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Optimizing heat transmission remains a significant contemporary challenge in modern technological applications. Nanofluids exhibit
strong potential thermal conductivity for enhancing heat transfer and improving energy system efficiency. In comparison to dispersed
nanoparticles, aggregated nanoparticles are noteworthy for evaluating the thermal behavior of nanoparticles at the nanoscale. In spite
of that aggregation effect, the fractal dimension of the aggregated nanoparticles will have a transformative effect on heat transfer. The
objective of the present study is to investigate the influence of electromagnetohydrodynamic effects on heat transfer in a nanofluid
containing aggregated nanoparticles over an exponentially stretching sheet. The governing equations for momentum and energy are
transformed into a system of nonlinear ordinary differential equations with specified boundary conditions. An analytical solution is
presented for a specific instance where the electric field parameter is absent. Numerical solutions are achieved for various ranges of
physical parameters, and computed results are validated with existing literature. The findings indicate that nanoparticle aggregation
leads to thickening the thermal boundary layer and improving heat transfer. In addition to this synergistic effect of aggregation and
electric field, it leads to the decrease in velocity profiles. At 5% volume fraction, aggregated nanoparticles provide a heat transfer
enhancement of approximately 34% over dispersed nanoparticles. The temperature profiles exhibit a rising trend with an increasing
volume fraction. In the presence of aggregated nanoparticles, both the skin friction coefficient and the Nusselt number increase with
rising magnetic field strength.
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1. INTRODUCTION

Over the past several decades, research has been designed for various experimental setups and methodologies to analyze
how aggregation influences nanofluid behavior and to develop methods for controlling aggregation to optimize its thermal
performance. Nanoparticles aggregation occurs in which individual particles stick together and form a cluster. Numerous
factors have been involved in this phenomenon like, interaction between nanoparticles, Van der Waals forces, surface
charges (Lee et al. [1]), etc. Aggregated nanoparticles (especially metals like platinum, gold, silver, or iron oxides) are
widely used as catalysts, inks for printing electrical circuits, and removal of contaminants from water due to their high
surface area-to-volume ratio.

Gaganpreet and Srivastava [2] examined the influence of viscosity and thermal conductivity of aggregated nanoparticles
in ananofluid. They found that as the size of the aggregated spherical nanoparticles increases, exactly forradiir, = 3r, 4r, 5r
the viscosity also increases. Liao et al. [3] studied nanoparticles aggregation on the thermal conductivity of nanofluid by
molecular dynamic solutions. They observed a particle size is a key factor to determine the potential mechanisms that
affect the thermal conductivity of nanofluid. Feng et al. [4] investigated the effective thermal conductivity of nanofluid
based on the structure of nanolayer and nanoparticles aggregation. Their study reveals that nanoparticles aggregation has
an effective thermal conductivity even at lower volume fractions. Mahanthesh [5] investigated the study of the flow and
heat transport of aggregation kinematics of nanoparticles with quadratic radiative heat flux using a modified Buongiorno
model. They figured out that the magnitude of velocity is higher in the case of strong convective heating.

Experimental studies have shown that aggregated nanoparticles can increase the efficiency of heat conductivity in
comparison to the dispersed particle. Aggregated nanoparticles can enhance heat transfer in nanofluid through their
unique structure, which forms conductive networks or pathways. This can significantly improve the thermal conductivity
and convective heat transfer properties. Chen et al. [6] studied the experimental and theoretical study of aggregated
nanoparticles and their thermal radiation properties. They have experimentally validated their results, showing that
aggregated nanoparticles exhibit more effective heat transfer compared to individual nanoparticles. Motevasel et al. [7]
studied the heat conductivity of four types of nanofluids containing aggregated nanoparticles and also compared their
results with experimental validation. They analyzed that the nanoparticle’s aggregation has a better attribution of heat
conductivity even at low volume concentration. Muhammad et al. [8] have reported that the aggregative and non-aggregative
effects of nanofluid flow in the application of cooling systems in liquid rocket engines. They found the aggregative and
non-aggregative nanoparticle flows are similar for both velocity and temperature profiles for particular cases; however,
noticeable differences emerged at higher values of radiation and volume fraction. Pang et al. [9] analyzed the nanoparticles
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aggregation model for heat conduction mechanism in nanofluid. They concluded that the interfacial thermal resistance and
nanolayer have minimal impact on the thermal conductivity, even if nanoparticles concentration is very minimal. Numerous
researchers Ellahi et al. [10], Sathya and Naveen [11] studied the role of aggregation and non-aggregation effects of
nanoparticles in determining the thermal behavior of nanofluids. They found that the aggregation effects of nanoparticles
have a better efficiency of heat transfer compared to individual nanoparticles.

Electromagnetohydrodynamics is the study of fluid flow influenced by both electric and magnetic fields. EMHD
flows are especially relevant in microfluidics, cooling systems, spacecraft thermal control, and biomedical devices,
where external electric and magnetic fields are used to control fluid movement at small scales. Duraihem [12] targeted
the EMHD Darcy—Forchheimer flow of Sutterby nanofluid over a stretching sheet using the finite difference approach.
Ramesh et al. [13] explored the EMHD flow of hybrid nanofluid flow over an exponential stretching sheet. They resulted
that the velocity distribution is strengthened with increasing Helmholtz—Smoluchowski velocity, whereas the temperature
distribution exhibits a diminishing trend. Loganayagi and Kameswaran. [14] investigated the effects of an electromag-
netic field and heat source/sink on two-dimensional nanofluid flow over a stretching cylinder. Their findings indicate
that Gadolinium is particularly suitable for thermomagnetic generators due to its optimal operating temperature range.
Madhu et al. [15] scrutinized the impacts of nanoparticles aggregation across a stretching sheet with an analytical solution.
Their study explores how the aggregation state of nanoparticles influences heat transfer efficiency and highlights its signif-
icant role in thermal conductivity with the influence of porous medium. Swain et al. [16] conducted a study to investigate
the influence of aggregated nanoparticles on radiative 3D flow of Maxwell fluid over a permeable stretching surface.

In addition to the above considered effects, it is interesting to study the effects of thermal radiation due to its applica-
tions. When nanofluids are employed, the presence of nanoparticles can alter the radiative heat transfer characteristics by
modifying the absorption, scattering, and emission properties of the base fluid. Kameswaran et al. [17] examined the radi-
ation effects on MHD flow over an exponential stretching sheet and also found analytical solutions using hyper-geometric
functions, highlighting the significant role of radiation in modifying the thermal boundary layer behavior. It is evident
that thermal radiation enhances the temperature within the boundary layer region. Wang et al. [18] studied the effects of
thermal radiation and nanoparticles aggregation on the gap between cone and disk. Consequently, the phenomenon of
nanoparticle aggregation has been extensively examined by various researchers such as Rajput et al. [19], Ali et al. [20],
and Rafique et al. [21] across diverse scientific and engineering domains.

Only a limited study has generalized the effects of nanoparticle aggregation in the existing literature. Madhu et al. [15]
investigated the influence of nanoparticle aggregation and porous media on flow over an exponential stretching sheet,
without considering the effects of magnetic and electric fields. Kameswaran et al. [17] examined the role of thermal radiation
on hydromagnetic newtonian fluid flow over an exponential stretching sheet, neglecting both nanoparticle aggregation
and electric field effects. Motivated by these limitations, the present study investigates the impact of aggregated and non-
aggregated nanoparticles on heat transfer in electromagnetohydrodynamic (EMHD) flow over an exponential stretching
sheet, incorporating the combined effects of electric and magnetic fields, thermal radiation, and viscous dissipation. The
results are presented graphically to illustrate and compare the heat transfer characteristics of nanofluids with and without
nanoparticle aggregation. The research questions are formulated based on the discussion of how nanoparticle aggregation
influences the flow and heat transfer characteristics of EMHD nanofluids.

* How does the aggregation of nanoparticles affect the thermal fields?

* How does induction of nanoparticle aggregation by an electric field impact both the flow dynamics and thermal
behavior of nanofluids?

* How do aggregated and non-aggregated nanoparticles affect EMHD flow over an exponential stretching sheet?

* How do electric and magnetic fields, thermal radiation, and viscous dissipation influence the behavior of nanofluid
flow and heat transfer?

2. MATHEMATICAL MODEL

We consider the steady, incompressible, laminar, two-dimensional electromagnetohydrodynamic flow of a viscous
liquid over an exponentially stretching sheet. The geometric representation of the flow model is illustrated in Fig. 1.

* Assume the origin is positioned at the slit, with the plate extending along the x-axis.

« The sheet’s velocity is modeled as an exponential function of the distance x, where Uy, = Upe T, with U being the
velocity at the slit and L a characteristic length.

e The fluid temperature is denoted by 7', while T,, represents the wall temperature and 7., denotes the ambient
. . 2x
temperature of the sheet, which is assumed constant, where T, = T, + Toe T .

e A uniform electric field E(x) and magnetic field of intensity B(x) are simultaneously applied, both oriented
perpendicular to the flow direction.
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* Moreover, a modified Krieger-Dougherty model and a Maxwell-Bruggeman [5] model were used for aggregated
nanoparticle viscosity and thermal conductivity, respectively.
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Figure 1. Structural diagram of the model

2.1. Mathematical formulation

Based on the following assumptions, the corresponding system of mathematical equations is formulated as follows:
(Kameswaran et al. [17])
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The boundary conditions for the Egs. (1)-(3) are as follows:
u=U, =Upel, v=0, T=T,=Tu+Toel, at y=0. &)
u—0, T - Tw, as y — oo, 5

Here, the velocity component u along the x direction and the velocity component v along the y direction respectively.
Following Rosseland’s approximation, g, is the heat-radiation flux,

40" OT* ©)
3k* 9y’

qr =

Here o represents the Stefan-Boltzman constant and k* denotes a mean absorption coefficient. The term is 7 linearized
by expanding about the ambient temperature T,,. Using Taylor series expansion and neglecting higher-order terms, we
approximate 7% = 4T3 T — 3T%.

Introducing a stream function ¥ (x, y) such that,

_ 9y
u—ay

The stream function is identically satisfying Eq. (1).
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The following similarity variables are taken into account for the exponential stretching sheet problem and are defined
as follows: (Mabood et al. [22]).

x rUo
u=UpeT f(n), v= —( ) e [f () +nfy()],

2L

2x X
T =T +ToeT 0(n), (2v L) yeir, )
Here, the dimensionless stream function is referred to as f(n) and the dimensionless temperature is referred to as 6(n)
and n is referred to as a similarity variable. Using Eq. (7), the Eq. (1) gets satisfied and Eq. (2)-(3) is transformed into an

ordinary differential equations as described below:

VA Z
(Z;)fnm] 2f$+ffm]+(z_z) [M(E_fn)] =0, 8)
Zy\ pn 4, 0un (1
(Z_S) Pr + §R Pr (Z—S) +0,7f—4f779 +
Z
(Z—z)MGb (fs—E)*+Gbf2, =0, 9)

along with the boundary conditions,

f0)=0, f,(0)=1, ,;eriof” (m=0
6(0)=1, lim 6() =0, (10)

The dimensionless parameters emerging in Egs. (8)-(9) are stated below,

_ 204BGL oo 2T _ B, veCh)s
prUo k*kyg UoBo’ kp o
U? o, K,
Gb=—03 1=/lnfs Z2=Fﬂ3 Z3=Lf’ 4=Lf’
(Cp)sTo Ky P oy Ky
C
Zs = (p P)nf.
(0Cp)y

The viscosity of the base fluid is defined as u r, the density of the base fluid is indicated as p s and the density of the
nanofluid is denoted as p, ¢. K, r indicates a thermal conductivity of the nanofluid while & ¢ is referred to as the thermal
conductivity of the base fluid. The specific heat capacity of the nanofluid is represented as (oCp), s and the specific heat
capacity of the base fluid is denoted as (pCp) ¢, the solid volume portion of the nanofluid is indicated as ¢, the dynamic
viscosity is referred as p,, r. The density of nanofluid is assumed to be p,, ¢. The symbol for thermal conductivity and heat
capacity of nanofluid are represented as K,y and (pCp)ny-

2.2. Effective Thermophysical properties of Nanofluid

Viscosity and thermal conductivity are two thermophysical properties of nanofluid that are influenced by the cluster
of nanoparticles in the fluid. In the case where the impact of nanoparticles aggregation is insignificant, the effec-
tive dynamic viscosity and thermal conductivity were calculated using the modified Brinkman and Maxwell models
(Makhdoum et al. [23]).

2.3. Aggregated nanoparticles parameters

Thermophysical properties are designated in accordance with the aggregation behavior of nanoparticles. The nanopar-
ticle measurement results coincided precisely after taking into account the aggregation component of the nanoparticle. The

Table 1. Thermophysical properties of Copper and Water (Swain et al. [16])

Nanoparticle  p(kg/m>) C,(J/kgK) o(s/m) k(W/mK) Prandtl number
Copper (Cu) 8933 385 5.8 %107 401 -
Water H,O 997.1 4179 0.05 0.613 5.83
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3-D
.. . . .- R, S
symbol ¢, is signed as an aggregated nanoparticle volume fraction and it is defined as ¢, g = ¢ (—Rgg ) . Here Rygq
P

indicates the radius of the aggregated nanoparticle and R, refers to the radius of the individual dispersed nanoparticle. D ¢
is termed as a fractal index, where D r=1.8, ”“‘ = 3.34, ¢, = 0.605, n = 2.5. The constants used in the present study
are referred from: [Mahanthesh [5], Swain et al [16]].

The Modified Krieger-Dougherty model and the modified Maxwell model are utilized to account for nanoparticle

aggregation in thermal conductivity and effective viscosity as seen in Table 3. The thermal conductivity of the aggregated
term is coined as (k,), where,

1 D. -3
F = LG = D=+ B0 = @in) = 1)+ [(Bin = D+ B(1 = gin) = D) +8521F] where, gy = (%522

Here, the subscripts s and f are figured as nanofluid and fluid, respectively.

2.4. Effect of Electromagnetic Field on Nanoparticle Aggregation

The electromagnetic field influences nanoparticle aggregation by altering interparticle forces and particle mo-
tion. Specifically, the magnetic field produces Lorentz forces that suppress fluid velocity and Brownian motion, increasing
the likelihood of particle—particle collisions and aggregation. In addition, the electric field induces electrophoretic motion
and particle polarisation, leading to dipole—dipole attractions that further influence on aggregate formation. The role of
the electromagnetic field is manifested indirectly through its influence on the flow dynamics via the Lorentz force. The
modified velocity field directly impacts the transport of momentum and thermal energy. Simultaneously, the presence of
nanoparticle aggregation alters the effective thermophysical properties, such as viscosity, thermal conductivity, and electri-
cal conductivity. These effective properties determine the strength of the electromagnetic body force, which subsequently
governs the overall flow and heat transfer performance.

2.5. Skin friction and Heat transfer Coeflicients

The skin friction coefficient quantifies frictional losses and energy dissipation in fluid flow, and it is governed by fluid
viscosity, flow velocity, surface roughness, and boundary layer behavior.

Table 2. Thermophysical properties of nanofluid without aggregation (Mackolil et al. [24])

Properties Without Aggreganon
. . . ﬂnf _
Dynamic Viscosity . rriial ¢)25 )
Density e (1-9¢)+ ¢p—f
. P Onf 3(:7’%;‘_1)(#
Electrical Conductivity —— =14 ——1———
9f (‘“ +2)- 2= - )¢

knf _ (ks+2ks)-2¢(kp—ks)
ky 7 (ks+2kp)+(kp—ks)
WCPInr _ (1 _ g) 4 ¢ 0P
(PCP)f (PCP)f

Thermal Conductivity

Specific heat capacity

Table 3. Thermophysical properties of nanofluid with aggregation (Rawat et al. [25] and Rana et al. [26])

Properties With Aggregation
D ic Vi . unf _ 1 baga (=17) dm
ynamic Viscosity Uy ( - W)
1 nf — S
Density 2L = (1= Puge) + Page (;;—f)
3|22 -1)¢a
Electrical Conductivity L =+ — ( L ) il
! (2242) (&2 1) buse

knf _ (ka*2kp)=2¢age (kr—ka)
(oC k)f (ka+2kp)+age (k= k(a)c y
PEP)Iny PLP)s
@y = (1~ Page) + b Goep

Thermal Conductivity

Specific heat capacity
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The Skin friction coefficient is expressed as follows:

27y,
Cp=—2, (11)
T opsU

where 7,, represents the shearing stress at the wall surface due to fluid motion, and it is defined as:

ou

Tw = ~Hny [5]@ = —tiny %\/? et f,,(0) (12)
Here, u, ¢ denotes the dynamic viscosity coefficient, and the Reynolds number is represented as Re = %
By using Eq. (12) in Eq. (11) we obtain,
0.5 Z
(Re)*>Cy = - (2_2) V2, (0) (13)

The Nusselt number is a key dimensionless parameter used in heat exchanger design, offering insights into optimizing
system performance by quantifying the enhancement in heat transfer due to fluid motion. The Nusselt number is expressed
as follows:

L qw
Nuj = — [—— 14
ur, X; (Tw — Tm) (14)

The rate of heat transfer in terms of thermal flux at the wall is expressed as:
oT

Tw—-Tw [Re
e e N

here K, ¢ is referred as the coeflicient of Thermal conductivity of the fluid. By using Eq. (15) in Eq. (14) we obtain,

3£9,/(0) (15)

(Re) " Nuy, = —(Z4/V2)0,(0) (16)

3. EXACT SOLUTION

For particular case in which the absence of an electric field, the governing momentum and energy equations reduce to
simplified forms.
ie., E — 0, Eq. (8) and Eq. (9) along with boundary conditions are compressed by

Zl 23

Z_2f777777+ff7777_2f;3_z—2Mf;7=0, a7)
Zy\ Oy 4 0un (1 73 5 5

— | p. R— |5 97 _4 7 6 — M =0, 1
(25) pr T3R8 \zg) T O O\ g [ MG Lyt Gty =0 (18)

along with the boundary conditions,

FO)=0. £,0)=1, f,(c0)— 0,
0(0)=1, 6 () — 0. (19)

3.1. Momentum equation
Integrating Eq. (17) with n once over to the interval [0, ], we obtain

z
3f§+Z—ZMf,, dn+S=0, (20)

Z / n
— + p—
Zy Jan * L1 0
Using boundary conditions, where 7 — [0, c0) we obtain and
Z,
S= _Z_ann(o)a

o z
S=/O [3f,§+ Z—sz,]] dn, 1)
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Once again Integrating Eq. (20), we attain,

7, 1, /'7 [/”
—_ +— =
szn 2f 0 0

Now, the solution procedure of Eq. (22) may be reduced to the sequential solutions.

Zs z
32+ Z—sz,,] dn] dn - Sn+ Z—; (22)

Zy .y Loy (n-1)
Z 7 +§f() = RHS[f," "1, (23)

The Eq. (21) can be solved by intro@ucing an appfopr.iat.e zero-order approx.imati.on as f7§0) (n)'for f,,(g). This
substitution simplifies the problem, effectively transforming it into a sequence of Riccati-type differential equations. As
a result, the overall solution procedure becomes an iterative process, where each step involves solving a Riccati equation
with updated approximations based on the previous iteration.

We assume a zero-order approximation as,

1-— e—ST]
f() = S (24)
where S is a parameter associated with nanoparticle volume fraction. Integrating Eq. (24) with respect to n we get,
hi n (77) =e -Sn
fan = =S (25)
After finding the derivatives of Eq. (24) substituting in the Eq. (21), the estimated value of S can be obtained as
3 7 VARN())
S=4/z+=M, S=-—= 0 26
7 I O 6)

Replacing all the derivatives from the zero-order approximation on the right-hand side of the Eq. (22), the equation for the
first-order iteration is formulated as follows:
Zz M

[e7257 — 1] + === [e757 - 1] (27)

Z 3
—_— + —_— —
Zy §?

Z] (n) 1 (n)2
2f Zjl 452

Z,7 M

Additionally, we assume that the first-order approximation of f satisfies to the boundary conditions. Consequently,the
nonlinear Riccati-type equation can be expressed using the confluent hypergeometric Whittaker function.

3.2. Energy Equation
By introducing this new variable, [See Kameswaran et al. [17]]

-Pr _
£=—e S (28)

After finding derivatives of Eq. (28) and substituting into Eq. (18) and takes the form of

4 4 P -G
E0ps |Zs + §R +0g |Zy+ §R - S—;Z5 — 75| + 4075 = P—b [Z:M + Z587] £5* (29)
) r
the temperature boundary condition are modified into,
Pr
0 (—E) =1, 6(0) =0. (30)

The solution for Eq. (29) is assumed in the form of (&) = 6.(&) + 6, (£),
where 6. (&) and 6, (£) represent complementary and particular solutions. The complementary solution of Eq. (29) indi-
cates a confluent hypergeometric equation(Kummer’s function).

0.(8) = apé*M [a—4,a+ 1_—6] 31
A2
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here 42 = Zy + (4) R, A3 = Zs. a = Pr* (),

where Pr* = £L is the modified Prandtl number.
The particular solution is obtained in the form of

0p(&) = AE® + BE + CE*, (32)
where,
Ao _[Gb) ZsM+ 7552
o \Pre] 41, - 2PrZs’
—2A
B=—"
91, — 3Pr*Zs
-B
C=——,
161, — 4Pr*Zs

By applying the boundary conditions, the solution is obtained and expressed in terms of the relevant variable, we get,

eS1TM [a/ -4,a+1, —a/e‘S”]

+ APr2e 51 — BPr3e 3 4 CPrtetSh, (33)
Mla—-4,a+1,-a]

6(n) = ap

where, ag = 1 — APr*2 + BPr*3 — CPr*.

4. MATHEMATICAL DEMONSTRATION

The governing equations Egs. (8)-(9) along with the boundary conditions (10) are solved numerically using MATLAB-
bvp4c. The MATLAB function bvp4c is used to numerically solve highly nonlinear boundary-value problems. The
following parameters are defined as follows:

f=y1. f=y2» f'=y3s, O=ys & =ys. (34)

Hence by using Eq. (34), the above system of ordinary differential equations from Egs. (8)-(9) is determined as follows,

’ Z2 Z3
vi= 7 [2y§ - y1y3 — Z_zM (E - )’l)} (35)
, Zs Z3 2 2

=5 Apr|dysys—yiys - |2 b(M —E)+ b 36
Vs 7ot ‘3—‘R [ r( Yoy4 = Y1Y5 (Zs)G (y2—FE) Gby; (36)

The boundary conditions now to be transformed into,
y1(0) =0, ¥2(0) =1, y3(0) =43 y4(0) =1, y5(0) = A4s 37

where Az and As are considered as intial guess values for the transformations.

5. VALIDATION OF TABULAR RESULTS

From Table 4 and Table 5, it is observed that the present results show good agreement with existing results of
(Kameswaran et al. [17]). Table 6 shows that skin friction values for with aggregation and without aggregation of
nanoparticles.

