE CePEIOBUIIE Y BHU-
rAni opoaykTiB epogii. Ilicna sakiHueHHA mEeBHOTO Yacy oOpoOJeHHSA
mporiec 30iJbINTeHHA Macu KaTOAU CIIOBiJIbHIOETHCS, a MOTIM HOYMHAE
cIiocTepiraTuca NOHUKEHHA Macu KaToau. Taka ImoBeiHKa MOACHIOETh-
cdA TUM, 1110 B pisHuit vac EIJI 3xiticHioeTheA pi3He CIIiBBiIHOIIIEHHA BHE-
CKY B MAacOIlepeHeCeHHSA JIBOX OCHOBHUX KOHKYDPYBaJbHUX ITPOIIECiB:
1) 36imbIITeHHA Macu KaTOAU uepes IIOJApHE IIepeHeCeHHsS PeYOBUHU,
2) pyfiHyBaHHSA IIOKPUTTS 34 PAXYHOK HAKOIUUYEHHS B HbOMY Je(eKTiB,
YTBOPEHHA KPUXKUX OKcumiB i HiTpuais [6]. CnouaTKy BimbyBaeTbcsa
mepeBakKHe MepeHeceHHs PeYOBMHY 3 aHOIM Ha KaToAy, a IOTiM iHTeH-
CUBHiIIIe BTpAYaeThCA Maca IIOKPUTTS B pPe3yJIbTaTi Horo pyHHyBaHHS.

Y nauunii yac € AKiCHe IOACHEHHSA IPOIECy MacollepeHeceHHd i uac
ElJI; nutanHsa Opo TeOPeTUUYHUI onmc 3MiHM Macu eJeKTPOJ 3aJIuIlia-
€ThCA TMOKU 1Mo BigkputuM. I{a obcTaBuHA BUKJIMKAE IIE€BHI TPYIHOIIII,
OCKiJIbKU 3a KOJKHUX HOBUX €JIEKTPOIHOI IIapu Ta peKumMy o6pobIeHH
KiHeTWYHI 3aJIe}KHOCTI 3MiHM Macu eJIEKTPOJ MOBOAUTHCA 3HAXOAUTH
eKCIIepUMEHTABHO.
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JJ1a KinbKicHOrO omucy IlepeHeceHHs DPEYOBUHHU YacTO BUKOPHUCTO-
BYIOTBH KoeQirieHT maconepeHeceHHA KM, 1110 BUBHAUAETHCA AK BiJTHO-
IIeHHA 3MiHN Macu KaToAu Mo 3Minu Macu amonu: KM = Amg/Am, [4].

3 MacolepeHeCeHHAM II0B’A3aHuil iHINMMWI TOKAa3HUK — TOBIIMHA
chopMOBAHOIO MOKPUTTS, Bil IKOI 3aJEKUTHh AKICTh IIOKPUTTA Ta pPe-
cypc poboTu BupoOy. Bimomo [7], 10 a5 3a6e3meueHHa BUCOKOI 3HOCO-
CTiHKOCTH IIOBEPXHEBOTO ITapy AETAJIO B OKPEMUX BUIIaJKaX TOCTATHHO
0,02 MM, HaOpuUKJIaL, y Hepo3 eMHUX 3 ¢THAHHAX TUOY <«Bajl—
MaTOUMHA», KOJU IIOBEPXHi JeTaliB, 110 KOHTAKTYIOTh, 3’ €IHYIOThCA 3
HaTAaroM, To0TO J Bay > (J MaTOUMHHU, a iHOA1 MOTPiOHO HAHOCUTH 3HO-
COCTIiHiKi MOKPUTTsA, TOBIUHA AKX cKIagae 2,0 MM i 6iibIie.

Ha moxpwutTsa, 10 MaioTh MAajJy TOBIMUHY, BUTPAYAETLCA He3HaUHA
KiJIbKiCTh JOPOrUX MaTepifAaiB, 110 Ta€ BUCOKUHI eKOHOMiUHMI e(heKT 3a
IXHBOT'O 3aCTOCYBaHHSA Y BUPOOHUUiN npaKkTuili. I B [bOMy BUIAAKY Me-
Tox ElIJI € epekTUBHUM, 3aCTOCYBAaHHA BiAIIPaIibOBaHOI TEXHOJIOTII Ha-
HECEeHHS MOKPUTTSA Ta PallioHAJbHUIN BUOIp eIeKTPOIHMX MAaTepidaiB
IaioTh 3MOTY 30iJIbIIMUTU JOBrOBiUHICTE JeTaJliB MaIllnH, 110 IPAIIOI0Th
Ha 3HOIMyBaHHSA. g opMyBaHHA MOKPUTTIB 30iJbIIIeHOI TOBIUHY i
HiJBUINEHOI CYILILHOCTU 3aCTOCOBYIOThCS TEXHOJIOriI KBaszubararola-
poBoOTO JeryBaHHs, TOOTO 3aCTOCOBYIOThCS HOeKinbKa mukJiB ELJI, 1o
YepryioThCs, Koau 3a 1 mukJa npuiimaetrbed nokpuTta 100% moBepxHi,
110 JIETYETHCA.

3unauenusda napametrpiB EIJI icToTHO BIIIMBalOTL HA iHTeHCUBHICTh HAa-
HeCeHHd IMOKPUTTIB Ta AKICTH oJlep:KyBaHOI moBepxHi. HaliBarkausi-
UMY € TOTYKHICTD (€HEeprisa) po3pAay Ta IPOAYKTHUBHICTE (Uac) Jery-
BaHHA — ILJIOITa 00p00JIeHOol IOBePXHi B OMMHUITIO Yacy. BILiuB elekT-
PUYHUX apaMeTpiB (cuja CTPyMy, HaIpyra, eHepria pospany Ta iHIIi)
JTOCTaTHLHO IIMTUPOKO BUBYEHO ITiT Yac BUKOPUCTAHHSA Pi3HUX eJIeKTPO.-
Hux Mmarepianis [8—10]. IligBuiienHs exeprii po3pany Bene 0 30iJab-
ITeHHA BEeJIUUYNHU KOMKHOT0 OKPEMOT0 eJIEKTPUYHOTO PO3PAAY i, y IIeB-
HUX MeKaX, CIIPUAE ITiABUINEHHIO KiJIbKOCTHU IIepeHeceHoro MaTepisaay
MMOKPUTTA Ta OiIBIN ITHOOKKUM II€PEeTBOPEHHAM B IIOBEPXHi ¥ 30Hi pos-
pany. Ile came cTrocyeThbcsa yacy oOpoOOJeHHS, TOOTO TPYIOMiCTKOCTHU
(BesmuuHM, 00EPHEHOI 0 IPOAYKTUBHOCTHU): i3 #10r0 30iJIBIITEHHAM TO-
BII[MHA HaHEeCEeHUX IapiB 3pocTae.

Haii6inbmy ckiaaguicTs mim yac BukopucranHsa EILJI ma mpaxTuiti
MIpeACcTaBJA€ IIiAOIp ONTHMAaJbHOTO IIMTOMOTO uYacy JeryBaHHs. Lle
OB’ sA3aHe 3 HeJiHiHHOI0 3MiHOIO CyMapHOI'0 IIPUPOCTY Baru 3paska y
nporeci ELJI. dx BugHo 3 puc. 1, mounHaoouu 3i 3HaUeHHS IIOpora Kpu-
XKOT0 pyHHYBaHHA 3MiHEHOI'0 IIOBEPXHEBOTO IIapy f,, CyMapHuil Ipu-
picT Baru xKaToau cta€ Bin'€eMHUM. 3 IMiABUINEHHAM IHUTOMOTO Yacy Jie-
rysauud (f > t,) Maca 3pasKka MOKe HaOyTHU 3HAUEHHs, MEHIIIe 34 II0YaT-
KoBe. Y 3araJbHOMY BUNAAKY 30iJbIlIeHHS Macu 3pasKa 3i 3miHoro f
cIiocTepiraeTbes TifbKM 44 t < t,.. [110 HepiBHiCTh MOKHA BijHECTH 3]11€-
0iJIBIIIOrO 4O IPOIlecy BiAZHOBJIEHHS AETAJiB, a TOMY JoMaraTucsA Halle-
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A
+AK, mr/cm?

—AA, Mr/em?

2

Puc. 1. 3amexHicTb 3Minu Baru Karoau (1) ta anogu (2) Bix HaBemeHOI eHeprii
Ta yacy oopobiaenusa: AA — nuToma eposis amoau, AK — mpupict Katogu, Wn
— HaBeJleHa BeJIMUYMHA eHeprii iCKpoBUX PO3PAAIB I Uac Jier'yBaHHSA MigKJa-
IUHEY momeo y 1 em?.

Fig. 1. Dependence of the change in the weight of the cathode (1) and anode (2)
on the given energy and processing time: AA is the specific erosion of the an-
ode, AK is the growth of the cathode, Wn is the specified value of the energy
of spark discharges, when doping a substrate with an area of 1 cm?.

pen BuU3HAUYEHOTO 30iJbINIeHHA JiHifIHOTO po3Mipy Karogu. OgHAK CTO-
COBHO TIPOIleCYy 3MiITHEHHSA MOBEPXHEBOTO APy IIiJi YaC BUTOTOBJIECHHSA
JleTaJio, e MPUPIiCT Baru KaToau He Mae OyTU BEJIUKUM, a B IeAKUX BU-
magKax B3araJi He TOIYCKaeThCA, IOTPiOHI HOBI MeTOAMKY BUSHAUYCHHS
t.. BomHouac Bubip ¢, 3a pisHUX eHepriii po3pALy, MisKeJIeKTPOTHUX Ce-
PenoBUIl, MaTEPiAIiB JIETI'yBaAJIbLHUX €JIEKTPO/I II0 CYTi CTAHOBUTH OCHOBY
rexHoJorii EIJI[11].

B po6ori [12] ekcriepuMeHTAJIBHUM IIJIAXOM BCTAHOBJIEHO, 110 3a E1JI
Heo0XigHO 00paTy ONITUMAJIbHUY Yac JIeT'yBaHHA T,,,. BiH Mae 6yTu 1e1o
MEHIIIUM YU PIiBHUM YaCY T,.¢, 38 AKUN JOCATAETHCI MaKCUMaJbHUHN
IIPUPICT Baru Ha KaTOJi, i MEHIIIMM 38 YaC T,y , 3@ AKOIO IOUMHAE PYH-
HYBaTUCSA 3MiIlHEHU 1I1ap, TOOTO

Tonr < TmaxAPK < prp”m. .

Kpim Toro, TpuBajicTh JieT'yBaHHA Ha OOpaHOMY Pe)KUMi JeryBaHHSA
MIPAKTUYHO He BIJIMBA€ HA IOKA3HUK IIEPCTKOCTH, a BUBHAUAE KiJb-
KicTh mepeHeceHOT0 MaTepisany 3 aHOAU Ha KaTody, CYIIiJbHICTH i TOB-
IUHY TOKPUTTA. 3i 36iabmienuam TpuBasoctu ELJI no uacy 1,,,,APg, 110
3a0e3Ieuye MaKCUMAJbHUM MPUPICT Macu Ha KaToXdi, 3i 301IbIITeHHAM
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Puc. 2. 3anexHicTh 3MiHM Baru KaToau Bijg HaBeneHol eHeprii Ta yacy oopoo-
neunsa: AK — mpupict Katogu, Wn — HaBeJeHa BeJIWUYMHA eHepTii iCKpoBUX
PO3PAZiB 3a Jer'yBaHHA MiAKIaJUHKH ILIoelo B 1 cM?, t — uyac Jer'yBaHHS.

Fig. 2. Dependence of the cathode weight change on the applied energy and
processing time: AK is cathode gain; Wn is specified value of spark-discharge
energy, when doping a substrate with an area of 1 cm?; ¢ is doping time.

K1JIBKOCTH IIepeHeceHOoTr0 MaTepisny 30iJbIIyIOThLCA CYIiIbHICTL i TOB-
I HA TOKPUTTA.

g dopMyBaHHA MOKPUTTIB 30iJbIIeHOI TOBIIMHU Ta IIiABUINEHOL
CYIILIBHOCTY 3aCTOCOBYIOTBHCS TEXHOJIOTiI KBaszmbaraToIapoBOro Jery-
BaHHA, TOOTO 3acTOCOBYIOThCA UK EIJI, 1110 uepryoThcs, HaHEeCeHHA
rpyouX IIOKPUTTIB 3 BUCOKOIO HEPiBHICTIO IPO(diaio moBepxXHi Ta IMUKJIN
OTOILIEHHS OO0 BUPiBHIOBAaHHSA MPO@iio TOBEPXHi 3i 3SMEHIIIeHHAM BIICO-
TH X HepiBHOCTeI He MeHIe, Hik Ha 50% . Bogmouac oTomieHHs He-
piBHOCTEI mPO(dino 3aAilICHIOETECA 3 BUKOPUCTAHHAM €JIEKTPOSHUX Ma-
TePisaiB 3 MiABUIITEeHN MU TeILJIOIPOBiIHICTIO i1 €pO3iiiHOI0 CTIHKiCTIO IO
BiJHOIIIEHHIO A0 €JeKTPOJAHOTO0 MaTepidaay, 1o ¢gopmye mokputta [13].

3 . x . . ..
Aule cymapHuii mpupicT Mmacu Zn_ ,AK, 3a nexinbka nuKmIis (ge x — ix-

HA KiJbKiCTh) He MOKHA BBasKaTHU TAKUM, II0 CKJIAJAETHCA i3 CyMU BCix
IPUPOCTiB 3a X MUKJIiB (puc. 2). OueBUAHO, IIe MOXKHA OB’ sI3aTH 3 IIPO-
ImecamMu PYHHYBAHHSA IIONEPEIHBOTO IIapy, BUIAPDOBYBAHHSA, 3MEHIIIEH-
HA HepiBHOCTeH mpodijio moBepxHi, PisMKO-XeMiUHMMU II€PETBOPEH-
HAMU B 00pO0JIeHUX ITapaxX, a TAKOXK i3 BeIMUYMHOIO TA TPUBAJICTIO iM-
ITyJIbCHOT'O TEILJIOBOTO M0JIsI, CTBOPEHOTO icCKpoBUM poapsaaoM. Iloxi6uumit
OigxXim MOMKHa 3aCTOCYBATH A0 AHAJNI3M 3MiHM TOBIIMHU 3MiITHEHOTO
mapy (um/abo gudysifiHoi 30HM), CYIIJIBHOCTH ITapy, HOTO MiKpPOTBED-
moctu (puc. 3).

Amnanizy 3MiHM MiKPOTBEDPIOCTU 3MillHEHOTO IIapPy 3a IMKJIOBOTO JIie-
r'yBaHHA Tpeba MPOBOAUTH 3 MO3UILiNl BIInBy peskumiB EIJI Ha cTpyKTY-
pHO-(asoBuii cTad NOKPUTTiB. K Bigomo, nixg yac EIJI y moBepxHEeBOMY
mapi Bif0yBamThCA HACTYIIHI mporiecu [14]:

IepeHeCeHHs MaTepisfly Ha IOBEPXHIO JeTaJlIo 3 JeI'yBaJIbHOI eJIeKT-
poau 3 YTBOPEHHAM MeXaHiUYHUX cyMileil, TBepAUX PO3UUHIB, XeMiu-
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1 max Ah2 max

Ah, MKM

Ah

t, XB.

t, XB.

8

Puc. 3. 3anmexHOCTi 3MiHUM TOBIMHYU 3MiIHEeHOTO 11apy (a), oro TBepaocTu (0)
Ta CyIiJibHOCTH (8) Bil HaBeeHOI eHeprii Ta uacy o6po0IeHHA.

Fig. 3. Dependences of the change in the thickness of the strengthened layer (a),
its hardness (6) and integrity (8) on the applied energy and processing time.

