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Abstract

Aim. In order to determine the composite materials’ manufacturing process parameters, it is necessary to evaluate
the stability of their structural components and determine the contact angle of wetting of the filler with the molten
binder at the infiltration temperature. The development of a theoretical method for determining the dependence of
the contact angle of wetting on temperature in melt - solid metal systems makes it possible to reduce the volume of
experimental studies. Methods. The paper presents a quantum mechanical methodology for calculating the binding
energy of interacting substances, as well as an experimental study of the dependence of the contact angle on
temperature for tin - steel systems. The methodology is based on the calculation of the binding energy between atoms
of interacting substances using density functional theory. Results. The calculations show an anomalous behavior of
contact angle values for the tin-steel system with increasing temperatures. It means that, when the temperature
increases, the values of the contact angle initially become lower, and later, in the temperature range of 450-510 °C,
an increase in the contact angle is observed. The obtained theoretical and experimental data correlate well with each
other. Conclusions. The appearance of extreme regions in the experimental and theoretical temperature
dependences is associated with the thermal expansion of interatomic distances in the crystal lattice. The obtained
theoretical and experimental data correlate well with each other and base on the thermal expansion of interatomic
distances in the crystal lattice.

Keywords: contact angle; temperature; density functional theory; binding energy; liquid tin drop; steel substrate.

KBAHTOBO-MEXAHIYHA METO/0J10T 1S BASHAYEHHS 3AJIEXKHOCTI
KOHTAKTHOTI'O KYTA 3MO4YYBAHHS BI/| TEMIIEPATYPU B CUCTEMAX PO3II/IAB-
TBEPAUMN METAJI
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AHoTarniqa

Linb. /111 BU3HAYeHHS TEXHOJIOTiYHUX MapaMeTpiB BUTOTOBJIEHHA KOMNO3UIiiIHUX MaTepia/iiB He06XiAHO OLiHUTH
CTaGiIBHICTB iX CTPYKTYPHHUX KOMIIOHEHTIB Ta KOHTAKTHHUH KyT 3MO4YyBaHHA HAlIOBHIOBa4ya po3MNJiaBJ/IeHOI0 3B’ A3K0I0
3a TeMIepaTypu HNpocodYeHHdA. Po3po6kKa TeopeTHYHOro MeTOJy BH3Ha4YeHHs 3aJ/eKHOCTI KpaloBOro Kyra
3MO4YyBaHHA Bifi TeMIlepaTypH B CHUCTEMax PO3IJ/IaB - TBePAUil MeTal MOXKe CKOPOTHTH 0GCAT eKClepUMeHTA/IbHUX
AociaigkeHb. MeToau. Y poGOTi mpejcTaB/ieHO KBAaHTOBO-MeXaHIYHY MeTOAOJIOTiI0 PO3paxyHKy eHeprii 3B’A3Ky
B3a€EMOJIIOYNX PpeYoBHH, a TaKOX eKCIepHuMeHTajJbHe AOCTiIJKeHHS 3aJ/Ie’)KHOCTI KOHTAKTHOrO KyTa Bij
TeMnepaTypH AJIs1 CUCTEMH 0JIOBO - CTa/Ib. MeT00/10Tisl 3aCHOBaHA Ha PO3paxyHKy eHeprii 3B'I3Ky MixK aToMaMu
B3a€EMO/II0YNX PEeYOBUH 3 BUKOPHUCTAHHAM Teopii PyHKIioHana rycTuHU. PesyabTraTu. Po3paxyHKu NOKasyloThb
aHOMaJIbHY NOBe/JiHKY 3HaYeHb KOHTAKTHOI'O KyTa AJIs1 CHCTEMH 0JIOBO-CTaJIb Mij Yac MiABHIIeHHSA TeMNnepaTypH.
Ile o3Hayage, M0 3a MiABUILEHHS TeMIepaTypyu 3HaYeHHsA KOHTAKTHOr0 KyTa CIO4aTKy 3MEeHIIYIThCH, a 3roJi0M, B
iHTepBasi Temneparyp 450-510 °C, cnocrepiraerbcsi 36i/IbIIeHHS] KOHTAKTHOr0 KyTa. OTpuMaHi TeopeTHuHi Ta
eKCIepUMEeHTa/IbHi JaHi J06pe KoOpeawOTh MiK c06010. BucHoBku. IlosiBa eKcTpeMaJbHHMX JAIJISHOK Ha
eKCIepUMEeHTa/IbHUX 1 TeopeTMYHUX TeMIepaTypHMX 3a/Ie)KHOCTAX MNOB’f3aHAa 3 TeNJIOBMM pO3LMIHUPEHHAM
Mi>KaTOMHUX BiJCTaHel y KpMcTaldiyHii rpaTni.