6. DISCUSSION OF GRAPHICAL RESULTS

In this problem, we have concentrated on the effects of various pertinent physical parameters on velocity profile
(f (1)), temperature profile (6(n)), skin friction (C), and heat transfer rate (Nuy) with and without Aggregation effect
from Figs. (3)-(15). The impact of the magnetic parameter on the velocity distribution is found in Fig. 3 for Cu/H,0
nanofluid. The range of magnetic field is chosen between the values of 0 < M < 3. The impact of the magnetic parameters
is intensified in the EMHD flow, resulting in a decrease in velocity for both cases of presence and absence of aggregation
effects of nanoparticles. This occurs due to the resistive force known as the Lorentz force, where the magnetic field lines
are inclined with respect to the electromagnetic force that disturbs the nanofluid flow over an exponentially stretching
sheet. The results concluded that in the presence of the aggregation effect, the velocity reduces for increasing the range of
magnetic parameters. This happens because aggregated nanoparticles stick together to form clustered structures through
hydrodynamic force and appear larger in size compared to dispersed nanoparticles, and this will lead to reducing the speed
of flow, and larger aggregated nanoparticles also have more drag, and this force slows down the fluid movement, which
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Figure 2. Demonstration of Mathematical model

Table 4. Values of — f;,,,(0) are confirmed with Kameswaran et al. [17] for distinct values of M and for fixed values of

E=Pr=R=Gb=0

M Kameswaran et al. [17] Current results
0 1.28181 1.28181

1 1.62918 1.62918

2 191262 1.91262

3 2.15874 2.15874

4 237937 2.37937

5 258113 2.58113

leads to decreasing the velocity. As a result, aggregated nanoparticles slow down the fluid behavior in the boundary layer

region.

Fig. 4 reveals the influence of magnetic parameters on the temperature profile. The temperature rises for both cases while
increasing the range of magnetic field parameters. This is because of when magnetic fields are applied to nanoparticles,
which results in greater heat buildup especially near heated surfaces in stretching sheets. Generally aggregated nanoparticles
can have stronger magnetic interactions; therefore, they can trap more heat. In this case, aggregated nanoparticles can form
thermal bridges between the particles, which facilitate better heat transfer compared to non-aggregated nanoparticles.
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Table 5. Values of —6,,(0) are confirmed with Kameswaran et al. [17] for fixed values M = 1, E = 0,Pr =7,Gb =0.2
of varying values of R

R Kameswaran et al. [17] Current results
0 4.55621 4.55621
0.5 3.48315 3.48315

1 2.90580 2.90580

2 2.26050 2.26050

3 1.88981 1.88981

Table 6. Skin friction values — f3,,,(0) for with and without aggregation for different parameters

M E R ¢ Gb Without Aggregation With Aggregation
0 1.31521 1.40339
1 1.65638 1.73038
2 1.9366 2.00296
3 2.18066 224216

1073 1.65638 1.73038

1074 1.65704 1.73038
1073 1.65711 1.7311

1 1.65638 1.73038

1.5 1.65638 1.73038

2 1.65638 1.73038

2.5 1.65638 1.73038

0.01 1.65638 1.73038

0.02 1.68197 1.79393

0.03 1.70538 1.82495

0.05 1.72672 1.82703

0.1 1.65638 1.73038

0.5 1.65638 1.73038

1 1.65638 1.73038

1.5 1.65638 1.73038

The results of the electric parameter on the velocity distribution are clearly demonstrated in Fig. 5. The Electric
parameters are selected within the interval of 1073 to 107>. From the graph, it is noticed that the flow decelerates for
both aggregated and non-aggregated nanoparticles. As we applied the electric field to fluid, the nanoparticles have some
interaction between the electric and magnetic fields that can create complex forces between them, and these complex
forces generally affect the speed of the fluid flow. If the range of electric parameters increases, the aggregated nanoparticles
have different electrophoretic mobility compared to the individual nanoparticles in electric field distribution within the
fluid. Hence, aggregated nanoparticles have greater resistance to flow, which can slow the velocity of the fluid.

The outcomes of the electric parameter on the temperature profile are illustrated in Fig. 6. It is observed that the
temperature profile increases for both cases of presence and absence of aggregation. When an electric field is applied to
the nanofluid, it generates heat, and it is observed that the temperature increases more. From the graph, we conclude that
heat transfer is enhanced by the aggregation effect. When aggregated nanoparticles form interparticle contacts and create
a region of higher energy density and significant thermal resistance. The region of high thermal resistance can cause the
temperature to increase more rapidly with aggregated nanoparticles compared with dispersed nanoparticles.

The temperature patterns for varying the values of the radiation parameter are examined through Fig. 7 with the
presence and absence of aggregated nanoparticles. The range of radiation parameters is taken between 1 < R < 2.5. The
radiation parameter characterizes the relative contribution of the convective heat transfer coefficient to the thermal radiation
transfer coefficient. As the radiation value increases, the temperature profile increases more in the presence of aggregated
nanoparticles. This means that nanoparticles with aggregation form a structure with cavities or highly irregular geometries
that may concentrate radiation on certain things because of localized resonant effects. This results in localized heating
to strengthen the temperature gradients and leads to thickening of the thermal boundary layer. When the nanoparticles
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Figure 3. Variation of magnetic parameter on velocity profile for fixing other parameters are E = 1073,R = 1, Pr =
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Figure 4. Variation of magnetic parameter on temperature profile for £ = 1073,R =1, Pr =5.83, ¢ =0.01,Gb =0.2.

aggregate into clusters, the multiple scattering plays a significant influence in absorbing and scattering radiation due to
the small gaps between the aggregated nanoparticles, and both absorption and scattering are enhanced greatly in the near

infrared.

Fig. 8 expresses the relationship between the volume fraction of the solids of velocity profile. The range volume fraction
is considered between 1% to 4%. The graph represents that aggregated nanoparticles have a greater velocity profile than that
of dispersed nanoparticles. The boundary layer can be affected differently by aggregated nanoparticles than by dispersed
nanoparticles. In certain instances, aggregation can cause a more prominent velocity gradient close to the wall, as they
can act like larger particles, causing more friction and resistance to flow near the boundary. The Krieger-Dougherty model
can be utilized to describe the viscosity of the suspension, resulting in an increase in effective viscosity with volume
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Figure 6. Variation on electric parameter on temperature profile for M = 1,R =1, Pr =5.83,¢ = 0.01,Gb = 0.2.

fraction. As a result, the velocity profile has a more decreasing sequence in the presence of aggregated nanoparticles.
The effects of the volume fraction on the temperature profile are exemplified in Fig. 9 in both cases of with and
without aggregation. The efficiency of heat transfer is directly correlated with the volume fraction of nanoparticles. It
is recognized that higher volume fractions of nanoparticles facilitate more heat transfer efficiently in the presence of
aggregated nanoparticles than dispersed nanoparticles. This is due to aggregated nanoparticles leading to a higher surface
area for heat exchange between the fluid and the nanoparticles; the total surface area of these aggregated particle could be
larger than the individual nanoparticles. By increasing its surface area, the aggregated nanoparticles can absorb more heat
from the surrounding fluid and enhance their thermal absorption capacity.
Fig. 10 illustrates the influence of accelerated rates of the Gebhart number on the temperature distribution. The range
of viscous dissipation considered here is 0.1 to 1.5. The viscous dissipation parameter relates to the process by which the
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fluid friction (mechanical energy) is transformed into heat (thermal energy) due to the internal friction (fluid viscosity)
between the fluid layers. From this graph, it is clearly seen that the temperature increase strengthens the values for viscous
dissipation parameter with aggregated nanoparticles. The aggregation of nanoparticles increases the effective viscosity
of the nanofluid, thereby intensifying internal friction, leading to localized internal heat generation near boundaries. As
a result, the combined effect of nanoparticles aggregation and viscous heating can be considered in the design and
optimization of high-performance thermal systems.

The behavior of the skin friction coefficient with varying volume fraction and magnetic parameters is illustrated in
Fig. 11 for both aggregated and non-aggregated nanoparticles. It is observed that the skin friction coefficient decreases
monotonically with an increase in the magnetic parameter in both cases. This happens because the clustered nanoparticles
make the fluid more viscous, which enhances the effective viscosity and momentum diffusion within the boundary layer. The
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Figure 10. Variation of viscous dissipation parameter on temperature profile for M = 1, E = 1073, R=1,Pr=5.83,

¢ =0.1

aggregated structures introduce additional resistance to the magnetic damping mechanism, thereby diminishing the overall
influence of the Lorentz force on the flow. Consequently, the skin friction coefficient decreases with increasing magnetic

parameters; the rate of reduction is lower in the presence of aggregation.

Fig. 12 illustrates the variation of the skin friction coefficient concerning the electric parameter E for both aggregated
and non-aggregated nanoparticles. The analysis is conducted for three different values of the electric parameters that rise
from 10™* to 1072, It is evident from the graph that the skin friction coefficient decreases slightly with increasing electric
parameters for both aggregation and non-aggregation cases. Notably, the presence of nanoparticles in aggregation leads
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Figure 11. Variation of skin friction coefficient for increasing values of magnetic parameter

5.83,Gb =0.5.
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to a consistently higher skin friction coefficient compared to the non-aggregated case. This indicates that aggregation
increases the effective viscosity or momentum transfer near the wall, thereby increasing the resistance to flow.

The variation in the skin friction coefficient as a function of the radiation parameter R with volume fraction is
evaluated for aggregated and non-aggregated nanoparticles shown in Fig. 13. It is observed that the skin friction coefficient
remains almost constant across the entire range of the radiation parameters for both aggregated and non-aggregated. This
behavior suggests that the radiation parameter has a negligible influence on the surface shear stress under the given flow
conditions. This behavior indicates that nanoparticle aggregation enhances wall shear stress. Physically, this implies that
the radiation-related energy transport does not significantly alter the momentum boundary layer thickness.
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The variation of the Nusselt number with respect to the magnetic parameter M for nanoparticle models with and
without aggregation is shown in Fig. 14. An increase in the magnetic parameter results in a higher Nusselt number in
both cases. In both magnetic field scenarios, the heat transfer coefficient with aggregation is consistently higher than the
corresponding non-aggregated case. This can be attributed to the formation of nanoparticle clusters that facilitate superior
thermal pathways and minimize interfacial resistance. The results emphasize that nanoparticle aggregation, along with
higher volume fractions and stronger magnetic parameters, significantly augments the heat transfer performance of the
nanofluid.
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Fig. 15 demonstrates the Nusselt number increases with an increase in the values of the nanoparticle volume fraction
for both aggregated and non-aggregated nanopartiles. The analysis reveals that as the electric parameter increases, the
Nusselt number exhibits higher values in the presence of aggregated nanoparticles. Because the aggregated nanoparticle
exhibits superior heat transfer performance compared to the non-aggregated case. The influence of the electric parameter
is relatively mild, but at lower values of the electric parameter, the improvement due to aggregation remains consistent,
indicating that aggregation effects dominate over changes in the electric parameter. Overall, the results confirm that
nanoparticle aggregation amplifies the thermal transport, particularly at larger nanoparticle values.

7. CONCLUSION
The key contributions of the present study are summarized as follows:

* With an increasing magnetic parameter, the flow velocity of aggregated nanoparticles decreases by approximately
59% due to higher drag from larger clusters.

» Temperature profile increases in the presence of electric field for both aggregated and non-aggregated nanoparticles.

» The temperature rise is 15% higher for aggregated nanoparticles, indicating enhanced heat transfer due to aggregation
effects.

* Increasing the radiation parameter raises the temperature profile with aggregated nanoparticles showing higher heat
transfer due to enhanced radiation trapping and scattering within the aggregates.

» Electromagnetic effects improve heat transfer in the nanofluid, with aggregated nanoparticles exhibiting higher
Nusselt numbers due to cluster formation that enhances thermal pathways.

» The nanoparticles aggregation model will be noticeable and more predominant than the homogeneous model due to
its significant influence on the effective viscosity of the fluid.

8. PRACTICAL IMPLICATIONS

Aggregated nanoparticles in Cu/H,O nanofluids significantly enhance heat transfer, with Nusselt numbers increasing
under magnetic and electric fields, and higher radiation further improving thermal performance. Due to the nanoparticles
aggregation, researchers and engineers can enhance heat transfer in nanofluid systems. Nanoparticles aggregation combined
with enhanced thermal conductivity can significantly improve the efficiency of industrial thermal management systems,
heat exchangers, and cooling devices.
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9. RECOMMENDATIONS FOR FUTURE STUDIES

This study can be extended to future research based on nanofluid cooling systems for electric vehicles (EVs) by
incorporating suction and injection at the boundaries to actively control flow and enhance heat transfer. The focus can
be on how nanoparticle aggregation, shape, and size affect thermal performance under these conditions. By optimizing
nanoparticle concentration, flow rates, and suction/injection strategies, the study can provide practical guidelines for
designing efficient, high-performance EV thermal management systems that improve cooling efficiency while minimizing
energy consumption.
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YUCJIOBE JOCIIXKEHHA AHAJII3Y TEIIJIONEPEHOCY 3 BUKOPUCTAHHAM
EJIEKTPOMATHITOI'TAPOOAUHAMIKH 3 ATPET'OBAHMMU HAHOYACTUHKAMMU
A. JloxemBapi, ITepi K. KamecBapan

Kagheopa mamemamuxu, Illxona nepedosux nayk, Texnonoziunuii incmumym Beanop, Beanop 632014, Inois
OnTumisariis Teronepeadi 3aIMIIaeThCs CYTTEBOI CYYACHOI MPOOJIEMOI0 B CYYaCHUX TEXHOJIOTIYHUX 3acToCyBaHHAX. HaHopianHu
JEMOHCTPYIOTh CHJIBHY MOTEHIiIHY TEeIUIONPOBIIHICTD AJIS MTOKPAIIeHHs TeIuIoNepeaadi Ta Mi/IBUIIeHHs e()eKTUBHOCTI €HePreTHIHO1
cuctemu. [TOpiBHSHO 3 IUCIEProBaHNMU HAHOYACTHHKAMU, arperoBaHi HAHOUACTHHKM € BaXKJIMBUMH JUIS OLIHKH TEIUIOBOI MOBEiH-
KM HAHOYACTHHOK y HaHopiBHI. He3Baxaioun Ha neif epext arperarii, ¢)pakTanbHa pO3MipHICTh arperoBaHNX HAHOUYACTHHOK MaTHMe
TpaHcOpMaLiiiH1i BIUIMB Ha Teruionepenady. MeTor LbOro JOCHTiJKeHHS € HOCHiKeHHS BIUIMBY €JIeKTPOMArHiTOT1JpOJUHAMIYHUX
e(ekTiB Ha Teronepesady B HAHOPiAMHI, 10 MiCTUTb arperoBaHi HAHOYACTUHKM HaJl eKCIIOHEHLIaJIbHO PO3TAryBaHUM I1apoM. BuzHa-
YaJIbHI PIBHAHHA U151 IMITYJIbCY Ta €HEeprii IepeTBOPIOIOTHCS Ha CUCTEMY HeJIiHIHUX 3BUYaiiHUX AudepeHLiaJbHUX PIBHAHD 13 331aHOK0
Mesxelo yMoBH. [IpecTaBieHo aHaiTHYHe PillleHHs AJIs1 KOHKPETHOTO BUITAJKY, KOJIH MapaMeTp eJIEKTPUYHOro MoJis BicyTHid. Yu-
CeJbHI pillleHHs OTPUMAaHi ISl Pi3HUX [iana3oHiB (pi3UYHUX MAapamMeTpiB, a OOUYKCIIEH! pe3yabTaTH MepeBipeHi Ha OCHOBI iCHYI0YOI
JitepaTypu. Pe3ynbraTi mokasyoTs, O arperailis HAHOYaCTHHOK NMPU3BOJUTS JI0 MOTOBIIEHHS TETJIOBOTO TPAHUYHOTO MIapy Ta MOKpa-
IIeHHs Terutonepeaadi. Ha nogaTok o 1boro CHHEpreTHUHOro eheKTy arperaiii Ta eJIeKTPUYHOTO TO0JIs, e IPU3BOIUTH 0 3MEHIICHHS
npodinis mBuakocti. IIpu 06’ emHiii yacTui 5% arperoBaHi HAHOUaCTUHKH 3a0e3MeUy0Th HOKPAIeHHs TeIUIonepeaayi NpuOIM3HO Ha
34% nopiBHSHO 3 AUCTIEProBaHMMH HaHOYACTHHKaMU. TemrepaTypHi Ipodisti AEMOHCTPYIOTh TEHAEHLIIO 0 3POCTaHHS 31 301IbIIEHH M
00’€MHOI 4aCTKH. Y MPUCYTHOCTI arperoBaHUX HAHOYACTHHOK sIK KOe(illieHT TepTs MoBepXHi, Tak i uncio Hyccemnbra 36i1bI1y10TECS
3i 3pOCTaHHSAM HANpPYXEHOCTI MAarHITHOTO TOJSI.
KurouoBi ciioBa: azpezosani nanouacmunku, eaekmpuune none; MazHimue none; GUNPOMIHIOBANHS, 8 A3Ka OUCUNAUIS; eKCNOHEeHUi-
anvhe po3mszy8aHHA AUCA
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A numerical investigation has been conducted on incompressible, laminar two-phase buoyancy driven flow containing suspended
particles around a vertical plate. Despite the relevance of such systems, prior studies have largely overlooked natural convection two-
phase flows with particulate matter, particularly concerning the roles of parameters like the Prandtl number and volume fraction.
Addressing this research gap is crucial, as these parameters significantly influence flow behavior and heat transfer, which are vital in
environmental, industrial, and thermal applications. This study focuses on exploring the effects of volume fraction and Prandtl number
on two-phase flow characteristics using an implicit finite difference method applied on a non-uniform grid. The analysis evaluates
boundary layer behavior, heat transfer rates, and skin friction coefficients. Streamline patterns are illustrated for different Prandtl
number values, while contour topologies are presented to demonstrate the combined influence of the Prandtl number and volume
fraction on skin friction and the heat transfer rate. Results show that increasing the volume fraction reduces both the Nusselt number
and the skin friction coefficient, while a higher Prandtl number enhances both. The enhanced thermal response observed with higher
Prandtl numbers is particularly beneficial in manufacturing processes involving flat wall-like structures that are susceptible to thermal
stress. These findings hold practical significance for the design and optimization of heat exchangers, lubrication systems, and thermal
management solutions in electronic devices.

Keywords: Heat Transfer; Buoyancy driven flow,; Prandtl Number, Particle Volume Fraction; Suspended Particulate Matter; Implicit
Finite Difference Method

PACS: 44.05.+e, 44.20.+b, 44.25 +1, 47.10.ad, 47.11.Bc, 47.15.Cb

1. INTRODUCTION

Natural convection is an essential heat transfer process occurring in fluids, primarily driven by buoyancy forces
that arise due to differences in temperature. This phenomenon significantly influences a broad spectrum of uses, from
environmental processes such as ocean currents and atmospheric circulation to various industrial systems like cooling
mechanisms in power plants and electronic devices. The ability of natural convection to efficiently transfer heat without
requiring external mechanical forces makes it a key factor in maintaining thermal equilibrium and enhancing the
performance of both natural and engineered systems. Many natural convection processes take place in environments
characterized by temperature stratification. For example, a room warmed by electric wires installed in the ceiling can
develop thermal stratification. Similarly, in the case of a fire in a room with an open door or window, fresh air flows
in near the floor, resulting in a layered thermal effect. Accurately predicting heat transfer in natural convective flows
is crucial for various engineering applications, including building climate control, electronics cooling, heat exchange
processes, and safety considerations such as managing heat from fires. The analysis of natural convective flow past a
vertical plate has been extensively researched because of its wide-ranging applications in engineering, such as building
climate management, cooling electronic devices, and the growth of crystals. It remains a significant topic of interest
both theoretically and experimentally because of the numerous potential variations in boundary conditions. Several
studies [1-7] have focused on investigating natural convection past a vertical plate within a stratified medium,
recognizing its significant importance. Recently, several researchers have focused on two-phase flow in the context of
heat transfer applications. For instance, Obalalu et al. [8] investigated the influence of a heat source/sink and solar
radiation on two-phase flow over a vertically deformable sheet. Hameed et al. [9] examined natural convection and
heat transfer in dome-shaped enclosures filled with nanofluids under two-phase flow conditions. Shi et al. [10]
conducted an experimental study on two-phase flow instability triggered by direct contact condensation in an open
natural circulation system. Akter et al. [11] carried out a finite difference simulation to analyze natural convection in
two-phase flow along a vertically heated wavy surface. More recently, Zamri et al. [12] studied the impact of fluid-
particle interaction and mass concentration on velocity, temperature, and skin friction in two-phase flow. Earlier
research focused on finding similarity solutions, as these variables provide substantial physical insights with minimal
effort. The diversity in approaches highlights the complex nature of these thermal processes and the ongoing need to
understand them better.
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Dust particles in the boundary layer can originate from various sources, such as combustion processes, flow
dynamics in rocket tubes, dust entrainment in clouds during nuclear explosions, soil erosion due to natural winds, blood
flow in capillaries and paint spraying. A comprehensive understanding of particle interactions with fluid flows is crucial
in each of these situations. Understanding this knowledge is essential for efficiently applying computational fluid
dynamics (CFD) models to improve and optimize the effectiveness of current machinery and procedures, identify and
resolve operational issues, explore retrofit possibilities, and design new systems and plants, including scaling up
processes. To address these needs, numerous researchers have developed and thoroughly examined multiphase flow
equations to better predict and control such complex interactions. Soo [13] has created a mathematical framework for
exploring multiphase flows. In recent years, a number of studies [14-30] have focused on examining two-phase flow or
boundary layer flow, highlighting the increasing interest in these phenomena due to their significant implications for
practical heat transfer applications. Researchers have been exploring how these flow dynamics impact various thermal
processes, demonstrating their relevance in improving the efficiency and effectiveness of heat transfer systems.

Earlier investigations on natural convection have largely focused on single-phase fluids, with relatively limited
emphasis on flows involving suspended particulate matter (SPM). In particular, the existing literature highlights a clear
deficiency in studies addressing the coupled influence of particle volume fraction and Prandtl number in two-phase natural
convection flows involving suspended particulate matter. Although natural convective boundary layer flow over a vertical
plate plays a vital role in many engineering and environmental applications including industrial cooling, heat exchanger
design, and pollutant dispersion, the effects of suspended particulates on such flows have not been adequately quantified.
Most reported studies either neglect particulate effects or treat them in a simplified manner, thereby overlooking their
significant impact on momentum and thermal transport mechanisms.

This research gap is critical because the presence of suspended particles can substantially modify both the
momentum boundary layer and the thermal boundary layer through complex particle—fluid interactions, leading to notable
variations in skin friction and heat transfer rates. Furthermore, changes in particle concentration (volume fraction) directly
influence the effective thermophysical properties of the fluid, while variations in the Prandtl number govern the relative
dominance of momentum diffusivity and thermal diffusivity. Despite their practical importance, the combined and
interactive effects of these parameters on skin friction and heat transfer characteristics in two-phase natural convection
flows involving suspended particulate matter remain insufficiently explored.

Motivated by this unresolved gap, the present investigation offers a novel and systematic analysis of the
simultaneous effects of Prandtl number and volume fraction on boundary layer characteristics, heat transfer, and skin
friction in steady, laminar, incompressible two-phase natural convective flow along a vertical plate containing suspended
particulates. By employing a reliable finite difference numerical technique, this study provides new physical insights into
particulate-laden natural convection and contributes to the advancement of accurate modeling and efficient thermal
system design involving two-phase convective flows.

