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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. 

В роботі досліджено залежність крайового кута змочування рідким оли-
вом підкладинки із криці від температури. У ході експерименту виявле-
но, що крайовий кут зменшується з підвищенням температури і поліпшу-
ється змочуваність даної системи. Однак з подальшим підвищенням тем-
ператури крайовий кут знову збільшується, що є аномальним явищем. 
Для пояснення цього феномена, а також процесу формування крайового 

кута в цілому було запропоновано квантово-механічний модель, заснова-
ний на уявленнях Вентцеля–Крамерса–Бріллюена (ВКБ). У цьому випад-
ку взаємодія йонів розтопу з атомами підкладинки розглядається опосе-
редковано через формування потенціяльного бар’єра, лінійні розміри 

якого визначаються співвідношенням мас атомів взаємодійних металів і 
температурою. З позицій ВКБ за низьких температур, коли кінетична 

енергія усередненої частинки зі зведеною масою менша за величину поте-
нціяльного бар’єра, відбувається швидке згасання хвильової функції і, 
відповідно, зміна крайового кута практично не відбувається. Кількісні та 

якісні зміни з’являються, коли кінетична енергія частинок зі зведеною 

масою перевищує значення позитивного бар’єра внаслідок підвищення 

температури. Відповідно до ВКБ-уявлень, проходження або відбивання 

частинки зі зведеною масою над бар’єром визначається цілим або напів-
цілим співвідношенням довжини де Бройлевої хвилі та лінійних розмірів 

потенціяльного бар’єра. Таким чином, якісні зміни в системі, такі як по-
ріг змочування й аномальне збільшення крайового кута, описуються про-
цесами, пов’язаними з проходженням або відбиванням частинки зі зведе-
ною масою над бар’єром. Криві залежностей крайового кута та роботи ад-
гезії від температури, побудовані експериментально та теоретично, мають 

подібну динаміку. 

Ключові слова: температурна залежність кута змочування, робота адге-
зії, проходження частинки над потенціяльним бар’єром, відбивання час-
тинки від потенціяльного бар’єра, де Бройлева хвиля, квантове число. 
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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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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] 

 

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. 
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 A = σ(cosθ + 1), (1) 

where σ is surface tension of tin, θ 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] 

 2 2 2 2 1
2 1 1 2 2( ) (1 (( ) / 2 ) sin )T E k k k k k l −= + − , (2) 

where 1 2 /k mE=  , 2 2 ( ) /k m E U= −  ; m = m1m2/(m1 + m2) is re-
duced mass, m1 is melt atom mass, m2 is substrate atom mass,   is 

Planck’s constant, E is a total energy of the system, E − U = K = kBT/2 

is kinetic energy of the movement of melt and vibrations of the iron 

atom in the substrate, kB is Boltzmann’s constant, Т is temperature, U 

is potential energy of the barrier, l is barrier width. Ultimately, parti-
cle with the reduced mass passes over the barrier under the conditions 

sin(k2l) = 0, (k2)nl = πn, and 

 
2 2

2
2

, 1,2,3,
2

E n U n
ml

π
= + =



 . (3) 

 Let us remark here that n has the meaning of a certain quantum 

number and satisfies the condition l = (λn/2)n, λ = 2π/k2 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(k2l) = ± 1, l = (n + 1/2)π, 

 
2 2

2
2
( 1 / 2)

2
E n U

ml

π
= + +



, (4) 

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 kBT/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 

( ) kmi t
m k km

k m

f x a a f e ω∗= ∑∑ , 

where 1 << k << ∞, i.e., the wave-packet condition is satisfied, fkm is ma-
trix element, ωkm is transition frequency, x is co-ordinate, t is time, 

,k ma a∗
 are coefficients of expansion of the wave function k k

k

aψ = ψ∑ . 

Coefficients ak differ significantly from zero for the wave packet in the 

range of numbers of 1 << k << ∞ and are close in value to each other. If we 

change the form of s = k − m, the previous equation can be rewritten as 

( ) si t
s k k km

n s

f x a a f e ω∗
−= ∑∑ . 

 Since the coefficients as−k and ak in the range of k numbering are 

close to each other, we can write 

2 2
( ) , 1si t

k s k
n s n

f x a f e aω= ≈∑ ∑ ∑ . 
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That is, matrix elements are transformed into the coefficients of the 

Fourier series. Generally, for each particle from the k spectrum, we 

can write 

2 s ki t
k k s

s

f a f e ω= ∑ . 

 Therefore, each particle can be separated from the others in its own 

time tk. 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 

 
1

exp ( ) exp( / ),
2

b

k
a

NC i
p x dx Kt E U

p

 
ψ = >  

 
∫ 



, (5) 

where N is number of components in a wave packet, C is coefficient, 

p(x) is impulse of the particle, p1 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 p1 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 

exp( / )iψ ∼ µ  , where 0 1iµ = µ + µ , 0 ( )p x dxµ ∼ ±∫ , 
1/2

1 ln pµ ∼  [33]. 

When substituting into the function 1exp( / )i∼ µ  , the value of р1 is in 

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 

р1 is determined by fast particles, i.e., melt ions in the laboratory co-



 ABNORMAL EFFECT OF CHANGING THE WETTING ANGLE 725 

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: 

2 12
1 1 1 2

1 2 1 1 2 1

2 ( )
, ,

( ) ( ) 2 ( )

m m E Um
p r m m

r m m r m m m E U

−
= = = = <

+ + −

 

, (6) 

1 21
1 1 2 1

1 2 1 1 2 2

2 ( )
, ,

( ) ( ) 2 ( )

m m E Um
p r m m

r m m r m m m E U

−
= = = = <

+ + −

 

, (7) 

where r is radius vector of a particle with the reduced mass in the field 

of potential energy U. 

3.3. Normalization of the Wave Function and Calculation 

of the Barrier Width 

The coefficient С 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 

 
1

1
cos

4

x

b

C
pdx

p

 π
ψ = − 

 
∫



. (8) 

 During normalization of the wave function, it is sufficient to inte-
grate ψ2

 only in the interval of b ≤ x ≤ a, since, beyond this interval, 

the function ψ(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 

 
2 2

2
1

2 ( ) 2

a

b

C dx C
dx

p x m

π
ψ ≈ = =

ω∫ ∫ , (9) 

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

 4 /C m t= . (10) 

 The wave function taking into account the time component has the 

form: 

 
1

exp exp
2

nKtNC i
px

p

  ψ =        

. (11) 
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 Using the normalization condition for the co-ordinate component, 

we can write 

 2 exp( ( ) / ) 1D i p p x dx
∞

−∞

′− =∫  . (12) 

 All components associated with the co-ordinate component, includ-
ing time-dependent components, are considered as D2. 
 Further, from (12), we shall write 

 2 exp( )
( ) 1

L

L

i x
D dx d x

x

∞

−∞ −

α
α =∫ ∫ , (13) 

where ( ) /p p′α = −  . The inner integral is written and integrated as 

follows: 

 
( )1 1

exp ( ) cos( ) ( )

1 sin( ) sin( )
sin( ) .

L L

L L

L

L

i x d x x d x
x x

Lx Lx
x

x x

− −

−

α α = α α =

− −
= α =

∫ ∫
 (14) 

Since sin(Lx) is the uneven function, we get from Eq. (14): 

 ( )1 2
exp ( ) sin( )

L

L

i x d x Lx
x x−

α α =∫ . (15) 

 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 

2 /L p=  , and the following expression is written 

 

2
sin

2p p

p
x

dx dx
x

∞ ∞
∗

′
−∞ −∞

 
 
 ψ ψ =∫ ∫


. (16) 

 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 ∝ (0—l); then, from (16) we write: 

 2 2

0 0

2
sin

2 sin
2 2 1

2

l l

px
px

D d D d
px

 
  β   = β =  β ∫ ∫






, (17) 

where 2 /pxβ =  . Since the value 1β = , by neglecting unity after in-
tegration, we obtain from (17) 
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2 2

cos Re exp
pl pl

i
    = −    

     

. (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

1

22
exp exp 1

8 2
kKtNC pl

i
p p

  − − =      



 

, (19) 

where 4 /С m 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 

τ ≈ Ntk. Then, we can write 

 
1

ln
2

K m
l

p tp p

 τ
=  

 



, (20) 

where τ is time of contact of interacting phases, t 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, τ, t) establishing 

a certain connection between l and n. Further, using the Bohr–
Sommerfeld quantization expression [33] 

 
0

1
2 / 2

l

mKdx n= π − π∫


, (21) 

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 

 
2 2 2

2
( ) , 6

2n

n
E U n

ml

π
− = =



. (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 

 
2 2 2

1/2 2

( 1 / 2)
( )

2n

n
E U

ml+

π +
− =



. (23) 

 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: 

 
2 2

2
( ) ( 1 / 4)

2
E U n

ml

π
∆ − = +



. (24) 

 The system is capable of obtaining this energy when the temperature 

increases. Consequently, energy of the system Kn = kBTn/2, comparable 

to (E − U) at the initial temperature, should increase by the value (24). 
Then, the final value of this quantity is 

 
2 2

1/2 1/22

1
( 1 / 4)

22n n B nK K n k T
ml+ +

π
= + + =



. (25) 

From Eq. (25), we find the temperature Тn+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 

 
2 2 2

1 2

( 1)
( )

2n

n
E U

ml+

π +
− =



. (26) 

 Difference of energies (26) and (22) is, accordingly, 

 
2 2

2
( ) (2 1)

2
E U n

ml

π
∆ − = +



. (27) 

 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 Kn at the ini-
tial temperature and find the temperature Tn+1, at which we observe 

the deteriorated wetting: 

 
2 2

1 12

1
(2 1)

22n n B nK K n k T
ml+ +

π
= + + =



. (28) 
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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 Eqs. (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 Eqs. (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] 

1 2
22 2

1 2 1 2

4
exp( 2 )

( ) ( )

k k
t i k

k k k k
= γ

+ − −
. 

 Accordingly, the transmission coefficient is 

122 2
2 22 1

2
1 2

( )
( ) 1 sin ( )

2

k k
T E t k

k k

−
  − = = + γ 
   

, 

where γ is certain phase determined by the barrier dimension l. If 

sin(k2γ) = 0, (k2n)l = πn, T(E) = 1, passage occurs over the barrier with 

no wetting. In this case, the work of adhesion can be expressed as 

 
22

U
A =

πλ
. (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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2

4 ( )
1

(2 )

E E U
T

E 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 

 
2 2(2 ) (( ) )

2
4 4

E U E U E
U K K

E E

− − +
− = − = − . (32) 

 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: 

 
1

2 2 2 1/2

6 2( )

18
1

((6 2( )) 36( 3 ( ) 2 ( ))) .
18

K E U
U

K E U K E U K E U

− − −
= +

+ + − − − + − + −
 (33) 

 In case of reflection, which can be achieved with a minimum trans-
mission coefficient, i.e., sin(k2γ) = ± 1, (k2n)l = (n + 1/2)π, wetting is ob-
served. 
 Then, the reflection coefficient is 

 
2

1 1
2

U
R T

E U
 = − = = − 

. (34) 

From here, 

 2 24( )E U E U U− − = − . (35) 

 Using Eq. (31), we get 

 2 24( ) (( ) ( ))E 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 

 
2 2

2

2 ( ) ( )

6( ) 2

K E U E U K
U

E U K

− − − − −
=

− −
. (37) 

 Substituting U1 or U2 in the expression (29), we find the work of ad-
hesion for the case of non-wetting (U1) or for the case of wetting (U2). 
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] 

 arccos( / 1)Aθ = σ − . (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]: 

 3
3

1
m dU

dx
λ <<



, (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 10−4, 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/m2. 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/m2. Therefore, we can determine the effect of abnormal 
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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 m1, and mass 

of the iron atom was taken as m2. Calculations were carried out at 

τ = 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⋅10−21

 J, and 

the value of kinetic energy K was of 3.62⋅10−21
 J, 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⋅10−21
 J, while the energy required for transition of the system to 

the new level is of 1.29⋅10−21
 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 Eqs. (29) and (33), in the tem-
perature range of 614–711 K, according to Eqs. (29) and (37). When 

the temperature increased further above 711 K, 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/m2, 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/m2. 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 Т = 700 K being equal to 28°. Accordingly, the value of the 

work of adhesion at this temperature was of 1.092 J/m2. With the fur-
ther increase in temperature, the system transitioned to the next ener-
gy level, and the wetting deteriorated. Therefore, at the temperature 

 
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 (c). 
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of 725 K, the values of the contact angle and work of adhesion were of 

95° and 0.526 J/m2, 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 

 

Fig. 4. Temperature dependence of the wetting angle: curve constructed ex-
perimentally (○), curve constructed by calculation (■). 