Katouosi cnoea: KyT 3Mo4yBaHHS; TeMIepaTypa; Teopis yHKUiOHay I'YCTUHH; €Heprif 3B'A3Ky; KpalJis piZiKoro 0J/0Ba;
cTajieBa MiAK/JIajKa.

*Corresponding author: e-mail: yu.syrovatko@gmail.com
© 2024 Oles Honchar Dnipro National University
doi: 10.15421/jchemtech.v32i3.307707



http://chemistry.dnu.dp.ua/
mailto:yu.syrovatko@gmail.com

545

Journal of Chemistry and Technologies, 2024, 32(3), 544-553

Introduction

The development of materials with specified
properties, as well as appropriate production
technologies, are important issues of modern
materials science. In particular, powder
metallurgy of composite materials offers unique
opportunities in terms of efficiency, productivity,
and reliability. The resulting materials can have
complex shapes and a wide range of mechanical
properties. Composites are widely used in
automotive, aerospace, power and medical
engineering [1; 2]. The uniform distribution of
reinforcing particles in a composite with a metal
matrix is one of the most important advantages of
powder metallurgy compared to casting methods
[3].

Sintering is one of the methods used in powder
metallurgy [4; 5]. Sintering process is affected by
many factors, such as pressure, temperature, time,
sintering atmosphere (argon or nitrogen), and
sintering method [6;7]. Size and shape of
reinforced particles, as well as volume fraction
and composition of the reinforcing material in the
matrix, have a significant impact on the
microstructure and mechanical properties of
composites based on sintered metal matrix [8]. In
addition, the wetting of the reinforcing particles
by the matrix material, namely the contact angle,
is an important factor affecting sintering.

The production of composite materials
requires strict control of the contact interaction
processes occurring at the interfaces between
reinforcing particles and matrix material. These
processes should, on the one hand, ensure the
required strength of the interfaces and, on the
other hand, avoid the appearance of undesirable
phases in the structure [9]. Therefore, the
determination of the value of the adhesion work
between the structural components of composite
materials and the chatacter of wetting of the filler
by the molten binder is of paramount importance
in the fabrication of composite materials [10; 11].
The work of adhesion is inseparably linked to the
contact angle; the better the wetting of the solid
phase by the liquid one and the smaller the contact
angle, the greater the work of adhesion is [12].

It is known that the value of the contact angle
depends heavily on the temperature. In some
cases, when heated above a threshold
temperature, the contact angle sharply decreases,
i. e. a wetting threshold is detected [13; 14]. In the
sintering process, in order to achieve the highest
adhesion between the reinforcing material and the
matrix material, it is necessary to know the
temperature dependence of the contact angle

values. Currently there is no theory that could
describe this dependence. Therefore, to determine
sintering process variables, it is necessary to find
the temperature dependence of the contact angles

and to detect the wetting threshold
experimentally [13; 14].
Consequently, finding an algorithm to

determine the dependence of the contact angle
value on temperature is highly relevant and
promising both from theoretical and practical
points of view.

This paper presents the results of the study of
the behavior of the contactangle as a function of
temperature for the tin-steel system, which were
calculated using quantum mechanics methods,
and their experimental validation.