2. MATHEMATICAL ANALYSIS

To demonstrate the effects of Prandtl number and volume fraction, we examined a plate that is extensive in both
length and width, positioned in a plane that is vertical to the floor, and has the capacity to be either heated or cooled. The
x-coordinate is oriented along the plate, while the y-coordinate is oriented perpendicular to it. The temperature of the
plate surface is denoted as T,,,, and it asymptotically reduces to the ambient fluid temperature T,, as one move away from
the plate. The fluid velocity at the plate surface starts from zero, increases to a maximum near the surface, and then
asymptotically decreases to zero at greater distances. The temperature and velocity of the particle phase differ from those
of the fluid on the plate. Figure 1 illustrates the geometry of the flow.

X Thermal Boundary Layer
Momentum Boundary Layer

D
| u/
rg
1
I

0 |I u=20

_ v=10
TU— TO ¥ T-T.
w I

Figure 1. Geometry of the flow
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Otterman [31] showed that traditional boundary layer approximations can be applied to the fluid phase when the
particulate phase density is similar to that of the fluid. Additionally, it has been established that the boundary layer
approximation is not needed for the momentum equations governing the particle phase, and it is essential to account for
the transverse component of particle momentum. Consequently, in this context, the y-component of the momentum
equation for the fluid phase is omitted, while the particle phase y-component is maintained.

Based on the assumptions outlined earlier, the governing equations describing the two-phase flow, as formulated by
Tripathy et al. [14], Mishra et al. [15] and Misra et al. [32], are given below:

g 0

u, 222 4, 2 pig @)

(=)o (w5t +v55) = (L= @m5E — - ops(u—1,) + (1 - )pgh(T ~ T.) 3

s (up 52 +p2ﬂ a(wew) %@%@—m)+ﬂ%—pm )

ops (up 32+, 52) = a@m%ﬂ+%wi%%@ )

(1 - @)pc, (uz—i + vg;) = (1-9¢) k T+ wpscs(T T)+(1— w)u(z—;)z (6)

w%%@m,+p$ﬁ g@&%}{ymd%—ﬂ+w4%iﬁ+@ﬁq )

Here D,, is the binary diffusion coefficient. If the variation of temperature is minimal; Dy, us; and k, can be assumed to

2
be constant. In this case, the term 2 (go,us 3y ) can be replaced by ¢u, in the particle phase x-momentum equation,

62’

a
reflecting the random motion of particles, analogous to similar terms in the fluid phase Additionally, the term — ((pks a:f)

~ Up and Dy, is often

significantly smaller than v. Nevertheless, we choose to retain the terms 1nV01V1ng Dy, and v, to examine their respective

impacts on the solutions of these equations, regardless of how minimal these influences may be in many flow scenarios.
Given the above considerations, equations (1) through (7) simplify to

=0 ®)
v % +u, % v, a;:zp ©)
vg—z+ug—z=vg%+gﬁ(T—Tm) (u—up) = 4”1 £ (10)
vpaaup+ ”a;f vsaa:p+(1 )g+%(u—up) (11)
v 524U 52 = = L (1, —v) 40, 5 (12)
R G e G = (13)
vy 22, T = [y Tty (Ra)] (g, ) 4t O (14)
Introducing the dimensionless variables such as
y' = %\/m,x* = % v* =% VRe, u* =%,vp* =%” Re, uj, =u7”, T," = ;i:;: T* = TTW-TTO:O’pP LRy - p!;so

in the equations numbered (8) through (14), and after omitting the asterisks, the fundamental boundary layer equations
describing the flow field, as outlined by Tripathy et al. [14], are given by

ou ov

% = o (15)

v, 20y P Do (16)
p a Up ax y2
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aup Jup 1 ( _ l) FL¢ 0%up
Uty = (1) 5 (u—w) + e 5 (18)
vy dvp _FL 02 Vp
Vo P =5 (¥ v=1,)+ € (19)
aT aT _ 1 0°T | 2aFL 1 ou) 2
v5+uax Pr 6y2+3PrUpp(T )m-'_ Ec (5) (20)
Ty ATy _ FL (r 3 (aﬁ)z Pupl | e Ty
Voo Uy = (T Tp)+2PreEc[ )t |t e Q1)
with the boundary conditions (Misra et al. [32])
y=0:p, = ppu (%), Ty = Tpw(), T=T, =1, v=0,u=0,v, =0, u, = up,, (%), (22)
y-oo:, p,=1T,=0,T=T,=0,v, =0,u=u, =0. (23)
Computational algorithm of the present study is depicted in Fig. 2.
Type of Flow: Natural Convective Tiwo-Phase Flow over a Vertical Plate with Volume Fraction
and Prandtl Number Effects in presence of Suspended Particulate Matter
Analysis of Literature: Natural convection, Two-Phase Flow, Boundary Layer Flow, and
Suspended Particulate Matter
Expression in Mathematical Terms: The Partial Differential Equations for the boundary layer
flow are derived using standard conservation laws
Numerical Method: To acquire numerical results of the governing equations, an Implicit Finite
Difference Method 1s implemented using MATLAB
Results: The trends of flow, skin friction and heat transfer rates versus some key parameters such
as volume fraction parameter and Prandtl number are elaborated through graphs.
Figure 2. Computational algorithm
3. METHOD OF SOLUTION:
Finite difference expressions are utilized for the different terms in equations (15) to (21) as follows in order to
create a computational procedure that makes use of a non-uniform grid:
aw _ 05 Wit - 2wt +1s Wittt 2
P pw + o(Ax?) 24)
w W]ﬂ:'ll - 3 Wn+1 (1 —Ty ]n+1 5
ay Ty (ry+ 1) Ay + O(Ay ) (25)
2w Ty W}l"ll- (1+ ry)vl/j"+1 + Wj’fll )
ay2 2 (ry+ 1)ry Ay? + o(dy?) (26)
VI/J-"+1 = - I/I/j"_1 +2 an + 0(Ax?) 27
and
Viv1 — Yj = —()’j—1 - yj)ry = nAy; (28)

where W can represent either T or T, or u or u,, or v,0r v or p,,.
. . . ow . o . . .
A typical three-point representation of 5, ona non-uniform grid is employed here to achieve the minimal truncation

error.
Equations (15) through (21) are transformed into difference equations in accordance with the methodology proposed
by Mishra and Tripathy [33] as follows:

vt = — 2205w — 20l + 15 W) + (05w — 2, + 15w )]+ v (29)

n+l1 _ _ Tl n+1
quy = dj— bjy; CiUity (30)
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The equations (30) to (35) cannot be applied at j = 1 or j = jmax due to the boundary conditions (22) and (23).
Therefore,

a, =0asu; =0 atj =2
cj=0 atJ = jmax — 1
d; = d; — azvp, atj =2

¢ =0 atj = jomax — 1
ay =0 atj =2
¢"=0 atj = jmax — 1
dy = df — ai atj =2
c]-+=0 atj = jomax — 1
di*t = d3* — a3*T,, atj =2

¢t =0 atj = jax — 1
dy = d3 — azppw atj =2
ar =df - ¢f atj = jmax — 1

Computation of u,,, at y = 0:
Since uy,,, depends solely on x, we can derive from equation (18) that

2 Ax 1 4 1 -
Wit =+ =(1- =) +-uly —-uly' — S=Ax
y 3 Pl 3

Computation of T, aty= 0:
As T, depends solely on x, we can derive from equation (18) that
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Toy = 154 0L _Ax
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Heat transfer:
The Nusselt number, defined as follows, represents the qualities of heat transfer:
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Computation of skin friction coefficient:

C, = w 2 au]
f ™ 05pU? U2JRe dy y=0

Through the application of finite differences, the equation above simplifies to
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Figure 3 illustrates the grid independence analysis, demonstrating the convergence of the Nusselt number as the
number of grid points increases. A grid independence test was performed using grid sizes ranging from 20 to 192 points.
The Nusselt number exhibits monotonic convergence, and variations beyond 190 grid points are negligible. Hence, a grid
size of 192 points was selected for all subsequent computations.
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Figure 3. Grid independence study showing convergence of the Nusselt number with increasing number of grid points

4. DISCUSSION OF THE RESULTS
This study examines the essential characteristics of two-phase momentum and thermal boundary layer flow across
a semi-infinite flat plate, using the finite difference method for its analysis.
We chose the subsequent values for the different parameters involved.

¢ = 0.01,0.05,0.1; Pr = 0.71,1.0,7.0; U = 0.45 m/sec; e = 0.1;
p=0913 kg/m3; p, =800kg/m>* D =50 um; a = 0.1;
L =0.3048m; Ec = 0.1; u = 1.5415 x 107> kg/m sec.

The primary aim of this study is to investigate the influence of the volume fraction (¢) and Prandtl number (Pr) on
the flow dynamics and heat transfer processes involving suspended particulate matter. A numerical solution is obtained
using a computational algorithm that employs a non-uniform grid, and the scheme was implemented in MATLAB
(Shampine and Kierzenka [34]). The numerical outcomes are examined in the form of graphs for various values of ¢ and
Pr. The heat transfer rate, expressed as the Nusselt number (Nu), and the shear stress, represented by the skin friction
coefficient (Cf), are calculated due to their physical relevance.

A specific limiting case of the present model has been validated by comparing the numerical values of the Nusselt
number with those reported by Mishra et al. [15], as summarized in Table 1. An excellent agreement is observed over the
entire range of Prandtl numbers considered. The absolute differences between the two sets of results are of the order
of 1075, while the corresponding relative errors remain well below 0.005%, indicating negligible numerical deviation.
For instance, at Pr=0.72 and Pr = 1.0, the relative errors are approximately 0.0009% and 0.0038%, respectively, whereas
even at higher Prandtl numbers such as Pr = 10.0, the discrepancy remains extremely small. This consistently minimal
error confirms the numerical stability, accuracy, and convergence of the present computational scheme. Moreover, the
close match across both low and high Prandtl number regimes demonstrates that the present formulation reliably captures
the underlying heat transfer physics without introducing spurious numerical artifacts. Hence, the error analysis strongly
substantiates the correctness of the numerical implementation and establishes the present results as a trustworthy extension
of the existing literature.

The accuracy of the present numerical results is further illustrated through the graphical representation of Table 1,
as shown in Fig. 4. The near-perfect overlap between the present results and those reported by Mishra et al. [15] in the
figure clearly confirms the precision, consistency, and reliability of the numerical methodology adopted in this study.

Table 1. Comparison of numerical results for Nu

Pr Nu (Mishra et al. [15]) Nu (Present results)
0.72 1.0884 1.08841

1.0 1.3333 1.33335

3.0 2.5097 2.50976

10.0 4.7969 4.79693
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Figure 4. Graphical comparison of present analysis with Mishra et al. [15]

It is important to emphasize that Figures 5-12 display the numerical results for velocity and temperature profiles,
which closely resemble those reported in previously published studies on natural convective flows. This similarity serves
to validate the accuracy of the numerical findings presented in this investigation.

The velocity and temperature fields for different ¢ are depicted in Fig 5-8. Figures 5 and 6 illustrate that as the
concentration of particles per unit volume in the mixture rises, the velocities of both the carrier fluid and the particle phase
decrease.
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In contrast, Figures 7 and 8 indicate that a higher particle concentration results in an increase in the temperatures of
both the carrier fluid and particle phases. Additionally, the boundary layer thickness for the particle phase is greater than
that of the carrier fluid in both the velocity and temperature distributions. The variation in velocity and temperature
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distribution for different values of Pr with respect to y is illustrated in Figures 9 to 12. An increase in Pr values does not
influence the velocity of the carrier fluid; however, it leads to an increase in the velocity of the particle phase, as shown
in Figures 9 and 10. It is observed that as the Pr value increases, the temperature of the carrier fluid decreases, while the
particle phase temperature rises. The rise in Pr results in a reduction in the carrier fluid's temperature distribution. This
occurs because lower Pr values correspond to higher thermal conductivity, allowing heat to diffuse more rapidly away
from the heated surface compared to higher Prandtl numbers. Consequently, the temperature decreases more quickly for
water than for air as the carrier fluid. Moreover, the boundary layer thickness of the particle phase is greater than that of
the carrier fluid in terms of both velocity and temperature distributions.
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Figure 13 illustrates the streamline patterns of the flow field generated from the velocity components u and v, with
color contours representing the magnitude of the velocity field, in the presence of suspended particulate matter for two
different Prandtl numbers, namely (a) Pr = 0.71 and (b) Pr = 7.0, thereby highlighting the influence of thermal
diffusivity on the flow structure and momentum transport.
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Figure 13. Comparison of streamline patterns for Pr = 0.71 and Pr = 7.0
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For Pr = 0.71, which is characteristic of air, the streamlines are relatively more dispersed and smoothly distributed
throughout the flow domain. This behavior indicates that thermal diffusion is moderately dominant compared to
momentum diffusion, allowing heat to spread efficiently across the fluid. Consequently, the temperature gradients are
weaker, resulting in a reduced coupling between the thermal and velocity fields. This leads to broader streamline spacing,
gentler curvature, and a less pronounced flow acceleration in the central region, as evidenced by the gradual colour
transitions. In contrast, when the Prandtl number is increased to Pr = 7.0, corresponding to fluids such as water, the
streamline patterns become significantly denser and more concentrated toward the central vertical region. The higher
Prandtl number signifies lower thermal diffusivity relative to momentum diffusivity, causing heat to be confined within
a thinner thermal boundary layer. This confinement enhances the temperature gradients near the surface, which
strengthens buoyancy-induced forces and intensifies the flow circulation. As a result, the streamlines exhibit sharper
curvature and closer spacing, particularly near the core region, indicating higher velocity magnitudes and stronger shear
effects. The colour contours further corroborate this trend by displaying steeper gradients and elevated peak values
compared to the Pr = 0.71 case.

The combined influence of ¢ and Pr on C; and Nu is illustrated in Figures 14 and 15, respectively. As shown in
Figure 14, Cr decreases as the volume fraction (@) increases across different values of Pr. Conversely, for varying values
of @, the skin friction coefficient C; exhibits an upward trend with increasing Prandtl number (Pr). This indicates that the
highest skin friction is observed when lower values of the volume fraction parameter are combined with higher values of
the Prandtl number. This finding underscores the crucial role that the Prandtl number plays in shaping the behavior of
skin friction. The interaction between these parameters reveals a complex relationship, where the Prandtl number's
influence becomes increasingly dominant, emphasizing its importance in understanding and predicting skin friction
coefficient.

Similarly, Figure 15 demonstrates that the Nu values diminish with an increase in ¢ across various Pr values. In
contrast, for different ¢ values, the Nusselt number (Nu) tends to increase with rising Prandtl numbers. The findings
indicate that the highest heat transfer coefficient is achieved when the volume fraction parameter is maintained at
relatively lower values, while the Prandtl number is elevated to higher levels. This observation underscores the pivotal
role of the Prandtl number in governing heat transfer dynamics, emphasizing its substantial impact on the efficiency and
behavior of heat transfer processes.

At a fixed Prandtl number (Pr = 3), increasing the particle volume fraction from ¢ = 0.01 to 0.10 leads to a
reduction in C¢ from approximately 1.12 to 1.07, corresponding to a decrease of about 4-5%. A similar suppressing trend
is observed for heat transfer, where Nu decreases from nearly 0.41 to 0.385, indicating an approximate 6% reduction.
This behavior is attributed to enhanced effective viscosity and particle—fluid interactions, which thicken the momentum
and thermal boundary layers and weaken wall gradients. In contrast, at a fixed particle volume fraction (¢ = 0.05),
increasing the Prandtl number from 0.7 to 7 enhances the skin friction coefficient by nearly 6-7% and the Nusselt number
by about 10%. Higher Prandtl numbers reduce thermal diffusivity, resulting in a thinner thermal boundary layer and
steeper temperature gradients at the wall, thereby intensifying heat transfer. Overall, particle loading tends to suppress
transport processes, whereas increasing the Prandtl number significantly improves thermal performance in buoyancy-
driven two-phase flows with suspended particulate matter. The boundary layer thickness is set to an optimized value of
15.0 to ensure accurate and reliable numerical results.

These observations indicate a complex interaction between ¢ and Pr, highlighting their significant roles in
influencing both heat transfer and skin friction characteristics in the flow system.

Figure 14. Combined effects of ¢ and Pr on skin friction Figure 15. Combined effects of ¢ and Pr on Nusselt number
coefficient
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5. CONCLUSIONS
This study examines the impact of volume fraction parameter (¢) and Prandtl number (Pr) on the boundary layer
properties, skin friction, and heat transfer in a steady, laminar, incompressible natural convective two-phase flow past a
vertical plate with suspended particles. The key results are outlined below:
i.  The volume fraction decreases the velocities of both the particle phase and carrier fluid, but it increases the
temperatures of both the carrier fluid and particle phase within the boundary layer region.

ii.  Pr has no significant impact on the velocity of the carrier fluid; however, it enhances the velocity of the particle
phase within the boundary layer region.

iii.  Pr leads to a reduction in the temperature of the carrier fluid while simultaneously raising the temperature of the
particle phase within the boundary layer region.

iv.  Anincrease in @ results in a decrease in both the Nusselt number and the skin friction coefficient. Conversely, a
rise in Pr enhances both the Nusselt number and the skin friction coefficient.

v.  Since the Prandtl number is 6.2 for pure water and 0.71 for air, heat transfer occurs at a much higher rate in fluids
like pure water than in air.

vi.  Anincrease in the Prandtl number enhances the rate of heat transfer from the plate surface to the surrounding fluid.
This improvement, influenced by the Prandtl number effect, promotes more efficient heat dissipation into the
cooler fluid, thereby aiding in the cooling of the plate. The enhanced thermal performance of fluids containing
suspended particles, driven by this effect, proves particularly beneficial in manufacturing processes involving
plane wall-shaped products, which are prone to high temperatures during production. By improving heat transfer
efficiency, the Prandtl number effect supports better temperature regulation, leading to reduced product
temperatures, improved manufacturing efficiency, and enhanced product quality.

This study demonstrates that the volume fraction is a key factor in diminishing both resistance and the efficiency of
heat transfer within a system. In contrast, the Prandtl number exerts a positive effect on fluid flow properties and enhances
thermal performance. A higher Prandtl number typically indicates that momentum diffusivity is lower compared to
thermal diffusivity, resulting in a thinner thermal boundary layer. This leads to improved thermal gradients and more
efficient heat exchange. Gaining a comprehensive understanding of these relationships is essential for the effective
optimization of heat transfer processes in various engineering applications like metal casting, glass production, and
chemical processing, where maintaining optimal thermal conditions ensures product quality, process stability, and energy
efficiency. By optimizing heat transfer characteristics through control of the Prandtl number, industries can achieve better
thermal management, reduce energy consumption, and improve the overall performance of thermal systems.
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AHAJII3 METOJIOM CKIHYEHHHMX PI3HUIH BILJIUBY YACJA TPAHATJIA TA OB'€MHOI YACTKHA
YACTHUHOK HA TEPTS IO TOBEPXHI TA IEPEHOC TEIUIA ¥ IBO®A3ZHOMY IIOTOII, OBYMOBJIEHOMY
IIJIABYYICTIO, 31 3BAXKEHUMHU YACTUHKAMM (SPM)

Cacanka Cexap Bimoiii', Cakamoapi Mimpa?, Anitbs Kymap Iarti®*, IIpacanta Kymap Par?

! Vuieepcumem NIST, Bepxamnyp, Tanoxcam, Odiwa, Inois
2Konedoic gpyHoamenmanoHux HayK ma 2yMaHimaphux Hayk, Yuisepcumem cilbcbko2o eocnooapcmea ma mexnonoeiti Ooiwi,
bxybanewsap, Odiwa, Inois
3Vnisepcumem mexnonoziii ma menedxcmennmy Llenmypion, Ilapanaxxemynoi, Ooiwa, Inois
Byro mpoBeeHo 4nciioBe AOCHIIKEHHST HECTUCIUBOTO, JIaMiHAPHOTO ABO(GA3HOTO MOTOKY, IO 3aJIeKaTh Bif IUIaBY4YOCTi, 10 MiCTHTh
3BaKCHI YaCTHHKU HAaBKOJIO BEPTHKAJIBHOI I1acTHHH. He3BaXkaroun Ha aKTyaJIbHICTh TAKHX CUCTEM, TONEPEIHI JOCIIPKEHHS 3HAYHOIO
MIpOI0 irHOpYBaIK MPHUPOHI KOHBEKIiHHI ABO(da3Hi MOTOKU 3 TBEPAUMH YaCTHHKaMH, 0COOIHMBO IOAO POJi TAKUX MapameTpiB, sIK
yrcio [Ipaaamis ta 06'eMHa yacTka. 3aOBHEHHS Li€l IPOTaTMHA B JOCIIHKCHHIX € KPUTUYHO BAXXITUBHM, OCKUIBKH I TapaMeTpu
CYTTEBO BIUIMBAIOTH Ha MOBEJIHKY ITOTOKY Ta TEILIONepe/ady, sIKi € )KUTTEBO BOKIJIMBHMH B €KOJIOTIYHUX, IPOMHCIIOBUX Ta TEIIOBHUX
3acToCyBaHHAX. Lle NOCIHiDKeHHs 30Cepe/KeHO Ha BHUBYEHHI BIUIMBY 00'eMHOi yacTkM Ta uucia [IpaHnTis Ha XapaKTePUCTUKH
JBO(A3HOTO ITOTOKY 3a JOMOMOTOI0 HEIBHOTO METONY CKIHYEHHUX Pi3HHUIb, 3aCTOCOBAHOTO 10 HEOIHOPITHOI CITKH. AHAII3 OLIHIOE
MOBE[IHKY IPUKOPJOHHOTO Iapy, IIBHIKICTH TeIulonepenadi Ta Koe(ilieHTH TepTs MoBepxHeBoro mapy. KapruHu niHili cTpymy
MIPOUTIOCTPOBAHO JJIS Pi3HUX 3Ha4eHb yucia [IpaHaTis, Toai sIKk KOHTYPHI TONOJIOTIT IPeCTaBIeH] ATl JeMOHCTpaIlil KOMOIHOBaHOTO
BBy 4ncia [Ipanatis ta 06'eMHOT YaCTKU Ha TepTs IIOBEPXHEBOTO 1Iapy Ta MIBUAKICTH TeIUIonepeaadi. Pesynsrary mokasyoTs, 1o
30inblIeHHsT 00'€eMHOI YacTKK 3MeHIIye sk uuciao Hyccenbra, Tak i Koe(illi€eHT TepTsi MOBEPXHEBOTO IIapy, TOIl SIK BUIIE YHCIO
IMpanaTis nocuioe o6uaBa. ITokpaiieHa TemioBa peakiis, o CIOCTEePiraeThes IPH BUIIKMX Yuciax [IpaHaTis, ocobIMBO KOPUCHA Y
BUPOOHMYUX MPOLECaX, 10 BKIIOYAIOTH IUIOCKI CTIHKOMOAIOHI CTPYKTYpH, CXWIIbHI IO TEPMiYHMX HanpyxeHb. Lli BUCHOBKM MaroTh
MpaKTHYHE 3HAUYCHHsI UTsl IPOCKTYBAHHS Ta ONTUMI3aLil TeINI00OOMIHHUKIB, CHCTEM 3MAIl[eHHs Ta PillleHb Ul TEPMOPETYIIOBaHHS B

CNIEKTPOHHHX IPHUCTPOSX.
Kurouosi ciioBa: menionepeoaua; nomix, symoenenuti naagyuicmio, yucno Ipanomis,; 00'emua wacmka wacmuHok, 36axceni meepoi
YACMUHKU, HEABHUI MEMOO CKIHYEHHUX PISHUYb
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This study presents a novel numerical approach for analysis on thermo-viscous steady fluid motion through a moving rectangular flat
plate. The numerical results have been found employing the Runge-Kutta method of order 6 shooting techniques developed in
Mathematica software. Numerical differentiation (ND) solves for the flow-adaptable equations comprising temperature and velocity.
The flow behavior and the impacts of material constraints on the flow region for governed equations have been analyzed and
deliberated, taking the help from the generated graphs. The nonlinear coupled Partial differential equations (PDE’s) in terms of
temperature and velocity, subject to the corresponding boundary conditions, control the fluid motion. The numerical computations of
Runge-Kutta(R-K) 6% order results are presented in form of tables and also represented for numerous thermophysical coefficient values.
The variations of these flow fields have been studied for wide spectrum of physical characteristics which influences the nature of
thermo-viscous fluid. The impact of suction/injection parameter, dimensionless viscosity factor, constant pressure and temperature
gradients, thermophysical factors and the Prandtl parameter effect on flow region have explored using graphical illustrations with the
wide range of values. The Explicit numerical calculations also been calculated and results are associated through the current outcomes
in the literature. To improve heat transfer rates in systems such as heat exchangers and aerospace components, engineers can optimize
surface textures and flow conditions by taking coefficients effects on flow considerations into account.