 

Fig. 5. Temperature dependence of adhesion: curve constructed experimental-
ly (○), curve constructed by calculation (■). 
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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 article investigates the effect of the specific magnetic susceptibility χ0 of 

06ХН28МДТ 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/l. 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/l. It is found that, in the model recycled water with 

pH 4 and chlorides’ concentration of 350 mg/l, the CPT of the alloy decreases 

from 53°C down to 46°C, and with chlorides’ concentration of 600 mg/l from 
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42°C down to 38°C with an increase in its parameter χ0 from 2.86  m3/kg up to 

3.09 m3/kg. However, its further increase up to 3.38 m3/kg contributes to 

the elevation of the CPT up to 49°C in media with pH 4 and 350 mg/l and up 

to 40°C with pH 4 and 600 mg/l. This corrosion behaviour of the alloy is due 

to the synergistic effect of the alloy high χ0, the maximum content of titani-
um nitrides and sulphides, and the characteristic features of the selective 

dissolution of ∆Cr, ∆Ni and ∆Fe from pits. In particular, under such condi-
tions, they are stable and develop steadfastly, since the coefficients of selec-
tive dissolution of Cr ZCr < 1 and Ni ZNі > 1. 

Key words: resistance of 06ХН28МДТ alloy to pitting, specific magnetic sus-
ceptibility of 06ХН28МДТ alloy, selective dissolution of base metals from 

pits, chloride-containing recycled water. 

У статті досліджено вплив питомої магнетної сприйнятливости χ0 стопу 

06ХН28МДТ (аналог криці AISI 904L) на його корозійну поведінку в обо-
ротніх водах підприємств, які найчастіше мають рН 4–8 і концентрацію 

хлоридів до 600 мг/л. За таких умов теплообмінники з цього стопу мо-
жуть піддаватися піттінґуванню (точковій корозії). Їхній опір піттінґу-
ванню оцінено за критичними температурами (КТП) в модельних оборот-
ніх водах з такими параметрами. Зокрема, встановлено, що концентрація 

хлоридів у них інтенсивніше впливає на КТП стопу, ніж їхній показник 

рН, оскільки КТП зростає до 8°C зі збільшенням рН від 4 до 8 та до 11°C з 

пониженням концентрації хлоридів від 600 до 350 мг/л. З’ясовано, що в 

модельних оборотніх водах із рН 4 та концентрацією хлоридів у 350 мг/л 

КТП стопу понижується від 53°C до 46°C, а з 600 мг/л — від 42°C до 38°C 

зі збільшенням його параметра χ0 від 2,86 м3/кг до 3,09 м3/кг. Але пода-
льше його зростання до 3,38 м3/кг сприяє росту КТП до 49°C у середовищі 
з рН 4 і 350 мг/л та до 40°C — з рН 4 і 600 мг/л. Таку корозійну поведінку 

стопу зумовлено синергетичним впливом високого значення параметра χ0 

стопу, максимальним вмістом у ньому нітридів і сульфідів Титану та ха-
рактерними особливостями селективного розчинення ∆Cr, ∆Ni і ∆Fe із 

піттінґів (раковин на виливку). Зокрема, за таких умов вони є стабільни-
ми та розвиваються стабільно, оскільки коефіцієнти селективного розчи-
нення Cr ZCr < 1, а Ni — ZNi > 1. 

Ключові слова: опір стопу 06ХН28МДТ піттінґуванню, парамагнетна 

сприйнятливість стопу 06ХН28МДТ, селективне розчинення основних 

металів із піттінґів, хлоридовмісні оборотні води. 

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

1. INTRODUCTION 

Alloy 06ХН28МДТ (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 55% 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, 12Х18Н10Т [6], AISI 304, 08Х18Н10 [7], 
AISI 316 [8], AISI904L, 06ХН28МДТ 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 06ХН28МДТ 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 ∆Cr, ∆Fe, ∆Ni from pits on the surface of 06ХН28МДТ 

alloy in model recycled water and its specific magnetic susceptibility 

has been investigated. 

2. EXPERIMENTAL/THEORETICAL DETAILS 

Five industrial melts of 06ХН28МДТ 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 χ0 in the saturation 

field has been determined experimentally using automated magneto-
metric equipment such as Faraday scales [11]. The values of χ0 for five 

melts of 06ХН28МДТ alloy obtained earlier in [12] are given in Table 2. 
 The critical pitting temperatures of the 06ХН28МДТ alloy in mod-
el-recycled water with a pH of 4–8 and a chloride concentration from 

350 mg/l up to 600 mg/l 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 ∆Cr, ∆Ni, ∆Fe using the methods of 

[13–15] in model recycled water with a pH of 4–8 and a chloride con-
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centration 300 mg/l and 600 mg/l have been determined. 

3. RESULTS AND DISCUSSION 

The analysis of the dependencies between the CPT of 06ХН28МДТ 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/l, 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 1. Chemical composition of 06ХН28МДТ alloy (similar to AISI 904L 

steel). 

Melt 

number 
Content of alloying elements, % wt. 

C 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 

2 0.067 0.57 0.46 22.68 27.65 2.78 2.68 0.59 0.005 0.027 

3 0.068 0.55 0.54 21.84 27.45 2.55 2.60 0.55 0.004 0.038 

4 0.048 0.62 0.57 22.67 27.73 2.56 2.53 0.67 0.006 0.028 

5 0.050 0.57 0.31 23.46 27.51 2.51 2.78 0.89 0.004 0.032 

TABLE 2. Specific magnetic susceptibility of 06ХН28МДТ alloy. 

Melt number 1 2 3 4 5 

χ0, m3/kg 2.95 2.86 3.38 3.09 2.96 
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of anodic processes [17]. 
 With a decrease in the chloride concentration in the model recycled 

water to 350 mg/l, a significant increase in the CPT of the 

06ХН28МДТ 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/l down to 350 mg/l (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/l down to 350 mg/l (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/l and 600 mg/l, the influence of the last parameter on 

the CTP of 06ХН28МДТ 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-

 

Fig. 1. Dependence of the CPT of 06ХН28МДТ 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/l (curves 1 and 2) and 600 mg/l (curves 3 and 4). 
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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 (MoO4)−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 

06ХН28МДТ alloy in model recycled waters with pH 4–8 and chloride 

concentration from 350 mg/l up to 600 mg/l, since they are 0.1427 and 

0.0036% vol., 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 

06ХН28МДТ alloy and its specific magnetic susceptibility (Fig. 2). 
 According to the results of the analysis (Fig. 2), it has been found 

 

Fig. 2. Relationship between the CPT of 06ХН28МДТ alloy and its specific 

magnetic susceptibility in model-recycled water with pH 4 and chloride con-
centration of 350 mg/l (curve 1) and 600 mg/l (curve 2). 
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that in the model recycled water with pH 4 and chloride concentration 

of 350 mg/l, the CPT of the 06ХН28МДТ alloy intensively decreased 

from 53°C melt No. 2 down to 46°C melt No. 4 with an increase in their 

χ0 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 

χ0 up to 3.38 m3/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/l, the same dependence between the CPT of the 06ХН28МДТ 

alloy and its χ0 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 

χ0 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 χ0 parameter (2.96 m3/kg 

and 3.38 m3/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 

06ХН28МДТ 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 χ0 of the 06ХН28МДТ 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 ∆Cr, ∆Ni and ∆Fe from pitting in the vicinity of 

these inclusions (Fig. 3), depending on this integral alloy characteris-
tic (χ0), are of scientific and technical interest. 
 The analysis of the relationship between ∆Fe of the 06ХН28МДТ 

alloy from pitting and its χ0 showed that ∆Fe intensively increases 

from 783⋅10−6
 mg melt No. 2 up to 3138⋅10−6

 mg melt No. 1 with an in-
crease in the χ0 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 (2.75% wt.), Ti (0.79% wt.) (Table 
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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 ∆Fe from 3138⋅10−6

 mg in the melt No. 1 down to 

111⋅10−6
 mg in the melt No. 5 with an increase in χ0 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 ∆Fe of the alloy from pitting 

rapidly increased from 112⋅10−6
 mg melt No. 5 up to 4651⋅10−6

 mg melt 

No. 4 and 5155⋅10−6
 mg melt No. 3 with an increase in their χ0 parame-

ter from 2.96 m3/kg melt No. 5 up to 3.09 m3/kg melt No. 4 and 

3.38 m3/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 

06ХН28МДТ alloy.  
 The analysis (Figs. 4, 5) showed that the corrosion losses ∆Cr from 

pitting of melts Nos. 2, 1, 5 of 06ХН28МДТ alloy and their index χ0 

have the same relationship as between ∆Fe and χ0. Thus, it can be as-
sumed that the mechanisms of influence of alloy alloying elements and 

 

Fig. 3. Pitting nucleation in the vicinity of an inclusion (×600). 
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its structure components on ∆Cr from pitting are the same as those on 

∆Fe mentioned above. However, with an increase in the χ0 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 m3/kg No. 3 (Table 2), a slow decrease in ∆Cr from 1109⋅10−6
 mg of 

No. 5 down to 900⋅10−6
 mg of No. 4 and 796⋅10−6

 mg of No. 3 has been 

observed (Fig. 5). This feature of the selective dissolution of ∆Cr and 

∆Fe from the pittings of melts Nos. 3 and 4 of 06ХН28МДТ 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 

06ХН28МДТ 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 ZCr > 1 (1.26, 3.75, and 

17.5, respectively; see Fig. 6). This shows that under such conditions, 

 

Fig. 4. Dependence between corrosion losses ∆Fe from pitting on the surface 

of 06ХН28МДТ (numbers near the dots are the melts numbers) alloy and its 

specific magnetic susceptibility χ0 of austenite in model recycled water with 

pH 4 and chloride concentration of 600 mg/l. 
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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 06ХН28МДТ alloy [9] showed that meta-
stable pittings on their surface is formed in a chloride-containing me-

 

Fig. 5. Dependence of corrosion losses ∆Cr from pitting on the 06ХН28МДТ 

(numbers near the dots are the melts numbers) alloy surface on its specific 

magnetic susceptibility χ0 of austenite in model-recycled water with pH 4 and 

chloride concentration of 600 mg/l. 

 

Fig. 6. Dependence of the coefficient of chromium selective dissolution from 

pitting (ZCr) on the 06ХН28МДТ (numbers near the dots are the melts num-
bers) alloy surface of and its specific magnetic susceptibility χ0 of austenite. 
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dia with a pH of 4 and a chloride concentration of 600 mg/l, 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 χ0 from 2.86 m3/kg up to 

3.09 m3/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 ∆Ni of the 

06ХН28МДТ alloy from pittings on its χ0 parameter is the same as that 

of ∆Cr (χ0) (Fig. 5). Thus, the mechanisms of influence of the parame-
ter χ0 on ∆Ni from pits are similar to its influence on ∆Cr, which were 

mentioned above. 
 At the same time, it should be noted that under such test conditions, 
∆Ni of the alloy from pittings varied from 3748⋅10−6

 mg melt No. 3 up 

to 8406⋅10−6
 mg of melt No. 5 (Fig. 7), and ∆Fe from 112⋅10−6

 mg melt 

No. 5 up to 5155⋅10−6
 mg of melt No. 3 (Fig. 5). Because of this, the co-

efficients of selective chromium dissolution from pittings ZCr of melts 

Nos. 3 and 5 were 0.31 and 17.5, respectively (Fig. 6), and ZNi is 1.16 

and 75.3, respectively (Fig. 8). It turns out that melt No. 3 of the 

06ХН28МДТ 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: ∆Cr, ∆Fe, and ∆Ni. 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 

 

Fig. 7. Dependence of corrosion losses ∆Ni from pitting on the 06ХН28МДТ 

(numbers near the dots are the melts numbers) alloy surface and its specific 

magnetic susceptibility χ0 of austenite in model recycled water with pH 4 and 

chloride concentration of 600 mg/l. 
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nonequilibrium vacancies and corrosion pores in the vicinity of the pit-
tings, as mentioned in [31–33]. However, the intensity of metal disso-
lution from pittings in the following range increased in the melt No. 5: 
∆Fe, ∆Cr, and ∆Ni. 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 06ХН28МДТ 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 χ0 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 ∆Cr, ∆Ni and ∆Fe from pittings. In particular, pitting with the 

formation of metastable pitings on their surface at low values of χ0 is 

characteristic of melts Nos. 1, 2, 5, and stable pitting with a maximum 

value of χ0 is inherent in melts Nos. 3, 4. At the same time, the coeffi-
cients ZCr and ZNi decrease with an increase in the parameter χ0 that 

may indicate an intensive growth of stable pitting. 