Methodology for calculating contact
angle behavior as a function of
temperature

Surface wetting processes are affected by a
number of factors such as temperature, surface
cleanliness, surface structure and chemical
composition, etc. [17]. There are several
approaches to theoretically calculate the contact
angle and investigate its dependence on
temperature [16-20]. For example, the
calculations of the authors of [16] are based on the
change in the geometry of the drop during the
transition from a convex to a concave surface.

Attempts to find approximate solutions for the
contact angle values were made in [17-19] using
perturbation methods, based on the Young-
Laplace equation for capillary pressure. The most
successful results obtained in [19] were based on
the drop parameters: radius of the apex curvature,
surface tension, mass, contact radius and height.
However, in practice this equation is of little use,
since measurement of the radius of apex curvature
for a small drop is associated with uncertainty.

The contact angle value is directly related to
the wetting phenomenon, which depends on the
energy of interaction between the particles of the
drop and the substrate. Therefore, we consider
promising the calculations of the values of the
contact angle through various types of energy. The
paper [20] provides an overview and direct
comparison of the most widely used methods,
their advantages and disadvantages.

Our proposed method does not allow us to
determine the exact values of the contact angle,
but, as mentioned above, for the sintering process
it is most important to obtain the dependence of
the contact angle values on temperature and to
determine the wetting threshold The method is
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based on the calculation of binding energy
between atoms of the substrate (matrix) (En),
atoms of the drop (reinforcing material of the
composite) (E:) and between atoms of the
substrate and atoms of the drop at different
temperatures (Emc).

To calculate the binding energy, we have
chosen the density functional theory (DFT)
method, which is widely used in the calculations of
the electronic structure of atoms, molecules,
clusters, solids and so on [21].

Total energy (W) in the density functional
theory is defined as follows [22]:

W =U—2x0 [ F (V2 (r)dr —
ZKZKf d +5 H p(r)p(r)drdr + Exclpl,
(1)

where Zx and Rk - charge and spatial coordinates
of the stationary nucleus with number K,
respectively, and electron density p(r) =

p(r)

ZNﬂ” l@;(1)|?, where @i(r) - one-electron Kohn-

Sham (molecular) orbital.
In a compressed form, expression (1) looks
like:

W = U + Ts{i (1} " + Vaelo] + Jlp] + Exclo].
(2)
On the right side of equation (2) the first term
U is the potential energy of interaction of the

nuclei; the second term T describes the electron
kinetic energy; the third term V. is the attraction
of electrons to the nuclei; the fourth term J is the
classical contribution to the interelectron
repulsion energy, and the last contribution Ex. is
the exchange-correlation functional including the
static electron correlation.

Numerous studies of the characteristics of
molecules and clusters using the DFT method
[23] have shown good results when the exchange-
correlation functional is chosen correctl. As
referred to in [24; 25], three-parameter hybrid
functional B3LYP is the most relevant for the
calculations of the structural and thermochemical
characteristics of metal complexes.

To perform the calculations of the energies of
structural complexes in the condensed state
[26-28], including those for the composite
materials [29; 30], we used the GAUSSIAN 09
software package [31].

The calculations were carried out using the 6-
31g(d) basis set, which allowed us not only to
describe the electron density distribution
between completed and virtual orbitals, but also
to calculate the thermodynamic parameters.

Binding energy was calculated as a difference
between the total energy of the crystal (W) and
the sum of energies of its constituent parts (W,)
[26]:

E = |Wtotal - W0|- (3)

Table 1

Total energy of substrate atoms (W), atoms of the drop (W.), sum of the energies of tin atoms (W), energy of the
interaction of atoms of the drop with substrate atoms (Wmn), difference between the binding energy of atoms of the
drop with substrate atoms (Emc), binding energy of pure tin (E.), difference between the binding energy of atoms of

the drop with substrate atoms and binding energy of the tin drop (AE) to the dependence of temperature (7)