Keywords: Thermo-viscous fluid; ND Solve; R-K 6" order Method; Permeability; Thermal Conductivity

PACS: 02.30. Hq, 02.30.Jr, 02.60.Cb, 02.60.L;

Nomenclature
o, =-p Pressure of Fluid d, Deformation rate tensor
a;=2u  Viscosity Coefficient b, Thermal gradient bi-vector
a; =44, Cross model viscosity parameter L Stress tensor
o Thermo interaction stress coefficient h Thermo bi-gradient of vector
o Thermal viscosity stress parameter T Temperature (non-dimensional)
B=k Fourier and thermal conductivity Coefficient U Dimensionless velocity
B Thermal strain factor of conductivity v Dimensionless injection/ suction parameter
ag Thermal interaction stress factor (non-dimensional) o Pressure gradient that is constant
b Thermal strain coefficient of conductivity(non-dimensional) G, Temperature gradient that is constant
v, Injection/suction parameter Greek Symbols
D, Prandtl number P Fluid Density
c Specific heat 4 External Source energy per unit mass
S i" component of external force per unit mass n Temperature of a Fluid
q; i" component of heat flux bi-vector a;'s  Coefficient of viscosity
U, i" velocity component B's  Coefficient of thermal conductivity

1. INTRODUCTION
The features of non-Newtonian fluid have been a subject of substantial investigation for centuries. However, it is
only during the last six to seven decenniums particularly since the second world war time, the significant research efforts
have been undertaken to expand these evaluates into the non-linearity domain. The non-linear thermo-viscoelasticity
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fundamentals were considered by Koh and Eringen [1]. Yamamoto et al. [2] investigated convective acceleration in flow
through a porous wall. Conditions near a naturally porous wall’s boundaries were considered by Beavers et al. [3]. In
thermodynamics, the existence of caloric equations of state was examined by Coleman et al. [4]. A few incompressible
viscometric flows of thermo viscous fluids were described by Kelly [5]. A thermo-viscous fluid of second-order flowing
steadily across an endless plate was examined by Rao et al. [6]. Unsteady thermo viscous movement over a staggering
horizontal plate in a permeable slab was investigated by Pothanna and Aparna [7]. In this work they demonstrated the
analytical expressions and solutions for the governed flow equations. The effect of heat production during flow of
nanofluids across a shrieking sheet was inspected by Jithender Reddy et al. [8]. Thermo-viscous liquid movement in a
permeable wedge enclosed by the comparative mobility of two impermeable extending equal plates was examined by
Pothanna et al. [9]: four-stage algorithmic methodology. Employing this methodology, the external forces applied and
internal energy sources generated have been calculated in this work. Considering a viscous effect, chemical response, and
Soret-Dufour constraints, Kumar et al. [10] examined the behavior of heat-mass transfer in a 2-D forchheimer permeable
region on casson mhd fluid flow across a disposed non-linear surface. Pothanna [11] used an analytical and numerical
method to study an unsteady fluid flow around an oscillating sphere. The casson mhd nanofluid and the impact of thermal
radiation with the presence of chemical reaction on the flow over a non-linear elongating sheet was described by
Shekar et al. [12]. Using artificial neural networks, Pothanna et al. [13] investigated instable thermo viscid liquid transport
among two indefinitely stretched impervious straight plates. This work compares to other literature works related to the
flow between parallel plates is analyzed deeply with the statistical analysis on the required flow fields with the data-driven
neural networks approach. Nalimela et al. [ 14] used artificial neural network techniques to forecast and assess an instable
liquid flow over a horizontal oscillating plate in an absorbent slab. The radially inflow and outflow of a viscous
hydromagnetic fluid concerning two narrow flat disks were investigated by Naeem et al. [15]. The entropy creation in
heated joule radiation viscous fluid flow over a permeable radially extending disk was investigated numerically by
Tahir et al. [16]. The mhd electronic effect on Darrcy-Forchheimer fluid flow on a stretchy surface was investigated by
Zeeshan et al. [17] using an integrated intelligent neuro-evolutionary computing technique. The incompressible viscous
fluid flow determined by a pressure differential in a specific channel was examined by Hranislav et al. [18]. The heat-
mass transfer case study for a viscous fluid flow in a double layer caused by ciliate channel was completed by
Nahid et al. [19]. The influence of blowing or suction on the temperature distribution and flow velocity across a flat plate
is observed by Ahmed et al. [20]. The effects of chemical reactions and diffusion on heat transmission in casson nano-
fluid flowing across a plane plate with accretion were investigated by Jayaprakash et al. [21]. The compressible mhd flow
on plane plate boundary layer flow with somewhat exclusive effects was investigated by Shunhao et al. [22]. The use of
a multi-test technique to simultaneously determine the adiabatic temperature near the wall and heat transfer effect in a
shock channel for transonic flow across a flat plate was described by Wei et al. [23]. The Buongiorno nano fluid model's
numerical calculations for the viscoelastic boundary layer flow of a towards a non-linear extending sheet were completed
by Sohail et al. [24]. The study of magnetic fields and temperature radiation on dusty tangent hyperbolic fluid flow on an
elongating sheet with a high prandtl number were investigated by Ali et al. [25]. The effects of Newtonian heating and
slip conditions on mhd flow of a casson fluid across a nonlinearly stretching sheet saturated in a porous media were
examined by Imran et al. [26]. In mhd casson fluid flow via a wavering vertical plate absorbed in a porous region with
ramping wall temperature, Hari et al. [27] described heat-mass transfer. The impact of a heat cause and chemical response
on the dissipative mhd mixed convection flow of a casson nano fluid across a non-linear permeable stretch sheet was
examined by Ibrahim et al. [28]. The maxwell fluid through an infinite plate was explored with a novel exact solution by
Fetecau et al. [29]. Dholey [30] investigated the first Stokes issue, which is flow caused by an infinite flat plate that
abruptly starts moving in a viscoelastic fluid.
The thermo-viscous incompressible flows typically satisfy the succeeding governing equations:

Continuity equation formula: v,; =0

Momentum equation formula:

a .
p [% + VkVi,k] = pf; + tj;;

and the energy calculation formula:
pcl = ty;d; — q;; + py

where fy is external forces per mass unit (k" Component), t; is the stress component tensor and d,; is components rate
deformation tensor.

A fluid that is viscous in a thermal state, known as a thermo-viscous fluid, is defined by a pair of equations that
constitute: one for heat and another for stress. The kinematic tensor's polynomial functions are the heat flux bi-vector (h)
and stress tensor (t), which also includes deformation rate of tensor d, thermo bi-gradient of vector b, density p and the
temperature 6

b = byl = [|eg Ol
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h = ||kl = lleije axll

where g;j, illustrating the sign for permutation.
Stated differently, for thermo-viscous liquids,

t=1t(dbp06),andh = h(d,b,p,6)
The mechanical equivalences for the heat flux bivector and stress tensor provided by Koh and Eringen [1] are

t= a1+ azd+ asd? + agbh? + ag(db — bd) +a;, (db? — b?%d) + a;5 (bd? — d?b) +
15 (d2b? — b2d?) +ayy(dbd? — d2bd) + @y, (bdb? — b2db) + ay,(bd?b? — b2d2b)

and
h = Bib + B5(bd + db) + Bs(db? — b%d) + Bo(bd? + d?b) + B1,(d?*b? — b?2d?) +pB1o(db?d? — d?b?d)
the constitutive coefficient ;° and B;°. These polynomials in the d and b invariants along these lines:
trd,tr d? tr d3,tr b?
tr db?, tr d*b?, tr bdb*d?

with coefficients depending on p and 6 only.

The combined degree is N+P where N and P represent the maximum of the degrees of d and b in the aforementioned
fundamental formulas.

In this illustration, Max |[N+P|=2. The constitutive fundamental formulas are therefore joined in d and b as

t= a1+ azd+ agd? + agb?+ ag(db — bd)
and

h= B,b+ Bs(bd + db)

with the deformation rate tensor: d; =(u, ,+u,;)/2 and bivector gradient *b’: b; =€,

9/(
where u; is the i” fluid’s velocity component and & is the fluids temperature.

The constants ¢, and S are polynomial expressions in terms of d and b are coefficients that are entirely be
contingent on @ and p . The constants such as ¢, and ¢, can be determined as pressure of fluid and viscosity constant
coefficient correspondingly and ¢ is the cross-viscosity coefficient. The expressions for the constitutional coefficients
a;® and B;® in the second order concept can be attained as

_ 2 2 _
1 = Qqo00 T X1010t7 d + Aqg20tT d* + Aqg02 t7 D7, @3 = 3010 + Az020t7 d,

Qs = 5020, X = Aoz » Xg = Ago11 > P1 = Proo1r T Pronrtr dand f3 = P11

the second order coefficients a;,,; and B, are functions in terms of p and 7.

In this work, the properties of different material characteristics on the thermo-viscous steady flow fields of a fluid
through a horizontal moving flat plate are attempted to be studied. The current study was greatly helpful to the scientist
and researchers to resolve their engineering and research study problems. The last several years have seen a huge increase
in interest in the investigation of the flow features of these formations due to the vast range of applications.

1.1 Novelty and Research gap

This study investigates a novel numerical approach for analysis on thermo-viscous steady fluid motion through a
moving rectangular flat plate for application of non-Newtonian fluids in aerospace engineering. Analysis has been done
on the effects of different thermo-viscous characteristics with the development of ND solve developed algorithms. These
fluids were the subject of earlier attempts in the literature, but the non-linear nature of the studies they included was not
taken into consideration. The non-linear fluid behavior with various impacts have been studied and analyzed with the
development of this algorithm. This present work developed to study the non-linear nature of the fluid using Mathematica
software ND solve. The literature has not yet addressed this present work.

2. MATHEMATICAL MODELING
Consider the thermo-viscous steady fluid flow through permeable stretched infinite plate bounded in a impermeable
medium as shown in Fig. (1). A study is conducted on the movement of the plate in the flow direction, moving at a specific
velocity ug. In the system of coordinates O(XYZ), the plates can be denoted by y = 0 and y = oo. The points on x-axis
are in the plate movement direction, the y-axis is vertical to the plates, and the origin is on the fixed plate. Further, a
constant temperature of 8, and 0, is maintained accordingly.
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Consider the fluid velocity [u(y), vy, 0] also fluid temperature 6(y) define the steady constant motion through a
moving flat plate. The continuity calculation is fulfilled with this velocity choice.
The fundamental equations that describe the flow as follows:
along the X-direction:

p B O 000% )
p an_ ax #Byz 66x6y2 P¥x
Y U(Y), T(Y)

U,=0
T 6,=6,
—
—_— . Y
Fluid Flow Suction

Injection

Figure 1. Flow Configuration

The fluid in the x-direction by the rate of change of fluid velocity with effect of plate suction/injection is represented
by the term pv, Z—Z. The fluid is pushed in the x-direction by the rate of change of fluid pressure, with regard to the term

d cop s S . a? . .
£ . Momentum diffusion caused by viscosity is represented by the viscous term u ﬁ. Because of the internal resistance

that shifts momentum from high to low regions, this attempts to smooth out velocity gradients. Boundary-layer growth,
flow separation, vortex formation, and shock boundary layer interaction on wings are all governed by changes in

2
temperature, which are represented by the second order nonlinear convective acceleration term (aq %:—yz .
Along the Y-direction:
8 [fou)\?
0= 55 (5) + 0B, @)
Along Z- direction:
_ o 2 (280u
0=y 3 (3253) + pF, 3)
and energy equation is
a0 a0 ou\? 96 du 96 826 86 9%u
pe(ugetvosy) =n(5) —aeiis syt thggiter @

The convective expression pc (u% + vy %) illustrates how heat is transported by a flowing fluid. The thermal

. Ce . 820 . . . .
conduction through the fluid is given by the conductive term kﬁ' The internal heat generation resulting from fluid

2
friction is represented by the viscous dissipation term u (Z—;‘) . The effects of thermal conductivity(f;) and thermo-

. . . 86 9%u 30 du 96
viscosity(ag) on fluid flow are caused by the terms [ w2

n ———r ively.
52 and a6 o~ 3y 3y espectively

In high-speed or high-shear regions, the second-order nonlinearities become significant because they couple velocity
and temperature through viscous dissipation, thermal conductivity, and thermo viscosity factors. Accurate modeling of
these nonlinear terms is crucial for predicting performance, guaranteeing structural integrity, and optimizing wing shapes
in transonic and supersonic regimes because they dictate how aerodynamic heating, temperature gradients, and
compressibility effects interact with the flow field for aircraft wings, influencing lift, drag, thermal loads, and material
limits.

The boundary limitations assumed are:

u=uy,0=0aty =20
and

u=0,0=0;aty=o00 )

It is assumed that the plate velocity is constant. There are many real-world and useful uses for this in the field of
aerospace engineering. This condition often applies at the wing surfaces to evaluate air flow over wings, which is crucial
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for aircraft design in order to efficiently forecast flow behavior. Shear stress and viscosity-related energy losses in turbine
and compressor jet engines are predicted by this condition. The boundary conditions for temperature are considered to be
constants. These boundary conditions are essential for simulating conduction, convection, and radiation because they
specify how temperature changes at the fluid-surface contact.

The dimensionless quantities were introduced as follows:
_0=6 o0 _ei60, 0 _ 42

_ ke _ B3 _ agp(61—00)?
_61—90 > 9x n 2’6x_ph3cl’pr_k’b3_ a6_ Mz

ph*c’

— e =~
y_hy>u_phU’u0_(ph)U07T

h
and V = %
where C, and C, are dimensionless pressure and temperature gradients respectively. V' is the injection/ suction

parameter.
When the pressure gradient, outside forces, and internal energy source are removed, the aforementioned non-
dimensional quantities can be used to reduce equations (1) and (4) to

v =+ 8 a0, L 6)
UC, +vE—q, [(‘;—5)2 — A4C, ‘;—53—;] +hyCy ol ™)
in addition to the boundary limitations:
Uu)=1,T0)=0 )
and
U() =0,T(x) =1 &)

3. NUMERICAL SCHEME

The second order linear ordinary differential equations (6 and 7) which have been obtained are coupled with velocity
and temperature fields. The solutions of differential equations governed by the equations (6 and 7) by employing the b.
c¢’s (8 and 9) for velocity and temperature were measured using the MATHEMATICA ND solver tool package via.
shooting technique with 6™ order R-K methods and its solution flow chart is presented in Fig. 2. Following the introduction
of dimensional-less quantities into the fluid equations, the infinite distance from the plate is represented by the units "h"
for temperature and velocity (i.e., y—h) has been reduced to a finite value of 10. The solution's convergence was
confirmed to meet the problem's boundary circumstances. Tables and illustrations have been used to display the impact
of diverse material constants for the velocity and temperature of the fluid, including the suction/injection(V), coefficient
of thermal interaction stress coefficient(ag), thermal strain coefficient of conductivity (b3), cross viscosity parameter
(u,) , Prandtl parameter(p, ), non dimensional viscosity (a,), specific heat (c), density (p), constant pressure gradient

(Cy) and constant temperature gradient (C,).

Governing Equations

-

Non-dimensional Ordinary Equations

Declaration of Variables

Is

Error<Tolerance

Figure 2. Flow Chart
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3.1. Tables
The numerical outcomes related with the several substantial properties are shown in table.1 and table.2 and deliver
the governing equations' explanations of fluid ascribed in temperature also velocity fields. The MATHEMATICA ND
solver tool has yielded the numerical results of the equations that govern (6) and (7) with regard to the b.c.'s (8-9).

Table 1. Numerical computations for the velocity U(Y) and temperature T'(Y) for V

Y u(y) T(Y)

ag = 0.01,b; = 0.10,C; = 0.2, C, = 0.2,a, = 0.1, p, = ag = 0.01,b; = 0.10,C; = 0.2, C, = 0.2 a; = 0.1,

0.77 p, = 0.77

V=0.10 V=0.25 V=0.50 V=0.75 V=0.10 V=0.25 V=0.50 V=0.75
0.00 1.00000 1.00000 1.00000 1.00000 0.00000 0.00000 0.00000 0.00000
1.00 0.16455 0.16537 0.1719 0.18216 1.05873 1.26153 2.25314 3.18553
2.00 -0.54864 -0.54699 -0.53375 -0.51286 2.01654 24126 4.35037 6.17665
3.00 -1.12689 -1.1245 -1.10532 -1.07494 2.7891 3.34351 6.05701 8.61842
4.00 -1.55611 -1.55319 -1.52961 -1.49213 3.31694 3.97622 7.20413 10.25492
5.00 -1.82073 -1.81753 -1.79165 -1.75046 3.56478 4.26379 7.68744 10.92698
6.00 -1.90345 -1.90028 -1.87462 -1.83373 3.52108 4.18983 7.46673 10.57118
7.00 -1.78512 -1.7823 -1.75955 -1.72326 3.19746 3.76812 6.56592 9.22002
8.00 -1.44451 -1.44238 -1.42515 -1.39767 2.62823 3.04228 5.07363 7.0035
9.00 -0.85814 -0.85697 -0.84755 -0.83253 1.86981 2.08546 3.14432 4.15189
10.0 0.00000 0.00000 0.00000 0.00000 1.00000 1.00000 1.00000 1.00000

Table 2. Numerical computations for the velocity U(Y) and temperature T (Y) for C;

Y U(Y) T(Y)

ag = 0.01,b; = 0.10,V = 0.25,C, = 0.2,a; = 0.1, p, = | ag=0.01,bs = 0.10,V = 0.25,C, = 0.2,a, = 0.1,

0.77 p, = 0.77

C1=0.10 C1=0.30 C1=0.50 C1=0.70 C1=0.10 | C1=0.30 | C1=0.50 | C1=0.70
0.00 1.00000 1.00000 1.00000 1.00000 0.00000 0.00000 0.00000 0.00000
1.00 0.67627 0.67629 0.67612 0.67575 0.23401 0.24724 0.25737 0.26278
2.00 0.37421 0.37456 0.37491 0.37523 0.46711 0.58511 0.69733 0.80071
3.00 0.09993 0.10079 0.10205 0.10364 0.67938 0.93542 1.18349 1.41936
4.00 -0.13867 -0.13728 -0.13502 -0.13197 0.85647 1.23978 1.61362 1.97292
5.00 -0.33148 -0.32965 -0.32653 -0.32221 0.98924 1.45772 1.91614 2.35907
6.00 -0.4655 -0.46342 -0.45979 -0.4547 1.07335 1.56549 2.04804 2.51576
7.00 -0.52403 -0.52197 -0.51834 -0.51321 1.1092 1.55568 1.99408 2.41995
8.00 -0.48562 -0.48392 -0.48089 -0.47661 1.10182 1.43739 1.76726 2.08826
9.00 -0.32274 -0.32173 -0.31995 0.31742 1.06079 1.23709 1.41057 1.57961
10.0 0.00000 0.00000 0.00000 0.00000 1.00000 1.00000 1.00000 1.00000

4. COMPARISON OF PRESENT RESULTS WITH EXISTING SOLUTIONS
The second order linear ordinary differential equations (6 and 7) which have been obtained are coupled with velocity
and temperature fields. The results of differential equations governed by the equations (6 and 7) by employing the b. ¢’s
(8 and 9) for velocity and temperature were measured using the MATHEMATICA ND solver tool package via. shooting
technique with 6™ order R-K methods. The solution's convergence was confirmed to meet the problem's boundary
circumstances. Tables and illustrations have been used to display the impact of diverse material constants for the velocity
and temperature of the fluid.

4.1 Tables

Table 3. Comparison of velocity U(Y) and temperature T'(Y) results for b;

Y U() T(Y)
V=0,a,=001C =020C,=02a, =01,p,=077 | V=0,a5 =0.01,C, =0.2,C, = 0.2,a; = 0.1, p, = 0.77
Present Results Results of P. N. Rao et al. Present Results Results of P. N. Rao et al.
[6] [6]

b3=0.10 b3=0.10 b3=0.10 b3=0.10 b3=0.10 b3=0.10 b3=0.10 b3=0.10

0.00 1.00000 1.00000 1.00000 1.00000 0.00000 0.00000 0.00000 0.00000

1.00 0.45014 0.45017 0.45011 0.45016 0.23518 0.26635 0.23520 0.26634

2.00 0.00029 0.00034 0.00020 0.00033 0.48544 0.54084 0.48545 0.54083

3.00 -0.34958 -0.3495 -0.34953 -0.34950 0.72307 0.79577 0.72300 0.79578

4.00 -0.59947 -0.59939 -0.59942 -0.59940 0.92656 1.00963 0.92655 1.00964

5.00 -0.74942 -0.74933 -0.74941 -0.74934 1.08052 1.16705 1.08049 1.16700

6.00 -0.79942 -0.79934 -0.79944 -0.79933 1.17574 1.2588 1.17575 1.25870
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7.00 -0.74949 -0.74942 -0.74950 -0.74944 1.20914 1.28183 1.20913 1.28184
8.00 -0.59962 -0.59956 -0.59959 -0.59957 1.18381 1.2392 1.18379 1.23919
9.00 -0.34979 -0.34976 -0.34981 -0.34975 1.10897 1.14013 1.10900 1.14014
10.0 0.00000 0.00000 0.00000 0.00000 1.00000 1.00000 1.00000 1.00000

Table 4. Comparison of velocity U(Y) and temperature T (Y) results for ag
Y uw) TY)

V=0,b; =0.10,C; =0.2,C;, =0.2,a; = 0.1, p, = V=0,b; =0.10,C, =0.2,C; =0.2,a; = 0.1, p, = 0.77

0.77

Present Results Results of P.N. Rao et al. [6] Present Results Results of P.N. Rao et al. [6]
a6=0.01 a6=0.05 a6=0.01 a6=0.05 a6=0.01 26=0.05 a6=0.01 a6=0.05
0.00 1.00000 1.00000 1.00000 1.00000 0.00000 0.00000 0.00000 0.00000
1.00 0.45014 0.45015 0.45015 0.45016 0.23518 0.23520 0.23519 0.23519
2.00 0.00029 0.00030 0.00030 0.00029 0.48544 0.48539 0.48545 0.48543
3.00 -0.34958 -0.34959 -0.34960 -0.34950 0.72307 0.72306 0.72308 0.72300
4.00 -0.59947 -0.59944 -0.59948 -0.59948 0.92656 0.92661 0.92659 0.92658
5.00 -0.74942 -0.74943 -0.74945 -0.74941 1.08052 1.08060 1.08060 1.08058
6.00 -0.79942 -0.79940 -0.79944 -0.79942 1.17574 1.17577 1.17579 1.17576
7.00 -0.74949 -0.74950 -0.74950 -0.74951 1.20914 1.20915 1.20918 1.20918
8.00 -0.59962 -0.59957 -0.59961 -0.59962 1.18381 1.18379 1.18380 1.18383
9.00 -0.34979 -0.34978 -0.34980 -0.34981 1.10897 1.10899 1.10898 1.10890
10.0 0.00000 0.00000 0.00000 0.00000 1.00000 1.00000 1.00000 1.00000

5. DISCUSSION ON RESULTS
The numerically obtained computations using ND solve developed in MATHEMATICA software are graphically
depicted in Figs. 3-12. The problem's physical perception was seen by examining the velocity(U(Y)) and
temperature(T (Y)) field results, which were acquired by assigning various values to various physical factors such
suction/injection(V'), coefficient of thermal interaction stress coefficient(ay), thermal strain coefficient of conductivity
(b3), cross viscosity parameter (4, ) , Prandtl parameter(p, ), non dimensional viscosity (a;), specific heat (c), density
(p), constant pressure gradient (C;) and constant temperature gradient (C,) which characterize the flow occurrence.