HUX CIIOJIYK;

30araueHHA eJIeMEHTaMU JIeT'yBaJIbHOI eJIeKTPOAN; BOJHOUYAC MAa€ Mi-
cIle aHOMAaJIbHO BUCOKa Audy3id IIepeHeceHoTr0 MaTepiday mIif Aieio Bu-
COKOKOHIIeHTPOBAHUX IOTOKiB eHepril;

HaAUIBUKiCcHe rapTyBaHHSA 3a KOPOTKOYAaCHOTO HarpiBaHHSA pO3ps-
IOM eJIEKTPUUYHOTO CTPYMY JI0 BUCOKOI TeMIlepaTypu, a IIOTiM MUTTEBO-
I'0 OXOJIOIYKEHHS;

mIacTuuHe geopMyBaHHA i Yyac JOKaJAbHOIL Iil HA MaTepida iMmy-
JIbCHOT'O TUCKY;

YTBOPEHHA HEPiBHOBAKHUX CTPYKTYP 3 APiOHUM 3€pPHOM, BUCOKOIO
TeTEPOTEHHICTIO 3a CKJIAJOM, CTPYKTYPOIO, IO BigOyBaeThcA MiA dac
JIOKaJbHOI Ail HA MaTepias iMIyJIbCHUX TUCKIB i Temmeparyp, TepMiu-
HUX HaIIPYKeHb;

a30TyBaHHA, IeMEHTAIlif, OKCUAYBaHH:, IO BimOyBalOThCSA Uepes
B3a€MO/IiI0 3 HABKOJIUIIIHIM CepelOBUIIIEM.

TaxkuM YMHOM, IIiJ Yac 3MiHM eHepreTUYHUX YMOB JIeI'yBaHHSA YU Yacy
Jler'yBaHHA (IPOAYKTUBHOCTU) BKpPall CKJAQAHO CIIPOTHO3YBaTU HAIPHA-
MOK 3MiHU CTPYKTYPHO-()a30BOT0 CTaHY MOKPUTTA. 30i/IbIIIeHHA cyMa-
pHOrO yacy JieI'yBaHHA Uepes 3acTOCyBaHHA 1, 2, ..., X IIUKJIIiB JieI'yBaH-
Hs, IPUBeE A0 30iJbIIIEHHA TPUBAJIOCTHU il TEIJIOBOTO MOJ, aKTUBAILi1
InQysiiHUX IpoIeciB, MOMKJINBOCTU (DA30BUX IIePETBOPEHDb V TOKPUTTIL
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rorrfo. KpiMm Toro, 3sMiHIOIOTHCA YMOBUW KPHCTAIi3allii i1 0XOJOMKeHH
chopmoBamoro mapy. ToMy MoKHA IPUIIYCTUTH, IO 31 30iIbIIIEHHAM
IUKJIIB i 3BMiHOIO PEeyKUMiB JIeI'yBaHHS ITiJl YaCc MOBTOPHUX ITUKJIIB TBEP-
IicTh Oyae 3MiHIOBATHCS SO IIEBHOTO 3HAYEHH.

IITo cTocyerhea cymiabHOCTH (PHC. 3, 8), To, AKIo 100% He mocsra-
€TbCS 3a MEePIIni IMUKJ JIeI'yBaHHA, BOHA HaAOJIMKATHUMETBCSI IO I[HOTO
3HAUeHHA Ha HacTynHux. Ile, cKopiie, BinOyBaeThCs B 3B’ A3KY 3 THUM, ITI0
HA HACTYIIHOMY ITUKJI 00pOOJIeHHSA 301IbITyeThCa Yac o6pobiaerHsa 1 cm?
ILJIOMIMHU HoBepxHi. KiJIbKicTh «IpoxomiB» eleKTpogu-iHCTpyMeHTyY, a
OTIKe, 1 CTYIIiHL 3MEeHINIeHHs HePiBHOCTEe IPOo(diIio MOBepXHi 3a paxXyHOK
PO3TOILIeHHSA IX i 3aIIOBHEHHS HeCYyI[LIbHOCTel OyAyTh 3ajIeKaTH Bif ua-
cy o0pobJyeHHA Ha KoKHOMY IuKJIi E1JI, To0TO Big MPOAYKTHBHOCTH IPO-
mecy.

TakyuM 4YMHOM, AOCJTIMKEHHS BIJIMBY €HEPreTUUYHUX IlapaMeTpiB
ELJI, a Tako:x yacy JieryBaHHS (IIPOAYKTUBHOCTH) IIPOIlECYy MAIOTh BasK-
JUBe 3HAUEHHSA IJISI PO3PO0JeHHSA TeXHOoJIorii sminmmenuda. Ilaa Toro,
1100 3MEHIIUTH KiJbKiCTh eKCIIepUMEHTAJbHUX MOCJHiIKeHb BILJIUBY
pisHuUX YMHHUKIB Ha napameTpu axkoctu EIJI mokpuTTiB n1a ogHiel na-
pHU eIeKTPoa HeoOXimHuii MaTeMaTUUYHUN MOJAENb IIPOTHO3YBAHHSA ITUX
mapaMeTpiB 3 ypaXyBaHHAM 4yacy oOpoO6JIeHHS IIeBHOI IIJIOIIUHU, IO IIi-
IadArae Jier'yBaHHIO, TOOTO TpymoMicTkoctu mporiecy EIJI (Bemmuunu,
obepueHoi mpoayKTuBHOCTI). Takuii Momesb JacTh 3MOTY KepyBaTH BJia-
CTUBOCTAMU ITOBEPXHI JeTaJIiB.

Metoto maHOI POOOTH € HMiABUINMEHHA HATIHOCTH Ta HOBTOBIYHOCTHU
BUPOOIB MIISXOM YIOCKOHAJEHHS MAaTeMaTUYHOTO MOJENI0, SIKUH
YMOKJIUBJIIIOE TPOTHO3YBATH IIapaMeTPH AKOCTH IXHiX ITOBepXHEBUX
mapiB (CTPYKTYPY, MiKPOTBEPAICTh, IIEPCTKICTD, CYIiJIbHICTh Ta iHIIIi)
B 3aJIeXKHOCTI He TiibKU Bi eHepreTnuynux napamerpiB ELJI (ereprii po-
3pANY), a i Bil TeXHOJIOTIUHNX IMapaMeTpiB (IPOAYKTUBHOCTH IPOIIECY)
i, oTsKe, IiecIPAMOBAHO BCTAHOBJIIOBATH AJITOPUTM II0AJIbIIIOT0 KEPY-
BaHHS BJIaCTUBOCTSIMU IIOBEPXHI JTeTaIiB.

3. MATEMATHYHUN MOJEJbH

Bigomo [4], 110 BUCOKUI aaresifinmii 3B’sA30K IIOKPUTTIB, OJepKaHUX
meTtonom EIJI, 3 0cHOBOIO ITOACHIOETHCS AK iHTEHCUBHUM II€PEMiITyBaH-
HAM MaTepisiB eJeKTPon y Pimkiit ¢gasi, Taxk i mudysiero marepidary
aHOAU B KaTOAYy y TBepAil (asi.

IlinTBEepAsKEeHHAM IPOXOMKeHHA AU(y3ifHUX IIPOIeciB € HAABHICTD
nudysiiinol 30HM MiK OistuM 11apoMm i ocHOBoOMO. 114 30HA He HarpiBaeTh-
cA BUIIle TEMIEPATyPU COJIiIyCy i He B3aeMoiie 6e3mocepeHbO 3 HABKO-
JUITHIM cepenoBuinieM. ToMy TPUYMHOIO il yTBOPEHHS MOKe OyTH Tep-
MiUHMH BIJIUB iMIIYyJILCHOTO PO3PAAY Ta AUQPy3iiiHe IPOHUKHEHHS eJe-
MEHTiB aHOAM Ta KaTOILH.

Koegimient qnugyasii D € xapaKTepUCTUKOIO, YYTIUBOIO 10 TEMIIEPATY-
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pu T'. Ileit koeditieHT migTOPAIKOBYEThCA AppeHitocoBoMy Bupasy [15]
D = D, exp{-E, / (RT)},

ne E, — enepria axrtusaiiii gudysifinoro mpomecy, R — yHiBepcajlbHa
razoBa crajua, I — Temueparypa. Taka sajlexkHicTh KoedimieHTa 1UQPY-
3ii Bim TemmepaTypu eKCcHepHMMEHTAJNLHO HiATBEPAKYEThCA M Oara-
ThOX CHUCTEM 3 BUCOKUM 3HAUeHHAM D: nja nugysii y cTonax BTieHHA
(mampuraan, Kapoony B a-Fe) i cromax samimenua (Hampukaan, Aypy-
My y cpi6ui). EkcnoHeHITitiHA 3amexHicTh D Bim TeMIiepaTypu € Bupa-
30M TOT0, II10 AHU(PY3id BimOyBaeThCSa BHACIJOK TePMiUYHO aKTBOBAHOTO
PYXY aTOMiB, AKUI 3aBKAU OMMUCYETHCA eKcrioneHToio exp{—q/(kT)}, ne
g — eHeprida akTuBallil ejleMeHTApPHOI'O aKTy IlepeMillleHHA aToMa. ¥
3araJbHOMY BHUIIQAKY BOHA OyJe iCTOTHO BiApisHATHCA A Pi3HUX Xe-
MiUYHUX eJJeMeHTIiB i KpucTaliyHuX CTPYKTYyp. EHeprito akTuBaIii Moxx-
Ha OI[iHUTHU 3a HAXWJIOM JIiHil, AKa OIKCY€E 3aJeKHICTh Yy KOOpAMHATAX
InD—o6eprena Temnepatypa T .

HocaimxenHa nuysiiiHUX IIPOIIECiB 3a €JIEKTPOiCKPOBOTO JieT'yBaH-
HA TTOKAa3aJu, 110 TIN0MHA IPOHUKHEHHS eJIEMEHTIiB aHOAU B KATOY ITiJ
yac MacolepeHeCeHHA B TBepPAi# (asi MoyKe CTAHOBHUTHU Bia JeKiIbKOX
0o cTa MiKpOMeTpiB i 6iybIle, 1110 HEOZHOPA30BO IIiATBEPIKYBAJIOCT Me-
TaJorpa@ivHUMMU Ta MiKPOPEHTI'€HOCIEKTPAJIbLHUMU TOCIiIKeHHIMHI
[16-18]. XapaKkTep B3a€MHOTO PO3IOAiNY €JIEMEHTIB y IIOBepPXHEBUX
miapax, ogep:kanmx ElJI, cBimfumTh OpPo BUCOKY PYXJUBICTH aTOMiB Yy
KPHUCTAIUHi I'paTHUIIL MeTaJIiB, MiAJaHNX BILIMBY iCKPOBUX PO3PAIiB.
Bucoka pyxJMBicTh aTOMiB y KpUCTaAJiUHiN I'paTHUIII MeTaJiB, IIigmga-
HUX BILIUBY iMOYJIbCHUX PO3PAIiB, OB’ A3YETHCA 3 iCTOTHUM BHECKOM Y
IepeHeceHHA PEYOBMHU MiKBY3JOBUX aTOMIB, IT[0 'eHEPYIOTHCA B €KCT-
pemanbuux ymoBax. OmHi€l0 3 MPUUYMH BUCOKOI PYXJUBOCTH ATOMiB y
TBepAili (asi Moke TakoxK OyTH JOKaJbHa AedopMallid KpHUCTAIidHOI
I'pPaTHUIL I BOJIMBOM BUCOKUX I'Dafi€eHTIiB TeMIepaTypu # yzapHUX
XBUJIb, AKi MOMKYTH OyTH IPUUYNHOIO IIePEeHEeCeHHA eJIeMeHTiB Ha 3HAUHY
ryIMOuHY B TBEPAi asi.

B pesyabrari EIJI BigOyBaeThcs onpoMiHEeHHA, HarpiBaHHA IMOBEPX-
HEeBOIO IIIapy Tijia Ta Horo ImjacTuuHa gedopMaliis, I10 CIOTBOPIOIOTH
I'PATHUIIO 3a PAXYHOK YTBOPEHHSA TOUKOBUX (BAKAHTHUX BY3JIiB i aTo-
MiB BTiJIeHH), JiHiHUX i TOBepXHEBUX AedeKTiB. ¥ MpaBUJIbHUX 0€3-
IeeKTHUX CTPYKTYpPax aTOMHU PO3TAIlOBYIOTHCS B I'DATHUIL, YTBOPIO-
I0YM CUCTEMY 3 MiHiMaJbHOIO BiJIFHOIO eHeprieio. 3CyB aTOMiB i3 piBHO-
BaJKHOTO IIOJIOYKEHHS IOPYIIye MOPANOK B r'paTHulli. asa ozepsxanusa
TaKWX IOPYIIIeHb BUTPAUAEThCA €HEPris, AKa 3allacaeThCcA B YTBOPEHUX
medexrTax. Beanunta moBHOI eHeprii cuctemu 6yme 06iabII000 3a MiHiMa-
JBbHY, XapaKTepHY AJIA BIOPAJKOBAHOI CUCTEMU aTOMiB, HA BEJIMUUHY
30eperkeHol eHeprii, AKa BU3HAYAETHCA YUCJIOM JedeKTiB y I'PaTHUIL,
ixHiM BUJOM i € CBOEPiTHOIO MipoIo Ne)eKTHOCTY I'DATHUILI.
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Ha mepexin aToma 3 BysJia I'paTHUIII B CycCiaHiil By30J a00 MixKBY3Jda
MOTPiOHO BUTPATUTH €HEpPriio, Ky HA3WBAIOTh €Heprieo axkTuBAaIlii
IpoIecy mepexoay aToMiB. B pesyJbrarTi oHOUYACHOTO HMEepeMillleHHA B
TiJi BeJIMKOro UmcJia BaKaHCiil i yTBOpeHHs aTOMiB BTiJieHHs BimOyBa-
€ThCSA IMMOHUKEeHHA BHYTPIIITHBOTO TEPTA U moJierienHda audysii B maTe-
piani. Takum unzoM, mig yac EIJI BinOyBaeThCcs B3a€eMOUMH IIOTOKIB Ua-
CTUHOK 3 PeYOBMHOIO (Uepes onmpoMiHenHa Tina). HaaBHicTh mMboro B3a-
€MOUYMHY € HeoOXiTHOI0 YMOBOIO IJIs Iepefaui eHeprii 3 moToOKy Timay.
Benuunna yBiOpamoi eHeprii BusHauae epextuBHicTs ELJI. fIKIimo B3ae-
MOYMH, a, OTJKe, I yBiOpaHa eHepria maJi, To i 3MiHa BJIACTHUBOCTEMN Ti-
Ja, TOOTO TeXHOoJoriuHuii ePeKT, Oyae TAKOK He3HAUHLM.

Heo6xigHo BimsmauuTu, 110 TeMIlepaTypa HarpiBanua xaTogu (obpo-
0J1r0BaHOI IOBEPXHi) 3aJIeKUTh Bij eHeprii pospany (W), 3a akoi Bigoy-
BaeTbca mpoiiec EIJI. HaaBHicTh mpsMO HPOHOPIiIAHOI 3aJIeKHOCTU
T o« W, cBiAUNTE IIPO Te, 110 3 MiABUINEHHAM eHeprii pospaxy 30iabmry-
OThcA KoedimieHTu nudysii eleMeHTiB MaTepisdny aHOAM B OCHOBY, a,
oT:Ke, I epeKTUBHICTEL mpoIiecy. ¥ 3B A3KY 3 IIUM, TOBIIUHU «0ijg0oro»
nrapy Ta nu@ysifinol 30HU, TaK caMo, AK i KoeditienTn gudysaii, migko-
PAOTHCA eKCIIOHEHITI THi T 3aJIesKHOCTI (3a ApPeHil0COBUM BUPa30M).