T, °C Wm, eV W, eV Ws, ¥5eV Wmne, €V Eme, eV E. eV AE

330 -15090.89644 -29996.31018 -5999.172612 -45087.20098 -0.0091046 0.0894242 0.0905514
360 -15090.96784  -29996.30972  -5999.172612  -45087.20504 -0.0017438 0.0893312 0.1038346
390 -15090.97317 -29996.30925 -5999.172612 -45087.21464 -0.0072726 0.0892376 0.1027934
420 -15091.06166  -29996.30878  -5999.172612  -45087.21668 -0.0011272 0.0891432 0.1198938
450 -15090.98976 -29996.3083 -5999.172612  -45087.21597 -0.0145034 0.0890482 0.1054656
480 -15091.03278  -29996.30782  -5999.172612  -45087.13784 -0.0135558 0.0889524  0.1295054
510 -15091.03783  -29996.30734  -5999.172612  -45087.11475 -0.0307506  0.088856 0.1349402
540 -15091.04078 -29996.30686  -5999.172612  -45087.18404 -0.0164174  0.088759 0.1214784

We used tin alloys with a purity of 99.9995 wt. account as well. The atoms within three

% and steel AISI 201 for the calculations and
experimental validation. In the process of
calculations, we modeled a crystalline structure
consisting of atoms of iron, carbon and chromium.
A drop of liquid tin was modeled taking into
account the short-range order only. Inour
calculations, the temperature was set in the range
from 330° to 540°C in increments of 30 °C.
Furthermore, the change in the interatomic
distance at different temperatures was taken into

coordination spheres were considered in the
calculations.

In order to explore the behavior of the wetting
process and, accordingly, the contact angle, we
calculated the total energy of particles in the
composition of the substrate (Wy), atoms of the
drop (W) and the drop-substrate complex (Wp).
After that the difference between the binding
energy of atoms of the drop with substrate atoms
Eme = Wie — Wy, + W,) was found. The binding
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energy of pure tin is E, = W, — W,,where W;is the
sum of energies of individual tin atoms. The data
are shown in the table 1. Fig.1 shows the graphs
of the temperature dependence of the binding
energy of atoms of the drop with substrate atoms

0,14 -
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0,10

(Emc), binding energy of the tin drop (E.), and the
difference between these two binding energies

(AE).
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Fig.1. Temperature dependencies: » - binding energy of atoms of the drop with substrate atoms (Emc), I - binding
energy of atoms of the tin drop (Ec), A - difference between the binding energy of atoms of the drop with substrate
atoms and binding energy of the tin drop (AE)

Experimental determination of contact
angle

The optical method [32] was used to determine
the contact angle of AISI 201 solid steel substrate
by liquid tin. In order to ensure that the
temperatures of components in the system are
equal at the moment of the contact angle
formation, i.e., that tin is in a molten state with a
temperature equal to the substrate temperature, a
high-temperature unit with high temperature
stabilization was created (Fig. 2). To prevent the
formation of undesirable compounds, heating was
carried out in the nitrogen atmosphere, since no
compounds are produced at the direct interaction
of nitrogen and tin [33]. For maintaining a
stationary pressure equal to the atmospheric
pressure, working chamber 1 was equipped with
the outlet and inlet valve 4, combined with a pump
7 injecting inert nitrogen from a tank 8. A drop of
tin under study was applied to the substrate
located on the object stage of the working
chamber through a piston 6. Quartz tube 3 had a
sufficient height (40 cm) to avoid heating of its
upper part with the piston allowing to squeeze out
the dosed amount of a tin drop 5 onto the
substrate. The weight and, accordingly, the size of
a tin drop was determined by the diameter of the
narrowed end of the quartz tube forming the
weight of a drop before its detachment. In our