Graphical illustrations have been produced to show the impact of each of these coefficients on the temperature and
velocity fields.

1.05y ] 3.5F
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Figure 3. (a) Velocity (b) Temperature contours for V with ag = 0.01 and b3 = 0.1
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Figure 4. (a) Velocity (b) Temperature contours for V with ag = 0.05 and b; = 1
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In Figs. (3), (4) and (5), the variations in both U(Y) and T (Y) have been studied with the impact of suction/injunction
parameter. The U(Y) profiles are shown to decrease up to the center channel, after which they alternately decrease till the
infinite distance. However, for the temperature profiles, the opposite effect has been noted. Fig. (3a and 3b) depicts the
variations of U(Y) besides T (Y) thru the very small amount of ag and b5. Fig. (4a and 4b) depicts the variations of U(Y)
in addition T'(Y) by the small rates of ag and bs. Fig. (5a and 5b) depicts the variations of U(Y) and T (Y) with the very
big values of ag and T(Y). It is identified from the Figs. (3a 4a and 5a) that , the U(Y) variations decreases as the values
of V increases but as the values of b; increases from very small values to very large values (i.e. 0.1 to 10) there is no
much variations is observed among the U(Y) profiles. This effect of variation can also be observed in the Fig.(6(a)) It is
depicted from the Figs. (3b, 4b and 5b) that, the T'(Y) variations increase as the values of V increases. For small values
of b3, the T(Y) variations increase at the small rate and very large values of by T(Y) variations increase at the faster rate.
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Figure 5. (a) Velocity (b) Temperature contours for V with ag = 0.10 and b3 = 10

The variation of U(Y) also T'(Y) profiles in relation to b3 effect is observed in the Figs. (6(a) and 6(b)). In Fig. 6(a),
it is observed that all the U(Y) profiles are coinciding. In Fig. 6(b), it is noticed that, the temperature, as the fluid move
away from the plate is increasing at the faster rate up to certain distance and suddenly takes the turn and decreases to take
the max. assumed temperature at the infinite distance from the plate boundary.
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Figure 6. (a) Velocity (b) Temperature contours for b; with ag = 0.01 and V = 0.25

The velocity at the center of the plates continues to decrease as the injection/suction parameter magnitude increases.
This is because the non-Newtonian fluid in question has non-linear properties. Higher injection/suction parameter
magnitudes will therefore lower the fluid velocity in the first half. But in the second half, these are counterbalanced by
higher velocities, thus the overall impact of velocity is felt throughout the fluid's passage. Conversely, with lower
magnitudes, the velocity increases more in the first half and less in the second. Additionally, it should be noted that the
curves join at the bottom and top in all cases. This is due to the condition that prevails on the surfaces as the fluid flows.

The effect of ag on the U(Y) and T (Y) profiles is noted in the Figs. (7(a) and 7(b)). In Fig. 7(a), it is noted that all
the U(Y) profiles are overlaps each other. After decreasing till the centre, the velocity steadily increases until it influences
the endless flow area. The temperature of the fluid is drastically increasing up to middle distance and suddenly drops then
decreases to take the max. temperature.

The result of constant pressure gradient on U(Y) and T (Y) with different values for small values of b; and V have
been shown in Figs. 8(a) and 8(b). Completely opposite effects have been observed on U(Y) and T(Y) profiles. The
velocity reduced and the temperature raised as the constant pressure gradient values increases with the small values. The
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velocity variations are completely drifting down the plate where as the temperature variations are drifting up from surface
of the plate.
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Figure 7. (a) Velocity (b) Temperature contours for ag with b3 = 0.1 and V = 0.25
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Figure 8. (a) Velocity (b) Temperature contours for C; with b3 = 0.1 and V = 0.25

The impact of constant temperature gradient on U(Y) besides T (Y) by different values for small values of b3 and V
have been shown in Figs. 9(a) and 9(b). All the velocity variations overlap for the values of constant temperature gradient
increases. Completely opposite effects have been observed on U(Y) and T(Y) profiles. As the constant temperature
gradient values rise with the very small values, the temperature rises and the velocity falls. Whereas the temperature
variations are migrating upward from the plate's surface, the velocity variations are entirely drifting downward.
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Figure 9. (a) Velocity (b) Temperature contours for C, with b; = 0.1 and V = 0.25

The dimensionless viscosity coefficient(a,) influence on both U(Y) and T(Y) is shown in Figs. 10(a), 10(b) and
10(c). The T(Y) profiles rise strongly until the middle flow zone, after which they fall to reach the maximum temperature
far from the plate surface, while the U(Y) profiles coincide. When b5 is large, the rate of temperature increase is higher;
when b is small, the rate of temperature increase is lower.
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The influence of small Prandtl (p,.) number values on U(Y) and T'(Y) is shown in Figs. 11(a) to 11(d). The variation
of (p,) values on velocity also not shown much effect and all U(Y) profiles coincide with this effect. The T(Y) variations
with increase of small p, values increase and is observed in figs. 11(b) to 11(d). It is also noted that, the temperature
variations increase with the increase of very small values of b; to the very large values of bs .
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Figure 10. (a) Velocity for b3 = 0.1 and (b), (c) Temperature for b3 = 0.1 and bz = 10
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Figure 11. (a) Velocity for b; = 0.1 and (b), (c) , (d) Temperature for small p,. with bz = 0.1, b3 = 1 and b3 = 10
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The maximum temperature parameter has consistently produced a high thermal conductivity, albeit to varied
degrees. Accordingly, it is possible to say that the thermal conductivity of non-Newtonian materials is directly
proportional to the Y-location. However, this is only part of the reality. According to the fluid domain's overall spatial
view, temperature variations were shifted from the upper triangle to the lower triangle as the thermal conductivity factor
grew from 0.1 to 10.0. This is because the fluid under consideration is non-homogeneous and anisotropic. The thermal
conductivity influence will differ depending on the location due to the anisotropic nature. The associated figures clearly
show this.
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Figure 12. (a) Velocity for b; = 0.1 and (b), (c), (d) Temperature for big p,, with b; = 0.1, b3 = 1 and bz = 10

The influence of big Prandtl (p,.) number values on U(Y) and T'(Y) is shown in Figs. 12(a) to 12(d). Additionally,
there is little effect of the changing of p, values on velocity, and all U(Y) profiles coincide with this effect. The T (Y)
variations with increase of small p, values increase and is observed in figs. 12(b) to 12(d). It is also noted that, the
temperature variations increase with the increase of very small values of b5 to the very large values of b5 . The temperature
increases more quickly when the p,. values rise from modest to big levels.

In the design of aircraft wings, the behavior of the thermo-viscous boundary layer across a flat plate is greatly
influenced by temperature dependent material qualities, such as viscosity, thermal conductivity, and specific heat.
Because of the friction with the wing surface, the air usually becomes less viscous as it heats up, changing the velocity
profile and perhaps postponing flow separation. The thermal boundary layer forms concurrently, and its thickness is
determined by the air's specific heat and thermal conductivity. While a fluid with a greater specific heat can absorb more
heat before its temperature increases noticeably, a fluid with a higher thermal conductivity can dissipate heat more
quickly.

6. CONCLUSIONS
This study presents a novel numerical approach for analysis on thermo-viscous steady fluid motion through the
moving rectangular plate for an application of aircraft wing design in aerospace engineering. The governing equations
numerical solution has been found, and the MATHEMATICA ND solver tool with 6th order R-K techniques has used to
solve the resulting governing equations. For a range of physical values of different parameters, as well as for some fixed
values of other coefficients, the solutions are implemented.

e The suction parameter/ injection (V) factor decreases the fluid's velocity and increases the temperature. The
opposite effects have been noted on both the velocity and the temperature.

e  When the coefficient of heat conductivity (b,) grows to large levels, the fluid velocity increases more quickly.
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N.

e Thermal conductivity (b,) and thermal stress mechanical interaction (a,) decreases the fluid's velocity and

increases the temperature.

e The dimensionless viscosity coefficient (a;), constant pressure and temperature gradients increase the

temperature. There is no variation in velocity with these parameters’ effects.

e The small and big values of the Prandtl number (p,.) increases both the velocity and the temperature.
e  The derived numerical solutions show an excellent agreement with the available analytical solutions in the

literature.

e  The parameters of heat transport and the boundary layer over aircraft surfaces are greatly influenced by the

temperature-dependent material properties of thermo-viscous fluids.
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JOCIIKEHHS TEPMO-B'SI3KOT'O CTAHIOHAPHOTI'O PYXY PIIMHU YEPE3 PYXOMY IIPSIMOKYTHY
IUIOCKY ILIACTUHY — YUCJIOBUM IIAXIT

H. Morxanna!, I1. Pajka lexap’, Jkiiorcua Yepykypi?, JI. CpiniBac Pao’®, Axironnymna Paxxky*, lesynypi Cypeur’
'Kageopa mamemamuxu, Inoicenepro-mexnonoziunuii incmumym im. BHP Binvana [octiomi, Xatidepabao, Tenanzana, In0is-500090

’Kagheopa ximii, Inocenepno-mexnonoziunuti incmumym im. BHP Binvana J{uctiomi, Xaiioepabao, Tenanzana, Inois-500090

3llenmp nanonayku ma mexnonozii, kageopa Gizuxu, Inocenepro-mexnonoiunuii incmumym im. BHP Binvana [ociiomi,

bauynanni, I'l/{., TT, Inoia-500 090
“Kagheopa npuxnaonux nayx, Texnonoziunui incmumym Cum6iosy, Symbiosis International (ssascacmocs Yuieepcumem),
Ilyne-412115, Inoin
SKagheopa asmomobinenoi inocenepii, Incmumym inocenepii ma mexnonoziti VNR Binvana Jlociiomi,
Xatioepabao, Teraneana, Inois-500090

Ile noCiipKEHHS NpPEACTaBiIs€ HOBMH YHCIOBHH MiJXiJ 1O aHaisy pyXy TEpMOB'SI3KOI CTalliOHApPHOI PiIMHH dYepe3 pyXoMy
HPSIMOKYTHY IUIOCKY IUTaCTHHY. UMCIIOBI pesynbraTh OyaM OTpHMaHi 3 BHKOpHCTaHHAM Metony PyHre-Kyrtu 6-ro mopsaky,
po3pobiieHOro B porpaMHoMy 3abe3nedeHHi Mathematica. Hucnose nudepeHIitoBaHHS PO3B'sA3y€e aJalTHBHI PIBHSIHHS MMOTOKY, IO
BKJIIOYAIOTH TEMIIEpaTypy Ta MBHAKICTh. [IoBeiHKa TOTOKY Ta BIUIMB MarepialbHUX OOMEXEHb Ha 00JNACTh MOTOKY IS KEPOBAHMX
piBHsIHB Oynu MpoaHali3oBaHi Ta PO3IISIHYTI 3a IOMOMOrOI0 3reHepoBaHux rpadikis. HemiuiiiHi 3B's3aHi qudepeHiianbHi piBHIHHS 3
yacTHHHAMH noxigaumu (IPII) mono Temmeparypu Ta IBHAKOCTI, 3 ypaXyBaHHSAM BiANOBIJHUX I'PAaHUYHUX YMOB, KEPYIOTh PYXOM
pizuan. Yncnosi po3paxynku pesynbTartiB Pyare-Kyrtu (P-K) 6-ro mopsinky npencrasieHi y BUIA TaOMUIb, 8 TAKOXK AJIS YUCIICHHUX
3HauCHb TeIIO(Qi3UYHUX KoedimieHTiB. Bapiamii mux mnomiB MOTOKYy OyiaM MOCHIDKEHI Ui IOTHUPOKOTO CIEKTPY (i3WYHUX
XapaKTepUCTHK, 5K BIUIMBAIOTh Ha IPUPOLY TEPMOB'S3KOI pinuHu. BIUMB mapaMerpa BCMOKTYBaHHS/BIIOPCKYBaHHsI, 6€3p03MipHOT0
KoedinieHTa B'I3KOCTI, HOCTIHHMX IpaJi€HTIB THCKY Ta TEMIICpaTypH, TEIUIO(QI3NIHIX (AaKTOPIB Ta BIUIUBY napaMerpa [Ipannmis Ha
obyacTh MOTOKY OyJ0 DOCIIDKEHO 3a JOIMOMOrol0 rpadidHuX LIIOCTpaLiil 3 MIMPOKKUM Aialla30HOM 3HaueHb. Takox Oynu mpoBeneHi
YiTKi YHCIIOBI PO3PaxyHKH, Pe3yJIbTaTH SKUX IOB'S3aHI 3 Cy4yaCHMMH pe3ylbTaTaMd B JiTepaTypi. s MOKpalleHHs MBHIKOCTI
TerIonepeadi B TAKUX CHCTEMaXx, SIK TEMJIOOOMIHHUKH Ta aepOKOCMidHI KOMIOHEHTH, IH)KCHEPH MOXYTh OITHUMIi3yBaTH TEKCTYPH
MOBEPXHi Ta YMOBH MOTOKY, BPaXOBYFOUH BIUTUB KOS(illi€HTIB HAa MipKyBaHHS MTOTOKY.
KurouoBi ciioBa: mepmos'aska piouna; poss'azauns ND; memoo R-K 6-20 nopsaoky; npoHukHicms, menionposioHicims
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This paper numerically inspects the unsteady Couette Casson hybrid nanofluid (HNF) containing copper (Cu) and aluminum oxide
(AL20Os) nanoparticles dissolved in water. The upper wall is set in uniform motion, and the lower wall is taken as stationary and
stretchable. Finite difference method (FDM) is used to integrate the governed nonlinear partial differential equations. The results are
explored through streamlines, isotherms, Nusselt number and skin friction. The impact of key dimensionless numbers such as Grashof
number, Biot number, stretching parameter, Casson parameter, and Eckert number on Cu-AlOs-water HNF is discussed. The results
disclose that the flow and heat transfer(HT) can be controlled considerably by the key parameters.

Keywords: Couette flow,; Variable viscosity; Al203-H>0 nanofluid; Biot number, Stretching parameter

PACS: 47.11.-j, 47.50.-d, 47.61.-k, 44.25 +f

1. INTRODUCTION

In recent years, substantial attention has been garnered by non-Newtonian fluid flows because of their extensive
applications in engineering, biomedical, and industrial processes. Casson fluid model is one to describe non-Newtonian
behaviour and captures effectively the yield-stress characteristics of materials like paints, polymer solutions, blood, and
printing inks. This model was first introduced by Casson [1] in 1959. Mukhopadhyay[2] analysed HT in Casson flow
over a stretchable surface. Abd El-Aziz and Afify [3] inspected MHD Casson flow with entropy generation. Previous
investigations [4-8] have addressed Casson fluid flow over stretching surfaces, porous media, and boundary layers under
the influence of magnetic fields, thermal radiation, viscous dissipation, and entropy generation. Several authors [9-13]
confirmed Casson rheology’s role in predicting realistic non-Newtonian flow behaviour in different configurations. These
studies demonstrate the effectiveness of the Casson model in capturing realistic non-Newtonian behaviour, however, most
are restricted to steady or external boundary-layer flows.

In parallel, nanofluid technology introduced to enhance thermal transport properties by dispersing nanoparticles into
base fluids, has become a significant development in modern HT enhancement|[14]. Tiwari and Das [15] studied the
nanofluid flow in square cavity. Mono-nanofluids have been widely explored for various geometries and thermal
conditions [16-20]. More recently, HNFs are made by combining two or more types of nanoparticles. Due to the
synergistic effects between different particle materials, they exhibit improved thermal performance. Such hybrid
suspensions exhibit superior HT capability, stability, and regulable viscosity. Unlike mono-nanoparticle nanofluids, HNFs
highly associated to cooling systems, energy systems, and process engineering. Studies on Al.2Os—Cu/water and related
hybrid nanofluids with radiation and porous effects have reported notable enhancements in thermal efficiency [21-25].

Couette flow, representing the motion of a viscous fluid lying in two parallel plates with one or both plates in relative
motion, serves as a fundamental configuration for studying shear-driven transport phenomena. Attia et al. [26] studied how
temperature dependent viscosity and thermal conductivity influence unsteady hydromagnetic Couette flow. Couette flow is
further studied by several researchers [27-33]. Existing studies have largely focused on steady-state flows or single-
nanoparticle suspensions. In many practical applications, including lubrication systems and transient electronic cooling, the
flow and temperature fields are naturally unsteady. Therefore, unsteadiness is incorporated to capture the transient evolution
of the system. These transient effects are particularly important for accurately describing the behaviour of non-Newtonian
hybrid nanofluids. Zeeshan et al. [34] studied MHD Casson hybrid nanofluid over the shrinking sheet. Although recent works
have investigated Casson hybrid nanofluids in various geometries [35-42], the combined effects of unsteadiness, Casson
and hybrid nanoparticle dispersion within an internal Couette geometry remain insufficiently explored.

Recent research [43-47] has focused on Casson hybrid nanofluids, where two or more distinct nanoparticles are
dispersed in a Casson base fluid to achieve superior thermophysical performance. However, most prior studies have been
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limited to steady, external boundary-layer configurations such as stretching sheets or porous media, neglecting unsteady
internal geometries like Couette channels. The effects of unsteadiness and HT for Casson HNF in a Couette configuration
are still not well understood. Therefore, present study aims to address this gap by investigating unsteady Casson HNF
flow and HT between parallel plates. This analysis contributes new insights into non-Newtonian hybrid thermal transport
under confined geometries.

Motivated by this gap, the current work examines the unsteady Couette flow of a Casson HNF consisting of Copper
(Cu) and alumina (Al.0s) nanoparticles dispersed in water. The upper wall of the channel is moving uniformly, while the
lower wall is stationary and stretchable. A comprehensive mathematical formulation incorporating the impact of key
dimensionless parameters such as the Casson parameter, Grashof number, Biot number, stretching parameter, and Eckert
number is developed. The governing nonlinear partial differential equations are solved using a finite difference method
(FDM) to elucidate the fluid flow and HT characteristics.

2. MATHEMATICAL FORMULATION
An unsteady, laminar, incompressible Casson HNF flow of Cu-Al,03-H,O confined within two parallel plates is
taken into account. The viscosity of the fluid is considered to be a function of temperature. To configure the model
geometry, x-axis is aligned with the plate and the y-axis is oriented perpendicular to the plates, as shown in Figure 1. The
lower plate is located at y =0, possesses a stretching velocity Uy. The upper plate had convective cooling at y = h. And
this flow is driven by a uniform pressure gradient located at the ends of the channel.

_ 198 _ “Kfpig
Us1lg=oTBie-1)

Figure 1. Physical configuration

Based on Tiwari and Das [15] nanofluid model for nanofluid, the governing equations are given by,
Momentum equation:

] a 1\ 0 a
pnr g = =22+ (147) 2 (Mani (D 57) + (B8 (T = To) M
Temperature equation:
OT _ 97T | pine(T) ahng (9u)?
ot Ohnf ay? + Khnf (6y) @
The dynamic viscosity is presumed to be an exponential declining function that depends on temperature [28], expressed
as,
ue(T) = poe™m(T=To) €))
Constraints at the boundary are:
Whent=0, u=0T=0 at y=0,y=h
u=U, T=T, at y=0
When T > 0, u= Uh' _Khnfg_'; — hf(T _ Too) at y = h } (4)

where U, corresponds to stretching velocity of bottom plate, Uy, denotes velocity of top plate, T, depicts the ambient
temperature, P represents nanofluid pressure. |, symbolizes dynamic viscosity of nanofluid at reference temperature
T, and m represents parameter of viscosity, hy symbolizes coefficient of HT. Volume fraction of comprised nanoparticles,
density, thermal conductivity, thermal diffusivity and heat capacitance are described below. The subscripts f, s, nf and hnf
refer to base fluid, solid nanoparticles, nanofluid and hybrid nanofluid. Relationships indicating the physical
characteristics of nanofluids are expressed as:

_ Ke
Hont = g amgnes ©
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Table 1. Thermophysical characteristics of Copper, Alumina and Water

Physical characteristics | Cu | ALO; | H20
Cp (/KgK) 385 | 765 | 4179
p (Kg/m*) 8933 | 3970 | 997.1
k (W/mK) 400 40 0.613

The following dimensionless quantities and parameters are invoked to change governing equations into non-
dimensional form.

x=Xy=2,u=" =" 9g=""0 pr=2
h’ h’ v’ hz "’ Too—To ’ ag
P=" g =m(T, —T,), Fc=—L _hhy U (1
_pfvz'ﬁ_m o = lo) B Tz’ l_'ff'y_h

The converted dimensionless equations could be written as:

w_ pr {2 L) #nns o-po [22U _ 500 0U
at phnf{ X + (1 + ﬂ.) 153 € [BYZ B aY BY]} +Gro (12)

Temperature equation:

99 _ _(pCP)r (1 Knns 026 | Knns  _pe ou?
at (pCp)hnf{PT Kf Y2 + 133 € Ec (BY) (13)
Boundary conditions are:
Whent = 0, U=0,06=0 at Y=0Y=1
U=v,06=0 at Y=0
When t >0, U=12=XBj6-1)at Y=1 (14)
aYy Khnf
Local coefficients of skin friction and Nusselt for lower and upper plates are given by
= knnf ,-po U = ks ,—po U
Cro Bf ¢ Wy b 1y ¢ Wy_q
Khnf 00 Khnf 00 (15)
Nu():___ y u1=———
Kf 0YY=0 Kf aYY:1
3. METHODOLOGY

The nonlinear coupled partial differential equations (12-13), with constraints (14), are evaluated numerically using
finite difference method. Time derivative is computed with forward difference scheme and spatial derivatives of first and
second order with central difference scheme. Convergence of the scheme is assumed when the values of unknowns U, 8
of two consecutive iterations differ by less than 1075 i.e., |@™*! — ™| < 1075, where n specifies number of loops and
¢ stands for [U, 8]7. Table 2 shows the comparison of C favg and Nug,, 4 of current study with previous works and found
satisfactory.