Ha migcraBi ekcmepuMeHTAILHUX JOCTIIKeHb, Pe3yIbTaTU AKUX 0Y-
JI0 TIpeacTaBieHo y dyacTuHi 1 maHoi pobortu [1], BcTamoBIeHO, IMO 3a
amitryBaaHs metogom ELJI xpuiri 20 (puc. 4) 31 30inbIeHHAM eHeprii po-
3pany 30iMbITyeThCA TOBIMHA 3MilfHeHOro 1mapy (#,, MKM). IlokasHuk
h, € KOMILTEKCHUM i CKJIaflacThCsd 3 MPUPOCTY Ha MePIIoOMY ITHUKJI Jery-
BaHHJA 3a CTaHZAaPTHOI mpoayKTuBHOCTH (Tabi. 1[1]) i apyromy nmukJi sa
3MeHIIeHHs mpoaykTuBHOocTu EIJI (Tada. 2[1]).

ITokasaHo, 110 MiK BeIuuumHaAMU A, i 00ePHEHOI0 eHeprieio Po3pAIY
1/W, no nepiony, Koau Ah, = Ah, ., TOOTO [j0 IepioAy, KOJIU IPUPICT 3a
JTaHol TeXHOJIOTil Jier'yBaHHSA HAOJIMKAEThCA OO MAKCHUMAaJLHOTO 3HAa-
YeHHs, € eKCIIOHeHITifiHA cIIagHa 3aJeKHicTh (puc. 4, 0).

3 pocTOM eHeprii po3psaay TOBIIMHA 3MiITHEHOTO IMIapy 34 aJiTyBaHHA
3pOCTaEe Ta cArae MakCuUMaJabHOI BequumHU (AR, ,,,). KpiM TOro, 36imn-
IIeHHA h, BMIiITHEHOTO IIIapy CTa€ TUM CUJIbHiIIe, YUM OiJIbIlle eHepTid aK-
THBAIIii IIpoItecy (popMyBaHHs 3MiItHeHoro mapy mig gac ELJL (E, 4,).

Buxonaum 3 ekcliepuMeHTaJbHOL 3anexxHocTu h, Big 1/W, (o Ha-
OMKAETHCA A0 CIIaJHOI eKCIIOHEHTH), MOYKHa 3POOUTU BUCHOBOK, IIIO
In(Ah,) nponopniiiauii —1/W i Benuunusi E, »;,, ToOTO

In(Ah,) o« -W. ', E, . (1)
Ilepexomauu Big HAOMMKEHOTO PIBHAHHSA 10 TOUHOTO, MAEMO:
Ah, = Ah, ... exp(-E, ,, /W,). (2)

3asesxHicTh (2) Ha3BeMO PiBHAHHAM HPOTHO3YBAHHSA TOBIIUHU 3MiITHe-
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Puc. 4. 3ane)XHicTh BeIMYNHY TOBIVMHU 3MiITHEHOTO IIIapy 3a ajJiTyBaHHS Me-
trogom ELJI xpumi 20 (a, 0) i kpuni 40 (s, 2) Bix eneprii pospany W, (a, 6) Ta Big
BeJUYHHM 00epHeHoi eHeprii pospany 1/W,, (6, 2): 1 — KiacuYHA TEXHOJOTis
ELJI, 2 — EIJI y nBa etanu (Ha ZpyroMy eTalli OIpooyKTUBHICTE OyJia 3MeHIIIeHa
=~y nBa pasu), 3 — EIJI y nBa eranu (Ha gApyromy erari mIpogyKTUBHICTb OyJsa
3MeHIIIeHa = Y YOTUPU Pasu).

Fig. 4. Dependence of the thickness of the hardened layer during alitizing by
the ESA method of steel 20 (a, 6) and steel 40 (s, 2) on the discharge energy W,
(a, 6) and on the value of the reciprocal energy of the discharge 1/W, (6, 2): 1
is classic ESA technology, 2 is ESA in two stages (at the second stage, the
productivity was reduced by = two times), 3 is ESA in two stages (at the second
stage, the productivity was reduced by = four times).

Horo mIapy 3a amgitTyBaunHa metogoM ELJL. ITpunyckatoun B (2)
E =W, (3)

Ma€EMo:

Ah /AR =, (4)

a max

3Bigcu E, ,, — Ile KpuTUYHA BeJIUUYNHA, 1110 JOPiBHIOE Takii eHeprii po-
3psany, 3a AKoi Ak, B e pa3 MeHIIle, aHixK Ah, ... HazBeMo ii KoHCTaHTOIO
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piBHAHHA (2) TPOTHO3YBAHHA TOBITUHU 3MiITHEHOTO IIapy 34 aJliTyBaH-
Ha metogoM E1JI. PoswmipHicTs E, o, — [%].

Ha pucyHKY 5 moKasaHo 3aJeXHIiCTh BeJINUNHI MiKPOTBEPAOCTH 3Mi-
IIHEeHOro Inapy 3a agitysanus metogoMm ELJI kpuiii 20 Bix eneprii posps-
Iy: 3i 30inbIIIeHHAM eHeprii po3psaay MiKpOoTBepHicThb 36iMLIITYyEThCHA.
Mix mikpoTBepgicTio 3minmHeHoro mapy H,, i Be1munHOIO 0OGepHEeHOL
eHeprii pospany 1/W, no nepioay, xkomu AH,,=AH,, .., € €KCIOHEH-
IifiHa cajHa 3ajJeKHicTh (puc. 5, 0).

Caim 3asmaunTH, I1T0 BUKOPUCTAHHA eHeprii pospany menre 2,6 [k,
KOJIH cyIijabHicTh moKpuTTs MeHime 100% , a MikpoTBepAicTh He Iepe-

0.2 0.3 0.4
LW, Il

8000 8000
6000
=
54000
3
1
2000 2 =
0 0.5 7.0 15 2,0
/W, o™

2

Puc. 5. 3anexkHicTh MiKpPOTBEPIOCTH 3MIiITHEHOTO IApPy 3a aJiTyBaHHA METO-
nom ELJI xpumi 20 (a, 0) i kpuni 40 (s, 2) Big eneprii pospany W, (a, 8) Ta Bix
BeJUUYKMHM 0O0epHeHOi eHeprii pospanxy 1/W, (0, 2): 1 — KIacuIHA TeXHOJOIia
ELJ, 2 — EIJI y nBa eTanu (Ha ApyromMy eTami IPOAYKTUBHICTE OyJIa 3MeHIIIeHa
~ y nBa pasu), 3 — EIJI y nBa eranu (Ha Apyromy eTami OpOAYKTUBHICTEL Oysa
3MeHIIIeHa = Y YOTUPHU Pasu).

Fig. 5. Dependence of the microhardness of the hardened layer during alitiz-
ing by the ESA method of steel 20 (a, 6) and steel 40 (6, 2) on the discharge en-
ergy W, (a, 6) and on the value of the reciprocal energy of the discharge 1/W
(0, 2): 1 is classic ESA technology, 2 is ESA in two stages (at the second stage,
the productivity was reduced by = two times), 3 is ESA in two stages (at the
second stage, the productivity was reduced by = four times).
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Bunrye 2300 MIla (zuB. Taba. 5 8[1]), He peKOMeHAYETHCA OJIS IPOMUC-
JIOBOT'O 3aCTOCYBaHHA. BiJbINl icTOTHI IepeTBOpeHHsS BigOyBalOThLCA B
IIOBEPXHEeBOMY ITTapi 3a eHeprii pospany 6inbmie 2,6 [k (puc. 5, a).

3i 3pocTaHHAM eHeprii po3paAay MiKpoTBepAicTh 3MiITHEHOrO IIapy y
Imepiof 10 ZOCATHEHHSA MaKCHUMAaJIbHOI MikpoTBepgocTu AH,, .., 3011b-
IIyeThCA TUM CHJBbHIiIIIEe, YMM OiJIbIlle eHeprid po3psaay, BUTpaueHa Ha
(dopmyBanHna sminmHeHoro mapy. Kpim Toro, 36inbmensa AH,, sminHe-
HOTO IIIapy CTa€ TUM CUJIbHiIlIe, unM OiJIbIlle eHeprid akTUBAIlil mpoliiecy
(bopmyBanHsa sMinHeHOro MWapy E, Al ¢

Buxogauu 3 ekcliepuMeHTaNIbHOL 3ajesxHocty AH,, Bix 1/W , (cnazg-
HOI eKCIIOHEeHTH), MOKHa 3p00UTH BUCHOBOK, 110 InAH ,, mponopmifinuii
-1/W,iBenuunHi E, N TOOTO

-1
In(AH ) < -W", E, AL ¢ (5)
Ilepexoasauu Bix HAGIMIKEHOTO PiBHAHHS JO TOUHOTO, MAEMO:

pa max

AHHa =AH exp(—E, AH, / I/Vp) . (6)

3anexuicTs (6) Ha3BeMO PiBHAHHAM HPOTHO3YBAHHSA MiKpPOTBEPAOCTU
3MinHeHOro mapy 3a aidiryBaunusa metogoMm EIJI. ITpunyckatouu B (6)

E, yu, =W, (D
MaeMo:
_ -1
AH, /AH, .. =€ . 8)
3Bigcu E ,, — Ile KpUTUYHA BeJIMUYMHA, IO JOPiBHIOE TaKiii eHeprii
o

pospany, 3a Akoi AH,, B e pa3 meH1e, aHixk AH,, ... HasBemo ii KoHc-
TAHTOIO PiBHAHHSA (6) IPOTHO3YBAHHSI MiKPOTBEPAOCTU 3MiI[HEHOTO II1a-
py 3a anityBanHa metonoMm ELJL. Posmipwicts E, ,,, — [[Ix].

B

Pexxumu EIJI (eHepris pospsaay Ta TpOAyKTHUBHICTH IPOIIECY) 34 aJri-
TYBaHHSA BILJINBAIOTH HE TiJILKY Ha TOBIIMHY Ta MiKPOTBEPAiCTh 3MiITHE-
HOTO IIIapy, a TAKOK 1 Ha IepCcTKicTh chOpMOBAHOTO ITOBEPXHEBOTO ITIa-
Py Ta #0oro CyIiJbHiCTD.

Bogmouac mepcTKicTh MOBEPXHi 3HAYHO 3MiHIOETHCA 31 3MiHIOBAHHAM
eHeprii po3pALy, KON KOKHUN OKpeMuil iMIyJbc eHeprii BILInBae Ha
pisHi 00’eMU TOBEPXHEBOTO IIaPy AK aHOAU (€JIeKTPOIH, IO Jer'ye), Tak
i kaTomu (meraJrio).

B pesyabrarti 3a pisHHNX BeJUUYMH eHeprii po3psaay Ha IIOBepXHi mera-
JII0 (POPMYETHCA CYKYIIHICTh Pi3HUX 3a PO3MipoM OiJbIII-MEHII peryJis-
PHO PO3TAIIIOBAHMX BUCTYIIIB i 3ama e 3 BiTHOCHO MaJIUMM KPOKaM1 Ha
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0asoBiit moB:xkuHi. 3i 3Minoo nmpoayKTuBHOCcTH EIJI, To6TO Uacy o6pob-
JeHHA ONUHMUII ITOBEPXHi, KOJUW €Heprid po3pAny He 3MiHIOEThCH, i
BILINB OOUHUYHUX iMIIyJBLCiB eHeprii 3aJumiaeThbcad He3MiHHUM, TOOTO
BeJIMUYMHA BUCTYIIB IIEPCTKOCTH Ta 3allafWH 3aJUIIAIOTHCSI HEe3MiHHU-
mu. IligTBEepIKeHHAM IILOTO MOJKE CJYKHUTH puc. 6, Koau 3a pisHoi
MIPOAYKTUBHOCTH IIPOIeCy yCi pe3yIibTaTh MipAHHS ITEPCTKOCTH YKJIa-
JaOThCs Ha OIHY JIiHiO.

Misx mIepcTKicTiO mTOoBepxHeBOro Imiapy Ra, i BeImumHO0 oGepHEeHOoi
eneprii pospany 1/W, sa amxitysanna merogzom ELJI mo mepiomy, xounm
ARa,=ARa, ..., € €KCIIOHEHITiliHA CTIafHa 3aJIe}KHICTD (TUB. puc. 6).

11 10
o 9 5 8
% &
=7 " 6
g° 3
g 5 5 4
3 8
1 z i
1 2 1 2
0 2 4 6 8 0,0 0,5 1,0 1,5 2,0
WD, sz l/WD, w1
a 0
9 9
= 7 = 7
= =
= =)
.\m5 ;1
g g
3 % 3
e 3 2 1 3 —3-1
g 2 4 6 8 0,0 0.5 1,0 1.5 2,0
W, s 1/W,, I
8 2

Puc. 6. 3anme)xHicTh IIIepCTKOCTY MTOBEPXHI 3a amiTyBarnHA meTogoMm EILJI kpwurri 20
(a, 0) i xpuni 40 (s, 2) Big eneprii pospany W, (a, 6) i Bix BeruunHN 06epHEHOI
eneprii pospany 1/W,, (6, 2): 1 — xnacuuna rexnoJoria ELJI, 2 — ELJl y npa eranu
(ua gpyromy eTami IpoAyKTUBHICTE OyJIa 3MeHIlIeHa = Y ABa pasu), 3 — EILJI y nBa
eramnu (Ha APYromMy eTami IpoAyKTHUBHICTE OyjIa 3MeHIIIeHa = Y YOTUPU Pasu).

Fig. 6. Dependence of the roughness of the hardened layer during alitizing by
the ESA method of steel 20 (a, 6) and steel 40 (6, 2) on the discharge energy W,
(a, ) and on the value of the reciprocal energy of the discharge 1/W (0, 2): 1
is classic ESA technology, 2 is ESA in two stages (at the second stage, the
productivity was reduced by = two times), 3 is ESA in two stages (at the second
stage, the productivity was reduced by = four times).
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3 pocToM eHeprii po3psaay IIEePCTKICTh IMOBEPXHi 30iIbITYETHCS THM
CUJILHIiIIe, UMM OiJbIlle eHeprid akTuBallii, BUTpaueHa Ha GopMyBaHHA
IIePCTKOCTU OBePXHI E, Ag,-

Buxogaum 3 ekcliepuMeHTaJIbHOL 3anexHocT ARa, Bix 1/W , (cnaz-
HOI €KCIIOHEHTH), MOXXHA 3pO0OMTH BHUCHOBOK, II[0 In(ARa,) mpomopIriii-
Huii —1/W i BenuuuHi E, xg,, TOOTO

In(ARa,) o« -W, ', E, ,p, - 9
Ilepexonmaun Bif HAOIMKEHOrO PiBHAHHSA 10 TOUHOTO, MAEMO:
ARa, = ARa, ... exp(-E, .,, / W) . (10)

Sanexuicts (10) Ha3BeMO PiBHAHHAM HPOTHO3YBAHHS IIEPCTKOCTH IIO-
BepxHi 3a asityBaHHA metogom ELJI. IIpunyckatoun B (10)

Ea ARa = W/’p ’ (11)

MaeMo:
ARa, /ARa, . =e". 12)
3Bigcu E, Ap, — Ile KpUTHUUHA BeJUUYMNHA, IO JOPiBHIOE TaKiii eHeprii

pospany, 3a Aaxkoi ARa, B e pas meHie 3a ARa, ... HasBemo ii KoHCcTaH-
TOI0 PiBHAHHA ITPOTHO3YBAHHA INIEPCTKOCTH IIOBEPXHI 3a ajiTyBaHHA
metonoMm ELJI. PosmipHicTs E, Ag, — [H%].

Mi:x cyminbHicTIO Im1apy S, Ta BeJIUYNHOI0 00epHeHOoi eHeprii po3pamy
1/W, no nepiogy, Komu AS,=AS, ,.x, € eKCIOHEeHIIiliHa CIIafHa 3aJIeX-
HicTb (DUB. puc. 7).

3 pocTOoM eHeprii pospAny CYIiJIbHICTEL MIapy 30iJIbINYETHCA TUM CHU-
JbHimIe, uuM OiIbIlle eHepria axTuBallii, BUTpayeHa Ha (POpPMyBaHHS
CYILJIBHOTO IMapy E, As.