 

Fig. 8. Dependence between the nickel selective dissolution coefficient from 

pitting ZNi on the 06ХН28МДТ (numbers near the dots are the melts numbers) 
alloy surface and its specific magnetic susceptibility χ0 of austenite. 
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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 350 mg/l and 

600 mg/l, the CPT of the 06ХН28МДТ 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/l 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/l, the CPT of the alloy decreases from 

53°C down to 46°C, and with 600 mg/l from 42°C down to 38°C with an 

increase in its specific magnetic susceptibility χ0 of austenite from 

2.86 m3/kg up to 3.09 m3/kg. A further increase in the alloy χ0 parame-
ter up to 3.38 m3/kg contributes to an increase in its CPT up to 49°C in a 

media with pH 4 and 350 mg/l and up to 40°C with pH 4 and 600 mg/l. 
This tendency is due to the synergistic effect of the alloy χ0 parameter, 
the high content of titanium nitrides and sulphides in it, and the charac-
teristic features of the selective dissolution of ∆Cr, ∆Ni, and ∆Fe 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 χ0 (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 ZNi > 1, which is characteristic of their slow 

growth. 
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The Effect of Silver Coating on the Corrosion Behaviour of 
Ag-Doped Magnesium Alloy NZ30K in Ringer–Locke Solution 

V. L. Greshta*, O. E. Narivskyi**, A. V. Dzhus*, R. V. Ivashkiv***, 
O. S. Kuprin****   

*Zaporizhzhia Polytechnic National University,  
 64 Zhukovs’ky Str.,  
 UA-69063 Zaporizhzhia, Ukraine 
**LLC ‘Ukrspetsmash’,  
  7 Haharina Str.,  
  UA-71100 Berdiansk, Ukraine 
***Karpenko Physico-Mechanical Institute of the N.A.S. of Ukraine,  
   5 Naukova Str.,  
   UA-79060 Lviv, Ukraine 
****

 National Scientific Centre ‘Kharkiv Institute of Physics and Technology’,  
    1 Akademichna Str.,  
    UA-61108 Kharkiv, Ukraine 

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 

400 V 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 Ecor 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 Ecor 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 Ecor 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 Ecor, 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 Ecor 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. 

У статті досліджено вплив покриття зі срібла на корозійну поведінку маг-
нійового стопу NZ30K, леґованого 0,09 мас.% Арґентуму в розчині 
Рінґера–Локка. Зразки з досліджуваного стопу плакували шаром срібла 

товщиною у 200–300 нм і 500 нм, застосовуючи систему магнетронного 

розпорошення постійного струму, обладнану круглим джерелом і мішен-
ню із срібла (діяметром у 50 мм) у газовому розряді. Незбалансований ма-
гнетрон використовували в режимі постійного струму у 600 мА за напру-
ги у 400 В. Покриття зі срібла наносили за постійної потужности магнет-
рона у 240 Вт і напруги зміщення у 100 В. Час осадження шару срібла у 

200–300 нм складав 5 хвилин, а 500 нм — 15 хвилин. Встановлено, що 

стаціонарне значення потенціялу корозії Ecor зразків з досліджуваного 

стопу, плакованого шаром срібла у 200–300 нм, формувалося впродовж 

2060 сек від −1,418 до −1,4449 В, а з 500 нм — 1880 сек від −1,433 до 

−1,465 В. Зафіксовано, що стаціонарне значення Ecor обох зразків встано-
влювалося у два етапи. Виявлено, що швидкість зсування потенціялу Ecor 

досліджуваних зразків у більш від’ємний бік на першому етапі складала 

0,062 і 0,034 мВ/сек відповідно. Показано, що швидкість зсування Ecor у 

більш від’ємний бік у зразку з товщиною покриття у 200–300 нм на цьому 

етапі була в 1,82 більше, ніж у зразку з покриттям товщиною у 500 нм. Це 

зумовлено більшою кількістю лінійних і точкових дефектів на покритті 
товщиною у 200–300, ніж у 500 нм, та інтенсивнішою контактною корозі-
єю. З переходом від першого до другого етапу формування стаціонарного 

значення потенціялу Ecor спостережено його стрибкоподібну флюктуацію 

до 5 мВ, що пов’язано з відшаруванням покриття від стопу в околі коро-
зійних виразок на поверхні зразків внаслідок контактної та щілинної ко-
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розій і механічного впливу бульбашок із водню, який виділявся на катод-
них ділянках (покриття зі срібла). Показано, що стаціонарне значення 

потенціялу Ecor зразків з досліджуваного стопу з товщиною покриття у 

200–300 та 500 нм на 9 і 7% відповідно є більш позитивним, ніж у зразку 

з такого ж стопу, не плакованого шаром срібла. Це переконує, що, засто-
совуючи покриття зі срібла з різною товщиною, можна керувати швидкі-
стю корозійного розчинення стопу NZ30K, леґованого Ag (0,09 мас.%) у 

розчині Рінґера–Локка, а такий підхід можна застосовувати для вироб-
ництва біорозкладних імплантатів для лікування зламаних кісток людей. 

Ключові слова: біорозкладні імплантати, магнійовий стоп для імпланта-
тів, покриття зі срібла на поверхні магнійових імплантатів, локальна ко-
розія магнійових імплантатів, плакованих шаром срібла. 
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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 [5] 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 [5]. 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 1·10−3
 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, NaHCO3, 
CaCl3, KCl—0.2, CHO6126—1 at a temperature of 20 ± 1°C.  
 The establishment of a stationary value of the corrosion potential 
Ecor 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.%  

NZ30K+Ag 
Mg Zn Zr Nd Ag 

95.57 0.69 0.86 2.76 0.09 
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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 Ecor 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 Ecor 

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 Ecor of NZ30K alloy additionally alloyed with 

Ag and clad with a layer of silver 200–300 nm thick depending on the time (τ) 
of exposure of samples in Ringer–Locke solution. 

No. of 

points 
τ, s Ecor, V 

No. of 

points 
τ, s Ecor, V 

No. of 

points 
τ, s Ecor, V 

No. of 

points 
τ, s Ecor, V 

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 

20 384 −1,44208 40 980 −1,44288 60 1480 −1,4448 80 2068 −1,4432 
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80, respectively (Table 2). It has been found that the incubation period 

for the formation of a stationary value of the corrosion potential Еcor 

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 Ecor shifted to the negative side 

at a rate 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 Ecor 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 Ecor 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 µm 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, 

 

Fig. 1. Dependence between the corrosion potential Ecor 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 (τ) in Ringer–Locke solution. 
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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 µm in size formed be-
cause of anodic dissolution of metals from the alloy and small corrosion 

damage up to 2 µm 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 mm2. 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 

 

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 

(×800). 
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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 Ecor, and then, local 
corrosion turned into general corrosion, which meets the requirements 

 

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. 



 THE EFFECT OF SILVER COATING ON THE CORROSION BEHAVIOUR 763 

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 

to 0.5 µm (Fig. 4).  
 This significantly affects the dynamics of establishing the station-
ary value of the corrosion potential Ecor of the sample during its study 

in the Ringer–Locke solution (Fig. 5).  
 In particular, the results of the analysis of the dependence Ecor–τ 

(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 Еcor 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, 

 

Fig. 4. Point defects of a 500 nm thick silver clad layer on the surface of 

NZ30K + Ag alloy (×500). 
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−1.45512 V (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 Ecor 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 Ecor 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 
Ecor 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 Ecor 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 Ecor 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–

 

Fig. 5. Dependence of the corrosion potential Ecor of NZ30K alloy additionally 

alloyed with Ag and clad with a 500 nm thick silver layer on the exposure time 

(τ) of the sample in Ringer–Locke solution. 
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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 Ecor of NZ30K and NZ30K + Ag alloys occurred 

TABLE 3. Corrosion potentials Ecor of NZ30K alloy additionally alloyed with 

Ag and clad with a 500 nm-thickness silver layer depending on the time (τ) of 

exposure of the sample to Ringer–Locke solution. 

No. of 

points 
τ, s Ecor, V 

No. of 

points 
τ, s Ecor, V 

No. of 

points 
τ, s Ecor, V 

No. of 

points 
τ, s Ecor, 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 44 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 77 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 
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under the influence of selective dissolution of the most electronegative 

magnesium component from its surface, so their Ecor shifted to the pos-
itive side after immersion of the samples in the Ringer–Locke solution. 
However, the Ecor 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 Ecor 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 Ecor 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 Ecor 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. 

 

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. 
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4. CONCLUSIONS 

According to the results of the research, it has been found that the cor-
rosion potential Ecor 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 
Ecor 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 Ecor 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 Ecor, 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 Ecor. 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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Удосконалення параметрів якости поверхневих шарів деталів 

з криці після алітування методом електроіскрового леґування. 
Ч. 3. Математичний модель прогнозування параметрів якости 

покриттів із урахуванням продуктивности поверхневого  

оброблення 

О. П. Гапонова, Н. В. Тарельник* 

Сумський державний університет,  
вул. Римського-Корсакова, 2,  
40007 Суми, Україна 
*Сумський національний аграрний університет,  
 вул. Герасима Кондратьєва, 160,  
 40021 Суми, Україна 

Запропоновано рівняння для прогнозування параметрів якости покрит-
тів, що дають змогу за енергетичними показниками електроіскрового ле-
ґування, такими як енергія розряду, а також за продуктивністю процесу 

прогнозувати структурні показники (товщину, суцільність), механічні 

властивості (мікротвердість) і геометричні параметри (шерсткість) і, от-
же, цілеспрямовано встановлювати алґоритм подальшого керування вла-
стивостями поверхні деталів. Рекомендований алґоритм дає змогу визна-
чити найбільш раціональний спосіб формування поверхневих шарів не-
обхідної якости. Методику випробувано для формування покриттів на 

катоді з криць 20 і 40 із використанням алюмінію як аноди. 
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покриття, енергія розряду, продуктивність, електроіскрове леґування, 

криця, анода, катода. 

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. 

(Отримано 30 травня 2023 р.; остаточн. варіянт — 26 серпня 2023 р.) 
  