Equations (12-13) could be written as:

ou

2
= A+ A e PO — AP 214, 0 (15)
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The explicit FDM scheme is given by,
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Table 2. Comparison of Skin friction(Cfg,,4) and Nusselt number(Nug,,q).

Cfavg Nuavg
B Bi Ec Ali and Karim et Current Ali and Karim et | Current
Makinde [28] | al. [29] study Makinde [28] | al. [29] study
0.1 1 1.0 0.397 0.395 0.3962 0.512 0.511 0.5121
0.1 3 1.0 0.406 0.405 0.4058 0.790 0.784 0.7883
0.5 1 1.0 0.145 0.146 0.1443 0.223 0.221 0.2227
0.1 1 0.5 0.435 - 0.4347 0.039 - 0.0401
0.1 7 1.0 0.411 - 0.4106 0.943 - 0.9428

4. DISCUSSION OF RESULTS

(16)

amn

(18)

The governing nonlinear partial differential equations describing the unsteady Casson hybrid nanofluid flow were
evaluated numerically using FDM. The impact of various non-dimensional numbers, namely the Casson parameter (L),
Eckert number (Ec), Biot number (Bi), viscosity parameter (), nanoparticle volume fraction (@), stretching parameter
(v), and Grashof number (Gr) on velocity, temperature, skin friction, and Nusselt number are presented and interpreted in

this section.
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Figure 2. Streamlines for (a) A =1 (b) A = 5 and Ec = 0.1,0.3
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Figures 2 and 3 illustrate the streamline and isotherm patterns for different values of the Casson parameter A and
Eckert number Ec. It is noticed that with increasing A (i.e., higher Casson parameter implying stronger yield stress), the
flow resistance increases and the velocity gradients near the walls become weaker. Consequently, the flow field becomes
more uniform and shear layers are reduced. The isotherm contours reveal that higher A suppresses heat generation near
the moving wall, leading to a more uniform temperature field. An increase in Ec enhances the internal viscous dissipation,
which thickens the boundary layer of temperature and raises thermal profile throughout the channel.
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Figure 3. Isotherms for (a) A =1 (b) A = 5and Ec = 0.1,0.3
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Figure 4 illustrates that increasing the Biot number decreases slightly the velocity but boosts temperature in the
channel. Physically, a larger Bi indicates to enhanced convective heat exchange at the wall. So, there is an increase in

wall temperature and consequently the buoyancy-induced motion. As Bi rises, the velocity boundary layer thickens while
the temperature gradient near the wall intensifies. This indicates improved heat transfer between the surface and the fluid.
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Figure 4. Effect of Bi on (a) velocity (b) temperature

Eckert number quantifies the conversion of kinetic energy into internal energy due to viscous dissipation. As shown
in Figure 5, with higher Ec, the fluid experiences greater frictional heating. This leads to elevated temperature profiles
and reduced velocity near the walls. The increase in thermal energy promotes stronger thermal stratification across the
channel. This behaviour is consistent with the energy dissipation effects in high-shear flows.
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Figure 6 shows that velocity decreases with the increase in . This is due the increase in effective viscosity,
particularly near the lower wall with considerable temperature gradient. Temperature distribution rises with 3, as higher
viscous resistance dissipates more energy into heat. This trend emphasizes the competing influence between viscous drag
and thermal conduction in HNF systems.

Figure 7 shows that increasing the nanoparticle concentration enhances thermal conductivity of the Casson HNF.
This leads to higher temperatures throughout the channel. The velocity, however, decreases with increased @. This is due
to the rise in viscosity induced by the additional solid particles. The improved HT demonstrates the synergistic effect of
Cu—-ALOs nanoparticles. They provide a better balance between viscosity increase and conductivity improvement
compared to single-particle nanofluids.
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Figure 5. Effect of Ec on (a) velocity (b) temperature
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From Figure 8, it is evident that increasing v (the wall stretching rate) accelerates the fluid motion near the lower
plate. This leads to higher velocity and thinner velocity boundary layer. The temperature decreases with the increase in y.

From Figure 9, it is evident that rise in A values, significantly reduces the fluid velocity and increases temperature.
This is due to stronger non-Newtonian effect and higher yield stress. The suppression of motion due to yield stress restricts
convective transport, and allows heat to accumulate within the fluid. This behaviour differentiates Casson fluids from
Newtonian ones. It also emphasises the significance of rheology concerning HNF performance.
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Figure 9. Effect of 4 on (a) velocity (b) temperature
As shown in Figure 10, increasing Gr enhances velocity but decreases temperature field. This happens due to the
buoyancy-driven flow formed by temperature gradients. Larger Gr values decrease the temperature slightly. When buoyancy
become stronger, the warm fluid is carried away more quickly. This improves cooling effect in the channel of HNF.
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Figure 10. Effect of Gr on (a) velocity (b) temperature
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Figure 11(a) shows that Cf, decreases as the Casson parameter increases, while Cf; rises. This means that, as the
yield-stress increases weaker shear is observed at lower wall but stronger shear at upper wall. Figure 11(b) shows that
Nu, increases slightly with A, while the upper wall value Nu,; decreases. This indicates that higher yield stress enhances
HT at the lower plate but reduces it at the upper plate.

Figure 12(a) depicts that, as the Grashof number increases, Cf, increases steadily while Cf; decreases. Figure 12(b)
reveals that Nu, increases slightly with Gr, while Nu, stays almost same with a tiny downward trend.

Figure 13 reveals that, increasing the Casson parameter A raises average skin friction but reduces average Nusselt
number. Increasing the Grashof number barely affects average friction but slightly boosts average heat transfer.
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Figure 14 illustrates the effect of time on the skin friction coefficient (Cf) and Nusselt number (Nu) for 4 = 1 and
A = 2 over the time interval t = 0.01 — 1.05. It is observed that both Cf and Nu exhibit significant variations at early
times, indicating transient behaviour. However, as time progresses, the variations gradually diminish, and both quantities
approach constant values beyond t = 1. Therefore, in the present study, t = 1 is considered as the steady state time. The
time step was chosen sufficiently small dt = 1.3605 X 10™* to ensure convergence of the solution, and further reduction
in the time step did not lead to any noticeable change in Cf and Nu.
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Figure 14. (a) Skin friction (b) Nusselt number for time variation and A = 1, 2

5. CONCLUSIONS
An analysis of unsteady Couette flow and HT behaviour of a Casson HNF composed of copper (Cu) and alumina (Al>Os)
nanoparticles suspended in water, was carried out through numerical study. Non-dimensional governing equations were
evaluated using FDM to study the effects of significant physical parameters for instance, Casson parameter (L), Grashof
number (Gr), Biot number (Bi), Eckert number (Ec), viscosity parameter (8), nanoparticle volume fraction (¢), and wall
stretching parameter (y).
The findings from the study are as follows:

e  The momentum field is primarily controlled by rheological and viscous parameters. Casson (A) and viscosity
parameter () exert the strongest influence on velocity and skin friction. Higher values of A significantly suppress
fluid motion due to increased yield stress, while larger B enhances viscous resistance. This indicates that non-
Newtonian effects dominate momentum transport when A and f are large.

e The thermal field is mainly governed by the Eckert (Ec) and Biot (Bi) numbers. At low Ec, HT is conduction-
dominated, whereas higher Ec leads to dominant viscous dissipation, increased internal heating, thicker thermal
layers, and reduced Nusselt numbers. Increasing Bi enhances wall to fluid convection, causing surface convection
to dominate thermal transport.

e Buoyancy effects become important at high Grashof numbers (Gr), where natural convection speeds up the flow and
improves cooling.

e  Nanoparticle volume fraction(¢) improve heat transfer by increasing thermal conductivity but reduce fluid velocity
because they increase viscosity.

e  Stretching parameter(y) helps control the flow by increasing velocity near wall and reducing fluid temperature,
offering useful design control for practical applications.

e  From a practical perspective, the results suggest that flow resistance in HNF systems can be effectively controlled
through rheological parameters A and B, whereas thermal performance can be optimized by managing Ec and Bi.
These findings provide useful design guidelines for engineering applications such as polymer processing, thermal
management systems, and cooling technologies involving non-Newtonian HNFs.
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FDM-MOJEJIIOBAHHS IIOTOKY TA TEIIJIONEPEHOCY T'IBPUIHOI HAHOPIITUHA KACCOHA
Cu-ALOs:/BOJIA B CUCTEMI KYETTA
Xacim Aai!, Pamemn Asutyryseni?, Cearmapam®, Uanapa Illexap Bamia?, K. Ilpasin KymapS, E. :xkararnpa6xas®
Kagheopa mamemamuku, inoicenepro-mexnonoziunuii koneoc imeni Haeaba Illaxa Anama Xana, Xatioepatao, Teranzeana, 500024, Inoia
’Kagheopa mamemamuxu, inscenepro-mexnono2iunuii koneoc imeni I'imanoxcani, Kicapa, Xaiioepabao, Tenanzana, 501303, Inois
3Kagheopa mamemamuru, mexnonoziunuti incmumym Yasimanwi bxapamxi, Xaiidepabao, Tenanzeana, 500075, Inodis
*Vpaooeuii monoowuii koneoxc, Amanzan, Panza Pedoi, Tenanzana, 509321, Indis
SKagedpa ymanimapnux nayk ma npupooHudux HayxK, oeprcasnuii nonimexnivnuii incmumym, Xatioapabao, Tenaneana, 500028, Inois
*Kagheopa 2ymanimapnux Hayk ma npupooHuyux Hayx, depycagnuti nonimexuivnuii incmumym, Illaonazap, Tenanzana, 509216, Inois
V 1iif cTaTTi YMCeTBbHO NOCIIIKY€EThCs HecTanioHapHa riopuana HaHopinuHa Kyerra-Kaccona (HNF), o MicTiTh HAHOYaCTHHKY MiJIi
(Cu) Ta okcuny amowmiHiio (Al2Os), pozunneni y Boai. BepxHst cTiHka IPUBOAUTECS B PIBHOMIPHHUI PyX, a HIKHS CTIHKA BBaXKA€THCS
HEPYXOMOIO Ta PO3TsDKHOIO. JIIs iHTerpyBaHHS KEpOBAaHMX HENIHIMHUX MU(EpeHIiaJbHUX PIBHSHb 3 YaCTHHHHMH IOXIXHUMH
BUKOPHCTOBY€EThCSL MeTol CKiHdeHHuX pi3HUNG (FDM). Pesynmbraté MocmimKyIOThCS 3a JOIOMOTOO JIHIM CTpyMy, i30TepM, 4umciia
Hyccenbra Ta moBepxueBoro teprs. OGroBOPIOETHCS BIUIMB KITIOUOBUX 0€3pO3MIpHUX UHCEN, Takux sk uyncio I'pacroda, aucno bio,
napaMeTp po3rsaryBaHHs, mapamerp Kaccona ta umcno Exepra, Ha HNF Cu-AlOs-Boga. Pesynbratu mokasyroTs, IO IOTIK Ta
tertonepenada (HT) MOXyTh 3Ha4HOIO MipOIO KOHTPOJIFOBATHCS KIIOYOBUMH MapaMeTpaMu.
Kurouosi ciioBa: nomix Kyemma, sminna 6'as3kicms,; nanopiouna Al203-H20; uucao bio; napamemp pozmszyeanns
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In this work, a novel physical transformation-based approach has been employed to realize the cloak effect. The transformation
mapping is derived for the first time by minimizing the energy functional subject to specified geometric constraints on the scatterer's
boundaries. This variational problem has been solved using a physics-informed neural network to solve the boundary-value problem
for the Laplace equation. Numerical analysis and graphical visualization of the obtained results clearly demonstrate weak scattering
and distortion, as well as negligible perturbation to exterior fields. Furthermore, we show that the proposed mapping achieves
considerably improved performance compared with conventional transformation-based cloaking methods, which can be used to mask
compact radiating devices, particularly patch antennas.

Keywords: Harmonic maps; Physics-informed neural network; Cloaking; Laplace equation; Energy functional minimization
PACS: 41.20.Cv; 02.70.-c

1. INTRODUCTION

Research on harmonic maps originated from the study of harmonic functions and the Dirichlet principle. Indeed,
Joseph Sampson [1], James Eells, and L. Lemaire [2] formally introduced harmonic maps as a generalization of harmonic
functions to maps between Riemannian manifolds, defining them as the critical points of an associated energy
functional [2]. Harmonic maps have a strong mathematical foundation because they preserve both the shape and the
continuity of the underlying objects. Due to its analytical and geometric properties, the theory of harmonic maps has a
wide range of applications in physics, including quantum physics, fluid dynamics, gravitation, electrostatics, image
processing, and learning-based studies [3-7].

Transformation optics is a fundamental approach for designing invisibility cloaks by using coordinate
transformations to control physical fields across a wide range of subjects [8-10]. In electromagnetic and Optics,
Transformation optics (TO) aims to map the behaviour of light around an object/scatterer from virtual space to a
transformed physical space, thereby controlling the bending and propagation of light to achieve cloaking invisibility
[11-13]. In fact, the main idea behind cloaking is that an appropriate coordinate transformation maps a virtual space into
a physical space, and the material parameters required for field guidance are derived from the transformation's Jacobian.
Initially, the method was applied to the transformation of Maxwell’s equations; later, this framework was extended to
other governing equations under various coordinate transformations [10, 14-18]. This, in turn, shows that developing
mapping approaches is a direct path toward establishing TO as a multidisciplinary research subject.

In this study, we model the cloak phenomenon using harmonic maps rather than a conventional coordinate
transformation. We show that harmonic maps, as critical points of an energy functional, naturally yield smooth,
regularized cloaking transformations. Furthermore, the elements of the tensor of material parameters derived from this
transformation are generally bounded, which leads to a low distortion field manipulation. By employing harmonic maps,
undesirable scattering can be considerably reduced. Moreover, the harmonic maps are combined with transformation
optics and a physics-informed neural network (PINN) based approach to achieve the desired invisibility effect. Fig. 1
illustrates the main steps of the proposed methodology.

Figure 1. Flow chart of the proposed method
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According to Fig. 1, the transformation domain and cloaked region are first defined. Using these, transformed
coordinates are obtained through a harmonic map with appropriate boundary conditions. The corresponding Jacobian
matrices are then computed at domain points, and the tensor field matrices are derived using transformation optics
formulas. Finally, the cloaking configuration is simulated.

METHODS AND RESULTS
The main target of this study is to design a transformation from virtual space to physical space providing the cloak
invisibility for a circular region. The appropriate transformation F is based on harmonic mapping.
The cloak phenomenon in a region is going to be confirmed in this study by absence or minimization of the energy
of field coming to the region from outside. Accepting that the Laplace equation as a governing one in the study, one can
estimate the above field energy by the energy functional EN(F') given by

EN(F) =%j||VF||2d37, (1)

where Q is the virtual space.

The Problem Statement
Consider three circles C; (i =0,1,2) with radius 7, respectively with centers at the origin (0,0) in 2-D Cartesian

coordinate system (x,y). Let R, be the region inside the circles C,. Define the annular regions Q =R, \ R, and
D =R, \R,, and construct a harmonic map £ : Q— D defined as:

F(x,y) = (F(x, ), F(x, ), 2.0

where V(x,y)e Q the following boundary conditions are imposed:

V(x,»)eC, :(F, F,)e C,, }
(2.2)

Vel <3t +y <R, F)eC,.

For the sake of clarity, we assume in this study the that: 7, =0.3, 1, =1, r, =2. It is assumed that a domain around
of the origin is to be cloaked. In order to succeed, we are going to minimize the functional EN(F') subject to constraints

in the form of Egs. (2), to further compute the desired transformation.

The setup of the study in the form of Egs. (2a) is presented in Fig. 2 where the domain region depicted in the Figure
part (a) is the virtual domain. Figure 2(b) shows the target region (the physical domain) which is to be achieved after
applying the optimized (minimized) functional EN(F) .

Domain Region Target Region
2.0 4 ==~ Inner Source ( r0=0.3) 2.04
—— Outer Boundary (r2=2)
1.5 1.5 A
1.0 A 1.0 A
0.5 0.5
— Inner Target (r1=1)
0.0 0.0
—— Outer Boundary (r2=2)
-1.01 —1.0 1
-1.5 -1.5
-2.0 —2.0
-20 -15 -10 -05 00 05 10 1.5 2.0 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
(a) (b)

Figure 2. Setup of study for (a) virtual space, (b) physical space.

In the next section, as one of the targets of our study, we use neural network computations and get the transformation
based on harmonicity of the functional EN(F) .

PINNs Setup
To minimize energy functional (1) subject to constraints (2), we setup a neural network of four layers with two
hidden layers, one input and one output layer. Input (x,y) and output F(x,y)=(F (x,»),F,(x,y)) layers have two
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neurons. Each hidden layer has 32 neurons. We have used here the function o = tanh(-) as an activation function. Layers
relations can be represented by the system:
Upw=oW,U,+b,), n=12,
U =", 3
U, =WU, +b; = (F(x,), F,(x,»)".

The output of the previous layer is the input of next layer. W, is weight matrix of order 32x2, W, and W, are
weight matrices of order 32x32, W, is a weight matrix of order 2x32. We take the weight matrix entries as random
normal distribution to minimize loss as suggested for PINNs, [19-21]. Bias matrix b,, (7 =1,2,3) each of order 32x1,
b, is of order 2x1, with constant entries 0. We take collocation points N, =1000 in annular region Q , boundary points
on C, as N, =200, points on {(x, )10.09<x* +3* < 1} as N, =300.

Under the above assumptions, the mean square error or loss has been computed in this study by the formula:

MSE = MSE i esins + MSEy o sy +MSE iy .
2 2 )
1 &|(d°F J°F, 0°F. 0°F. 1 &
:_z 21 + 21 + 22 + _22 -}——z norm(F03<z o ) -1 (4)
N T Lox” ) Loy ), o) ' )| N &= forsenra) )
1 &
+Fz (F;uterboundary ) K (x7 y)k = 002

2 k=0

The graph showing loss during training of our PINN for obtaining the optimal value of the MSE is depicted in Fig. 3.
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Figure 3. Graph of loss curve obtained during training PINN

The results of prediction of the map F during training PINN are shown Figure 4: the graph (a) shows original grid
in domain Q while the graphs (b) stands for the already mapped (target) domain after applying the map F to the grid
depicted in graphs (a).
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As a next step (as per the flow chart of Fig.1), we evaluate the Jacobean J, based on the predicted values of map
F(x,y):

o R
ox dy

J:

lon am | v
ox dy

where partial derivatives of F(x,y) have been computed by calling #f.gradient function in tensor flow by above neural
setup.

Then material tensor A(x,y) given by

J.JT
A=TE0F (6)
detJ,.

has been computed at all domain points.
We get symmetric positive definite material tensor A(x,y) of order 2x2, V(x,y)e Q.

Cloak Setup
Throughout the study, the field distribution in the region Q is defined by the two-dimensional potential u(x, y) .
This means that the govern equation of the original region/domain is the isotropic Laplace equation:

Viu=0, (7

while the governing equation of the target region/domain is already the anisotropic Laplace equation:

V(4Vu)=0. (@)

due to the tensor 4.

Notice that physically material tensor 4 shows directional conductivity, the flux or flow vector which can be defined
as §=—AVu .

Taking into account the definition of the harmonic map (2) leads to Dirichlet's problem for the potential u(x,y) in
the target domain:

V(4AVu) =0,
u(x,y)=0 V(x,y)eC )
u(x,y)=1 V(x,»)eC,|

where C, and C, are the inner and outer boundaries of already transformed region introduced in the Problem Statement
section.

We solve Egs. (9) using a neural setup. For this reason, we set up a five-layer neural network with three hidden layers,
one input layer, and one output layer. Input (x, y) and output u(x, y) layers have two and one neurons respectively. Each

hidden layer has 125 neurons. The activation function is ¢ = tanh(-) . The layers' relation mathematically is the same as
explained in the PINNs Setup section. Thus, the mean square error/loss has been computed as:

MSE = MSE,,,; + MSE, .40, ¢, =0.2, (10)

while Fig. 5 shows the plot of the solution.

One can see from the figure that Fig. 5(a) clearly reflects the Dirichlet boundary conditions, value of potential
u(x,y) is high at outer boundary and smoothly decreases up to inner boundary. At the same time, Fig. 5(b) shows the

symmetry about an axis, say z-axis, reflecting the symmetry of material tensor. The surface curves are smoothly showing
nonlinear variation of potential which is the result of anisotropic material tensor computed from transformation based on
harmonicity of the mapping. Thus, both figures (a) and (b) show the effeteness of gradient distribution clearly showing a
successful achieving the cloak phenomenon.
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Figure 5. (a) Clocked region and boundary. (b) Surface plot of anisotropic Laplace equation.

DISCUSSION AND ANALYSIS
Further to show the effectiveness of proposed method based on harmonicity and neural computations, the gradient
magnitude behaviour on transformed grid and radial profile have been plotted in Fig. 6. Smoothness and continuity show
a weak distortion outside the cloaked region and there is smooth transition between cloaked and uncloaked region.

Gradient magnitude |Vu| on transformed grid
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Figure 6. (a) Gradient magnitude of potential on transformed grid. (b) Radial profile of Gradient magnitude of potential.

Resuming the results of previous section,

one can clearly observe that Fig. 5-6 show how the transformation affects

the gradient by compressing the potential variation near the inner region, making it appear as if the solution is smoothly
pushed upward. This behaviour is consistent with cloaking mappings, where the anisotropic tensor redistributes the flow
around the cloaked region without allowing penetration. It, in fact, enable to use the proposed method for masking the

objects situated in the origin.

Radial Profiles: Isotropic and Anistropic(Harmonic Map)

10 e |yl -
e |Vu|-
08— |Vul -
0.6 4
=3
[~
0.4 4
0.2 4
0.0 1

10

profile for isotropic
samples 1.4
profile for anisotropic
samples
rl3
=2
12
Frll
r 1.0
12 14 16 18 2.0
Radius r

Figure 7. Radial Profile of gradient magnitude.
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In Fig. 7, the radial profile of the magnitude of has been compared for isotropic and anisotropic cases (with harmonic
transformation). In both cases, the radial profile increases with respect to radius », however, in the anisotropic case, the
gradient grows more rapidly. For the isotropic case, the magnitude of Vu for origin domain increases approximately
linearly with » while in the anisotropic case (this is, in fact, rather relative to AVu ), the harmonic map based
transformation modifies the radial scaling, resulting in an amplified gradient magnitude. Physically, this implies that the
gradient exhibits stronger behavior near the outer boundary in the transformed medium which is important with a
viewpoint of masking applications, in particular patch antenna masking.

CONCLUSIONS

In this study, a new transformation model based on harmonic mapping has been created for designing 2-D circular
cloaking structures. The model provides an alternative to conventional radial-based coordinate transformations widely
used in applications of trans-formative optics. While computing the transformation coordinates under boundary
constraints composed on the mapping, the resulting tensor field remains smooth. Numerical simulations of the
transformed governing equation have confirmed that the proposed framework achieves effective field redirection with
extremely weak scattering and distortion as well as stronger behaviour of the transformed field near the outer boundary.
This new approach may be further adapted to diverse applications including object masking, in particular patch antennas.