Buxoznaun 3 ekcriepuMeHTaNIbHOL 3anexHocT AS, Bixg 1/W, (cnagaoi
€KCIIOHEeHTH), MOKHA 3POOUTHM BUCHOBOK, IO InAS, mpomopiitiHmii
-1/W,iBenuunsi E, g, TOOTO

-1
In(AS,) c -W_ ", E_ - (13)
Ilepexogauu Bix HAGIMIKEHOTO PiBHAHHS JO TOUHOTO, MAEMO:

AS, = AS, .. exD(-E, s / W,) . (14)

a max

3anexuicts (14) HazBeMO pPiBHAHHAM IIPOTHO3YBAHHS CYI1JIHHOCTH
mapy 3a aditryBanua metoxoMm ELJI. ITpunyckatoun B (14)

E =W, (15)
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Puc. 7. 3amexxkHicTh cyIiTbHOCTH APy 3a asiTyBanHA MeToxom ELJI kputi 20 (a,
0) i kpumni 40 (s, 2) Bix eneprii pospany W, (a, 6) i Bin Bernaunn o6epHEHOI eHep-
rii pospany 1/W, (0, 2): 1 — xnacuuna rexaosoria ELIJI, 2 — ELlJl y ABa eranu (2a
IPYroMy eTali MpPoayKTUBHICTH OyJa 3MeHIeHa = y nBa pasu), 3 — ELJI y nBa
eranu (Ha APYroMy eTali IPOAYKTUBHICTE OyJia 3MeHIIIeHa = Y YOTHUPU Pasu).

Fig. 7. Dependence of the continuity of the hardened layer during alitizing by
the ESA method of steel 20 (a, 6) and steel 40 (0, 2) on the discharge energy W,
(a, 6) and on the value of the reciprocal energy of the discharge 1/W, (6, 2): 1
is classic ESA technology, 2 is ESA in two stages (at the second stage, the
productivity was reduced by = two times), 3 is ESA in two stages (at the second
stage, the productivity was reduced by = four times.

MaeMo:

AS, /AS, _ =e'. (16)
3Bigcu E, »¢ — Ile KPpUTUYHA BeJIMYKUHA, IO JOPiBHIOE TaKiit eHeprii po-
3pany, 3a AKoi AS, B e pas meHite 3a AS, ... HazBeMo i1 KOHCTaHTOIO Pi-
BHAHHS IMIPOTHO3YBAHHS CYIILJILHOCTH ITapy 3a AJiTyBaHHS METOAOM
ELJI. PosmipricTs E, o — [].

Pexum ELJI, HeoOXigHMI 114 Ofep:KatHsa IOTPiOHOI TOBITMHY Ta Mi-
KPOTBEPAOCTH 3MiITHEHOI'0 I1apy, IMIePCTKOCTH Ta CYIIiJIbHOCTU IIOBEPX-
HeBOro 1mapy 3a agitryBanHa merogoM ELJI, Mo)KHaA BUBHAUNTHU BiIOBI-



YIOCKOHAJIEHHS ITAPAMETPIB AKOCTU IIOBEPXHEBUX IITAPIB IETAJIIB 787

IHO 10 piBHAHL (2), (6), (10) Ta (14). Toxi, BigmoBigHO:

E . E E
N — a Ah ,N — m ,N — a ARa ,N _ a AS . 17
r Ah P P ARa P AS an
ln amax ln na max ln amax ln amax
Ah, AH,, ARa, AS,

BigmoBigHo mo piBHaAHHa (2) MiK JOrapUTMOM 3HAUE€HDL TOBIIUHU
3MiITHEHOTO MIapy Ta BeJIUYNHOI0 00epHeHoi eHeprii po3pany mae 0yTu
niniliani 38’ A30k. Ilo6yryemo rpadiku sanesxaocTu InAh, Bin 1/W .

SIk BunmBae 3 rpadika (puc. 8), samexHicTs InAh, Bixg 1/W, 3a ami-
ryBauuAa MetogoM EIJI kpuri 20 Habam:KaeThca A0 IpaMoi Jrimii. 3Ha-
YeHHSA TAHT'€HCIB KYTiB HaXUJIy IPAMUX OO0 OCi abciiuc Ha AiJISHIIL eKc-
MIOHEHITIHHO CIaaHOol 3aJeXHOCTH 3aHeceHOo no Tabu. 1. Ilepemekcmomne-
HIiHUI parTop (Tabs. 1) 3HaX0AMMO 3a BimpiskoMm, AKKUH BigcikaeTbes
Ha OCi opAuHAT OPAMOI €KCIHOHEHIIINHO cIagHol 3ameXHocTy InAh, Bin
1/W, (puc.8), mnpomosBxeHoi g0 3HaYeHHA abcoucu VVp’1 =0
(InAh,=1nAh, .., AKIIO VVp’1 — 0). PospaxoBani eHeprii axTumBarii
E, », (KoHCTaHTU PiBHAHHA (2) IPOTHO3YBAHHA TOBIIUHU 3MiITHEHOTO
mapy 3a amitTyBaHHsa meromoMm EIJI), BusHaueHi gBoma cmocobamu, 3a
mepumuMm, AKImO E, », =W, 3a apyrum, Koau E, 5, = |tg0c| , 3aHeceHo J0
Tabma. 1.

Heary meBigmoBiguicTs (10 7% ) sHauens KoHcTtauT EIJI E, 4,, BUu3Ha-

0,0 0.5 1,0 1.5 2,0 0 0,5 1,0 1.5 2.0
1/Wp, Iox™ l/WD, Mt
a 0

Puc. 8. 3anexnicts In(Ah,) Bix 1/W, 3a amirysanna merogom ELII xpuns 20 (a)
i 40 (6). Ha rpadirkax: 1 — rnacuuna Texuosoria EIJI, 2 — EIJI y gBa eranu
(Ha gpyromy erami IpOAYKTHUBHICTH Oyjia 3MeHINIeHa = y nBa pasu), 3 — EIJI y
[IBa eTanu (Ha APYroMy eTali IPOLYKTUBHICTH OyJia 3MeHIIIeHa = ¥ YOTHUPU pa-
3m).

Fig. 8. Dependence of In(A#,) on 1/W, when alitizing by ESA method of steels
20 (a) and 40 (6). On graphs, 1 is classic ESA technology, 2 is ESA in two stag-
es (at the second stage, the productivity was reduced by = two times), 3 is ESA
in two stages (at the second stage, the productivity was reduced by = four
times).
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TABJINIIA 1. PospaxoBani KoHCcTaHTH eHeprii akTusatii (K, »,) i KoHCTaHTH
PiBHAHHA OIPOTHO3YBAaHHA TOBIUHY 3MiIlHEHOTO IIAPY 34 aJIiTyYBaHHS METOJOM
ELJ xpuns 20 (y uucenbHuky) i 40 (y 3HaMeHHUKY) 3a PiSHUX IPOAYKTUBHOC-
Tel mporecy.

TABLE 1. Calculated activation-energy constants (E, »,) and the constants of
the equation for predicting the thickness of the hardened layer during alitiz-
ing by the ESA method of steels 20 (in the numerator) and 40 (in the denomi-
nator) for different process productivities.

Pesxum ELJI E,nn= ltg al, Iux|E, 0= W, T0x[% | Ahy o MEM
. 1,001 0,99 1 85
Knacuuna rexnonorisa EIJI 1,09 1.17 7 119
EIJI y nBa eTanu, Ha Ipyro-
My eTali IpOLYyKTUBHICTH 0,731 0,74 1 82
OyJia 3MeHIIIeHa = y Ba pa- 0,775 0,83 7 108
3u
EIJl y nBa eTanu, Ha Ipyro-
My eTani TPOAYKTUBHICTH 0,505 0,49 3 68
OyJia 3MeHIITeHa = Y YOTUPHU 0,632 0,68 7 99
pasu

YeHUX PisHUMU cIocobaMu, MOKHA ITOSACHUTH HACTIiTKOM HOXMOOK Pis-
HUX MipAHb. B 1itoMmy 30isKHiCTb pe3yJIbTaTiB € 3aI0BiJIHLHOIO.

3riguo 3 piBHAHHAM (6), MijK JIOTapUTMOM 3HAUY€Hb MiKPOTBEPIOCTH
Ta BeJIMYMHOIO 00epHEHOI eHeprii po3pany Mae OyTu JiHiiiHMHi 3B’ A30K.

ITo6yayemo rpadikm sanexnoctu InAH,, Bix 1/W, (puc. 9). fx Bu-
nuBae 3 rpadika (puc. 9), sanexHicts InAH,, Big 1/W, 3a aniTyBaHHA
mertonoM EIJI kpuii 20 mabam:xaeTbesa 40 IPAMOi JiHil. 3HaUeHHs TaH-
r'eHCiB KyTiB HaXWJIy IPAMUX IO Oci abcIiyc Ha JiMAHII eKCIOHeHI[iMHO
CIIaIHOI 3aJIeKHOCTH 3aHeceHo mo Tabu. 2. IlepemekcnoHeHIiiHNHA (haK-
Top (TabJi. 2) 3HAaXOAMMO 34 BiApisKoM, IO BiAciKaeThcA Ha OCi opaAmHAT
IpAMOI eKCIIOHeHIIifiHo cnagHol sanexHoctu InAH,, Big 1/W, (puc. 9),

IIPOJOBIKEHOI 10 BHAUEHHA a0CcIiucu I/Vp’1 =0 (InAH,,=1nAH |, .., AKIIO
-1 o Py
W, — 0). Pesynbraru pospaxyHKy eHeprii aktusanii E, A, (KoHCTaH-

TU piBHAHHA (6) IPOrHO3YBAaHHA MiKPOTBEPJOCTH 3MIiITHEHOIO IIapy 3a
amitysanua meromom EIJI), Busmaueni gBoma cmocobammu, 3a IIEPIINM,

akmo E_ ., = T/Vp , 3a apyrum, ko E ., = |tga , 3aHeceHo 1o Taod. 2.

Heary HeBianoBigHicTh (10 9% ) 3HaueHb KoHCTAaHT EIJI E, an, » BU-

3HAYEHUX PiBHUMU cHOcO0aMu, MOKHA MOSCHUTU HACTIAKOM IMOXMOOK
pisHUX MipaHB. B 11iioMy 30i:KHiCTh pe3yIbTATiB € 3aJ0BiILHOIO.

3a piBHAHHAM mIepcTKocTu (10) MisK JlorapuTMOM 3HAUEHB IIIEPCTKO-
CTH ¥ BeJIMUYMHOIO 00ePHEHOI eHeprii po3pany € JiHiliHnii 3B’ I30K.
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Puc. 9. anexnicts In(AH ) 8ix 1/W, 3a anirysannsa merogom ELJI kpuns 20 (a)
140 (6). Ha rpadirax: 1 — ruacuuna texuosorisa EIJI, 2 — EIJI y aBa eranu (Ha
IPYroMy eTali MpPoayKTUBHICTH OyJia 3MeHIIeHa = y nBa pasu), 3 — ELJI y nBa
eranu (Ha APYroMy eTali IPOAYKTUBHICTE OyJjia 3MeHIIIeHa = Y YOTHUPU Pasu).

Fig. 9. Dependence In(AH,) on 1/W , when alitizing by ESA method of steels 20
(a) and 40 (6). On graphs: I is classic ESA technology, 2 is ESA in two stages (at
the second stage, the productivity was reduced by = two times), 3 is ESA in two
stages (at the second stage, the productivity was reduced by = four times).

TABJINIIA 2. PospaxoBaHi KOHCTaHTH eHeprii aktusamii ( E, A, ) i KoHCTAaHTH

PiBHAHHSA IIPOTHO3YBAHHS MiKPOTBEPAOCTU 3MIiI[THEHOTO IIAPy 3a aJiTyBaHHS
merogoM ELJI kpuns 20 (y uucenabHuky) i 40 (y 3SHaMeHHUKY) 3a Pi3HUX IPOAY-
KTUBHOCTEH IIPOIIeCy.

TABLE 2. Calculated activation energy constants ( E, ,,, ) and the constants of

the equation for predicting the microhardness of the hardened layer during
alitizing by the ESA method of steels 20 (in the numerator) and 40 (in the de-
nominator) for different process productivities.

Pesxnm ELT E, \y, =tgo|, Mox| E, y =W, Ix|% |AH,, ..., MIIa

Kiaacuuna rexHosoris 0,74 0,73 1 9394
ELJI 0,58 0,64 9 7432

ElJl y nBa eTanu, Ha
APYroMYy eTami IpoayK- 0,69 0,68 1 9770
TUBHICTH OyJjia 3MeHIIIE- 0,59 0,63 4 7480

HaA =y IBa pasu

EIJl y nBa eTanu, Ha
APYTrOMY eTami IPOayK- 0,68 0,66 3 9784
TUBHICTBH OyJjIa 3MeHIIIe- 0,62 0,61 2 7631

HaA = y YOTUPHU pPasu
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ITo6ynyemo rpadiku sanesxnocTi InARa, Bix 1/W , 3a anityBanHa Me-
romom ELJI kpuri 20 (puc. 10).

PesynapraTu pospaxyHkKy KoHcTaHTu ARa, ... Ta eHeprii akTuBamii
E, sp, (RoHCTaHTHU piBHAHHA (10) IPOrHO3YBAHHA IIIEPCTKOCTH ITIOBEPXHI

00 05 10 15 20 25 00 05 0I5 B0 25
1/W,, Tt /W, Tz

a 0

Puc. 10. SanexnicTs In(ARa,) Bix 1/W, sa anirysanna merogom ELII xpune 20
(a)i40 (6). Ha rpadikax: I — rmacuuHa TexHoJsoria EIJI, 2 — EIJI y aBa eranu
(ua gpyromy eTami IpogyKTUBHICTH OyJia 3MeHIIIeHa = v 1Ba pasu), 3 — EIJI y nBa
eranu (Ha APYroMYy eTali IPpOAYKTUBHICTE OyJia 3MeHIIIeHa = Y YOTUPY Pasu).

Fig. 10. Dependence In(ARa,) on 1/W , when alitizing by ESA method of steels
20 (a) and 40 (6). On graphs: 1 is classic ESA technology, 2 is ESA in two stages
(at the second stage, the productivity was reduced by = two times), 3 is ESA in
two stages (at the second stage, the productivity was reduced by = four times).

TABJINIIA 3. PospaxoBaHi KoHCTaHTU eHeprii akTusarlii (£, g,) 1 KOHCTaHTH PiB-
HAHHA ITPOTHO3YBAaHHS IIIEPCTKOCTY MOBEPXHi 3a asityBanua merogom EIJI kpuis
20 (y uncenbHuKY) i 40 (y 3HAMEHHUKY) 3a Pi3HUX IPOAYKTHUBHOCTEMH IIPOIIECY.

TABLE 3. Calculated activation energy constants (E, »g,) and the constants of
the equation for predicting the surface roughness during alitizing by the ESA
method of steels 20 (in the numerator) and 40 (in the denominator) for differ-
ent process performances.

Pexxum ELTT |E, aro = Itgal, Iox|E, np= W, x| % | ARG, 0o MEM
Kiaacuuna rexHosoris 1,147 1,09 5 10
ELI 0,909 0,939 3 6,83
ElJI y nBa eranu, Ha ApPY-
roMy eTani IpoayKTHB- 1,151 1,18 3 9,8
HicTb OyJIa 3MeHIIIeHa = 1,105 1,17 6 8,17
y IBa pasu
ElJI y nBa eTanu, Ha APY-
TOMY eTari TpOayKTHUB- 1,147 1,09 5 10
HicTb OyJ1a 3MeHIIIeHa = 0,738 0,77 4 6,53

Yy 4OTUDPHU pa3u




YIOCKOHAJIEHHSA ITAPAMETPIB AKOCTU IIOBEPXHEBUX IIITAPIB IETAJIIB 791

3a aigityBamua meromoMm EIJI), BusHaueni gBoma cmocobamu, 3a Iep-
UM, AKIO E, \p,=W,, 3a apyrum, xKomu E, Ap, = |tg0c|, 3aHECEHO [0
TabJr. 3.