1. ВСТУП 

В частині 1 (стаття [1]) проведено аналізу структуроутворення та 

властивостей поверхневих шарів деталів з криці після алітування 

традиційними технологіями та методом електроіскрового леґуван-
ня (ЕІЛ). Досліджували два варіянти зменшення продуктивности 

по відношенню до вказаної в табл. 1 роботи [1].  
 В таблиці 2 роботи [1] представлено дані цих варіянтів: перший, 

коли продуктивність була зменшена  в два рази, другий, коли про-
дуктивність була зменшена  в чотири рази. Кожний з варіянтів 

виконували в два етапи. 
 В першій частині роботи досліджували перший етап обох варіян-
тів, коли оброблення поверхневого шару зразків криці 20 і криці 40 

проводять алюмінійовою електродою за енергії розряду Wр  0,52–
6,8 Дж і продуктивности згідно з табл. 2 [1]. 
 В результаті проведених досліджень впливу продуктивности 

процесу ЕІЛ алюмінійовою електродою-інструментом на параметри 

якости поверхневих шарів деталів з криці удосконалено технологію 

їхнього алітування. 
 Другу частину [2] присвячено дослідженню впливу продуктивно-
сти ЕІЛ на параметри якости алітованих покриттів, що одержані з 

використанням консистентної речовини, яка містить алюмінійову 

пудру або алюмінійову пудру та порошок графіту. Показано, що з 

додаванням порошку графіту збільшується мікротвердість «білого 

шару» та дифузійної зони, шерсткість поверхні зменшується, а су-
цільність покриття складає 100%. До практичної реалізації реко-
мендовано проводити процес алітування за технологією: І етап — 
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ЕІЛ алюмінійовою електродою за енергії розряду Wр  4,6–6,8 Дж, 
ІІ етап — нанесення консистентної речовини, яка містить алюміні-
йову пудру та порошок графіту. ЕІЛ треба виконувати за умов, коли 

продуктивність буде зменшена  у два рази. 
 Для керування технологічним процесом формування електроіск-
рових покриттів та ефективної аналізи одержаних результатів пот-
рібно виявити взаємозв’язок чинників, що визначають хід процесу, 

і представити їх у вигляді математичного моделю. Математичний 

модель дає змогу одержати інформацію про процеси, які перебігають 

в об’єкті, розрахувати його характеристики та використати одержа-
ну інформацію для управління об’єктом в процесі моделювання [3]. 
 В представленій роботі запропоновано рівняння прогнозування 

параметрів якости покриттів, що дають змогу за енергетичними 

показниками процесу ЕІЛ, такими як енергія розряду, а також за 

продуктивністю процесу прогнозувати структурні показники (тов-
щину, суцільність), механічні властивості (мікротвердість) і геомет-
ричні параметри (шерсткість) і, отже, цілеспрямовано встановлюва-
ти алґоритм подальшого керування властивостями поверхні деталів. 

2. ПОСТАНОВКА ПРОБЛЕМИ 

Традиційним методом оцінювання ефективности масоперенесення 

речовини з аноди на катоду під час ЕІЛ є вивчення залежности змі-
ни маси електрод від часу оброблення. У ході численних експери-
ментів встановлено, що в більшості випадків у початковий момент 

ЕІЛ маса катоди зростає, а маса аноди зменшується [4, 5]. Воднораз 

за абсолютним значенням зменшення маси аноди не збігається з 

приростом катоди, що пояснюється тим, що частина речовини ви-
даляється з поверхні обох електрод у навколишнє середовище у ви-
гляді продуктів ерозії. Після закінчення певного часу оброблення 

процес збільшення маси катоди сповільнюється, а потім починає 

спостерігатися пониження маси катоди. Така поведінка пояснюєть-
ся тим, що в різний час ЕІЛ здійснюється різне співвідношення вне-
ску в масоперенесення двох основних конкурувальних процесів: 
1) збільшення маси катоди через полярне перенесення речовини, 

2) руйнування покриття за рахунок накопичення в ньому дефектів, 
утворення крихких оксидів і нітридів [6]. Спочатку відбувається 

переважне перенесення речовини з аноди на катоду, а потім інтен-
сивніше втрачається маса покриття в результаті його руйнування. 
 У даний час є якісне пояснення процесу масоперенесення під час 

ЕІЛ; питання про теоретичний опис зміни маси електрод залиша-
ється поки що відкритим. Ця обставина викликає певні труднощі, 
оскільки за кожних нових електродної пари та режиму оброблення 

кінетичні залежності зміни маси електрод доводиться знаходити 

експериментально. 
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 Для кількісного опису перенесення речовини часто використо-
вують коефіцієнт масоперенесення KM, що визначається як відно-
шення зміни маси катоди до зміни маси аноди: KM  mK/ma [4]. 
 З масоперенесенням пов’язаний інший показник — товщина 

сформованого покриття, від якої залежить якість покриття та ре-
сурс роботи виробу. Відомо [7], що для забезпечення високої зносо-
стійкости поверхневого шару деталю в окремих випадках достатньо 

0,02 мм, наприклад, у нероз’ємних з’єднаннях типу «вал–
маточина», коли поверхні деталів, що контактують, з’єднуються з 

натягом, тобто  валу   маточини, а іноді потрібно наносити зно-
состійкі покриття, товщина яких складає 2,0 мм і більше. 
 На покриття, що мають малу товщину, витрачається незначна 

кількість дорогих матеріялів, що дає високий економічний ефект за 

їхнього застосування у виробничій практиці. І в цьому випадку ме-
тод ЕІЛ є ефективним, застосування відпрацьованої технології на-
несення покриття та раціональний вибір електродних матеріялів 

дають змогу збільшити довговічність деталів машин, що працюють 

на зношування. Для формування покриттів збільшеної товщини і 
підвищеної суцільности застосовуються технології квазибагатоша-
рового леґування, тобто застосовуються декілька циклів ЕІЛ, що 

чергуються, коли за 1 цикл приймається покриття 100% поверхні, 
що леґується. 
 Значення параметрів ЕІЛ істотно впливають на інтенсивність на-
несення покриттів та якість одержуваної поверхні. Найважливі-
шими є потужність (енергія) розряду та продуктивність (час) леґу-
вання — площа обробленої поверхні в одиницю часу. Вплив елект-
ричних параметрів (сила струму, напруга, енергія розряду та інші) 
достатньо широко вивчено під час використання різних електрод-
них матеріялів [8–10]. Підвищення енергії розряду веде до збіль-
шення величини кожного окремого електричного розряду і, у пев-
них межах, сприяє підвищенню кількости перенесеного матеріялу 

покриття та більш глибоким перетворенням в поверхні у зоні роз-
ряду. Це саме стосується часу оброблення, тобто трудомісткости 

(величини, оберненої до продуктивности): із його збільшенням то-
вщина нанесених шарів зростає. 
 Найбільшу складність під час використання ЕІЛ на практиці 
представляє підбір оптимального питомого часу леґування. Це 

пов’язане з нелінійною зміною сумарного приросту ваги зразка у 

процесі ЕІЛ. Як видно з рис. 1, починаючи зі значення порога кри-
хкого руйнування зміненого поверхневого шару tx, сумарний при-
ріст ваги катоди стає від’ємним. З підвищенням питомого часу ле-
ґування (t  tx) маса зразка може набути значення, менше за почат-
кове. У загальному випадку збільшення маси зразка зі зміною t 

спостерігається тільки для t  tx. Цю нерівність можна віднести зде-
більшого до процесу відновлення деталів, а тому домагатися напе-
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ред визначеного збільшення лінійного розміру катоди. Однак сто-
совно процесу зміцнення поверхневого шару під час виготовлення 

деталю, де приріст ваги катоди не має бути великим, а в деяких ви-
падках взагалі не допускається, потрібні нові методики визначення 

tx. Водночас вибір tx за різних енергій розряду, міжелектродних се-
редовищ, матеріялів леґувальних електрод по суті становить основу 

технології ЕІЛ [11]. 
 В роботі [12] експериментальним шляхом встановлено, що за ЕІЛ 

необхідно обрати оптимальний час леґування опт. Він має бути дещо 

меншим чи рівним часу max, за який досягається максимальний 

приріст ваги на катоді, і меншим за час руйн., за якого починає руй-
нуватися зміцнений шар, тобто 

опт  maxPK  руйн.. 

Крім того, тривалість леґування на обраному режимі леґування 

практично не впливає на показник шерсткости, а визначає кіль-
кість перенесеного матеріялу з аноди на катоду, суцільність і тов-
щину покриття. Зі збільшенням тривалости ЕІЛ до часу maxPK, що 

забезпечує максимальний приріст маси на катоді, зі збільшенням 

 

Рис. 1. Залежність зміни ваги катоди (1) та аноди (2) від наведеної енергії 
та часу оброблення: А — питома ерозія аноди, K — приріст катоди, Wn 

— наведена величина енергії іскрових розрядів під час леґування підкла-
динки площею у 1 см

2. 

Fig. 1. Dependence of the change in the weight of the cathode (1) and anode (2) 
on the given energy and processing time: A is the specific erosion of the an-
ode, K 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
2. 
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кількости перенесеного матеріялу збільшуються суцільність і тов-
щина покриття. 
 Для формування покриттів збільшеної товщини та підвищеної 
суцільности застосовуються технології квазибагатошарового леґу-
вання, тобто застосовуються цикли ЕІЛ, що чергуються, нанесення 

грубих покриттів з високою нерівністю профілю поверхні та цикли 

отоплення до вирівнювання профілю поверхні зі зменшенням висо-
ти цих нерівностей не менше, ніж на 50%. Водночас отоплення не-
рівностей профілю здійснюється з використанням електродних ма-
теріялів з підвищеними теплопровідністю й ерозійною стійкістю по 

відношенню до електродного матеріялу, що формує покриття [13]. 

Але сумарний приріст маси 1

x

nn
K


  за декілька циклів (де х — їх-

ня кількість) не можна вважати таким, що складається із суми всіх 

приростів за х циклів (рис. 2). Очевидно, це можна пов’язати з про-
цесами руйнування попереднього шару, випаровування, зменшен-
ня нерівностей профілю поверхні, фізико-хемічними перетворен-
нями в оброблених шарах, а також із величиною та тривалістю ім-
пульсного теплового поля, створеного іскровим розрядом. Подібний 

підхід можна застосувати до аналізи зміни товщини зміцненого 

шару (чи/або дифузійної зони), суцільности шару, його мікротвер-
дости (рис. 3). 
 Аналізу зміни мікротвердости зміцненого шару за циклового ле-
ґування треба проводити з позицій впливу режимів ЕІЛ на структу-
рно-фазовий стан покриттів. Як відомо, під час ЕІЛ у поверхневому 

шарі відбуваються наступні процеси [14]: 
 перенесення матеріялу на поверхню деталю з леґувальної елект-
роди з утворенням механічних сумішей, твердих розчинів, хеміч-

 

Рис. 2. Залежність зміни ваги катоди від наведеної енергії та часу оброб-
лення: K — приріст катоди, Wn — наведена величина енергії іскрових 

розрядів за леґування підкладинки площею в 1 см
2, t — час леґування. 

Fig. 2. Dependence of the cathode weight change on the applied energy and 

processing time: K is cathode gain; Wn is specified value of spark-discharge 

energy, when doping a substrate with an area of 1 cm
2; t is doping time. 
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них сполук; 
 збагачення елементами леґувальної електроди; водночас має мі-
сце аномально висока дифузія перенесеного матеріялу під дією ви-
сококонцентрованих потоків енергії; 
 надшвидкісне гартування за короткочасного нагрівання розря-
дом електричного струму до високої температури, а потім миттєво-
го охолодження; 
 пластичне деформування під час локальної дії на матеріял імпу-
льсного тиску; 
 утворення нерівноважних структур з дрібним зерном, високою 

гетерогенністю за складом, структурою, що відбувається під час 

локальної дії на матеріял імпульсних тисків і температур, терміч-
них напружень; 
 азотування, цементація, оксидування, що відбуваються через 

взаємодію з навколишнім середовищем. 
 Таким чином, під час зміни енергетичних умов леґування чи часу 

леґування (продуктивности) вкрай складно спрогнозувати напря-
мок зміни структурно-фазового стану покриття. Збільшення сума-
рного часу леґування через застосування 1, 2, , х циклів леґуван-
ня, приведе до збільшення тривалости дії теплового поля, активації 
дифузійних процесів, можливости фазових перетворень у покритті 

  
а б 

 
в 

Рис. 3. Залежності зміни товщини зміцненого шару (а), його твердости (б) 
та суцільности (в) від наведеної енергії та часу оброблення. 