The study shows the prospects for joint use harmonic mapping and methods of transformation optics as
multidisciplinary subject.
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BITPOBA/T’KEHHSA TAPMOHIYHOI'O 306PA’KEHHS 1J1s1 ®EHOMEHA HEBU/IUMOCTI
Haiima A6xysn Pexman!, Myxammen Pazal, Ouster Pu6in?, Cepriii Illyanra?

'Kagpeopa mamemamuxu, Ienamabadcoruii ynieepcumem ingpopmayiiinux mexnonoziii, Cazieancoxuii kamnyc, Caziean, Haxucman,
2@axyremem padiopizuxu, GiomeOuunoi enekmponiKu ma Komn 1omepHux cucnmem, Xapkiecokuil HayionarbHutl ynisepcumem
imeni B.H. Kapasina, Xapxis, Yrkpaina
V naniii poboti s peanizauii peHoMeHy MacKyBaHHs OyJI0 3aCTOCOBaHO HOBMH MiIXif, 3acHOBaHHU Ha (i3uuHill TpaHchopmarii.
Brepiie Oyno oTpumano TpaHcdopMmalliiiHe BiZOOpa)keHHsI HUIIXOM MiHIMi3alil eHepreTHYHoro (yHKI[iOHATy 3 ypaxyBaHHSIM
3a7aHUX F€OMETPUYHUX 0OMEKEeHb, HaKJIaJeHUX Ha MeXi po3citoBaua. LIs BapianiiiHa 3aa4ya OyJia BUpillIeHa IUIIXOM 3aCTOCYBaHHS
¢iznuHO-iHpOpPMOBaHOT HEHPOHHOT MepesKi Ul BUPILIeHHs I'paHiYHOl 3a1a4i 1u1st piBHsAHHS Jlamiaca. UncenbHuid aHami3 i rpadiyHa
Bi3yaii3alisi OTPUMaHUX PE3yJbTATiB YITKO JEMOHCTPYIOTH CllabKe PO3CIIOBaHHS 1 CIIOTBOPEHHs, a TAaKOX HE3Ha4yHE 30YypeHHs
30BHIIIHIX 1oiiB. Kpim Toro, Mu mokasyemo, o 3alpolOHOBAaHE BiJOOpayKeHHsI JO3BOJISIE HOCSATTH 3HAYHO KpAIIUX Pe3yJbTaTiB y

TIOPiBHSHHI 3 TPaIULIIHHUMH METOIaMH MAaCKyBaHHs Ha OCHOBI IIEPETBOPECHHSI.
KuarwuoBi cioBa: capmoniune 8i0obpasicenus; Qizuuno-inghopmosanoi neluponnoi mepedxci; Hesuoumicms, pieusanus Jlanaaca;
MIHIMI3aYis enepeemuyHo20 NOmeHyiany
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Black silicon (BSi) is an important texturized form of a semiconducting material used in photovoltaic solar cell technology. It is
characterized by surface structuration of silicon with very low reflectance. In this paper, we study the optical properties of black silicon
in the visible-near infrared wavelength range. Our work focuses on texturing the silicon surface using cryogenic etching in an inductively
coupled plasma (ICP) system. The surface structure of black silicon is formed by varying several parameters of the cryo-etching process,
like wafer temperature, SF¢/0, ratio and bias voltage. The microstructure surfaces of BSi can be formed in various shapes (Pyramids,
Columns, and Cones forms). The optical properties of the micro-structures were studied by spectrophotometer measurements. The results
obtained show that columnar microstructures (CMS) exhibit different texturing shapes under different plasma etching process conditions.
The CMS obtained without HF chemical treatment process have a reflectance value as high as about 14%. However, the surface
reflectance is reduced to less than 2% in the VIS-NIR range by processing the samples in HF solution.

Keywords: Black silicon; Surface texturing; Vis-NIR reflectance; Solar cell; HF process

PACS: 78.67.—n/78.68.+m /52.70.Kz

L. INTRODUCTION

Silicon is the second-most-abundant element on Earth, after oxygen. Its abundance and ease of processing make it
a cost-effective, readily available material for various semiconductor applications. Crystalline silicon (c-Si) solar cells
dominate more than 90% of the photovoltaic (PV) industry [1]. And its flat surface has a high natural reflectance around
35% in 300-1100nm spectral region [1]. Using Black silicon (BSi) as a surface texturing approach has shown promising
results in improving the performance of c-Si solar cells and holds great potential for enhancing the efficiency of solar
energy conversion. Black silicon (BSi) is an active candidate in the renewable energy area due to its potential
applications in solar cellss-its applications cover different fields such as photonic sensors and biosensors [2]. Black
silicon (BSi) can be produced by several methods, such as electrochemical etching of macro porous silicon (macP-Si)
[3, 4], metal assisted chemical etching (MACE) [5-6], femto-second laser [7], and inductively coupled plasma reactive
ion etching (ICP-RIE) [8]. A Harvard University group has developed a process (Mazur’s Method) in which Black
silicon (BSi)is produced by irradiating Si with femto-second laser pulses. The reflectance of Black silicon (BSi),
obtained by Mazur’s process, is less than 5% and the absorbance is about 97%in the visible region [7]. Black silicon
(BSi) is a surface modification of silicon where a nanoscale surface structure is formed bysilicon plasma etching. The
resulting nanoscale structure provides an extremely low reflectivity. Because the Black silicon (BSi) surface
nanostructure exhibits high absorption over a wide spectral range (250-2500 nm) [9], it offers an ideal solution as an
Anti-reflective coating (ARC) for solar cells [9-10], as well as applications in photodetectors. The nanoscale structure
may be in the form of inverted nanoscale cones (i.e. with the tip of the cones pointing upward away from the silicon
surface) or a series of nanoscale pores of varying depths and diameters extending into the surface. Both types of
nanoscale structures are distributed randomly over the silicon surface [11].

In this study, we used an inductively coupled plasma reactive ion etching (ICP-RIE) system. Which can be used to
form Columns of different dimensions on a mask less silicon.

II. EXPERIMENT
I1.1 Experimental device

Experiments and optimization settings are conducted using a commercial ICP reactor (Alcatel 601E). The source
plasma is generated by an inductively coupled coil supplied by a 13.56 MHz R.F. generator. A 13.56 MHz generator
powers the substrate holder electrode, allowing independent control of the bias potential. The substrate chuck is cooled
with liquid nitrogen and maintained at a very low temperature (~-100°C) using resistances. To enhance the thermal
conductivity between the substrate and the chuck, the wafer is electrostatically clamped to the chuck, and helium gas is
injected under the wafer.

The standard cryogenic etching process uses SFg/0, gas mixture to achieve deep silicon etching. For the experiments
presented in this paper, the SFs flow rate was set to 200 sccm, and the total pressure was about 9 Pa.

Cite as: M. Azouza, N. Mekkakia-Maaza, R. Dussart, T. Tillocher, P. Lefaucheux, East Eur. J. Phys. 1, 490 (2026), https://doi.org/10.26565/2312-
4334-2026-1-56
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The Black silicon was obtained by the DRIE process with varying parameters at cryogenic temperature. The black
silicon samples were produced on 6-inch-diameter maskless (100) silicon wafers with a thickness of 400 um.

I1.2. Black silicon formation mechanism:

Figure 1 shows the effect of O,on the Etch profiles of maskless silicon after 10 min of process (source power
1500W, bias -50V, SF;= 300 sccm, pressure 9 Pa, T: -100°C, Ar: 75scem, at O,flow rate of: 00, 30, 42, 60 sccm,
respectively).

Black silicon, which is a grasslike structure, appears
only at the bottom of the trench for high oxygen content
as shown in Figure 1 (d), for an 0,/SFg ratio of 20%,
indicating that we have reached the overpassivating
regime, in this case, the increase of the oxygen flow rate
tends to reinforce the passivation layerS;0,F,, and the
etching rate tends to a minimum value around
0.8 um/min. In Figure 1 (a) dark areas correspond to the
bottom of the structure and the white part corresponds to
the top of the hole. [12].

The cryogenic etching process uses SFy / 0, gas
mixture to achieve a deep silicon etching at a very low
temperature. The average diameter and height of black
silicon (BSi) structures can be determined through
precise measurements using advanced imaging and
analysis techniques. To measure the diameter and height
of black silicon structures, we first need high-resolution
images of the sample surface. In our study, this is done
using SEM. SEM provides a detailed view of BSi

e 4

© @ structures at micro- or nanometer scales. Structures are
Figure 1. Etch profiles of mask-less silicon at different Oz flow usually imaged from the top view to measure their base
rate diameters or from a tilted angle to measure varying

(a): 00sccm, (b): 30sccm, (c): 42scem, (d): 60scem [13]. diameters along their height.

ITI- RESULTS AND DISCUSSION
1. Columnar Microstructures of Silicon (CMS)

The wafer temperature, O, /SF, The flow rate ratio and bias voltage are the main parameters that play an important
role in the formation of the black silicon. Basically, the microstructure appears in an overpassivating regime, i.e., for
high 0, /SF, ratios and at cryogenic temperature. Pressure process and voltage bias also play a role in its
appearance [14]. The evolution of the typical microstructural dimensions (diameter and mean height) is studied as a
function of wafer temperature and bias voltage. The images SEM of the textured silicon samples are shown in Figure 2.

CMS2 CMS4

Figure 2. Image SEM with Top and Side views of samples with different
Bias voltages (CMS1: -10V, CMS2: -15V, CMS3: -20V, CMS4: -25V [13]
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A. Effect of Bias voltage on columnar formation
The influence of the bias voltage on the formation of Black silicon will be studied by varying its value from-10V
to -25V (Table 1) under the following fixed conditions: ICP power 1000 W, SF, flow rate =200 sccm, T = -120°C,
pressure =3 Pa, T =10 min, O,flow rate = 16 sccm. Figure 2 summarizes the SEM observations of these samples
showing different types of BSi structure.

Table 1. Variable parameters for the cryogenic process

Samples V Bias (V) T(°C)
CMS 1 -10 -120
CMS 2 -15 -120
CMS 3 -20 -120
CMS 4 -25 -120
CMS 5 -20 -105
CMS 6 -20 -110
CMS 7 -20 -115

From —10V to —20V of bias voltage, the mean height slightly increases from less than 1.8um to about 3.47um as
shown in Figure 3, at the bias voltage of -25V; a significant increase in the average column height is obtained around
6.21um. Thus, it seems that for such bias value and beyond, the ion energy is efficient enough to avoid the silicon
passivation by a S;0, F,layer [12]. In cryogenic etching process, the bias voltage controls the energy and direction of the
ions which arrive at the silicon surface. The BSi is formed for a bias voltage value between -10V and -25V. Figure 3 and
Figure 4 show the morphological evolution of black silicon structures when the bias voltage varied from -10V to -25V.
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Figure 3. Mean column height versus bias voltage Figure 4. Mean column Diameter versus bias voltage

B. Effect of wafer temperature on column formation
We study the effect of wafer temperature on column formation under etching conditions of: power=1000W,
SFgflow rate =200sccm, O,flow rate = 16sccm, pressure=3Pa, etching time=10 min, Bias voltage =-20V, and wafer
temperature range from [-105°to-115°C] as shown on Tablel. Figure 5 summarizes the SEM observations of samples
showing different types of BSi structure.The formation of black silicon is very sensitive to the temperature gradient.

Figure 5. SEM with Top and Side view of samples with Wafer temperature (CMS5: -105°C, CM6: -110°C, CMS7: -115°C [13]
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The cryogenic temperature also has very significant effects on the slope of the etching profile. For a temperature
of -115°C (CMS?7), we obtain a large increase of mean height column around 4.7pm as shown in Figure 6.

Figure 7 shows the morphological evolution of black silicon structures when the wafer temperature ranges from -
105°C to-115°C.
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Figure 6. Column Mean height versus wafer Temperature Figure 7. Column Mean diameter versus Wafer Temperature

2. OPTICAL PROPERTIES OF BLACK SILICON

We have started our work to characterize the optical properties for all black silicon samples by measuring their
reflectance in the Vis-NIR range [300, 1100] nm. Spectrum acquisition is provided by the software Win ASPECT
PLUS. The software Aspect Plus is windows-based and offers a variety of options for data acquisition and analysis.
In our case we choose the curve which analyzes the reflectance as a function of the wavelength. The reflectance
spectrum of black silicon samples is shown in Figure 8 for silicon process etching parameters of bias voltage.
All reflectance measurements were performed using a Specord 210 spectrophotometer, without an integrating sphere.
The measurements were performed using air as the reference standard, and the reported values represent the average
reflectance over the 300-1100 nm spectral range.

Several samples have been studied to determine the influence of different parameters on the etching process on
optical properties; certain parameters were fixed for all measurements, such as ICP power, gas pressure, and SF,,0, gas
flow, to 1000 W, 3 Pa, 200 sccm, and 16 sccm, respectively. The variable parameters are the bias voltage and the
temperature; all these parameters are illustrated in theTable 1.

After the silicon DRIE etching, the samples are etched dipped in polypropylene beaker containing HF:H, 0, with
1:5 volume ratio aqueous solution for 60s at room temperature. H,0, participates in the oxidation reaction, and can be
added to control of aqueous concentration of HF. Reflectance measurements have been performed in the VIS-NIR range
for wavelengths between 300nm and 1100nm using the spectrophotometer SPECORD 210.
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Figure 8. Reflectance of BSi at different Bias voltage value without HF solution

Figure 8 and Figure 9 shows the reflectance spectrum of the black silicon obtained by DRIE process etching
before and after HF process etching. We choose three samples of BSi (CMS1, CMS2, and CMS3) for study the
reflectance by variation parameters of bias voltage. In the first one, samples that are not processed in HF hydrofluoric
acid bath have a decrease reflectance value of 14% from 600nm to 1000nm. The low reflectance of black silicon surface
using mask-less DRIE etching is due to dense columns, which improves light trapping. [15]. Figure 8 shows the
evolution of the reflectance spectrum of DRIE etched black silicon before HF etching which has almost the same curve
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by changing the value of bias voltage from -10V to-20V. In second step, the DRIE etched black silicon of all samples
(CMS1, CMS2, and CMS3) is then etched in HF solution process with volume ratio of 1:5.

Figure 9 shows a decrease of the reflectance of the black silicon textured using HF solution process etching, the
average of reflectivity is around 1% in the wavelength range of 300nm to 1100nm. After Black silicon HF etching, the
reflectance of the black silicon wafers decreases dramatically with the plasma etching conditions from CMS1 to CMS3.
The Black silicon wafer etched at a -20V Bias voltage in an HF solution process has the lowest reflectance compared to
other Bias voltages, such as -10V and -15V, in the VIS-NIR range. The average reflectance of the samples etched in an
HF solution decreases to 1% as the Bias voltage increases from -10V (CMS1) to -20V (CMS3). The decreased
reflectance of black silicon is a result of its unique structure. The unique microstructure causes multiple reflections of
incoming light [16]. The bias voltage used during plasma etching significantly influences the reflectance of the resulting
surface; first the high Bias voltage leads to deeper, sharper, and denser nanostructures [17]. These features enhance light
trapping by increasing multiple scattering and absorption, reducing reflectance. In the other side the low bias voltage
produces shallow and less pronounced nanostructures. These structures may not trap light efficiently, resulting in higher
reflectance.
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Figure 9. Reflectance of BSi at different Bias voltage value with HF solution

CONCLUSIONS

In this paper, we present a process of measuring of reflectance of black silicon. The process involves using ICP
(Inductively Coupled plasma) plasma cryogenic etching and (HF/H202) process etching. We investigated the influence
of various parameters such as wafer temperature and bias voltage on both of surface morphology and optical properties
of the black silicon samples.

The combination of black silicon produced by plasma etching and HF/H-O: treatment results in a surface texturing
that significantly enhances light absorption, the nanostructures (plasma) and micropores (HF/H-0) work synergistically
to create a surface that traps light through multiple internal reflections, this effectively reduces reflectance and ensures
that more light is absorbed by the silicon.

The results indicate that black silicon samples obtained through ICP plasma etching technique had a reflectance of
approximately of 14% in the visible to near-infrared (VIS-NIR) range, however, the black silicon samples created using
their proposed structure with (HF/H20:) process etching exhibited superior anti-reflective and light-trapping properties,
leading to a significantly lower reflectance of around of 1.75%in the same of range.

Author Contributions:

All authors contributed to the study.

N. Mekkakia conceived of the presented idea.

M. Azouza, N. Mekkakia, and R. Dussart, T. Tillocher, P. Lefaucheux carried out the experiment
M. Azouza, N. Mekkakia wrote the manuscript with support from R. Dussart.

R. Dussart author contributed to the final version of the manuscript.

Data Availability:

All the data and information mentioned in this article are related to this research.
Ethical Approval: Not applicable.

Consent to participate: Not applicable

Consent for Publication: Not applicable

Competing Interests: No competing interests.

Funding: Not applicable



495
Optimization of the Optical Properties of Black Silicon Solar Cell EEJP. 1 (2026)

ORCID
M. Azouza, https://orcid.org/0009-0002-4610-553X; ®N. Mekkakia-Maaza, https://orcid.org/0000-0002-9868-1427;
T. Tillocher, https://orcid.org/0000-0002-9160-5595; ©Philippe Lefaucheux, https://orcid.org/0000-0001-7889-8891

REFERENCES

[1] N.A.M. Noor, and M.Z. Pakhuruddin, “Investigation on surface morphological and optical properties of black silicon fabricated
by metal-assisted chemical etching with different etchant concentrations,” IOP Conf. Ser.: Earth Environ. Sci. 268, 012064
(2019). https://doi.org/10.1088/1755-1315/268/1/012064

[2] J.Y.-H. Chai, B.T. Wong, and S. Juodkazis, “Black-silicon assisted photovoltaic cells for better conversion efficiencies: A review
on recent research and development efforts,” Materialstoday Energy, 18, (2020). https://doi.org/10.1016/j.mtener.2020.100539

[3] K. Omar, and K.A. Salman, “Effects of Electrochemical Etching Time on the Performance of Porous Silicon Solar Cells on
Crystalline n-Type (100) and (111),” Journal of Nano Research, 46, 45-56 (2017).
https://doi.org/10.4028/www.scientific.net/JNanoR.46.45

[4] B. Gesemann, R. Wehrspohn, A. Hackner, and G. Miiller, “Large-scale fabrication of ordered silicon nanotip arrays used for
gas ionization in ion mobility spectrometers,” IEEE transactions on nanotechnology, 10(1), 50-52 (2011).
https://doi.org/10.1109/TNANO.2010.2053046

[5] A.A. Leonardi, M.J.L. Faro, and A. Irrera, “Silicon Nanowires Synthesis by Metal-Assisted Chemical Etching: A Review,”
Nanomaterials, 11(2), 383 (2021). https://doi.org/10.3390/nano11020383

[6] R. Akan, and U. Vogt, “Optimization of Metal-Assisted Chemical Etching for Deep Silicon Nanostructures,” Nanomaterials,
11(11), 2806 (2021). https://doi.org/10.3390/nano11112806

[7] S.R. Marthi, S. Sekhri, and N.M. Ravindra, “Optical properties of Black silicon: An analysis,” The Minerals, Metals &
Materials Society, 67, 2154-2159 (2015). https://doi.org/10.1007/s11837-015-1527-0

[8] X. Liu, B. Radfar, K. Chen, O.E. Setdld, T. Pasanen, M. Yli-Koski, H. Savin, Hele; and V. Véhénissi, “Perspectives on Black
Silicon in Semiconductor Manufacturing: Experimental Comparison of Plasma Etching, MACE and Fs-Laser Etching,” IEEE
Transactions on Semiconductor Manufacturing, 35(3), 504-510 (2022). https://doi.org/10.1109/TSM.2022.3190630

[91 M. Arias, M. Bricefio, A. Marzo, and A. Zarate, “Optical and electrical properties of silicon solar cells by wet chemical etching,”
J. Chil. Chem. Soc., 64(1), (2019). http://dx.doi.org/10.4067/s0717-97072019000104268

[10] P. Spinelli, M.A. Verschuuren, and A. Polman, “Broadband omnidirectional antireflection coating based on subwavelength
surface mie resonators,” Nature Communications, 3, 692 (2012). https://doi.org/10.1038/ncomms1691

[11] C.-H. Hsu, J.-R. Wu, Y.-T. Lu, D.J. Flood, A.R. Barron, and L.-C. Chen, “Fabrication and characteristics of black silicon for
solar cell applications: An overview,” Materials Science in Semiconductor Processing, 25, 2-17 (2014).
http://dx.doi.org/10.1016/Jmssp.2014.02.005

[12] R. Dussart, X. Mellhaoui, T. Tillocher, P. Lefaucheux, M. Volatier, C. Socquet-Clerc, P. Brault, et al., “Silicon columnar
microstructures induced by an SFe¢/O2 plasma,” J. Phys. D: Appl. Phys. 38, 3395-3402 (2005). https://doi.org/10.1088/0022-
3727/38/18/012

[13] N Mekkakia-Maaza, R. Dussart, T. Tillocher, P. Lefaucheux, and P. Ranson, “A novel amorphization—etch alternating process
for Si(1 00),” J. Micromech. Microeng. 23, 045023 (2013). https://doi.org/10.1088/0960-1317/23/4/045023

[14] R. Dussart, M. Boufnichel, G. Marcos, P. Lefaucheux, A. Basillais, R. Benoit, T. Tillocher, et al., “Passivation mechanisms in
cryogenic SF6/0:z etching process,” J. Micromech. Microeng. 14, 190—196 (2003). https://doi.org/10.1088/0960-1317/14/2/004

[15] N. Nguyen, D. Abi-Saab, P. Basset, E. Richalot, M. Malak, N. Pavy, F. Flourens, et al., “Study of black silicon obtained by
cryogenic plasma etching: approach to achieve the hot spot of a thermoelectric energy harvester,” Microsyst. Technol. 18,
1807-1814 (2012). https://doi.org/10.1007/s00542-012-1486-0

[16] X. Yang, L. Bangwu, L. Jie, S. Zenan, and L. Chaobo, “A novel method to produce black silicon for solar cells,” Solar Energy,
85, 1574-1578 (2011). https://doi.org/10.1016/j.solener.2011.03.012

[17] A. Miakonkikh, and V. Kuzmenko, “Formation of Black Silicon in a Process of Plasma etching with Passivation in a SF¢/O2
Gas Mixture,” Nanomaterials, 14, 945 (2024). https://doi.org/10.3390/nano 14110945

ONTUMIBAIIIA ONTHYHUX BJIACTUBOCTEN YOPHOI'O KPEMHIEBOT'O COHAYHOI'O EJJEMEHTA
M. Asyzal, H. Mekkakin-Maazal2, P. Jlroccap?, T. Tianome?, I1. Jledomre?
ILMSE, Jlabopamopis mikpocucmem ma 66yoosanux cucmem, Yuieepcumem nayx i mexnonoziii Opana Moxamed Byoiagp,
BP1505 Eno-Muayep, 31000, Opan, Anscup.
2GREMI, Yuisepcumem Opneana, 14 Rue d’Issoudun BP 6744, 45067 Opnean, @panyis