Heary HeBiamoBiguicTb (10 5% ) 3Hauenb KoHcTauT ELJI (E, Ap,), BU-
3HAUEHUX Pi3HMMMU CIIOCO0aMM, MOKHA IMOSCHUTH HACJIiTKOM IOXMOOK
pisHUX MipaHb. B misomy 36i3KHicTh pe3yIbTaTiB € 3a40BiIBHOIO.

BigmosigHo 1o piBHAHHS cymiabHOCTH (14) MixK JorapuTMOM 3HAUEHb
CYIIiIBHOCTH Iapy i 00epHEeHOI0 BeJIUUYNHOIO eHeprii po3pAay Mae 0yTu
JiHifiHui 3B’ A30K.

ITobynyemo rpadiku sanesxHocTu InAS, Bix 1/W, 3a amiTyBaHHA Me-
romom ELJI kpuri 20 (puc. 11).

PesynbraTu pospaxyHKY KoHCTaHTH AS, .. Ta eHeprii akTusaiii E, oy
(koHcTauTu piBHAHHA (14) TPOTHO3YBAHHS CYIIJILHOCTH IIOBEPXHi 3a
amiryBanua metonom ElLJI), BusHaueni mBoma cmocobammu, 3a IepIINM,
ARmo E, »s =W, 3a 1pyrum, Komu E, rg= | tgoc| , 3aHeceHo 10 TadJ. 4.

Heary meBimnmoBimuicTs (Mo 7% ) sHauenb KoucTaHT ELJI (E, »g), BU-
3HAUEHUX PiSHUMHU cIIocobaMM, MOYKHA IMOACHUTU HACHITKOM IIOXMOOK
pisHUX MipaHb. B 1isomy 36i3KHICTL pe3yabTaTiB € 3a/J0BiJIBHOIO.

3Bezneni nani koucrant E1JI, HeoOXinHi 1y1d pospaxyHKY mapaMeTpiB
SIKOCTH IIOBEPXHEBOTO IIapy, HaBeeHo B TabJI. 5.

Amnajiza Trabauiii 5 moxasasa, 10 31 3MEHIIIeHHAM TPOAYKTUBHOCTH,
TOOTO 36iJbIIeHHAM Uacy oOpo0OJeHHA OMMHUII ITOBEPXHi meTasio (Tpy-
momicTrocTu npoiiecy EIJI), sMeHIIyioThea Beaununuu KouctanT ELJI za
amityBaHHsa Kpuib 20 i 40.

Ile MoKHA TOSACHUTU TUM, III0 3 KOXKHUM HACTYIIHUM ITUKJIOM 3MEH-
IIYEThCA KiMbKiCTh IepeHeceHol PeUoBHMHU 3 aHOAMW HA KaTomy, TOOTO
IIpoIlec ajJiTyBaHHA HiOMTO «yraMOBYETLCS» Ta BimOyBaeThcsa HACUUEH-
HdA, II0 XapaKTepHe MIJA eKCIOHEHI[IMHMX 3ajeskHocTeil. BoaHouac
3MEHIITYEThCA 1 pesyIbTaT BIJIMBY HPOIlECY aJiTyBaHHA Ha HapaMeTpu
SKOCTHU IIOBEPXHEBUX IapiB AeTasiB (TOBIMUHY «0iloro» Iimapy Ta gu-
dysiiiHol 30HU, MiKDPOTBEPAiCTH, CYIiJIbHICTh, IIEPCTKICTD).

4. BUCHOBKH

Ha migcraBi BHIIE3amrpomoHOBAHOTO MaTEeMAaTUYHOTO MOAENI0 (PiBHSIH-
Ha (1)—(17)) i MmeToAMKYN BUBHAUEHHA KOHCTAHT PiBHAHb IPOTHO3YBAH-
HA TOBIIUHU ajiToBaHOTO mAapy (Ah, ... Ta eHeprii akTuBamii E,,, 3a
armityBaaHa metogom EIJI), MmakcuMmanibHOI MiKpPOTBEDPIOCTH MOBEPXHE-
Boro mapy (AH , ., Ta eHeprii akTusanii E, AH, ), MAKCUMAaJILHOI ITIepc-

TKOCTH ITOBepXHi (ARQ, .., ¥ €Heprii K, Ag,) Ta MaKCUMAaJIBHOI CYITIiJIbHO-
ctu mapy (AS, ... 1 eHeprii E, »¢) 3a amityBanasa metogom ELJI kpums 20
i 40 MOsKHA CKJIACTU aJT'OPUTM, II[0 YMOKJINBIIIOE IPOTHO3YBATH OCHOB-
Hi TexHosoTiuHi mapamerpu ELJI mapy nasa 6yab-AKuUX MaTepisaiaiB Ka-
TOZH.
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Puc. 11. Sanexuicts In(AS,) Bix 1/W, sa anitysanna merogom ELJI xpuns 20
(a)140 (6). Ha rpagikax: I — kmacuuna rexunosoris EIJI, 2 — EIJI y nBa etanu
(Ha Ipyromy erami IpOAYKTHUBHICTH Oyja 3MeHINIeHa = y nBa pasu), 3 — EIJl y
IBa eTanu (Ha JPYroMy eTali IpOAYKTUBHICTEL OyJsia 3MeHIIIeHa = Y YOTUPHU pa-
3m).

Fig. 11. Dependence In(AS,) on 1/W, when alitizing by ESA method of steels
20 (a) and 40 (6). On graphs: 1 is classic ESA technology, 2 is ESA in two stag-
es (at the second stage, the productivity was reduced by = two times), 3 is ESA
in two stages (at the second stage, the productivity was reduced by = four
times).

TABJINIISA 4. PospaxoBani koHcTauTu EIJI (E, »g) i KOHCTaHTU CYIiIBHOCTHU
miapy 3a amditryBanHa metogoM EIJI kpunps 20 (y uucenbuukry) i 40 (y sHaMeH-
HUKY) 3a Pi3HUX IPOAYKTHUBHOCTEH IIPOIlecy.

TABLE 4. Calculated ESA constants (E, »g) and the layer-continuity constants
during alitizing by the ESA method of steels 20 (in the numerator) and 40 (in
the denominator) for different process productivities.

Pesxum EIJI | E, 5= ltgal, x| E, ns= W,, | % [AS, 1 %
Knacuuna rexaosoria EIJI 00,32694 g’gg ? igg
EIJI y nBa eramnu, Ha 1pyromMy 0.125 0.126 5 100
eTami IpOAYKTUBHiCTE OyJia 0’279 0,288 3 100
3MeHIIIeHa = ¥ IBa pas3u ’ ’

ElJl y nBa eTanu, HA APYTOMY 0.979 0.98 6 100

eTalri MpoAyKTHUBHICTE OyIa ¢ ’
0,03 0,028 7 100

3MEHIIIeHa = Y YOTHUPHU pa3u

PesysbTaTé 4acTKOBO 0YJI0 OZlepP:KaHO B paMKaX HAayKOBO-AOCJiTHUX
mpoekTiB MOH Vkpaiau «Po3po6Ka HOBUX METOiB ITOBEPXHEBOT'O Ha-
HOCTPYKTYPYBaHHSA CTAJbHUX IIOBEPXOHDb 3 MIPOTHO30BAHUMU TapaMeT-
paMu AKOCTi, 3aCHOBAaHUX Ha METOHi eJIEKTPOiCKPOBOTO JeTryBaHHS»
(mep:x. peectp. Ne0122U000771) ta Erasmus+ Jean Monnet Chair
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TABJINIIA 5. 3seneni naui xoucraut ELJI 3a anirysanusa merogom ELJI kpuinb
20 (y uucensaury) i 40 (y 3BHaMEeHHUKY) 3a Pi3HUX IPOAYKTUBHOCTEM IPOIIECY.

TABLE 5. Summary data of ESA constants during alitizing by the ESA meth-
od of steels 20 (in the numerator) and 40 (in the denominator) according to
different process productivities.

Pesxum EIJI o= ‘tg(x"Ahﬂ max? E" am, = VVP AHua maxo{Ea ARg = ‘ tga' ARG ool B as = | tga‘ ’Asg max?
Tk MKM , Iix MIIa Hox MKM ok %o
Kiaacuuna rex- 1,001 85 0,74 9394 1,147 10 0,29 100
uHosoria EIJI 1,09 119 0,58 7432 0,909 6,83 0,364
ElJl y nBa era-
nu, Ha JpyroMy
erami mpogyk- 0,731 82 0,69 9770 1,151 9,8 0,125 100
TuBHicTE 6yna 0,775 108 0,59 7480 1,105 8,17 0,279
3MEHIIIeHa =
y iBa pasu
ELJly nBa era-
¥, Ha [PYroMy
erani nmpoagyk- 0,505 68 0,68 9784 1,147 10 0,272 100
TuBHicTb Oyta 0,632 99 0,62 7631 0,738 6,53 0,03

3MeHIIIeHa =
Y YOTHDH pasu

(mpoexT 101085451 CircuMed).
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Fast Melting and Crystallization of Interfaces in Eutectic Alloys
—The Idea of ‘Thermal Prick’
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01-919 Warsaw, Poland
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The possibility of nanomodification of eutectic alloys by fast heating slightly
above eutectic temperature with subsequent very fast cooling or just quench-
ing is analysed. The basic physical effect that may be a basis of such a ‘ther-
mal prick’ idea is the following: (1) short-time contact melting of any inter-
phase interface leads to the formation of a thin liquid layer instead of a par-
ent solid—solid interface; (2) fast cooling of this thin liquid layer proceeds
under the step of composition between opposite boundaries. Therefore, the
phase transformation should be in an open inhomogeneous system. In many
cases, crystallization is reduced to decomposition under the external compo-
sition gradient and demonstrates quasi-periodic phase formation with nano-
metre separation distance. It means that the special heat treatment, which we
call the thermal prick, may create additional nanostructured zones around
each interface within the parent eutectic alloy.

Key words: eutectic alloy, contact melting, crystallization, diffusion, kinet-
ics, nanostructure.

ITpoanasnizoBaHO MOKJMBiICTE HaHOMOAMMIKYBAaHHA €BTEKTUYHUX CTOIIB
IMBUAKNM HaI‘piBaHHﬁM TPOXU BHUIIIE eBTEeKTUYHOIL TeMIIepaTypu 3 IOAaJdbIIINM
Iy:Ke MIBUAKUM OXOJIOMMKEHHAM abo mpocTo 3arapryBaHuEaM. OcHOBHUH (isu-
YHUHA ePeKT, AKMA MOKe OyTHU IOKJIaLeHU B OCHOBY TaKoi imel «TepMiuHOro
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YKOJIy», mojArae B HacTymHoMy: (1) KOpoTKouacHe KOHTAKTHE TOILJIEHHS
0yab-aKoi Misk(dasHol Merki momiay eBTEeKTUYHOI CUCTEMU IPUBOSUTE IO YTBO-
PEeHHS TOHKOTO PifKOTO Iapy 3aMiCcThb MaTEePUWHCHLKOI MOBEPXHi MOAiIy MixK
TBepAuMu (haszamu; (2) MBUAKE OXOJIOMKEHHSA IIHOTO TOHKOTO PifIKOro mapy
BimOyBaeThCA B yMOBaX 30BHINTHBOTO I'DAJI€HTY KOHIIeHTpAIil MiK mpoTuie-
JKHUMH CTiHKaMM IPOIIIapKy. ¥ 0araThbox BUMAKaX KPUCTATIi3aIlisa 3BOTUTHCS
IO pO3maay y IOJIi 30BHINITHBOTO I'PAJI€HTy KOHIIEHTPAIil Ta JEMOHCTPYE KBa-
sunepioguuHe (ha30yTBOPEHHA 3 HAHOMeTpoBuMU epiogamu. Ile osrnauae, 1o
CIIellifAJbHe TepMiuHe oOpoOJIeHHA, SKe MU HAa3WBAEMO TEPMIiUHUM YKOJOM,
MOJKe CTBOPIOBATH MOJATKOBI HAHOCTPYKTYPOBaHI 30HM HABKOJIO KOMKHOI MexKi
IOy Y MATePUHCHKOMY €BTEKTUYHOMY CTOIIi.

KarouoBi cioBa: eBTeKTUYHUI CTON, KOHTAKTHE TOIJIEHHS, KpUCTasisarris,
Iudysisa, kKiHeTuKa, HAHOCTPYKTYypa.

(Received 15 February, 2024; in final version, 6 May, 2024 )

1. INTRODUCTION

In this paper, we try to combine the simple engineering idea (sugges-
tion of thermal prick method for the heat treatment of the eutectic al-
loys) with the fundamental concept of phase transformations in open
non-uniform systems.

1.1. Idea of Thermal Spike Method

During the last two decades, eutectic alloys have been more and more
applied not only as solders but as well as self-organized two-phase or
multiphase materials in photonics, energy storage, and conversion
[1-9]. For many such applications, a fraction of internal interphase
surfaces becomes important. Therefore, it might be interesting for
practice to have the ability to increase the total interphase surface of
already produced eutectic alloys. We may call our aim ‘the nanomodi-
fication of structure’. If eutectic alloy is produced by directional crys-
tallization (for example, by the ‘micropulling-down’ method), it often
demonstrates lamellar or rod-like structures [7-10]. At that, typical
diameters of rods or thicknesses of lamellae of the primary phase have
the order of few microns, as well as distances between rods or lamellae.
In short, the main idea is to apply to such alloys a special regime of heat
treatment, which we call a ‘thermal prick (spike)’—fast heating over
the eutectic temperature (but below the melting points of both phases
of the eutectic couple) for some short time, and then, fast cooling (or
just quenching). One might expect that during heating over eutectic
temperature the partial melting of the eutectic alloy should start. (We
emphasize that the aim of the thermal prick (spike) is not complete but
only partial melting with remaining significant regions of alloy in the
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solid state.) Theoretically, above the eutectic temperature, contact
melting should start at each internal interphase interface after some
nucleation period (nucleation of the first liquid droplet), which we ex-
pect to be short [11]. According to the idea of a ‘thermal prick’, if the
time of this local melting is short enough, we can convert all (or a sig-
nificant part of) interfaces into such liquid layers with a concentration
gradient inside the molten layer when the thickness of this layer (say,
500 nm or 1 micron) is less than the size of single-phase regions. When,
after this short period of growth, these molten layers crystallize back
during fast cooling, they may form additional nanosize two-phase
structures around each ‘parent’ internal interface. Recently, we dis-
covered the formation of the quasi-periodic spinodal-type nanostruc-
ture within the region of the liquid layer in the sharp concentration
gradient for eutectic systems like Cu—Ag [11]. This system has the
same type of lattice for both components and has a decomposition cupo-
la with a critical temperature above eutectic. This leads to an interest-
ing interplay of eutectic and spinodal decomposition.

So, our working hypothesis is to apply the fast heating above eutec-
tic temperature (but below melting temperatures of components) fol-
lowed by fast cooling. Such thermal spike may convert each internal
interphase interface of the eutectic alloy into micron-sized or submi-
cron-sized nanostructured layers consisting of alternating nanolayers
of both phases or just from a mixture of nanograins of both phases.
Thus, the area of interphase surfaces will grow significantly.