Fig. 3. Dependences of the change in the thickness of the strengthened layer (а), 
its hardness (б) and integrity (в) on the applied energy and processing time. 
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тощо. Крім того, змінюються умови кристалізації й охолодження 

сформованого шару. Тому можна припустити, що зі збільшенням 

циклів і зміною режимів леґування під час повторних циклів твер-
дість буде змінюватися до певного значення. 
 Що стосується суцільности (рис. 3, в), то, якщо 100% не досяга-
ється за перший цикл леґування, вона наближатиметься до цього 

значення на наступних. Це, скорше, відбувається в зв’язку з тим, що 

на наступному циклі оброблення збільшується час оброблення 1 см
2
 

площини поверхні. Кількість «проходів» електроди-інструменту, а 

отже, і ступінь зменшення нерівностей профілю поверхні за рахунок 

розтоплення їх і заповнення несуцільностей будуть залежати від ча-
су оброблення на кожному циклі ЕІЛ, тобто від продуктивности про-
цесу. 
 Таким чином, дослідження впливу енергетичних параметрів 

ЕІЛ, а також часу леґування (продуктивности) процесу мають важ-
ливе значення для розроблення технології зміцнення. Для того, 

щоб зменшити кількість експериментальних досліджень впливу 

різних чинників на параметри якости ЕІЛ покриттів для однієї па-
ри електрод необхідний математичний модель прогнозування цих 

параметрів з урахуванням часу оброблення певної площини, що пі-
длягає леґуванню, тобто трудомісткости процесу ЕІЛ (величини, 
оберненої продуктивності). Такий модель дасть змогу керувати вла-
стивостями поверхні деталів. 
 Метою даної роботи є підвищення надійности та довговічности 

виробів шляхом удосконалення математичного моделю, який 

уможливлює прогнозувати параметри якости їхніх поверхневих 

шарів (структуру, мікротвердість, шерсткість, суцільність та інші) 
в залежності не тільки від енергетичних параметрів ЕІЛ (енергії ро-
зряду), а й від технологічних параметрів (продуктивности процесу) 
і, отже, цілеспрямовано встановлювати алґоритм подальшого керу-
вання властивостями поверхні деталів. 

3. МАТЕМАТИЧНИЙ МОДЕЛЬ 

Відомо [4], що високий адгезійний зв’язок покриттів, одержаних 

методом ЕІЛ, з основою пояснюється як інтенсивним перемішуван-
ням матеріялів електрод у рідкій фазі, так і дифузією матеріялу 

аноди в катоду у твердій фазі. 
 Підтвердженням проходження дифузійних процесів є наявність 

дифузійної зони між білим шаром і основою. Ця зона не нагріваєть-
ся вище температури солідусу і не взаємодіє безпосередньо з навко-
лишнім середовищем. Тому причиною її утворення може бути тер-
мічний вплив імпульсного розряду та дифузійне проникнення еле-
ментів аноди та катоди. 
 Коефіцієнт дифузії D є характеристикою, чутливою до температу-
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ри Т. Цей коефіцієнт підпорядковується Арреніюсовому виразу [15] 

0 a
exp{ / ( )}D D E RT  , 

де Ea — енергія активації дифузійного процесу, R — універсальна 

газова стала, Т — температура. Така залежність коефіцієнта дифу-
зії від температури експериментально підтверджується для бага-
тьох систем з високим значенням D: для дифузії у стопах втілення 

(наприклад, Карбону в -Fe) і стопах заміщення (наприклад, Ауру-
му у сріблі). Експоненційна залежність D від температури є вира-
зом того, що дифузія відбувається внаслідок термічно активованого 

руху атомів, який завжди описується експонентою exp{q/(kT)}, де 

q — енергія активації елементарного акту переміщення атома. У 

загальному випадку вона буде істотно відрізнятися для різних хе-
мічних елементів і кристалічних структур. Енергію активації мож-
на оцінити за нахилом лінії, яка описує залежність у координатах 

lnD–обернена температура T
1. 

 Дослідження дифузійних процесів за електроіскрового леґуван-
ня показали, що глибина проникнення елементів аноди в катоду під 

час масоперенесення в твердій фазі може становити від декількох 

до ста мікрометрів і більше, що неодноразово підтверджувалося ме-
талографічними та мікрорентґеноспектральними дослідженнями 

[16–18]. Характер взаємного розподілу елементів у поверхневих 

шарах, одержаних ЕІЛ, свідчить про високу рухливість атомів у 

кристалічній ґратниці металів, підданих впливу іскрових розрядів. 
Висока рухливість атомів у кристалічній ґратниці металів, підда-
них впливу імпульсних розрядів, пов’язується з істотним внеском у 

перенесення речовини міжвузлових атомів, що ґенеруються в екст-
ремальних умовах. Однією з причин високої рухливости атомів у 

твердій фазі може також бути локальна деформація кристалічної 
ґратниці під впливом високих ґрадієнтів температури й ударних 

хвиль, які можуть бути причиною перенесення елементів на значну 

глибину в твердій фазі. 
 В результаті ЕІЛ відбувається опромінення, нагрівання поверх-
невого шару тіла та його пластична деформація, що спотворюють 

ґратницю за рахунок утворення точкових (вакантних вузлів і ато-
мів втілення), лінійних і поверхневих дефектів. У правильних без-
дефектних структурах атоми розташовуються в ґратниці, утворю-
ючи систему з мінімальною вільною енергією. Зсув атомів із рівно-
важного положення порушує порядок в ґратниці. Для одержання 

таких порушень витрачається енергія, яка запасається в утворених 

дефектах. Величина повної енергії системи буде більшою за мініма-
льну, характерну для впорядкованої системи атомів, на величину 

збереженої енергії, яка визначається числом дефектів у ґратниці, 

їхнім видом і є своєрідною мірою дефектности ґратниці. 
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 На перехід атома з вузла ґратниці в сусідній вузол або міжвузля 

потрібно витратити енергію, яку називають енергією активації 
процесу переходу атомів. В результаті одночасного переміщення в 

тілі великого числа вакансій і утворення атомів втілення відбува-
ється пониження внутрішнього тертя й полегшення дифузії в мате-
ріялі. Таким чином, під час ЕІЛ відбувається взаємочин потоків ча-
стинок з речовиною (через опромінення тіла). Наявність цього вза-
ємочину є необхідною умовою для передачі енергії з потоку тілу. 
Величина увібраної енергії визначає ефективність ЕІЛ. Якщо взає-
мочин, а, отже, й увібрана енергія малі, то і зміна властивостей ті-
ла, тобто технологічний ефект, буде також незначним. 
 Необхідно відзначити, що температура нагрівання катоди (обро-
блюваної поверхні) залежить від енергії розряду (Wр), за якої відбу-
вається процес ЕІЛ. Наявність прямо пропорційної залежности 

T  Wр свідчить про те, що з підвищенням енергії розряду збільшу-
ються коефіцієнти дифузії елементів матеріялу аноди в основу, а, 
отже, й ефективність процесу. У зв’язку з цим, товщини «білого» 

шару та дифузійної зони, так само, як і коефіцієнти дифузії, підко-
ряються експоненційній залежності (за Арреніюсовим виразом). 
 На підставі експериментальних досліджень, результати яких бу-
ло представлено у частині 1 даної роботи [1], встановлено, що за 

алітування методом ЕІЛ криці 20 (рис. 4) зі збільшенням енергії ро-
зряду збільшується товщина зміцненого шару (ha, мкм). Показник 

ha є комплексним і складається з приросту на першому циклі леґу-
вання за стандартної продуктивности (табл. 1 [1]) і другому циклі за 

зменшення продуктивности ЕІЛ (табл. 2 [1]). 
 Показано, що між величинами ha і оберненою енергією розряду 

1/Wр до періоду, коли ha  ha max, тобто до періоду, коли приріст за 

даної технології леґування наближається до максимального зна-
чення, є експоненційна спадна залежність (рис. 4, б). 
 З ростом енергії розряду товщина зміцненого шару за алітування 

зростає та сягає максимальної величини (ha max). Крім того, збіль-
шення ha зміцненого шару стає тим сильніше, чим більше енергія ак-
тивації процесу формування зміцненого шару під час ЕІЛ (Ea h). 
 Виходячи з експериментальної залежности ha від 1/Wр (що на-
ближається до спадної експоненти), можна зробити висновок, що 

ln(ha) пропорційний 1/Wр і величині Ea h, тобто 

 1

a p a
ln( ) , hh W E

 . (1) 

Переходячи від наближеного рівняння до точного, маємо: 

 
a a max a p

exp( / )
h

h h E W


  . (2) 

Залежність (2) назвемо рівнянням прогнозування товщини зміцне-
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ного шару за алітування методом ЕІЛ. Припускаючи в (2) 

 
a phE W

 , (3) 

маємо: 

 1

a a max
/h h e  . (4) 

Звідси Ea h — це критична величина, що дорівнює такій енергії ро-
зряду, за якої ha в е раз менше, аніж ha max. Назвемо її константою 

  
а б 

  
в г 

Рис. 4. Залежність величини товщини зміцненого шару за алітування ме-
тодом ЕІЛ криці 20 (а, б) і криці 40 (в, г) від енергії розряду Wр (а, в) та від 

величини оберненої енергії розряду 1/Wр (б, г): 1 — класична технологія 

ЕІЛ, 2 — ЕІЛ у два етапи (на другому етапі продуктивність була зменшена 

 у два рази), 3 — ЕІЛ у два етапи (на другому етапі продуктивність була 

зменшена  у чотири рази). 

Fig. 4. Dependence of the thickness of the hardened layer during alitizing by 

the ESA method of steel 20 (а, б) and steel 40 (в, г) on the discharge energy Wр 

(а, в) and on the value of the reciprocal energy of the discharge 1/Wр (б, г): 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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рівняння (2) прогнозування товщини зміцненого шару за алітуван-
ня методом ЕІЛ. Розмірність Ea h — [Дж]. 
 На рисунку 5 показано залежність величини мікротвердости змі-
цненого шару за алітування методом ЕІЛ криці 20 від енергії розря-
ду: зі збільшенням енергії розряду мікротвердість збільшується. 
Між мікротвердістю зміцненого шару Ha і величиною оберненої 
енергії розряду 1/Wр до періоду, коли Ha  Ha max, є експонен-
ційна спадна залежність (рис. 5, б). 
 Слід зазначити, що використання енергії розряду менше 2,6 Дж, 
коли суцільність покриття менше 100%, а мікротвердість не пере-

  
а б 

  
в г 

Рис. 5. Залежність мікротвердости зміцненого шару за алітування мето-
дом ЕІЛ криці 20 (а, б) і криці 40 (в, г) від енергії розряду Wр (а, в) та від 

величини оберненої енергії розряду 1/Wр (б, г): 1 — класична технологія 

ЕІЛ, 2 — ЕІЛ у два етапи (на другому етапі продуктивність була зменшена 

 у два рази), 3 — ЕІЛ у два етапи (на другому етапі продуктивність була 

зменшена  у чотири рази). 

Fig. 5. Dependence of the microhardness of the hardened layer during alitiz-
ing by the ESA method of steel 20 (а, б) and steel 40 (б, г) on the discharge en-
ergy Wр (а, в) and on the value of the reciprocal energy of the discharge 1/Wр 

(б, г): 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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вищує 2300 МПа (див. табл. 5 в [1]), не рекомендується для промис-
лового застосування. Більш істотні перетворення відбуваються в 

поверхневому шарі за енергії розряду більше 2,6 Дж (рис. 5, а). 
 Зі зростанням енергії розряду мікротвердість зміцненого шару у 

період до досягнення максимальної мікротвердости Ha max, збіль-
шується тим сильніше, чим більше енергія розряду, витрачена на 

формування зміцненого шару. Крім того, збільшення Ha зміцне-
ного шару стає тим сильніше, чим більше енергія активації процесу 

формування зміцненого шару a H
E


. 

 Виходячи з експериментальної залежности Ha від 1/Wр (спад-

ної експоненти), можна зробити висновок, що lnHa пропорційний 

1/Wр і величині a H
E


, тобто 

 1

a p a
ln( ) , HH W E





 
 . (5) 

Переходячи від наближеного рівняння до точного, маємо: 

 
a a max a p

exp( / )
H

H H E W
  

   . (6) 

Залежність (6) назвемо рівнянням прогнозування мікротвердости 

зміцненого шару за алітування методом ЕІЛ. Припускаючи в (6) 

 
a pH

E W

 , (7) 

маємо: 

 1

a a max
/H H e

 
  . (8) 

Звідси a H
E

  — це критична величина, що дорівнює такій енергії 

розряду, за якої Ha в е раз менше, аніж Ha max. Назвемо її конс-
тантою рівняння (6) прогнозування мікротвердости зміцненого ша-

ру за алітування методом ЕІЛ. Розмірність a H
E

  — [Дж]. 