case, the weight of the drop was 80 mg. The
distance between the end of the tube and the
substrate was equal to 8 mm, actually excluding
the impact of the kinetic energy of a falling tin drop
on the formation of its shape on the substrate. At
the preset temperature, the tin drop was kept on
the substrate for 12 minutes. Then the furnace
was cooled, the drop was removed, the furnace
was heated again to a higher temperature, and the
next drop of liquid tin of the same type was fed
through the piston. Measurements were made in
the temperature interval of 250 - 525 °C. The
outline of the drop was photographed using a
digital camera 9 through a quartz glass 2. The
resulting image was scanned and processed using
the TLC-manager software [34]. When scanning
the image, the software program generated
matrices of light absorption coefficients
corresponding to each pixel. Therefore, after
scanning a corresponding image was formed (Fig.
3) with the clearly outlined drop and the
coordinate grid. To find out the factors that could
influence the results of the experiment, we studied
the chemical composition of the substrate and
solidified tin drop using ion-selective method and
atomic absorption method before and after the
experiment. Besides, studies using the X-ray
fluorescence method were carried out to detect
iron atoms in the tin drop.
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Fig. 2. Schematic diagram of the experiment: 1 - working chamber with the temperature control, 2 - quartz glass, 3 -
quartz tube, 4 - outlet and inlet valve, 5 - molten tin in the quartz tube, 6 - piston allowing to squeeze out a dosed
drop of molten tin, 7 - pump, 8 - nitrogen tank, 9 - chamber
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Fig. 3. Scanned image of the liquid tin drop on AISI 201 steel substrate

Results and discussion An experiment to determine the contact angle of

Calculations of the difference in the binding the steel substrate with liquid tin as a function of
energy between the atoms of the drop and the temperature revealed a similar dependence. Fig. 4
substrate and the binding energy between the shows photographs of the drop for three specific
atoms of the drop at different temperatures (Fig. temperatures, which confirm a decrease and then
1) showed the extreme nature of this dependence. an increase in the contact angle.

a b C
Fig. 4. Photographs of the drop of liquid tin on AISI 201 steel substrate at the temperatures: a - 300 °C; b - 425 °C; ¢ -
500 °C
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Fig. 5 shows the contact angle values obtained
experimentally, depending on temperature.

This dependence bears the extreme nature as
well. The contact angle values become lower with
increasing temperature, which agrees well with
the current theories of wetting [35]. Subsequently,
in the temperature interval of 425-500 °C, an
increase in the contact angle is observed. Similar
dependence is also found in theoretical
calculations of binding energy. As shown in Fig. 1,
the binding energy of the atoms of the drop with
the substrate atoms (En:) decreases in the
temperature range of 450-510 °C, while the tin
drop binding energy (E;.) remains almost
unchanged. The characteristic extreme in the
temperature dependence of the binding energy is
observed only when the thermal expansion of
interatomic distances in the crystal lattice of the
studied structures is taken into account in the

150 -
1404
130 4
120 4
110
2 100-
o 90
80 -
70
60
50 4
40-

angle °

Wettin

calculations. A slight shift in the extrema of the
theoretical and experimental dependences is
caused by the fact that a multicomponent steel
substrate was experimentally studied.

Cases of the contact angle increase with rising
temperature are considered anomalies [36]. The
authors of [37] suggest that the increase in contact
angles is due to the formation of new chemical
compounds at the drop-substrate interface. To
verify this, we carried out the chemical analysis of
the surface of the substrate and the drop after the
experiment using atomic absorption and ion-
selective methods. These studies did not reveal
any newly formed iron compounds. A small
amount of nitrogen oxides was detected, but it
could not significantly affect the results of the
experiment. According to X-ray fluorescence
analysis, no iron content was detected in the tin
drop as well.