1.2. Crystallization of thin Molten Layer between Different Phases as
a Problem of Decomposition in an Open Non-Uniform System

Crystallization of narrow molten alloy between different phases at the
‘left’ and ‘right’ boundaries is, actually, the phase transformation in
an open inhomogeneous system (under external gradient of composi-
tions and chemical potentials and/or external flux of matter and/or
energy). We may call such systems ‘driven’ (following the terminology
of Georges Martin et al.[12—14]). Development of such an approach for
the case of flux-driven nucleation, growth, and ripening in open sys-
tems can be found in Refs. [15, 16]. Decomposition in open inhomoge-
neous systems has been analysed so far only partially. Actually, de-
composition may be of spinodal type, precipitation-and-growth type,
and cellular-decomposition-via-moving-boundaries type under frozen
bulk diffusion. So far, we have analysed and compared with experi-
ment only flux-driven cellular decomposition [17-19] for various sys-
tems. Spinodal decomposition in an open system has been partially ana-
lysed recently [11] and is analysed and simulated with more details be-
low. Decomposition by precipitation-growth in an open system is simu-
lated below for the first time (to the best of our knowledge).
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1.3. Structure of the Paper

First, we will model the first stage of thermal spike pro-
cessing——contact melting of internal interfaces within the eutectic al-
loy (Sec. 2). Let the interface between the two phases be locally planar,
and the temperature slightly (by several degrees) above the eutectic
one. In general, contact melting includes three stages. The first stage
is a nucleation of the first droplets. The second stage is a lateral
growth of the liquid phase along the interface with the formation of a
continuous liquid layer. The third (final) stage is the normal growth of
the formed thin liquid phase layer due to the fast diffusion of compo-
nents across this layer from one solid phase to another. For nucleation-
stage estimation, we use the recently developed theory of nucleation in
contact melting (see Ref. [11]). The lateral spreading stage is typically
very short. The normal growth stage is described in Sec. 2 according to
the common description of reactive diffusion.

In Section 3, we try to model the more complicated phenome-
non—-crystallization of the liquid interface layer between two members
of the eutectic couple. This crystallization may proceed via various
modes, depending on system type and kinetic factors.

We will analyse two types of systems. The first type is a eutectic
couple of the Cu—-Ag-type, which has the same structure of both com-
ponents, positive mixing energy, and decomposition cupola with the
top (critical temperature) higher than the eutectic one (Fig.1). It
means that, below the eutectic temperature, the liquid alloy may crys-
tallize as minimum via two modes: (1) by nucleation and growth of the
primary phase and the secondary phase, and (2) by a two-step process,
consisting of, first, polymorphic (at frozen long-range diffusion)
freezing into solid solution, which is unstable in respect to spinodal
decomposition, and (second) this very spinodal decomposition and con-
sequent coarsening.

025 06
020 05
015
F o010 5 04
=) o 03
= 005 = 02
wi 000 o
005 01 J
-010 00 A/
700 015,

0 02 04 06 O.é 1 o0 02 04 06 08 10 —0'10.0 02 04 06 08 10
C, c c

Cu Ag Ag

Fig. 1. In the case of the Cu—Ag system, the second mode (polymorphous freez-
ing into an unstable solid solution that decomposes spinodal into two solid so-
lutions) was predicted [11] to become preferential at T <970 K, which is not
very far from eutectic and should become realistic with fast cooling.
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The second mode of crystallization of the first-type systems becomes
preferential at fast cooling below some threshold temperature, at
which the W-curve of the solid solution becomes lower than the g-curve
of the liquid phase[11].

Systems of the second type contain several intermediate ordered
phases (compounds) with narrow concentration ranges. They are char-
acterized by negative mixing energy for interactions within the first
coordination shell (and, possibly though not necessary, positive mix-
ing energy with the second coordination shell). Such a system tends to
an ordering within narrow concentration ranges around stoichiometric
compounds, and decomposition into two ordered compounds AB + AsB,
or rather one compound and one marginal solid solution AsB+ A, be-
yond the mentioned concentration ranges.

Namely, we will limit ourselves to two kinds of structural phase
transformations forming the f.c.c. lattice: (1)—decomposition into
two solid solutions, (2) decomposition into solid solution plus ordered
compound L1,, and (3) decomposition into two different ordered com-
pounds L1; and L1+—see Fig. 2, b.

2. ESTIMATION OF TIME NECESSARY TO CONVERT SOLID
INTERFACE INTO A MOLTEN LAYER OF NECESSARY
THICKNESS VIA CONTACT MELTING

We want to melt the interfaces between two phases with the formation
of liquid layers at the base of each interface. The thickness of the liquid
layer should be less than the thickness of alpha and beta lamellae or
rods. Moreover, maximal temperature of the thermal prick should be
higher than the eutectic one but lower than the melting of pure compo-
nents. As mentioned in the Introduction, contact melting should start
from nucleation in concentration gradients within parent solid phases,
due to interpenetration of components within the contact zone. For the
case of Cu—Ag contact melting, the threshold interpenetration zone is
about 10-20 nm and the time for its formation by solid-state diffusion
may be (under reasonable nucleation conditions and parameters) a few
milliseconds. We will see that the characteristic time of normal
growth, necessary to reach a liquid layer thickness of about a micron,
is about one or a few seconds. Therefore, in what follows below, we ne-
glect the nucleation time of the liquid phase at the beginning of contact
melting. Then, the kinetics of widening of the molten layer can be de-
scribed by the following equations of mass balance at the moving inter-
faces Y*? (between liquid layer and BETA-phase) and Y* (between liquid
layer and ALPHA-phase):

ay* Crete = Core
(Cbeta - Cn}felt ) 7 = et W ’ (1)
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Fig. 2. Two types of binary systems analysed in this paper, characterized by
(up) composition dependencies of Gibbs free energy and (bottom) phase dia-
grams: a—positive mixing energy and corresponding W-shaped g(C)-curve
leading to decomposition into two solid solutions (at least in the bulk if the
bulk diffusion is not frozen), b—negative mixing energy for the nearest neigh-
bours and positive mixing energy for the next nearest neighbours, leading to
the ordering of compounds within narrow concentration ranges around 1/4,
1/2, 3/4, and leading to decomposition into AsB compound + A(B) solution or
AsB compound + AB compound, etc., beyond the mentioned narrow ranges.
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According to the phase diagram and our rough estimations for
Ag—Cu system (see Fig. 3),

0T / C — T / C ~ 0.0004,
c.—-C
d(AY,, ) =2D . beta _alpha .0.004 (T -T,,)dt, (4)
( " ) " [(Cbeta - Ceut ) (Ceut - Calpha )J ( ' )
2
t — (AYmelt ) . (5)

melt

2D

melt Cbem . Calpha ’ 0'004 ’ (T - 71eul‘)
(Cbeta - Ceut ) (Ceut - Calpha )

If, say, AY mer =2:10°m, Dpery=0.5-10° m2/s, Cupra =0.1, Ceue=0.95,
T-Te=2K, then, t, , ~0.1sec.

So, if we keep the interface at a temperature of 2 K higher than eu-
tectic for about 0.1 seconds, it may convert into a liquid layer of a
thickness of 2 microns, of course, if nucleation of the liquid phase pro-
ceeds even faster.

Ag—Cu

1000}

T (C)

500
FCC_AI+FCC Al#2

Y1 05 : 70
Cu/(Ag+Cu), mol/mol

Fig. 3. Typical phase diagram of the eutectic couple. At temperature T slight-
ly above eutectic one, Teus, the concentration range of the growing intermedi-
ate liquid phase is determined by the derivatives of the liquidus lines left and
right of the eutectic point:

1 -1
cr, ~ct, [ () ](T—Tm).

J’_
oTE JoC ~ oTE /oC

lig
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3. CRYSTALLIZATION OF LIQUID LAYER BETWEEN THE
COMPONENTS OF THE EUTECTIC SYSTEM

3.1. Crystallization of the First-Type Eutectic Interface Alloy

At first, we simulated the two-stage crystallization of the first type of
alloy (Cu—-Ag-type) under fast heating. We used a new simulation
method Generalized Stochastic Kinetic Mean-Field (GSKMF) devel-
oped recently [11]. This method simulates simultaneously the time
evolution of the liquid—solid order parameter, as well as the spatial re-
distribution of components. Results of the GSKMF application demon-
strated [11] that the obtained morphology practically coincides with
that obtained by simulation of spinodal decomposition in a solid state
in an inhomogeneous open system—with fixed phases alpha and beta at
the opposite sides of the crystallized layer. Therefore, here (below),
instead of GSKMF, we use a more known simulation tool SKMF (Sto-
chastic Kinetic Mean—Field in solid state) [20-27] for the calculation of
occupation probabilities at the sites of rigid f.c.c. lattice. The typical
result of such simulation for Ag—Cu is shown in Fig. 4 (left): quasi-
periodic formation of several nanolayers along the former interface.

In Figure 4 (right), we demonstrate the result of spinodal decompo-
sition at the same parameters but in a closed system with periodic
boundary conditions. We see that the morphology of the crystallized
eutectic layer strongly depends on the boundary conditions.

Fig. 4. Typical morphologies simulated for the case of a thermal prick of the
interphase interface (left) and spinodal decomposition in homogeneous exter-
nal conditions (right). In the first case, crystallization is reduced to spinodal
decomposition in the open inhomogeneous system under differences in com-
positions and chemical potentials of two adjacent phases.
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3.2. Crystallization of the Second-Type Eutectic Interface Alloy

System of the second type was also simulated by the SKMF method and
was characterized by the following interaction energies within two co-
ordination shells leading to the phase diagram shown in Fig. 2, b:

Vi =V =-10%d, V], =-8.9-10%J,
Vi =Vil =-8.176-10%J, Vi =-2-10"J.

Peculiarities of the SKMF algorithm in the case of interactions
within two shells were discussed recently [23]. Peculiarities of the de-
scription of the compounds AsB and AB with local compositions and
with so-called ‘local long-range-order parameters’ were explained also
[22, 23]. Like in the previous subsection, instead of liquid, we took, as
an initial state of quenched liquid, the random alloy at the f.c.c. rigid
(already formed) lattice.

In parallel, we simulated the same system evolution with the same
boundary conditions by the standard Monte Carlo method (exchange
mechanism, Metropolis algorithm).

We considered two cases of initial states.

1. Random alloy with 0.125 fraction of B. This random alloy is un-
stable and should decompose into the ordered compound AsB (with a
composition close to stoichiometric one) and a weak solution of Bin A.

2. Random alloy with 0.375 fraction of B. This random alloy is also
unstable and should decompose into the ordered compound AsB (struc-
ture L1, with a composition close to stoichiometric) and another or-
dered compound AB (structure L1, with a composition close to stoichi-
ometric).

At that, we characterized each site by local mean concentration, av-
eraged over this very site and 12 nearest neighbours:

C(i)+ Y Clin)
Crean (1) = : (6)

In homogeneous ordered phases, this parameter remains the same
for all sublattices in AsB and AB compounds. Therefore, oscillations of
Crean indeed, demonstrate the quasi-periodic formation of phases in-
stead of transitions between sublattices (see below).

3.2.1. System A—Frozen Solution—A3B

The initial state was, from one side, 50 (001)-planes of almost pure A,
from another side—50 (001)-planes of almost stoichiometric ordered
phase A3;B (structure L1:), 200 (001)-planes between them are filled
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SR
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a b c

Fig. 5. Patterns after crystallization and decomposition into A + A3B of molten
interface, in comparison with decomposition in closed system:

a) initial noise = 1%, A—bottom, AsB—top;

b) initial noise = 0%, A—bottom, AsB—top;

¢) initial noise = 0%, periodic boundary conditions (closed system).

KMF method, composition scales with colour:

Column 1—initial state, colour corresponds to actual composition of each site;
Column 2—state after 150000 time steps, colour corresponds to actual com-
position;

Column 3—state after 150000 time steps, colour corresponds to Cmean;

Column 4—state after 150000 time steps, sites with Cmean > 0.125;

Column 5—state after 150000 time steps, sites with Cmean < 0.125.

with random alloy with atomic fraction 0.125 of B. In KMF simula-
tions, it is realized with just the same (or in some cases with small ini-
tial noise) occupation probability at each site (Fig. 5). In Monte Carlo
simulations, we randomly filled sites by sort A or B with respective
probabilities 0.875 and 0.125 (Fig. 7, a).

3.2.2. System AsB—Frozen Solution—AB

Similar results have been obtained for the random alloy at the interface
between two ordered compounds A3;B and AB—quasi-periodic patterns
are formed, contrary to a closed system with periodic boundary condi-
tions (Fig. 6).
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DN 0REERNBRR0)

b c

Fig. 6. Patterns after crystallization and decomposition into AsB +AB of mol-
ten interface, in comparison with decomposition in closed system:

a) initial noise = 1%, AsB—bottom, AB—top;

b) initial noise = 0%, AsB—bottom, AB—top;

¢) initial noise = 0%, periodic boundary conditions (closed system).

KMF method, composition scales with colour:

Column 1—initial state, colour corresponds to actual composition of each site;
Column 2—state after 150000 time steps, colour corresponds to actual com-
position;

Column 3—state after 150000 time steps, colour corresponds to Cmean;

Column 4—state after 150000 time steps, sites with Cmean > 0.375;

Column 5—state after 150000 time steps, sites with Cmean < 0.375.

3.2.3. Monte Carlo Simulation of the Systems ‘A—Frozen Solution—
A3B’ and ‘AsB-Frozen Solution—AB’

We simulated the decomposition of the random solution layer between
two walls of adjacent parent phases, as well, by Monte Carlo method,
using the simplest Metropolis algorithm with exchange mechanism. As
can be seen in Fig. 7, the results also show the formation of some quasi-
periodic pattern.

4. CONCLUSIONS

We suggest a simple method of nanostructuring the eutectic alloys by
special heat treatment, which we call a ‘thermal prick (spike)’: the fast
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Fig. 7. Patterns after crystallization and decomposition into A +AsB (left)
and AsB + AB (right) of molten interface, in comparison with decomposition in
closed system.

Monte Carlo method.

Column 1—initial state, colour corresponds to actual composition of each site;
Column 2—state after 150000 time steps, colour corresponds to actual com-
position;

Column 3—state after 150000 time steps, colour corresponds to Cmean;

Column 4—state after 150000 time steps, sites with Cmean >0.125 (left) and
sites with Cmean < 0.125 (right);

Column 5—state after 150000 time steps, sites with Cnean > 0.375 (left) and
sites with Cmean < 0.375 (right).

a

heating to temperatures a few degrees above the eutectic one and fast
cooling (quenching). This treatment should generate partial internal
contact melting of the interfaces with subsequent crystallization in the
non-uniform conditions leading to the formation of additional
nanostructures around these interfaces.

Fast heating, depending on the system, may be realized by passing
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current, laser pulse, inertial passing through the heating zone, etc.

Authors are grateful to Dorota Pawlak, Kingshuk Bandopadhyay,
Jaroslaw Sar, and Yaroslav Korol for discussion of thermal-spike idea.
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Influence of Adhesive-Active Components on Thermodynamic
Parameters of High-Entropy NiCoCrAl—(Ti, Nb) Brazing Filler
Metals

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

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

The conventional practice of heat-resistant nickel-alloys’ brazing involves
the utilization of industrial Ni-Cr—(B, Si)-based filler metals. However, em-
ploying filler metals within this system results in the formation of brittle
compounds, specifically, silicides and borides of nickel, chromium, and other
elements. These brittle phases have the potential to diminish the mechanical
characteristics of brazed assemblies. This study investigates the feasibility
of developing multicomponent high-entropy filler metals for brazing Ni-
based alloys (specifically, heat-resistant ones) without including boron and
silicon in their composition. Utilizing computational methods and the updat-
ed Hume-Rothery rules, we identified a promising NiCoCrAl—(Ti, Nb) sys-
tem. Various thermodynamic parameters are computed, and corresponding
dependences on the alloying-components’ content are established. The alloy-
ing limits of experimental alloys are determined, aligning with the criteria
established for high-entropy alloys (HEA). Melting temperatures are calcu-
lated, and the liquidus-surface area of the NiCoCrAl—(Ti, Nb) system is delin-
eated. Based on the research findings, it is determined that this alloy pos-
sesses a dendritic structure with some amount of eutectic component, and its
melting temperature below 1220°C makes it suitable for brazing heat-
resistant nickel alloys.