 Режими ЕІЛ (енергія розряду та продуктивність процесу) за алі-
тування впливають не тільки на товщину та мікротвердість зміцне-
ного шару, а також і на шерсткість сформованого поверхневого ша-
ру та його суцільність. 
 Водночас шерсткість поверхні значно змінюється зі змінюванням 

енергії розряду, коли кожний окремий імпульс енергії впливає на 

різні об’єми поверхневого шару як аноди (електроди, що леґує), так 

і катоди (деталю). 
 В результаті за різних величин енергії розряду на поверхні дета-
лю формується сукупність різних за розміром більш-менш реґуля-
рно розташованих виступів і западин з відносно малими кроками на 
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базовій довжині. Зі зміною продуктивности ЕІЛ, тобто часу оброб-
лення одиниці поверхні, коли енергія розряду не змінюється, і 
вплив одиничних імпульсів енергії залишається незмінним, тобто 

величина виступів шерсткости та западин залишаються незмінни-
ми. Підтвердженням цього може служити рис. 6, коли за різної 
продуктивности процесу усі результати міряння шерсткости укла-
даються на одну лінію. 
 Між шерсткістю поверхневого шару Raa і величиною оберненої 
енергії розряду 1/Wр за алітування методом ЕІЛ до періоду, коли 

Raa  Raa max, є експоненційна спадна залежність (див. рис. 6). 

  
а б 

  
в г 

Рис. 6. Залежність шерсткости поверхні за алітування методом ЕІЛ криці 20 

(а, б) і криці 40 (в, г) від енергії розряду Wр (а, в) і від величини оберненої 
енергії розряду 1/Wр (б, г): 1 — класична технологія ЕІЛ, 2 — ЕІЛ у два етапи 

(на другому етапі продуктивність була зменшена  у два рази), 3 — ЕІЛ у два 

етапи (на другому етапі продуктивність була зменшена  у чотири рази). 

Fig. 6. Dependence of the roughness of the hardened layer during alitizing by 

the ESA method of steel 20 (а, б) and steel 40 (б, г) on the discharge energy Wр 

(а, в) and on the value of the reciprocal energy of the discharge 1/Wр (б, г): 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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 З ростом енергії розряду шерсткість поверхні збільшується тим 

сильніше, чим більше енергія активації, витрачена на формування 

шерсткости поверхні Ea Ra. 
 Виходячи з експериментальної залежности Raa від 1/Wр (спад-
ної експоненти), можна зробити висновок, що ln(Raa) пропорцій-
ний 1/Wр і величині Ea Ra, тобто 

 1

a p a
ln( ) , RaRa W E

 . (9) 

Переходячи від наближеного рівняння до точного, маємо: 

 
a a max a p

exp( / )
Ra

Ra Ra E W


   . (10) 

Залежність (10) назвемо рівнянням прогнозування шерсткости по-
верхні за алітування методом ЕІЛ. Припускаючи в (10) 

 
a pRa

E W


 , (11) 

маємо: 

 1

a a max
/Ra Ra e   . (12) 

Звідси Ea Ra — це критична величина, що дорівнює такій енергії 
розряду, за якої Raa в е раз менше за Raa max. Назвемо її констан-
тою рівняння прогнозування шерсткости поверхні за алітування 

методом ЕІЛ. Розмірність Ea Ra — [Дж]. 
 Між суцільністю шару Sa та величиною оберненої енергії розряду 

1/Wр до періоду, коли Sa  Sa max, є експоненційна спадна залеж-
ність (див. рис. 7). 
 З ростом енергії розряду суцільність шару збільшується тим си-
льніше, чим більше енергія активації, витрачена на формування 

суцільного шару Ea S. 
 Виходячи з експериментальної залежности Sa від 1/Wр (спадної 
експоненти), можна зробити висновок, що lnSa пропорційний 

1/Wр і величині Ea S, тобто 

 1

a p a
ln( ) , SS W E

 . (13) 

Переходячи від наближеного рівняння до точного, маємо: 

 
a a max a p

exp( / )
S

S S E W


  . (14) 

Залежність (14) назвемо рівнянням прогнозування суцільности 

шару за алітування методом ЕІЛ. Припускаючи в (14) 

 
a pS

E W


 , (15) 
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маємо: 

 1

a a max
/S S e   . (16) 

Звідси Ea S — це критична величина, що дорівнює такій енергії ро-
зряду, за якої Sa в е раз менше за Sa max. Назвемо її константою рі-
вняння прогнозування суцільности шару за алітування методом 

ЕІЛ. Розмірність Ea S — [Дж]. 
 Режим ЕІЛ, необхідний для одержання потрібної товщини та мі-
кротвердости зміцненого шару, шерсткости та суцільности поверх-
невого шару за алітування методом ЕІЛ, можна визначити відпові-

  
а б 

  
в г 

Рис. 7. Залежність суцільности шару за алітування методом ЕІЛ криці 20 (а, 
б) і криці 40 (в, г) від енергії розряду Wр (а, в) і від величини оберненої енер-
гії розряду 1/Wр (б, г): 1 — класична технологія ЕІЛ, 2 — ЕІЛ у два етапи (на 

другому етапі продуктивність була зменшена  у два рази), 3 — ЕІЛ у два 

етапи (на другому етапі продуктивність була зменшена  у чотири рази). 

Fig. 7. Dependence of the continuity of the hardened layer during alitizing by 

the ESA method of steel 20 (а, б) and steel 40 (б, г) on the discharge energy Wр 

(а, в) and on the value of the reciprocal energy of the discharge 1/Wр (б, г): 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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дно до рівнянь (2), (6), (10) та (14). Тоді, відповідно: 

 
aa a a

p p p p

a max max a max a max

, , ,

ln ln lnln

Hh Ra S

a

x x xx

EE E E
N N N N

h H Ra S

h Ra SH

  





   
   

  

. (17) 

 Відповідно до рівняння (2) між логаритмом значень товщини 

зміцненого шару та величиною оберненої енергії розряду має бути 

лінійний зв’язок. Побудуємо графіки залежности lnha від 1/Wр. 
 Як випливає з графіка (рис. 8), залежність lnha від 1/Wр за алі-
тування методом ЕІЛ криці 20 наближається до прямої лінії. Зна-
чення танґенсів кутів нахилу прямих до осі абсцис на ділянці екс-
поненційно спадної залежности занесено до табл. 1. Передекспоне-
нційний фактор (табл. 1) знаходимо за відрізком, який відсікається 

на осі ординат прямої експоненційно спадної залежности lnha від 

1/Wр (рис. 8), продовженої до значення абсциси 
1

p
0W   

(lnha  lnha max, якщо 
1

p
0W  ). Розраховані енергії активації 

Ea h (константи рівняння (2) прогнозування товщини зміцненого 

шару за алітування методом ЕІЛ), визначені двома способами, за 

першим, якщо Ea h  Wр, за другим, коли Ea h  tg, занесено до 

табл. 1. 
 Деяку невідповідність (до 7%) значень констант ЕІЛ Ea h, визна-

  
а б 

Рис. 8. Залежність ln(ha) від 1/Wр за алітування методом ЕІЛ криць 20 (а) 
і 40 (б). На графіках: 1 — класична технологія ЕІЛ, 2 — ЕІЛ у два етапи 

(на другому етапі продуктивність була зменшена  у два рази), 3 — ЕІЛ у 

два етапи (на другому етапі продуктивність була зменшена  у чотири ра-
зи). 

Fig. 8. Dependence of ln(ha) on 1/Wр, when alitizing by ESA method of steels 

20 (а) and 40 (б). 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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чених різними способами, можна пояснити наслідком похибок різ-
них мірянь. В цілому збіжність результатів є задовільною. 
 Згідно з рівнянням (6), між логаритмом значень мікротвердости 

та величиною оберненої енергії розряду має бути лінійний зв’язок. 

 Побудуємо графіки залежности lnHa від 1/Wр (рис. 9). Як ви-

пливає з графіка (рис. 9), залежність lnHa від 1/Wр за алітування 

методом ЕІЛ криці 20 наближається до прямої лінії. Значення тан-
ґенсів кутів нахилу прямих до осі абсцис на ділянці експоненційно 

спадної залежности занесено до табл. 2. Передекспоненційний фак-
тор (табл. 2) знаходимо за відрізком, що відсікається на осі ординат 

прямої експоненційно спадної залежности lnHa від 1/Wр (рис. 9), 

продовженої до значення абсциси 
1

p
0W   (lnHa  lnHa max, якщо 

1

p
0W  ). Результати розрахунку енергії активації a H

E
  (констан-

ти рівняння (6) прогнозування мікротвердости зміцненого шару за 

алітування методом ЕІЛ), визначені двома способами, за першим, 
якщо a pH

E W

 , за другим, коли a

tg
H

E

  , занесено до табл. 2. 

 Деяку невідповідність (до 9%) значень констант ЕІЛ a H
E


, ви-

значених різними способами, можна пояснити наслідком похибок 

різних мірянь. В цілому збіжність результатів є задовільною. 
 За рівнянням шерсткости (10) між логаритмом значень шерстко-
сти й величиною оберненої енергії розряду є лінійний зв’язок. 

ТАБЛИЦЯ 1. Розраховані константи енергії активації (Ea h) і константи 

рівняння прогнозування товщини зміцненого шару за алітування методом 

ЕІЛ криць 20 (у чисельнику) і 40 (у знаменнику) за різних продуктивнос-
тей процесу. 

TABLE 1. Calculated activation-energy constants (Ea h) 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. 

Режим ЕІЛ Ea h  tg, Дж Ea h  Wр, Дж % ha max, мкм 

Класична технологія ЕІЛ 
1,001 
1,09 

0,99 
1,17 

1 
7 

85 
119 

ЕІЛ у два етапи, на друго-
му етапі продуктивність 

була зменшена  у два ра-

зи 

0,731 
0,775 

0,74 
0,83 

1 
7 

82 
108 

ЕІЛ у два етапи, на друго-
му етапі продуктивність 

була зменшена  у чотири 

рази 

0,505 
0,632 

0,49 
0,68 

3 
7 

68 
99 



УДОСКОНАЛЕННЯ ПАРАМЕТРІВ ЯКОСТИ ПОВЕРХНЕВИХ ШАРІВ ДЕТАЛІВ 789 

 

  
а б 

Рис. 9. Залежність ln(Ha) від 1/Wр за алітування методом ЕІЛ криць 20 (а) 
і 40 (б). На графіках: 1 — класична технологія ЕІЛ, 2 — ЕІЛ у два етапи (на 

другому етапі продуктивність була зменшена  у два рази), 3 — ЕІЛ у два 

етапи (на другому етапі продуктивність була зменшена  у чотири рази). 

Fig. 9. Dependence ln(Ha) on 1/Wр, when alitizing by ESA method of steels 20 

(а) and 40 (б). 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). 

ТАБЛИЦЯ 2. Розраховані константи енергії активації ( a H
E


) і константи 

рівняння прогнозування мікротвердости зміцненого шару за алітування 

методом ЕІЛ криць 20 (у чисельнику) і 40 (у знаменнику) за різних проду-
ктивностей процесу. 

TABLE 2. Calculated activation energy constants ( a H
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. 

Режим ЕІЛ a
tg

H
E


  , Дж a рH

E W

 , Дж % Ha max, МПа 

Класична технологія 

ЕІЛ 
0,74 
0,58 

0,73 
0,64 

1 
9 

9394 
7432 

ЕІЛ у два етапи, на 

другому етапі продук-
тивність була зменше-

на  у два рази 

0,69 
0,59 

0,68 
0,63 

1 
4 

9770 
7480 

ЕІЛ у два етапи, на 

другому етапі продук-
тивність була зменше-

на  у чотири рази 

0,68 
0,62 

0,66 
0,61 

3 
2 

9784 
7631 
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 Побудуємо графіки залежності lnRaa від 1/Wр за алітування ме-
тодом ЕІЛ криці 20 (рис. 10). 
 Результати розрахунку константи Raa max та енергії активації 
Ea Ra (константи рівняння (10) прогнозування шерсткости поверхні 

  
а б 

Рис. 10. Залежність ln(Raa) від 1/Wр за алітування методом ЕІЛ криць 20 

(а) і 40 (б). На графіках: 1 — класична технологія ЕІЛ, 2 — ЕІЛ у два етапи 

(на другому етапі продуктивність була зменшена  у два рази), 3 — ЕІЛ у два 

етапи (на другому етапі продуктивність була зменшена  у чотири рази). 