G IS P I e [
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Fig. 5. Temperature dependence of the contact angle of AISI 201 steel substrate by molten tin, obtained by
experiment

Studies of the temperature dependence of the
contact angle in the tin-steel and tin-iron systems
were previously carried out in [38; 39]. However,
an anomalous increase in the contact angle with
increasing temperature was not detected, since
for the heated system being in equilibrium the
temperature rise cannot result in the contact angle
increase [35]. The system in [38; 39] was heated
continuously, i.e., the same system was heated to
high temperatures. Here the contact angle
decreased with the increase in temperature and
did not increase with the further temperature
growth. In our study, in order to plot the contact
angle versus temperature, a new tin drop was
supplied and examined. Therefore, the contact
angle at higher temperatures was formed anew,

which did not exclude its higher values compared
to its previous values at lower temperatures.

By comparing the dynamics of changes in the
temperature dependences of the contact angle and
the binding energy, it is possible to determine the
correlation between calculated and experimental
data. To establish a correlation relationship
between the theoretical data of the binding energy
and the experimental data of the contact angle, we
used the factor of similarity of profiles of the
temperature dependence curves for these
indicators on the most significant area. This area
was determined by the presence of an extremum
(minimum) on the temperature dependence
curves of the contact angle in the range of 350-
550 °C and 420-540 °C of the binding energy.
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Initially, with the use of the third-degree
polynomials, the regression equations of the
indicators under study were derived (Fig. 6). In
order to avoid large degrees in the regression
equations, which can distort the regression
coefficients, we used only significant parts of the
variables, when setting up these equations.
Further, using the regression equations, we
compressed the data obtained for the indicators

=
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[
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RZ=1
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a

under study using the calculated values in the
specified temperature interval (Fig. 7). Because of
the differences between the initial temperature
intervals, the calculated values were linked
together by the number of subinterval of each
interval, the quantity of which was the same and
amounted to 14. This procedure allowed the curve
profiles to be superimposed on one another,
eliminating their deformation and distortion.
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Fig. 6. Regression equation for the temperature dependence of: a - binding energy; b - contact angle
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Fig. 7. Values calculated with the use of regression equations depending on the temperature: a - binding energy
values; b - contact angle values

At the final stage, a graphic layout was formed
using the calculated numerical series: X-axis -
binding energy values, Y-axis - contact angle
values (Fig. 8). The graphic layout allowed us to
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find the linear regressional dependence with the
significance coefficient of R2 = 0.81, which is
identical to the correlation coefficient between the
theoretical and experimental data.
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Fig. 8. Correlation relationship between the values of binding energy and contact angle
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The comparison of the experimental data with
the calculated data based on the determination of
binding energy indicates that the proposed model
can be used to theoretically determine the
dependence of the contact angle at different
temperatures. The anomalous phenomenon of an
increase in the contact angle with further
temperature growth can be explained by the
change in binding energy due to the thermal
expansion of the crystal lattice.

The slight difference between the theoretical
and experimental data can be explained by the fact
that we used the multicomponent steel substrate
in the experiment, while pure iron was taken into
account in the calculations. Consideration of the
multicomponent systems will be the subject of our
further research. This methodology can be used
for nonequilibrium metallic systems, and studying
of its application for nonmetallic systems is
promising as well. The use of this methodology
makes it possible to predict processes in
nonequilibrium systems by calculation without
experiments, which can be wuseful in the
development of composite materials, soldering
processes and other applied problems.

Conclusion

To determine the character of wetting by the
density functional theory method, calculations of
the binding energy between the atoms of the
substrate and the atoms of the melt of tin-steel
system in the temperature interval of 330 - 540 °C
were performed It is found that along with the
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decrease of the contact angle in the temperature
interval of 330 — 360 °C at further temperature
increase there should be deterioration in wetting
and increase of the contact angle.

The temperature dependence of the contact
angle of the tin-steel system was constructed by
experiment. To construct each point of
dependence, a new drop of tin was applied to the
steel substrate and examined. Thus, at each preset
temperature, new similar system was studied and
the contact angle was formed anew, which did not
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previous ones. Experimental dependence of the
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extreme nature. A decrease in the contact angle
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correlation. The anomalous effect of increase in
the contact angle of the tin-steel system with
further temperature increase occurs as a result of
change in the binding energy of atoms of the
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