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

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

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

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

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

1. INTRODUCTION

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

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

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

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

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

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

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

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

2. EXPERIMENTAL TECHNIQUE

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

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

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

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

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

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

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

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

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

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

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

i
ml?

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

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

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

fx) =2 2, fe™"

(n+1/2°+U, 4)

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

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

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

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

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

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

fk = a’lfz fsei%tk .
S

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

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

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

n

\VZZ\/E

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

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

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

E|>|U

, (5)

j p(x)dx

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

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

p =t _ n=—0= . m, <m,,(6)

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

— ,rl:—,m2<m1,(7)

B (m1 + mz)’i (m1 + mz) «¢2m2(E — U)

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

P =

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

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

C 17 T

Y = —cos| — pdx——j. (8)
Feolifre]

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

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

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

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

a

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

2 C?
[hvl dx == 9)

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

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

form:

C i Kt

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

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

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

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

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

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

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

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

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

81n(2p x)
SN (16)

prwpdx ZI .

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

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

h

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

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

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

where C =\/4m / t.

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

z:iln[K””), (20)
2p tpp

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

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

l
%jx/2mde=nn—n/2, (21)
0

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

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

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

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

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

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

e h?
2ml?

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

n°h® 1
o (n+1/4)= EkBT,HI/Z. (25)

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

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

i’ (n + 1)

AE -U) =

(n+1/4). (24)

Kn+1/2 = Kn + 2

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

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

212

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

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

4. THEORETICAL METHOD FOR CALCULATION OF THE WORK
OF ADHESION

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

~ 4k,k,
(ky + ky)* — (R, — k)’

exp(i2k,y) .

Accordingly, the transmission coefficient is

-1

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

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

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

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

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

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

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

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

_ 6K -2E-U)
18

-2U = K. (32)

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

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

Then, the reflection coefficient is

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

Using Eq. (31), we get

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

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

-

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

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

06 = arccos(A /o —-1). (38)

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

mis au

h3

<<1, 39
ix (39)

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

5. RESULTS AND DISCUSSION

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

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

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

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

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

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

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

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



734 E. Ph. SHTAPENKO and Yu. V. SYROVATKO

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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