Key words: high-entropy alloy, brazing filler metal, brazing, nickel-based
alloys, entropy of mixing, enthalpy of mixing, titanium, niobium.
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3BUUANHOI MPAKTUKOIO MiJl Yac JIOTYBAHHS KAaPOMIITHUX HiKJIEBUX CTOIIB €
BUKOPUCTAHHA NPOMUCJIOBUX HPMWIOTKIB cucremu Ni—-Cr—(B, Si). IIpore Bu-
KOPHCTAHHA IPIJIIOTKIB TAKOl CHCTEMU IIPU3BOSUTH OO YTBOPEHHA KPUXKUX
croyK — cuuinumiB i 6opuznis Hikimato, Xpomy i iHIIHX eleMeHTiB, AKi Mo-
JKYTh IIOHMKYBATU MEeXaHIUHI XapaKTePUCTUKY NasgHNX 3’€JHAHB. ¥ IpeJcTa-
BJIEHi#T POOOTi MOCIiMKYy€EThCA MOMKJIUBICTHL CTBOPEHHSA 0araTOKOMIIOHEHTHUX
BHCOKOEHTPOMINHUX IPUIIOTKIB AJSA JIOTYBaHHA HiKJIeBUX CTOUIIB (y TOMY
YMCJIi JKAPOMIITHUX), III0 He MicTATH ¥ cBoeMYy cKJaxai Bopy ta Cuiirniro. 3 Bu-
KOPHCTAHHAM PO3PAXYHKOBUX METOAMK i MoaepHisoBaHuUX KpurepiiB Om-
Posepi Busnaueno mepcuektuBHy cucremy NiCoCrAl—(Ti, Nb), pospaxoBamo
HUBKY TE€PMOJWHAMIUHMX IapaMeTpiB i moOymoBaHO BinmoBimHI 3aje)xkHOCTI
Bix BMicTy Jier'yBaJbHUX KOMIIOHEHTIB cucTeMu. BusHaueHO rpaHmYHI Mexi
JIET'YBaHHS €KCIIePUMEHTAJIbHUX CTOIIIB, B AKVX 3HAUCHHS TaHUX TEPMOAMHA-
MIiYHUX BEJIWYUWH BifIOBiZaOTh KPUTEPiAM, AKi BUCYBaIOTHCA OO BUCOKOEHT-
pouifiaux crouni (BEC). PospaxyHKOBUM HIJIAXOM BU3HAYEHO TEMIIEPATYpPU
TOIJIEHHA Ta MO0yJOBaHO [MOiJIAHKY IIOBEepPXHi JiKBigycy cucremu
NiCoCrAl—(Ti, Nb). 3a pesyjbraTaMy pPO3PaxXyHKIB IJIA IPOBEAECHHS IIOIAJb-
mux ekcrnepumenTis oopano crom NiCoCrAlTiy,Nb.. 3a pesyabraTamu moci-
I’KeHb BCTAHOBJIEHO, IT[0 JAHUH CTOII Ma€ AEHAPUTHY CTPYKTYPY 3 HEBEJIUKOIO
KiZTbKiCTIO eBTEeKTUYHOI CKJIAIOBOI, a TeMmepaTypa TOIJEeHHS € HUKUYOIO 3a
1220°C, 110 poOUTH HOT0 MPUAATHUM AJIA JIOTYBAHHA *KAPOMIITHUX HiKJIEBUX
CTOIIiB.

KarouoBi ciioBa: BUCOKOEHTPONIMHUI CTOMI, MIPUIIOTOK, JIIOTYBAHHA, HiKJIEBi
CTONY, EHTPOIIiA 3MIiITaHHA, eHTaJbIIiA 3Mintanud, Turan, Hiooiii.

(Received 5 March, 2024; in final version, 11 April, 2024 )

1. INTRODUCTION

Due to their remarkable resistance to oxidation and corrosion at ele-
vated temperatures, as well as high strength and deformation re-
sistance under extreme conditions, heat-resistant nickel alloys have
become integral in the manufacturing of turbine components, combus-
tion chamber compartments, and other critical parts for aviation and
power applications. Notably, brazing stands out as the primary method
for joining dispersion-hardening cast heat-resistant nickel alloys on a
nickel base [1, 2]. Achieving high oxidation/corrosion resistance, en-
hanced creep resistance, and maintaining microstructure stability are
imperative requirements for the success of brazed joints[1, 3].

Existing brazing filler metals are predominantly developed within
the nickel-chromium (Ni-Cr) system, further optimized by incorporat-
ing a comprehensive set of alloying elements[1, 3]. Additionally, melt-
ing-point depressant elements (MPD), such as boron and silicon, are
commonly introduced into these systems[1, 3—-7].

Brazed joints formed using Ni—Cr filler metals consist of three dis-
tinct phases: a y-hard nickel-based solution at the ‘brazed seam-base
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metal’ interface, chromium and nickel borides along the grain bounda-
ries of the base metal, and eutectics primarily positioned along the
seam axis. These eutectics comprise silicides and borides of nickel,
chromium, and other boride-forming elements. The presence of these
brittle phases within the brazed seam significantly influences the
overall assembly fragility [3, 6, 8-10].

In recent years, extensive research has been conducted to address
the challenges posed by the formation of fragile layers in brazed joints.
High-entropy alloys (HEA) have emerged as a promising alternative as
filler metals in these applications[1, 3,11, 12].

Difficulties in developing high-entropy filler metals stem from chal-
lenges associated with chemical composition, microstructure, the ne-
cessity of achieving optimal wetting on specific base metals, and ensur-
ing desired performance characteristics of brazed joints. An essential
parameter in this context is the melting temperature of filler metals,
which must not surpass the autonomous melting temperature of the
base metal to preserve its original structure and, consequently, its
physical and mechanical properties[13].

The exploration of HEA as filler metals for joining Ni-based alloys is
currently in its early stages. Initial efforts have predominantly fo-
cused on the utilization of transition-metal HEA, akin to or derived
from Cantor’s alloy (an equiatomic alloy of the CoCrFeMnNi system
[14]). These alloys can be further enriched with elements such as Ge,
Sn, and Ga to achieve the required brazing temperature, ensure effec-
tive wetting of the base material, and enhance the quality of brazed
joints[1, 15,16, 17].

High-entropy alloys are defined as metal alloys containing 5 or more
chemical components, each present in the composition at 5 to 35 at.%.
These alloys exhibit a distinctive feature of preferentially forming
disordered solid solutions, stabilized by a high entropy of mixing
(AS,,>21.5R) [1, 3, 18-21]. It is hypothesized that in the liquid state,
these melts act as atomic solutions, transitioning into multicomponent
hard alloys upon crystallization. The increased entropy of such melts,
resulting from the numerous components, facilitates the formation of
solid solutions with a random atomic distribution, preventing the for-
mation of intermetallic phases during crystallization [20, 21].

The presence of heterogeneous atoms from elements with diverse
electronic structures, sizes, and thermodynamic properties in the crys-
tal lattice of a solid substitution solution induces significant distor-
tion. This distortion contributes to notable solid solution strengthen-
ing and the thermodynamic stability of properties. Simultaneously,
the reduced free energy of HEA ensures the stability of the solid solu-
tion during potential subsequent heat treatments [18, 20].

However, a high value of entropy AS., does not universally guaran-
tee the formation of solid solutions. Numerous studies have revealed
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that alloys with high entropy may not necessarily exhibit the structure
of a disordered solid solution. On one hand, an increase in the number
of alloying elements tends to enhance the likelihood of solid solution
formation; however, in many cases, the outcome includes the for-
mation of ordered phases, complex intermetallic compounds, or even
amorphous phases [13, 22-25].

An analysis of high-entropy alloy properties underscores that mul-
tiphase high-entropy systems often present a more favourable combi-
nation of mechanical characteristics, encompassing including yield
and tensile strength, as well as ductility [13]. Eutectic high-entropy
alloys, for instance, not only ensure high mechanical properties
through a fine distribution of phases but also exhibit good fluidity and
a reduced propensity for component segregation during melting,
which is quite often noted in conventional HEA [26-30].

These features lay the groundwork for the development of alloys
with a desired combination of properties, including high hardness,
wear resistance, at both normal temperatures and elevated ones, and
resistance to oxidation.

The primary objective of this study was to formulate a high-entropy
alloy suitable for use as a filler metal for brazing Ni-based alloys, guid-
ed by criteria for phase formation in high-entropy alloys as well as the
results of statistically processed thermodynamic parameters.

2. MATERIALS AND METHODS
2.1. Calculation Methodology

The chosen filler metal system is based on the Ni-Co—Cr—Al alloy. This
base system was further enriched with titanium and/or niobium to
achieve the necessary liquidus temperature and enhance heat re-
sistance and strength by promoting the formation of the requisite vol-
ume fraction of the strengthening y'-phase Nis(Al, Ti, Nb).

The prediction of properties and structure for the experimental
NiCoCrAl—(Ti, Nb) alloys of the employed criteria for phase formation
in high-entropy alloys based on modified Hume-Rothery rules and sev-
eral thermodynamic parameters [20, 31-36] as follow.

Entropy of mixing (ASn)

AS, =-R) cln(c,), (1)
i=1

where n is the number of alloy components; ¢; is the concentration of
the i-th alloying element; R is the universal gas constant.

If we consider the content of one of the elements in the alloy, such as
nickel (Ni) in our case, as ¢, and assume equiatomic concentrations of
the remaining elements, Eq. (1) takes the form:
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1-c¢
AS =-R|c In(c. )+ec.1 x|, 2
o= oRen(e) e, m[ 2% @
Enthalpy of mixing
AH, = Z4AH§Bcicj , (3)

i=1
i1

where AH;; is the mixing enthalpy of the binary equiatomic ij alloy; ¢y
is the concentration of the i-th (j-th) component.
Atomic radii mismatch coefficient

(4)

where r; is the atomic radius of the i-th element and r is the average
atomic radius:

r=>ycr. (5)
i=1
Generalized thermodynamic parameter
TS
— m - m , 6
v (6)

where T, is the average melting temperature of the multicomponent
system:
T,=>¢T. (7)
i=1
Valence electron concentration (VEC},)

VEC, =Y ¢VEC,, (8)
i=1
where VEC; is the valence electron concentration of the i-th element.
Phase composition prediction parameter [37]

_AS,
m 82 *

To ascertain the liquidus temperature of alloys and the impact of al-
loying elements on it, expressions based on the Taylor and Maclaurin
series’ expansion of the concentration dependence of solid and liquid

temperatures on corresponding multidimensional surfaces [38] were
employed:

A

9)
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TABLE 1. Physical properties of the alloy components [31].

Atomic Melting |Concentration of
Element | radius [Pauling electronegativity  point |valence electrons
r A i, K VEC, e/at.
Ni 1.25 1.91 1728 10
Co 1.25 1.88 1768 9
Cr 1.25 1.66 2136 6
Al 1.43 1.61 933 3
Ti 1.47 1.54 1941 4
Nb 1.43 1.6 2750 5

TABLE 2. Enthalpy of mixing of binary systems, kJ/mole [39].

Element | Ni | Co | ¢ | Al | Ti | Nb | Ta
Ni — 0 7 22 -3 -1  -29
Co 0 — 4 19 28 -5  -24
Cr -7 4 e -7 -7
Al 22 -19 -10 —  -30 -18  -19
Ti 35  -28 -1 30  — 2 1
Nb -7 -5 7 18 2 — 0
Ni dTNi
Ty, = Tig + ;[d_qzj Ci» (10)

where dT,,/dT, is the tangent of the angle of inclination of the tangen-

tial to the liquidus line drawn from the melting point of pure nickel on
the corresponding binary diagrams. These values typically fall within
the limits of a solid solution, where the segment of the solidus curve
closely approximates a straight line [38].

The primary data used during the calculations are given in Table 1
and Table 2.

The obtained calculation data underwent subsequent statistical
analysis.

2.2. Structural Characterization

The selected experimental alloys were fabricated from pure compo-
nents through argon-arc melting with a non-fusible tungsten electrode
on a water-cooled copper substrate in a high-purity argon environ-
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ment. To ensure uniform alloying element distribution, the ingot un-
derwent five successive remeltings.

Metallographic studies and micro-x-ray spectral analysis were con-
ducted on samples post-determination of the melting temperature
range, with all alloys cooled to room temperature at the same rate.
Samples were prepared according to standard methods, and their mi-
crostructure was examined using a Tescan Mira 3 LMU scanning elec-
tron microscope. Local micro-x-ray spectral analysis, employing an
Oxford Instruments X-max 80-mm? energy dispersive spectrometer,
was utilized to study element distribution in distinct phases.

3. RESULTS AND DISCUSSION

Throughout the research, various thermodynamic parameters of
NiCoCrAl—(Ti, Nb) alloy systems with different component ratios were
calculated.

Equation (2) was employed to establish the relationship between pa-
rameter (AS./R) and the content of the base element (nickel in this
case) for n-element multicomponent alloys, as depicted in Fig. 1.

The data reveal that for the content of the base component within
the range of 5 at.% to 35 at.%, and with equiatomic content of the re-
maining alloy elements, the enthalpy of mixing AS,,>1.5R across the
entire studied area.

However, as previously noted, a high AS,, value does not ensure the

Fig. 1. Calculation results of the parameter AS»/R depending on the content
of the base element (nickel) for n-element multicomponent alloys.
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formation of solid solutions.

To gain a more profound insight into the formation processes of
high-entropy alloys and their potential design, creation, and property
prediction, it becomes essential to investigate other factors such as the
atomic radii mismatch (38), enthalpy of mixing (AH,), thermodynamic
parameter (£2), valence-electrons’ concentration (VEC) and geometric
parameter (A)[9, 13, 19-32].

The calculated of atomic radii mismatch (3) for all alloys did not ex-
ceed 6.0% to 7.7%. It is worth noting that, according to the literature,
this value should not exceed 8.5-12% to obtain the structure of a solid
solution in high entropy alloys [38].

One of the leading factors in the formation of the structure of high-
entropy alloys is the enthalpy of mixing [31, 40, 41].

> e

eSS

SOTI N
O

[ ]
AANAAAAYV
e

= boto i Tt

Fig. 2. Calculation results of the enthalpy of mixing AH . (a), the size parame-
ter An (b) and the generalized thermodynamic parameter Q» (¢) depending on
the content of NiCoCrAl—(Ti, Nb) alloy components.
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The evaluation of the calculated data obtained for alloys of the
NiCoCrAl—(Ti, Nb) system shows that alloying with titanium leads to a
significant decrease in the value of the mixing enthalpy, while doping
with niobium has almost no effect on the value of AH,, (Fig. 2, a). Thus,
simultaneous codoping with these two elements allows obtaining the
value of AHwix in the region recommended for HEA (—22 < AHix <
<7 kJ/mol [31]).

Despite the significant role of enthalpy in the formation of the
structure of high-entropy alloys, for a more accurate prediction of the
formation of the phase composition, it is recommended to use the pa-
rameter A,,. This calculated parameter indicates that an increase in en-
tropy AS,, contributes to the formation of a solid solution; while an in-
crease in the difference in atomic radii 6 prevents this one (the value of
82 is proportional to the deformation of the crystal lattice in the sys-
tem). According to literature data [37], at values of the parameter
An>0.96, an ordered solid solution should form in the alloy, and at
An<0.24, ordered compounds and intermetallic phases are formed.

Based on the calculation results, it was established that doping the
alloy with titanium in the range of 0-18 at.% significantly decreases
the A, parameter to values of A, < 0.24 (Fig. 2, b). This combined with
a substantial decrease in the enthalpy of mixing (to 22-25 kJ/mol), in-
dicates a high probability of the formation of ordered compounds and
intermetallic in the alloys.

On the other hand, when doping with niobium, this parameter is in
the range of 0.26-0.28, which, combined with the insignificant influ-
ence of niobium on the change in the mixing enthalpy, may indicate a
high probability of the formation of a mixed structure in this case.

Simultaneous codoping with titanium and niobium allows, on one
hand, to maintain the value of the parameter A,, within 0.26-0.28
while keeping the mixing enthalpy AH,, at the level of 15-16 kJ/mol.
According to literature data, at such values of thermodynamic param-
eters, a mixed structure of several solid solutions should theoretically
form in the alloy. At the same time, the generalized thermodynamic
parameter Q,, for these alloys is at the level of Q,,=1.1-1.5 (Fig. 2, ¢),
confirming the possibility of the formation of a mixed structure in
these alloys.