Fig. 10. Dependence ln(Raa) on 1/Wр, when alitizing by ESA method of steels 

20 (а) and 40 (б). 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). 

ТАБЛИЦЯ 3. Розраховані константи енергії активації (Ea Ra) і константи рів-
няння прогнозування шерсткости поверхні за алітування методом ЕІЛ криць 

20 (у чисельнику) і 40 (у знаменнику) за різних продуктивностей процесу. 

TABLE 3. Calculated activation energy constants (Ea Ra) 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. 

Режим ЕІЛ Ea Ra  tg, Дж Ea Ra Wр, Дж % Raa max, мкм 

Класична технологія 

ЕІЛ 
1,147 
0,909 

1,09 
0,939 

5 
3 

10 
6,83 

ЕІЛ у два етапи, на дру-
гому етапі продуктив-
ність була зменшена  

у два рази 

1,151 
1,105 

1,18 
1,17 

3 
6 

9,8 
8,17 

ЕІЛ у два етапи, на дру-
гому етапі продуктив-
ність була зменшена  

у чотири рази 

1,147 
0,738 

1,09 
0,77 

5 
4 

10 
6,53 
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за алітування методом ЕІЛ), визначені двома способами, за пер-
шим, якщо Ea Ra  Wр, за другим, коли Ea Ra  tg занесено до 

табл. 3. 
 Деяку невідповідність (до 5%) значень констант ЕІЛ (Ea Ra), ви-
значених різними способами, можна пояснити наслідком похибок 

різних мірянь. В цілому збіжність результатів є задовільною. 
 Відповідно до рівняння суцільности (14) між логаритмом значень 

суцільности шару й оберненою величиною енергії розряду має бути 

лінійний зв’язок. 
 Побудуємо графіки залежности lnSa від 1/Wр за алітування ме-
тодом ЕІЛ криці 20 (рис. 11). 
 Результати розрахунку константи Sa max та енергії активації Ea S 

(константи рівняння (14) прогнозування суцільности поверхні за 

алітування методом ЕІЛ), визначені двома способами, за першим, 
якщо Ea S  Wр, за другим, коли Ea S  tg, занесено до табл. 4. 
 Деяку невідповідність (до 7%) значень констант ЕІЛ (Ea S), ви-
значених різними способами, можна пояснити наслідком похибок 

різних мірянь. В цілому збіжність результатів є задовільною. 
 Зведені дані констант ЕІЛ, необхідні для розрахунку параметрів 

якости поверхневого шару, наведено в табл. 5. 
 Аналіза таблиці 5 показала, що зі зменшенням продуктивности, 
тобто збільшенням часу оброблення одиниці поверхні деталю (тру-
домісткости процесу ЕІЛ), зменшуються величини констант ЕІЛ за 

алітування криць 20 і 40. 
 Це можна пояснити тим, що з кожним наступним циклом змен-
шується кількість перенесеної речовини з аноди на катоду, тобто 

процес алітування нібито «угамовується» та відбувається насичен-
ня, що характерне для експоненційних залежностей. Водночас 

зменшується і результат впливу процесу алітування на параметри 

якости поверхневих шарів деталів (товщину «білого» шару та ди-
фузійної зони, мікротвердість, суцільність, шерсткість). 

4. ВИСНОВКИ 

На підставі вищезапропонованого математичного моделю (рівнян-
ня (1)–(17)) і методики визначення констант рівнянь прогнозуван-

ня товщини алітованого шару (ha max та енергії активації Ea h за 

алітування методом ЕІЛ), максимальної мікротвердости поверхне-

вого шару (Ha max та енергії активації a H
E


), максимальної шерс-

ткости поверхні (Raa max й енергії Ea Ra) та максимальної суцільно-

сти шару (Sa max й енергії Ea S) за алітування методом ЕІЛ криць 20 

і 40 можна скласти алґоритм, що уможливлює прогнозувати основ-
ні технологічні параметри ЕІЛ шару для будь-яких матеріялів ка-
тоди. 
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 Результати частково було одержано в рамках науково-дослідних 

проєктів МОН України «Розробка нових методів поверхневого на-
ноструктурування стальних поверхонь з прогнозованими парамет-
рами якості, заснованих на методі електроіскрового легування» 

(держ. реєстр. № 0122U000771) та Erasmus Jean Monnet Chair 

  
а б 

Рис. 11. Залежність ln(Sa) від 1/Wр за алітування методом ЕІЛ криць 20 

(а) і 40 (б). На графіках: 1 — класична технологія ЕІЛ, 2 — ЕІЛ у два етапи 

(на другому етапі продуктивність була зменшена  у два рази), 3 — ЕІЛ у 

два етапи (на другому етапі продуктивність була зменшена  у чотири ра-
зи). 

Fig. 11. Dependence ln(Sa) on 1/Wр, when alitizing by ESA method of steels 

20 (а) and 40 (б). 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). 

ТАБЛИЦЯ 4. Розраховані константи ЕІЛ (Ea S) і константи суцільности 

шару за алітування методом ЕІЛ криць 20 (у чисельнику) і 40 (у знамен-
нику) за різних продуктивностей процесу. 

TABLE 4. Calculated ESA constants (Ea S) 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. 

Режим ЕІЛ Ea S  tg, Дж Ea S  Wр, Дж % Sa max, % 

Класична технологія ЕІЛ 
0,29 
0,364 

0,28 
0,39 

3 
7 

100 
100 

ЕІЛ у два етапи, на другому 

етапі продуктивність була 

зменшена  у два рази 

0,125 
0,279 

0,126 
0,288 

5 
3 

100 
100 

ЕІЛ у два етапи, на другому 

етапі продуктивність була 

зменшена  у чотири рази 

0,272 
0,03 

0,28 
0,028 

6 
7 

100 
100 
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(проєкт 101085451 CircuMed). 
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Режим ЕІЛ 
Ea h  tg, 

Дж 
ha max, 
мкм 

a рHE W



, Дж 

Ha max, 
МПа 

Ea Ra  tg, 
Дж 

Raa max, 
мкм 

Ea S  tg, 
Дж 

Sa max, 
% 

Класична тех-

нологія ЕІЛ 

1,001 

1,09 

85 

119 

0,74 

0,58 

9394 

7432 

1,147 

0,909 

10 

6,83 

0,29 

0,364 
100 

ЕІЛ у два ета-

пи, на другому 

етапі продук-

тивність була 

зменшена  

у два рази 

0,731 

0,775 

82 

108 

0,69 

0,59 

9770 

7480 

1,151 
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0,279 
100 

ЕІЛ у два ета-

пи, на другому 
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у чотири рази 
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0,632 

68 

99 
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0,62 

9784 

7631 
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0,738 

10 

6,53 
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0,03 
100 
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Fast Melting and Crystallization of Interfaces in Eutectic Alloys 

The Idea of ‘Thermal Prick’ 
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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. 

Проаналізовано можливість наномодифікування евтектичних стопів 

швидким нагріванням трохи вище евтектичної температури з подальшим 

дуже швидким охолодженням або просто загартуванням. Основний фізи-
чний ефект, який може бути покладений в основу такої ідеї «термічного 
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уколу», полягає в наступному: (1) короткочасне контактне топлення 

будь-якої міжфазної межі поділу евтектичної системи приводить до утво-
рення тонкого рідкого шару замість материнської поверхні поділу між 

твердими фазами; (2) швидке охолодження цього тонкого рідкого шару 

відбувається в умовах зовнішнього ґрадієнту концентрації між протиле-
жними стінками прошарку. У багатьох випадках кристалізація зводиться 

до розпаду у полі зовнішнього ґрадієнту концентрації та демонструє ква-
зиперіодичне фазоутворення з нанометровими періодами. Це означає, що 

спеціяльне термічне оброблення, яке ми називаємо термічним уколом, 
може створювати додаткові наноструктуровані зони навколо кожної межі 
поділу у материнському евтектичному стопі. 

Ключові слова: евтектичний стоп, контактне топлення, кристалізація, 
дифузія, кінетика, наноструктура. 

(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-
cessingcontact 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-
noncrystallization 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. 

 

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 + A3B, 
or rather one compound and one marginal solid solution A3B + 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 L12, and (3) decomposition into two different ordered com-
pounds L12 and L10see 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 YR

 (between liquid layer and BETA-phase) and YL
 (between liquid 

layer and ALPHA-phase): 

 ( ) −
− =

−

R LR
R melt melt

beta melt melt R L

C CdY
C C D

dt Y Y
, (1) 
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 ( ) −
− = −

−

R LL
L melt melt
melt alpha melt R L

C CdY
C C D

dt Y Y
, (2) 
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,      
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liq liq

T T T T
C C C

T C T C
,  
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 − − −

− ≈ + − = + −  ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ 

11

/ / / /
eut eutR L

melt melt eutR L R L
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T T T T
C C T T

T C T C T C T C
. (3) 

 

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: apositive 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), bnegative 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 A3B compound + A(B) solution or 

A3B 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), 

 ∂ ∂ − ∂ ∂ ≈/ / 0.0004,R L
liq liqT C T C   

 ( )
( ) ( ) ( )

 −
 ∆ = ⋅ ⋅ −
 − − 

2
2 0.004beta alpha

melt melt eut

beta eut eut alpha

C C
d Y D T T dt

C C C C
, (4) 

 
( )

( ) ( ) ( )

∆
=

 −
  ⋅ ⋅ −
 − − 

2

2 0.004

melt
melt

beta alpha
melt eut

beta eut eut alpha

Y
t

C C
D T T

C C C C

. (5) 

 If, say, ∆Ymelt = 2⋅10−6
 m, Dmelt = 0.5⋅10−9

 m2/s, Сalpha = 0.1, Сeut = 0.95, 
T − Teut = 2 K, then, ≈ 0.1secmeltt . 
 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. 

 

Fig. 3. Typical phase diagram of the eutectic couple. At temperature T slight-
ly above eutectic one, Teut, 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: 

( ) ( )
 −

− ≈ + −  ∂ ∂ ∂ ∂ 

11
.

/ /
R L
melt melt eutR L

liq liq

C C T T
T C T C
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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 systemwith 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: 

− −= = = − ⋅•− 21 2110 , 3.9 10I I I
AA BB ABV V J V J , 

− −= = − ⋅ ⋅• = −21 218.76 10 , 2 10II II II
AA BB ABV V J V 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 A3B 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 A3B (with a 

composition close to stoichiometric one) and a weak solution of B in A. 
 2. Random alloy with 0.375 fraction of B. This random alloy is also 

unstable and should decompose into the ordered compound A3B (struc-
ture L12 with a composition close to stoichiometric) and another or-
dered compound AB (structure L10 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:  

 ( )
( ) ( )

=

+
=

∑
12

1

1

4
4
in

mean

C i C in
C i . (6) 

 In homogeneous ordered phases, this parameter remains the same 

for all sublattices in A3B and AB compounds. Therefore, oscillations of 

Cmean 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 side50 (001)-planes of almost stoichiometric ordered 

phase A3B (structure L12), 200 (001)-planes between them are filled 
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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 A3B–Frozen Solution–AB 

Similar results have been obtained for the random alloy at the interface 

between two ordered compounds A3B and ABquasi-periodic patterns 

are formed, contrary to a closed system with periodic boundary condi-
tions (Fig. 6). 

 

Fig. 5. Patterns after crystallization and decomposition into A + A3B of molten 

interface, in comparison with decomposition in closed system: 
a) initial noise = 1%, Abottom, A3Btop; 
b) initial noise = 0%, Abottom, A3Btop; 
c) initial noise = 0%, periodic boundary conditions (closed system). 
KMF method, composition scales with colour: 
Column 1initial state, colour corresponds to actual composition of each site; 
Column 2state after 150000 time steps, colour corresponds to actual com-
position; 
Column 3state after 150000 time steps, colour corresponds to Cmean; 
Column 4state after 150000 time steps, sites with Cmean > 0.125; 
Column 5state after 150000 time steps, sites with Cmean < 0.125. 
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3.2.3. Monte Carlo Simulation of the Systems ‘A–Frozen Solution–
A3B’ and ‘A3B–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 

 

Fig. 6. Patterns after crystallization and decomposition into A3B + AB of mol-
ten interface, in comparison with decomposition in closed system: 
a) initial noise = 1%, A3Bbottom, ABtop; 
b) initial noise = 0%, A3Bbottom, ABtop; 
c) initial noise = 0%, periodic boundary conditions (closed system). 
KMF method, composition scales with colour: 
Column 1initial state, colour corresponds to actual composition of each site; 
Column 2state after 150000 time steps, colour corresponds to actual com-
position; 
Column 3state after 150000 time steps, colour corresponds to Cmean; 
Column 4state after 150000 time steps, sites with Cmean > 0.375; 
Column 5state after 150000 time steps, sites with Cmean < 0.375. 
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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 

 

Fig. 7. Patterns after crystallization and decomposition into A + A3B (left) 
and A3B + AB (right) of molten interface, in comparison with decomposition in 

closed system. 
Monte Carlo method. 
Column 1initial state, colour corresponds to actual composition of each site; 
Column 2state after 150000 time steps, colour corresponds to actual com-
position;  
Column 3state after 150000 time steps, colour corresponds to Cmean; 
Column 4state after 150000 time steps, sites with Cmean > 0.125 (left) and 

sites with Cmean < 0.125 (right); 
Column 5state after 150000 time steps, sites with Cmean > 0.375 (left) and 

sites with Cmean < 0.375 (right). 
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current, laser pulse, inertial passing through the heating zone, etc. 
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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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Звичайною практикою під час лютування жароміцних ніклевих стопів є 

використання промислових прилютків системи Ni−Cr−(B, Si). Проте ви-
користання прилютків такої системи призводить до утворення крихких 

сполук — силіцидів і боридів Ніклю, Хрому й інших елементів, які мо-
жуть понижувати механічні характеристики паяних з’єднань. У предста-
вленій роботі досліджується можливість створення багатокомпонентних 

високоентропійних прилютків для лютування ніклевих стопів (у тому 

числі жароміцних), що не містять у своєму складі Бору та Силіцію. З ви-
користанням розрахункових методик і модернізованих критеріїв Юм-
Розері визначено перспективну систему NiCoCrAl−(Ti, Nb), розраховано 

низку термодинамічних параметрів і побудовано відповідні залежності 
від вмісту леґувальних компонентів системи. Визначено граничні межі 
леґування експериментальних стопів, в яких значення даних термодина-
мічних величин відповідають критеріям, які висуваються до високоент-
ропійних стопів (ВЕС). Розрахунковим шляхом визначено температури 

топлення та побудовано ділянку поверхні ліквідусу системи 

NiCoCrAl−(Ti, Nb). За результатами розрахунків для проведення подаль-
ших експериментів обрано стоп NixCoCrAlTiyNbz. За результатами дослі-
джень встановлено, що даний стоп має дендритну структуру з невеликою 

кількістю евтектичної складової, а температура топлення є нижчою за 

1220°С, що робить його придатним для лютування жароміцних ніклевих 

стопів. 

Ключові слова: високоентропійний стоп, прилюток, лютування, ніклеві 
стопи, ентропія змішання, ентальпія змішання, Титан, Ніобій. 

(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 γ-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 

(∆Sm ≥ 1.5R) [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 ∆Sm 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 γ′-phase Ni3(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 (∆Sm) 

 
1

ln( )
n

m i i
i

S R c c
=

∆ = − ∑ , (1) 

where n is the number of alloy components; ci 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 cx and assume equiatomic concentrations of 

the remaining elements, Eq. (1) takes the form: 
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Enthalpy of mixing 
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1

4
n

AB
m ij i j
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j

H H c c
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=
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where ∆Hij is the mixing enthalpy of the binary equiatomic ij alloy; ci(j) 

is the concentration of the i-th (j-th) component. 
 Atomic radii mismatch coefficient 
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n

i
i

i
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c

r=

 
 δ = −
 
 

∑ , (4) 

where ri is the atomic radius of the i-th element and 

_

r  is the average 

atomic radius: 

 
_

1

n

i i
i

r c r
=

= ∑ . (5) 

 Generalized thermodynamic parameter 

 m m
m

m

T S

H
Ω =

∆
, (6) 

where Tm is the average melting temperature of the multicomponent 

system: 

 
1

n

m i i
i

T cT
=

= ∑ . (7) 

 Valence electron concentration (VECm) 

 
1

n

m i i
i

VEC c VEC
=

= ∑ , (8) 

where VECi is the valence electron concentration of the i-th element. 
 Phase composition prediction parameter [37] 

 
2
m

m
S∆Λ =
δ

. (9) 

 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: 
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 Ni Ni
liq liq

1
i

i i

dT
T T c

dT=

 
= +  

 
∑ , (10) 

where Ni idT 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-

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

Element 
Atomic 

radius 
r, Å 

Pauling electronegativity 
Melting 

point 
TL, K 

Concentration of 

valence electrons 
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 Cr Al Ti Nb Ta 

Ni — 0 −7 −22 −35 −7 −29 

Co 0 — −4 −19 −28 −5 −24 

Cr −7 −4 — −10 −7 −7 −7 

Al −22 −19 −10 — −30 −18 −19 

Ti −35 −28 −7 −30 — 2 1 

Nb −7 −5 −7 −18 2 — 0 
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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-mm2
 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 (∆Sm/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 ∆Sm ≥ 1.5R across the 

entire studied area. 
 However, as previously noted, a high ∆Sm value does not ensure the 

 

Fig. 1. Calculation results of the parameter ∆Sm/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 (δ), enthalpy of mixing (∆Hm), thermodynamic 

parameter (Ω), valence-electrons’ concentration (VEC) and geometric 

parameter (Λ) [9, 13, 19−32]. 
 The calculated of atomic radii mismatch (δ) 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]. 

  
a b 

 
c 

Fig. 2. Calculation results of the enthalpy of mixing ∆Hm (a), the size parame-
ter Λm (b) and the generalized thermodynamic parameter Ωm (c) 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 ∆Hm (Fig. 2, a). Thus, 
simultaneous codoping with these two elements allows obtaining the 

value of ∆Hmix in the region recommended for HEA (−22 ≤ ∆Hmix ≤ 

≤ 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 Λm. This calculated parameter indicates that an increase in en-
tropy ∆Sm contributes to the formation of a solid solution; while an in-
crease in the difference in atomic radii δ prevents this one (the value of 

δ2
 is proportional to the deformation of the crystal lattice in the sys-

tem). According to literature data [37], at values of the parameter 

Λm > 0.96, an ordered solid solution should form in the alloy, and at 

Λm < 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 Λm parameter to values of Λm < 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 Λm within 0.26−0.28 

while keeping the mixing enthalpy ∆Hm 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 Ωm for these alloys is at the level of Ωm = 1.1−1.5 (Fig. 2, c), 
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 

VECm parameter. According to the Hume-Rothery rule, the valence 

electron concentration (VEC) predicts the type of crystal lattice 

[31, 41−43]. At VECm ≥ 8.0, a single-phase f.c.c. structure should 

form, while at 6.87 ≤ VECm < 8.0, b.c.c. and f.c.c. phases coexist, and at 

VECm < 6.87, a single-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 VECm for NiCoCrAl−Ti and NiCoCrAl−Nb alloys is 
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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 Ni3(Al, Ti, Nb), with an 

acceptable calculated melting temperature Tliq = 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 

 

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

TABLE 3. Calculated thermodynamic parameters of the selected 

NiCoCrAl−(Ti, Nb) alloy. 

∆Hm, kJ/mole ∆Sm, J/mole Ωm δm, % VECm Λm Tliq, °C 

−21.12 −1.64∗R 1.1 7 7.15 0.28 1215 
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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 (∆Sm) as well as enthalpy of mixing (∆Hm) and the 

atomic radii mismatch (δ) 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 NixCoCrAl−TiyNbz exhib-
its Ni−Co dendritic components, enriched with aluminium and titani-
um, as well as Cr−Co−Ni-based components doped with small amounts 

 

Fig. 4. Cross-sectional microstructure of the cast NixCoCrAl−TiyNbz high-
entropy alloy. 
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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 30ХГС and У7Л 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°С−150°С 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. 

На прикладі виливків криць 30ХГСЛ і У7Л, одержаних за умов спрямо-
ваного охолодження їхньої іверової поверхні під час кристалізації з різ-
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ною інтенсивністю тепловідбору (5°С/с і 300°С/с), досліджено вплив тем-
пературно-кінетичних параметрів на морфологію, дисперсність і ґрадієн-
тність їхньої литої структури, а також на протяжність зони транскриста-
лізації та її вплив на зносостійкість у різних перерізах виливків за умов 

абразивного зношування. Встановлено закономірне збільшення протяж-
ности зони транскристалізації (зони стовбчастих кристалів) відповідно до 

підвищення температури перегріву розтопу криць в інтервалі температур 

на 50°С−150°С вище температури ліквідусу та швидкости охолодження 

під час кристалізації виливків. Показано, що максимальна стійкість до 

абразивного зношення спостерігається за умов швидкісної кристалізації 
виливків і відповідає збільшенню водночас протяжности зони транскрис-
талізації у перерізах зразків, орієнтованих поперек напрямку тепловід-
бору та просування фронту кристалізації. Така анізотропність структури 

зони транскристалізації уможливлює додатково підвищити зносостій-
кість на 13−18%, відкриває нові перспективи інженерії литих виробів для 

підвищення їхніх експлуатаційних властивостей. 

Ключові слова: криця, виливок, зносостійкість, перегрів, кристалізація, 
структурні зони, ґрадієнтність. 

(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 30ХГСЛ and У7Л 

steels, the chemical composition of which is given in Table 1, with di-
mensions of 60×60×100 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 (TL) of each of the steels. The liquidus 

temperatures (TL) were determined by a calculation method based on 

the chemical composition of the steels and were 1486°C and 1470°C for 

30ХГСЛ and У7Л 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 ЛМИ-3М 
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/m2
 for 5 min. 

TABLE 1. The chemical composition of steels. 

Steel 
Weight fraction of elements, % 

C Mn Si Cr P S 

30ХГСЛ 0.29 0.9 1.1 1.0 0.025−0.030 0.025−0.030 

У7Л 0.69 0.45 0.31 0.20 0.025−0.030 0.028−0.032 
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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 TL + 50°C to TL + 100°C and TL + 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 

 

Fig. 1. Wear along the cross-section of 30ХГСЛ steel castings depending on 

temperature–time conditions and the direction of heat removal during crys-
tallization: melt temperature of 1670°С (à), melt temperature of 1620°С (b), 
melt temperature of 1570°С (c); 1, 3along the direction of crystallization, 
2, 4across the direction of crystallization, 1, 2cooling speed of 5°C/s, 
3, 4cooling speed of 300°C/s. 
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columnar crystals in 30ХГСЛ steel castings is 20 mm, 24 mm and 

25 mm, in У7Л 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 (5°C/s), with increasing melt temperature, the transcrystallization 

zone for 30ХГСЛ steel castings reaches 16 mm, 18 mm, and 20 mm, 

while for У7Л 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), 

 

Fig. 2. Wear along the cross-section of У7Л steel castings depending on tem-
perature–time conditions and the direction of heat removal during crystalli-
zation: melt temperature of 1670°С (à), melt temperature of 1620°С (b), melt 

temperature of 1570°С (c); 1, 3along the direction of crystallization, 
2, 4across the direction of crystallization, 1, 2cooling speed of 5°C/s, 
3, 4cooling 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 
30ХГСЛ) and by 35% (steel У7Л), 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 30ХГСЛ steel and 48% for У7Л 

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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