The lattice type of such solid solutions can be predicted using the
VEC,, parameter. According to the Hume-Rothery rule, the valence
electron concentration (VEC) predicts the type of crystal lattice
[31,41-43]. At VEC,,>8.0, a single-phase f.c.c. structure should
form, while at 6.87<VEC,,<8.0,b.c.c. and f.c.c. phases coexist, and at
VEC, <6.87, asingle-phase b.c.c. structure takes place [31, 44].

Analysis of selected experimental alloys revealed that, with separate
alloying with titanium and niobium in the NiCoCrAl—(Ti, Nb) system
alloys, the value of VEC,, for NiCoCrAl-Ti and NiCoCrAl-Nb alloys is
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I > 1300
Il <1280
[1<1180
[ <1080
I <980

Fig. 3. Calculated liquidus surface of the NiCoCrAl—(Ti, Nb) alloys.

TABLE 3. Calculated thermodynamic parameters of the selected
NiCoCrAl—(Ti, Nb) alloy.

AH., kJ/mole|AS,, J/mole| Qu | 8% | VECH | Aw | Tus°C
—21.12 “1.64+R 1.1 7 715 0.28 1215

within 6.4-6.6 range, indicating the formation of a solid solution with
a b.c.c. lattice. In turn, with simultaneous doping, depending on the
component ratio, the value of this parameter is within 7.7-8.04, sug-
gesting that in the case of solid solution formation, phases with both
b.c.c. and f.c.c. lattices are possible.

Calculation using Taylor series of the liquidus temperature of se-
lected NiCoCrAl—(Ti, Nb) alloys determined that, to achieve the re-
quired liquidus temperature (not higher than 1220-1230°C), the total
content of Ti + Nb should be at least 16 at.% (Fig. 3).

According to the calculated data, the selected experimental alloys
will exhibit a mixed structure, consisting of a solid solution based on
nickel and intermetallic compounds based on Nis(Al, Ti, Nb), with an
acceptable calculated melting temperature T, =1215°C (Table 3). This
renders them suitable for use as brazing filler metals for heat-resistant
nickel alloys.

Further experimental studies, particularly x-ray microspectral
analysis, confirmed that the alloy in its cast state comprises dendrites
of two primary phases and some amount of interdendritic eutectic. The
first phase, based on the Ni—-Co system enriched with aluminium and
titanium (Phase 1, Fig. 4), constitutes approximately 65% of the vol-
ume. The second phase, based on the Cr—Co-Ni system with a small
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Fig. 4. Cross-sectional microstructure of the cast Ni:CoCrAl-Ti,Nb. high-
entropy alloy.

amount of aluminium, titanium, and niobium (Phase 2, Fig. 4), consti-
tutes around 10% of the volume.

In the interdendritic spaces, eutectics formed by compounds en-
riched in aluminium, titanium, and niobium crystallize (Phase 3,
Fig.4). According to binary state diagrams, such compounds are
formed because of a eutectic reaction during the crystallization of a
liquid alloy [44].

4. CONCLUSIONS

The results of calculations and analysis of state diagrams of metal sys-
tems indicate that the NiCoCrAl—(Ti, Nb) system is potentially promis-
ing for creating high-entropy solders for brazing Ni-based alloys. Us-
ing the calculation method, it was established that the values of the
entropy of mixing (AS,) as well as enthalpy of mixing (AH.) and the
atomic radii mismatch (8) for this alloys correspond to the criteria put
forward for high-entropy alloys.

Calculation using Taylor and Maclaurin series of the liquidus tem-
perature of NiCoCrAl—(Ti, Nb) system alloys made it possible to deter-
mine that, to achieve a liquidus temperature not higher than
1220-1230°C, the total content of Ti + Nb should be at least 16 at.%.

Based on the findings from micro-x-ray spectral studies, it was de-
termined that the selected experimental alloy Ni.CoCrAl-Ti,Nb, exhib-
its Ni-Co dendritic components, enriched with aluminium and titani-
um, as well as Cr—Co—Ni-based components doped with small amounts
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of aluminium, titanium, and niobium. Simultaneously, a small volume
of the eutectic component of the formed compound, enriched with al-
uminium, titanium, and niobium, is present in the interdendritic spac-
es.
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Gradient Structure and Wear Resistance of Steel Castings

S. Ye. Kondratyuk, A. M. Verkhovlyuk, V. I. Veis, Z. V. Parkhomchuk,
and O. V. Zheleznyak

Physico-Technological Institute of Metals and Alloys, N.A.S. of Ukraine,
34/1 Academician Vernadsky Blvd.,
UA-03142 Kyiv, Ukraine

The influences of temperature-kinetic parameters on the morphology, dis-
persion, and gradient of their cast structure are studied using the example of
castings of 30XI'C and Y 7JI steels obtained under the condition of directional
cooling of their end surfaces during crystallization with different intensity
of heat removal (5°C/s and 300°C/s), as well as on the length of the transcrys-
tallization zone and its influence on the wear resistance in various sections of
castings during abrasive wear. A regular increase in the length of the tran-
scrystallization zone (zone of columnar crystals) is established, correspond-
ing to an increase in the superheat temperature of the steel melt in the range
of 50°C-150°C above the liquidus temperature and the cooling rate during
the crystallization of castings. As shown, the maximum resistance to abra-
sive wear is observed during high-rate crystallization of castings and corre-
sponds to an increase in the length of the transcrystallization zone in the
cross-sections of samples oriented across the direction of heat removal and
advancement of the crystallization front. Such anisotropy of the structure of
the transcrystallization zone makes it possible to increase additionally the
wear resistance by 13-18% and opens up new prospects for the engineering of
cast products to improve their operational properties.

Key words: steel, castings, crystallization, structure, overheating, cooling
rate, wear resistance.

Ha mpurmani BunuBkiB kputb 30XT'CJI i Y7JI, omep:xaHuX 3a YMOB CIIPAMO-
BAHOT'O OXOJIOMKEHHA IXHBO1 iBepOBOi IMOBEpXHi IIig yac Kpucrasisarii 3 pis-
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HOI0 iHTeHCHUBHIicTIO TenoBin60py (5°C/c i 300°C/c), mocimKeHO BIJINB TEM-
IIepaTypPHO-KiHeTUYHMX ITapaMeTpiB Ha MOP(OJIOTito, TUCIEPCHICTS i I'pasieH-
THiCTb IXHBOI JIUTOI CTPYKTYPH, a TAKOK HA IPOTAKHICTH 30HNM TPAHCKPUCTA-
gisarii Ta il BIJIMB Ha 3HOCOCTIiHKiCTh Y Pi3HMX mepepisax BMJIVMBKIB 3a YMOB
abpas3mBHOIO 3HOIIIYBaHHA. BCTaHOBIEHO 3aKOHOMipHEe 30iNMbIIIEHHA IIPOTAXK-
HOCTHU 30HU TPAHCKpUCTAi3aIii (30HU cTOBOUACTUX KPUCTATIB) BiAIOBiAHO 10
i IBUIIEHHA TeMIIEPATYPHU IEPETrPiBy PO3TOIY KPUIIL B iHTepBaJIi TEMIIepaTyp
Ha 50°C-150°C BuIle TeMIepaTypH JiKBifycy Ta IIBUAKOCTH OXOJIOAMKEHHS
mig vac Kpucranisanii BuamBKiB. IlokasaHo, 110 MakcuMaJabHA CTiHKiCTH 70
abpas3mBHOIO 3HOIIIEHHA CIIOCTEPIraeThCcA 3a YMOB HMIBUAKiICHOI KpucTasisamil
BUJIMBKIB i BifmoBizae 36iIbIITeHHIO0 BOJHOYAC TPOTAKHOCTY 30HU TPAHCKPUC-
rajisarii y mepepisax 3paskiB, Opi€eHTOBaHUX IOIEPEeK HATIPAMKY TEILJIOBif-
6opy Ta mpocyBauHA GPOHTy Kpucrtaaisarii. Taka aHiBOTPOIHICTE CTPYKTYpPHU
30HW TPAHCKPHUCTANI3AIil YMOMKIMWBIIOE TOJATKOBO IIiABUIIUTH 3HOCOCTiii-
kicTe Ha 13-18%, BigKkprBae HOBi IEPCHEKTUBY iHKeHePil TUTHMX BUPOOiB A
MiABUINEHHA IXHIX eKCITyaTal[ifH X BJIACTUBOCTE.

KarouoBi ciioBa: Kpuiisi, BUINBOK, 3HOCOCTiHIKiCTh, meperpiB, Kpucraaisais,
CTPYKTYDPHIi 30HU, I'DaJiEHTHICTB.

(Received 18 April, 2024, in final version, 6 May, 2024 )

1. INTRODUCTION

In the production of castings using traditional casting technologies, a
certain inhomogeneity (gradient) of the morphology and dispersion of
the cast structure is observed as well as the corresponding change in
the mechanical and operational properties of steel products. Metallo-
graphically, the possibility of the formation of different macrostruc-
tural zones, the structure and length of which is determined by chang-
es in the temperature and time conditions of melt crystallization in the
temperature range of the solid—liquid state, is shown [1]. Usually, four
main macrostructural zones are distinguished in the cross-section of
castings: a chill zone of small equiaxed grains (I); transcrystallization
zone of columnar grains oriented in the direction of the main prevail-
ing heat removal (II); a transition zone of branched dendritic-like
grains (III); a zone of large equiaxed grains in the central volumes of
the castings (IV). The wider the temperature range of steel crystalliza-
tion, the larger the dimensions and weight of the cast product, the
higher the probability of structural heterogeneity inside it. The wider
the temperature interval of steel crystallization, the larger the dimen-
sions and mass of the cast product, the higher the probability of struc-
tural inhomogeneity in it. In most cases, casters try to ensure the for-
mation of a homogeneous fine-crystalline structure across the entire
cross-section of the castings, similar to castings from rolled steel.
However, providing such a structure in cast products is a complex
technological task.
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Modern casting technologies make it possible to effectively use the
specified features of the structure in castings and create conditions for
the formation of certain directional and gradient structures in them,
to realize additional reserves for increasing special properties, in par-
ticular, the wear resistance of cast products in accordance with the
conditions of their operation [2—9].

Based on the above and in the absence of systematic research in this
direction, the purpose of this work was to establish the regularities of
the influence of thermokinetic crystallization parameters (melt tem-
perature and cooling rate) on the gradient structure of steel castings
and the associated change in wear resistance in various macrojet zones
along the depth of the castings in the conditions abrasive wear. The
study of the relationship between the presence and length of the tran-
scrystallization zone (II) and the wear resistance of steel castings is of
particular interest.

2. EXPERIMENTAL/THEORETICAL DETAILS

The study was conducted on rectangular castings of 30XT'CJI and Y 7JI
steels, the chemical composition of which is given in Table 1, with di-
mensions of 60x60x100 mm. The castings were designed to ensure one-
sided predominant cooling of the end part of the castings with different
intensity of heat removal V during solidification: 5°C/s (sand mold) and
300°C/s (copper water-cooled mold). The steels were melted in an induc-
tion furnace with acidic lining using the same technically clean raw ma-
terials (ISO 4990:2015). The melts of the investigated steels were
poured into moulds at temperatures 50°C, 100°C, and 150°C higher
than the liquidus temperature (T.) of each of the steels. The liquidus
temperatures (T'.) were determined by a calculation method based on
the chemical composition of the steels and were 1486°C and 1470°C for
30XT'CJI and Y7JI steels, respectively [10, 11]. The investigated cast-
ings were removed from the moulds after cooling to room temperature.
The wear resistance test was carried out on samples cut from the
casting along and across the direction of heat removal, on the JIMI-3M
friction machine on an abrasive pad (P120) at a sample movement
speed of 0.20 m/s and a specific static load of 1.85 kg/m? for 5 min.

TABLE 1. The chemical composition of steels.

Weight fraction of elements, %
c | Mn | si | cr | P s
30XT'CJI 0.29 0.9 1.1 1.0 0.025-0.030 0.025-0.030
RAGI 0.69 0.45 0.31 0.20 0.025-0.030 0.028-0.032

Steel




828 S. Ye. KONDRATYUK, A. M. VERKHOVLYUK, V.I. VEIS et al.

3. RESULTS AND DISCUSSION

Metallographically, the formation of a cast structure with a systematic
decrease in its dispersion along the depth of the castings and the for-
mation of transcrystallization zones (columnar crystals) of various
lengths depending on the temperature—kinetic conditions of melt solidi-
fication have been established. Thus, with an increase in the melt tem-
perature from T+ 50°C to Tr+ 100°C and T+ 150°C, an increase in the
extent of this zone is observed in all modes of external heat removal,
reaching maximum values during rapid cooling of the casting surface of
steels. Under these cooling conditions (300°C/s), the length of the zone of
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Fig. 1. Wear along the cross-section of 30XI'CJI steel castings depending on
temperature—time conditions and the direction of heat removal during crys-
tallization: melt temperature of 1670°C (a), melt temperature of 1620°C (b),
melt temperature of 1570°C (¢); 1, 3—along the direction of crystallization,
2, 4—across the direction of crystallization, 1, 2——cooling speed of 5°C/s,
3, 4—cooling speed of 300°C/s.



GRADIENT STRUCTURE AND WEAR RESISTANCE OF STEEL CASTINGS 829

columnar crystals in 30XI'CJI steel castings is 20 mm, 24 mm and
25 mm, in Y7JI steel castings it is 18 mm, 20 mm and 26 mm, respective-
ly. While the melts of the studied steels solidify at a standard cooling
rate (56°C/s), with increasing melt temperature, the transcrystallization
zone for 30XT'CJI steel castings reaches 16 mm, 18 mm, and 20 mm,
while for Y7JI steel, it amounts to 10 mm, 13 mm, and 16 mm, respec-
tively.

Experimentally, it has been established that, during abrasive wear,
a higher level of wear resistance is observed in the surface layers (zones
I, II) of the castings of both investigated steels under all regimes of
melt overheating and cooling during crystallization (Fig. 1, Fig. 2),
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Fig. 2. Wear along the cross-section of ¥7JI steel castings depending on tem-
perature—time conditions and the direction of heat removal during crystalli-
zation: melt temperature of 1670°C (a), melt temperature of 1620°C (b), melt
temperature of 1570°C (c); 1,3—along the direction of crystallization,
2, 4—across the direction of crystallization, 1, 2——cooling speed of 5°C/s,
3, 4—cooling speed of 300°C/s.
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and the orientation of samples relative to the direction of heat remov-
al.

It should be noted that the overall level of wear resistance in steel
castings of high-speed cooling during crystallization is higher than in
castings of normal cooling. For example, at maximum overheating of
the melt, the mass loss of rapid cooling samples decreases by 17% (steel
30XT'CJI) and by 35% (steel ¥7JI), when determining wear resistance
along the direction of heat removal during crystallization. The highest
rates of resistance to abrasive wear are observed on rapid cooling sam-
ples oriented across the direction of heat removal (direction of crystal-
lization) and correspond to the length of the transcrystallization
zones. When the samples are oriented across to the direction of heat
transfer, the difference in mass loss between rapidly cooled and nor-
mal-cooled castings can reach 30% for 30XT'CJI steel and 48% for Y7JI
steel.

4. CONCLUSION

A significant part of modern research is devoted to the development of
technological processes for the production of castings with surface
functional layers, including wear-resistant ones. Most existing meth-
ods do not allow obtaining a functional layer with a thickness of more
than a few tenths of a millimetre, which is not enough for long-term
operation of castings. Methods that make it possible to obtain a func-
tional layer of the required thickness significantly complicate and re-
duce the profitability of the casting manufacturing process due to the
high cost and complexity of the equipment.

Thus, based on the results of the research, the possibility of pur-
posefully changing the gradient of the cast steel structure, controlling
the extent and dispersion of macrostructural zones in castings, form-
ing mechanical properties and wear resistance by means of regulating
the temperature—time parameters of melt preparation, crystallization
and structure formation has been proven. This opens up the prospect of
producing cast products with predetermined differentiated properties
in the volume of castings for special operating conditions, limited by
the minimum quantity and low cost of external equipment.
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