Yopuwuii kpemHiit (BSi) — ne BaxiBa TekcTypoBaHa GpopMa HaMiBIPOBIIHUKOBOTO MaTepiaiy, II0 BUKOPHCTOBYETHCS B TEXHOJOTIT
(GOTOCNIEKTPUYHUX COHSYHHMX C€JIEMEHTIB. BiH XapaKkTepu3yeTbCs IOBEPXHEBOIO CTPYKTYpPOIO KPEMHIIO 3 Jy)Ke HHU3BKHM
KoeimieHTOM BiIOWTTSA. Y Il CTATTI MH BHBYa€MO ONTHYHI BIACTUBOCTI YOPHOTO KPEMHIKO Y [iama3oHi JOBXHH XBWIIb Bill
BUAUMOTO 110 OJIMDKHBOTO iH(padepBoHOoro. Hama pobora 30cepekeHa Ha TEKCTypyBaHHI MOBEPXHI KPEMHIIO 32 IOIIOMOTOIO
KpIOreHHOTr0 TpaBJeHHs B cUcTeMi iHAyKTUBHO 3B's3aHoi mia3mu (ICP). IToBepxHeBa cTpyKTypa YOPHOTrO KpeMHIiI0 (HOpPMYeThCS
IUIIXOM 3MIiHHM KUTBKOX IapaMeTpiB MpOLECY KPiOTpaBJICHHs, TAKUX SK TeMIIepaTypa IUIacTUHU, chiBBigHomeHHs {SF} 6/0 2 rta
Hampyra 3MimeHHs. MikpocTpyktypHi nmoBepxHi BSi MoxyTh OyTn copmoBaHi B pisHHX (opmax (Imipamiau, KOJIOHH Ta KOHYCH).
OnTtuyHi BIACTHBOCTI MIKPOCTPYKTYp BHMBYAIM 3a [IOMNOMOIOI CHEKTPO(GOTOMETpHYHHX BUMiproBaHb. OTpHMaHi pe3yibTaTH
MMOKa3yI0Th, IO CTOBMYACTi MIKpOCTpYKTypH (CMS) neMOHCTpyrOTh pi3HI (opMH TEKCTYpyBaHHS 3a PI3HHX YMOB MpOLECY
m1a3mMoBoro TpasieHHs. CMS, otpumani 6e3 mpomecy ximignoi o6podku HF, maioTs 3HaueHHA KoedimieHTa BimbutTs 1o 14%.
OpHak, TOBEPXHEBE BIMOUTTS 3HIKYETHCS 10 MeHII Hixk 2% y aiamazoni VIS-NIR nursixom 06po6xu 3paskiB y pozunni HF.
Ku11040Bi cJI0Ba: wopHuil KpeMHill; MeKCmypy8anHs NOGepxHi; Gi0OUSHA 30AMHICIb Y UOUMOMY MA OAUNCHbOMY IH(PAUEPBOHOMY
dianazonax, consunutl enemenm, BU-npoyec
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The paper investigates one of the ways of suppressing post-pulse oscillations in ultra-wideband (UWB) electromagnetic pulses radiated
by a bow-tie type antenna excited in active mode (the pulse generator is located directly on the radiator). Since this excitation method
does not require balancing or other elements that match the impedances, conditions are created for increasing the radiated power with
the same power consumption. To suppress post-pulse oscillations in the radiated field, resistive elements with high resistance are used.
They are located near the excitation region in order to absorb the non-radiated part of the excitation signal energy accumulated in the
antenna. The influence of the antenna form factor and load resistance on the shape of the radiated signal is experimentally analyzed.
Keywords: UWB signal; Bow-Tie antenna,; Radiated electromagnetic field; Post-pulse oscillations, Active antenna

PACS: 02.70.Pt; 78.70Gq; 84.37.+q; 84.40.Ba

INTRODUCTION

One of the main applications of ultra-wideband(UWB) technologies is subsurface radar (ground penetrating radar
(GPR)), which is widely used for such purposes as mine detection, detection of people by optically opaque obstacles,
search for people under rubble, non-destructive testing of objects, environmental monitoring, monitoring the condition of
subsurface communications, pipelines and many others (see, for example, [1]-[5] and references in them). Special
requirements for the antenna system are imposed on GPR that use video pulses as UWB probing signals. The antenna
must create in space a short single useful pulse of an electromagnetic field of the required amplitude, shape and duration.
The presence of additional pulses in the probing signal (they are called post-pulse oscillations or ringing) complicates the
interpretation of sounding results and deteriorates the information and accuracy characteristics of the GPR.

The most general is the use of dipole-type structures for impulse radiation. The prerequisite for the occurrence of
post-pulse oscillations of the probing signal in such structures is the peculiarity of the very process of radiation of a single
pulse by the antenna. The exciting signal goes from the exciting area to the ends of the dipole and back from the ends to
the exciting area. Each propagation cycle in the antenna produces one impulse in the radiated field. It is impossible to
create conditions under which all the energy supplied to the antenna is spent on radiating a single pulse during one pass
of the exciting signal through the radiator [1]. Therefore, the portion of the non-radiated energy of the exciting signal
propagating through the radiator and radiating at each cycle causes an appearance of post-pulse oscillations in the field
created by the antenna. Depending on the geometry of the radiating elements and the electrophysical characteristics of
the material from which they are made, a greater or lesser part of the energy supplied to the radiator is separated from the
antenna, going into space. The remaining part continues to move along the radiator in the form of an electrical pulse,
reflecting off the boundaries of the radiator and making oscillatory movements until the energy of the exciting signal is
spent on the radiation of post-pulse oscillations, as well as on heating due to ohmic losses in the radiator and the return
of part of the energy back to sources of the exciting signal.

One of the possible options for antenna structures for radiating UWB pulses are biconical dipoles, patented in 1898
by Lodge [6]. These can be symmetrical biconical dipoles with symmetrical excitation [7]-[19], asymmetrical biconical
dipoles [20], [21] as well as biconical dipoles with asymmetrical excitation [22]. Calculations have shown that the use of
specially formed resistive loading allows excluding post-pulse oscillations in radiated (received) signals. However,
creating in practice such loadings is difficult.

A planar analogue of a biconical dipole is a dipole with triangular arms which is bow-tie antenna (BTA), also
patented in [6]. It can be used both to generate harmonic electromagnetic fields [9], [23]-[34] and to radiate
electromagnetic pulses [21], [35], [42]. Possible approach to prevent appearing of post-pulse oscillations and provide
single pass propagation of exciting impulse by the antenna radiator is absorption of extra part of excitation energy by
resistive or resistive-capacitive loads near the ends of dipole [35], [38].

The next update is the resistor-loaded bow-tie antenna, which is covered with a rectangular conducting cavity with
inner walls partially or fully coated with a ferrite absorber [43]. This antenna is designed for GPR use. However, the
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authors concluded that the ferrite absorber cannot significantly improve the antenna characteristics of the GPR system.
The appearance of additional impulses in the radiated field is noted in the paper [39]. The dependence of the shape of the
waveform of radiated impulse on the direction of radiation was also noted. It should be considered when designing an
antenna for GPR.

The authors of the paper [21] show how the dimensions of a biconical antenna influence the radiation pattern and
shape of radiated/received signals. The least influence is when the antenna dimensions are much bigger or much smaller
than the central frequency of the signal. However, both of these cases have disadvantages from the practical point of view
[44]. In [45], it was shown that cylindrical slots can radiate impulse signals due to an extensive working frequency band.
Authors of [46] studied cylindrical radiator with six slots incusing resistors. Specially designed distribution of resistors
has shown to be a good performance in terms of absorbing ability at lower frequency, reflected pulse energy. However,
the radiated/received pulses have long ringing after main pulse. Such signals require additional compressing to be
applicable in GPR.

Active antennas, whose design includes active elements [47], are of particular interest to radar system developers.
This approach improves the antenna's energy characteristics because it allows the abandonment of matching devices and
significantly reduces signal energy losses at transmission from the generator to the radiator. It should be noted that the
first radiators of electromagnetic (EM) waves, for example, [6], were active.

Earlier studies [48] showed that if the radiating elements of a BTA are used as a capacitive energy store for the
further formation of a radiated pulse, then, in contrast to the passive method of antenna excitation, with the same
parameters of the radiated pulse, in the case of active excitation, the energy consumed by the radiator, turns out to be an
order of magnitude smaller.

Experiments for dipole allowed us to analyze the physical processes responsible for the radiation of EM fields. It
was demonstrated that the area of excitation and the ends of the antenna are the main sources of intense radiation. By
placing energy-absorbing resistors in the slots near the ends of the antenna arms, we reduce the radiated energy by
absorbing the electric current as it travels to the ends. Therefore, it makes sense to absorb the excess energy from the
exciting signals after they have been radiated from the ends of the antenna arms [2].

This paper proposes a design of a BTA that provides efficient radiation and simultaneously suppresses post-pulse
oscillations. Electrodynamic characteristics of UWB bow-tie radiators of various shapes with resistive loads of different
values are theoretically and experimentally investigated.

FDTD SIMULATION
1. Problem Formulation

Unfortunately, active antennas are difficult to model mathematically. The result is influenced not only by the
geometry and material of the radiator but also by the electrical parameters of the excitation circuit, together with active
electronic elements (usually semiconductor diodes, transistors, etc.), and the feedback caused by these parameters. With
this in mind, we will first find out the main regularities of pulse radiation caused by the geometry of the radiating elements
based on the results of finite-difference time-domain (FDTD) modeling. Then, in the experimental part of the work, we
will connect the radiator to the circuit generating exciting pulses and select its parameters that provide the desired radiation
mode. In contrast to the approach of using a resistive load proposed in [38], in this study, a resistive load designed to
suppress after-pulse oscillations is moved to the excitation region of the radiator.

Consider a BTA (Fig. 1) located in free space. Triangular conductors are located in the xz -plane. The dipole axis is
oriented in the x -direction. The antenna dimensions: length is /4, width is 4,. The antenna is excited by a unipolar pulse

through the terminals "1". The exciting source is located in the center of the Cartesian coordinate system in the gap
between the antenna conductors. Connected to the terminals "2" the load is resistive elements, the resistances of which
are selected during the study in the range from 100 Ohms to 1000 Ohms.

Figure 1. BTA: 1, 2 - antenna feeding and load terminals

Let us analyze the amplitude-time characteristics of the EM field registered at some distance # from the radiator in
the direction of the y axis, depending on the dimensions 7/, A, and the value of the resistive load.

2. Solution Method
The mathematical statement of the problem includes the main equations, which are Maxwell's equations and initial
and boundary conditions (to limit the calculation area and effectively use numerical methods). One of the most universal



498
EEJP. 1 (2026) Gennadiy P. Pochanin, et al.

and common methods of numerically solving non-stationary electrodynamics problems is the FDTD method [49]. We
will use the specially developed program SEMP (Software for ElectroMagnetic Profiling) [50] for computer simulation
which implements it. Computer simulation of the radiation of fully three-dimensional antennas using the FDTD method
is a task that requires large amounts of calculations and resources. However, there are "optimization techniques" that
allows to increase the speed of calculations, namely: 1) the use of a point model of the antenna excitation source, which
simplifies the calculation algorithm and allows to use a larger size of the discretization grid than in the case of a full 3D
model; 2) application of effective absorbing boundary conditions (ABC) [51].

3. Simulation Parameters
When limiting the computational domain in the FDTD method, the following two conditions must be considered:
1) the calculation area should have as small a volume as possible to increase the speed of calculations and reduce the
amount of memory used;
2) the dimensions of the calculation area should be chosen so that reflections from its boundaries (taking into account the
application of ABC) do not distort the investigated electromagnetic process.
The simulation parameters related to the features of the implementation of the FDTD algorithm are given in Table I.

Table 1. Simulation Parameters

Parameter Value
Dimensions of the calculation area in space, m? 0.7x0.35%0.35
The size of the spatial grid, m 0.0025
Time window (observation time), ns 6
The time step, ns 102

4. Simulation Results
Fig. 2 visualizes the distribution of the EM field radiated by the investigated rectangular (/=2 4,=130 mm) unloaded

antenna in space in discrete time intervals. Field distributions at different moments are presented on images in the xz -
plane. The color scale shows the amplitudes of the field strengths.
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Figure 2. Distribution of the EM field radiated by a rectangular ( 4, =2 2, =130 mm) unloaded BTA in the xz -plane (a), (b), (c)
and in space (d), (e), (f) for some ¢ :(a), (d) — 0.5 ns; (b), (¢) — 1.0 ns; (c), (f) — 1.5 ns

Fig. 2 illustrates that the amplitudes of EM field pulses near the center of the antenna and at its edges are the most
significant. This confirms the thesis that the primary sources of EM field radiation are the areas where the charges excited
by the source receive the greatest acceleration.

Fig. 3 shows that an unloaded antenna radiates pulses with post-pulse oscillations of much higher intensity than a
loaded one. An increase in the antenna length from 110 mm to 150 mm leads to an increase in the intensity of the radiated
field (see the amplitude in Fig. 3a at the time interval of 1 ns—3 ns). This part of the pulse is formed during radiation
directly from the excitation area. Since the length of the antenna is less than the spatial duration of the exciting pulse, the
fields radiated by the edges of the antenna and having the opposite polarity arrive at the observation point at a time when
the intensity of the field radiated by the excitation area has not yet reached its maximum. As a result of such
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synchronization in time, the fields radiated by the excitation area and the edges of the dipole mutually compensate each
other, limiting the intensity of the field at the observation point. The process of forming the field pulse at the point of
observation is similar to forming the radiated pulse by a dipole radiator [2]. Post-pulse oscillations are observed in the
time interval 2.5 ns+6.0 ns. The parameters of these oscillations weakly depend on the length of the radiator.
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Figure 3. Plots of pulses radiated by a rectangular (4, =2 A, ) BTA: FDTD simulation for unloaded (a) and loaded by the 200 Ohm
resistance (b) antennas: 1 — 150x75 mm; 2 — 130x65 mm; 3 — 110x55 mm

However, such synchronization, in addition to the increase in field strength at the point of observation, creates
conditions for the occurrence of post-pulse oscillations that follow this (negative) amplitude peak. As a result, the radiated
field takes the form of a damped oscillation (Fig. 3a, 3 ns+5 ns). Despite the increase in amplitude, this form of probing
signal is inconvenient for use in ground-penetrating radars. With this in mind, this paper proposes suppressing post-pulse
oscillations by connecting a load resistor in the excitation region parallel to the excitation signal's source. The result of
applying such a load in FDTD modeling is shown in Fig. 3b. A significant decrease in the amplitude of post-pulse
oscillations in the radiated pulse is clearly visible. The resistive load connected in the excitation region reduces the Q-
factor of the oscillations in the antenna. Despite the coincidence of the length of the antenna with the spatial duration of
the pulse, there are no fading oscillations in the radiation field of the antenna with a length of /=150 mm.

EXPERIMENTAL RESEARCH
The object of research in this paper is an active radiating antenna that is excited without the use of a feeder line
between the generator and the radiator (Fig. 4a). It is obvious that the addition of elements of electric circuits to the
excitation region of the dipole significantly affects the shape of the radiated pulse. Therefore, the influence of the electrical
parameters of the pulse generator output on the processes of formation and flow of the exciting current in the antenna
should be taken into account.
&
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Figure 4. Appearance of an active antenna with a radiator of rectangular configuration (a); the output part of the pulse generator
with a resistive load (b)

To find out the conditions under which both a large amplitude of the radiated field and a minimization of post-pulse
oscillations are simultaneously achieved, it is advisable to conduct direct experiments on the radiation of short pulses of
the EM field by active BTA with different radiator geometries. The study considered two configurations of the radiator -
rectangular (4,=2h,) and square (4, =Ah,). Let's analyze the influence of the load resistance, which is connected to the

excitation area, on the pulse parameters of the radiated field. To do this, we connect the arms of the dipole in the region of
excitation with resistance R, (Fig. 4b). Resistors whose resistance is 100 Ohm+1000 Ohm are used as load elements.
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1. Measuring equipment

Fig. Sa contains an oscilloscope with a sweep block unit and an amplifier working in the 0+3.5 GHz frequency range;
timing generator, which generates a signal with an amplitude of +5 V and a duration of at least 20 ns to start the antenna
excitation pulse generator and the oscilloscope synchronization signal; the power supply unit of the excitation pulse
generator, which provides a voltage of +12 V and a current of 25 mA.

A ferrite antenna [52] was used as a receiving antenna, which allows receiving pulse signals with a rise time of more
than 0.4 ns and a pulse duration of less than 2.5 ns without distortion. Registration of radiated pulses of the EM field is
carried out at a distance of 0.5 m from the investigated antenna at a height of 1.8 m from the floor surface. This combination
of distances makes it possible to exclude pulses reflected from surrounding objects (floor, walls, ceiling of the laboratory,
measuring equipment) from the observation time window. Thus, the conditions of the experiment make it possible to
analyze the structure of the radiated field and the effect on it of the design parameters of the radiator.

Oscilloscope Y
C1-70 5
Syn iftceiving 20
enna Z
Timing Impulse 2
Generator Generator\ é 40
I'5-56 Syn s
=.60
Power §
Sy 0 2 4 6 8 10
Time (ns)
(a) (b)

Figure 5. Block diagram of the experimental equipment (a) and exciting pulse at the output of the generator load 50 Ohm (b)

To excite the radiator, a pulse generator was developed [53] using a diode K/I513A, which acts as a drift diode with
a sharp recovery of resistance [54] and allows forming of a pulse with a front duration of 0.5 ns and amplitude of 70 V at
a load of 50 Ohm (Fig. 5b). Structurally, the generator is made in the form of a shielded printed circuit board with
dimensions of 50x10 mm?, located directly on the radiator (Fig. 4a). Since the generator has its own timing circuits, as well
as a stabilized power source, the parameters of the generated voltage pulse do not depend on the duration of the start signal.
The input signal for starting the generator is a pulse of positive polarity with an amplitude of 5 V and an arbitrary duration
(from 20 ns or more). The supply voltage is +12 V, and the average current consumption is 25 mA at a pulse repetition rate
of 100 KHz.

2. Radiation of pulses of EM fields
For experiments (antenna with a dipole aspect ratio of 2:1), radiators with dimensions # of 150 mm, 140 mm,
130 mm, 120 mm, and 110 mm were made. During the experiments, the time dependences of electromagnetic field pulses
radiated by unloaded and loaded ( R, =200 Ohm) antennas were recorded (Fig. 6). The plots of the received signals clearly
demonstrate that the load connection practically eliminates the post-pulse oscillations. However, the amplitude of the
radiated pulse decreases by almost 1.5 times. The first two half-waves of the signal, which have the maximum amplitude,
will be considered a "useful" signal. Let's define its amplitude asV, =V (¢),. .+ |V (¢),., |- Consider it as the value of the

amplitude for the useful signal (range ¢ € {1, 3, 5} ns in Fig. 6a) and the amplitude of after-pulse oscillations (range ¢ € {3,
5, 12} ns in Fig. 6b).

max min |

= 201 =

S E 10 -

g 107 g

£ £

g ] g0

Z.10 4 <

) ©,-10 1

£-201 £

S S

> .30 . : ! >-20 - T T T

0 2 4 6 g 10 0 2 4 6 g 10

Time (ns) Time (ns)

(@ (b)

Figure 6. Plots of pulses radiated by an antenna of a rectangular configuration without load (a) and with load (b) R, =200 Ohm:
1-150 mm; 2 — 140 mm; 3 — 130 mm; 4 — 120 mm; 5 — 110 mm
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3. Effect of antenna size and load magnitude
From Fig. 6, it can be seen that with each decrease in the size of 4 by 10 mm, the amplitude of the useful signal

decreases by approximately 4 mV for an unloaded antenna (Fig. 6a) and by 2 mV for a loaded antenna (Fig. 6b) for /4, sizes

of the radiator from 150 mm to 110 mm. This means that the dependence of the amplitude of the useful signal on the size
of A in these cases is linear (Fig. 7) and has the form:

V, =0.4h —0.015 —for the unloaded antenna;
V, = 0.2 h — for the loaded antenna.

In addition, from Fig. 6, it can be seen that the amplitude of post-pulse oscillations changes slightly for both unloaded
(Fig. 6a) and loaded (Fig. 6b) antennas, while signal amplitudes change significantly when the radiator size changes
(Fig. 7).
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Figure 7. The amplitude of the useful signal depending on the size of the antennas (1 - no load, 2 — with a load R, =200 Ohm)

Compare the plots of pulses emitted by rectangular antennas with a load magnitude ( R, =200 Ohm) and without a

load at the same size as the radiators in the time interval from 5 ns to 9 ns (see Fig. 6).To quantify the impact of the load
on the radiated signal, consider the amplitude of the first two half-waves that follow the radiated useful pulse. Fig. 8 shows
the dependence of the amplitude of the useful pulse and two half-waves of post-pulse oscillations on the load resistance of
the antennas, which was changed from 100 Ohm to 1000 Ohm in steps of 100 Ohm. A radiator of length /=130 mm was

chosen for this experiment.

From Fig. 8, it follows that when the load resistance increases from 100 Ohm to 300 Ohm, the amplitude of the useful
signal increases faster than the amplitude of post-pulse oscillations. When the load increases from 300 Ohm to 1000 Ohm,
the amplitudes of the useful pulse and post-pulse oscillations change similarly. Moreover, the amplitude of the first half-
wave decreases (Fig. 8, curve 2), and the amplitude of the second half-wave (Fig. 8, curve 3) increases. When the resistance
increases to 1000 Ohm, the amplitude of the useful pulse and post-pulse oscillations slowly increases to the values formed
by the antenna without load. Thus, by applying a resistive load (from 200 Ohm to 300 Ohm) in active BTA with a
rectangular configuration, it is possible to significantly (up to -20 dB) reduce the amplitude of after-pulse oscillations, while
the amplitude of the useful signal decreases by only (20-+30) %.

-
o
2 204
=
=
<
3
2z
& 104
]
R
o)

0 T T T T
200 400 600 800 1000
L oad Resistance (Ohm)

Figure 8. Dependence of the amplitude of the useful pulse and two half-waves of after-pulse oscillations on the antenna load: 1 is the
amplitude of useful signal, 2 is the amplitude of the first half-wave, 3 is the amplitude of the second half-wave
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4. Antenna with a 1:1 aspect ratio

For this series of experiments, radiators with dimensions 4, = 4, 0f 150 mm, 140 mm, 130 mm, 120 mm, and 110 mm
were manufactured. The experiments recorded the time dependences of EM field pulses radiated by unloaded and loaded
(R, =200 Ohm) antennas. Fig. 9 illustrates the results of the measurements. As can be seen, the characteristic features of
the pulses radiated by the antenna with a rectangular configuration (Fig. 6) are repeated in the antenna with a square
configuration (Fig. 9). Amplitudes of the useful signal (range ¢ {1, 4} ns shown in Fig. 9a) and post-pulse oscillations
(range ¢ € {4,20} nsin Fig. 9b). From Fig. 9, it follows that the amplitude of post-pulse oscillations changes slightly within
the certain limits of the change in size 4 for both unloaded (a) and loaded (b) antennas.
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Figure 9. Plots of pulses radiated by a square antenna: without load (a), with load R, =200 Ohm (b):

1-150 mm; 2 — 140 mm; 3 — 130 mm; 4 — 120 mm; 5 — 110 mm

5. Effect of antenna size and load magnitude
From Fig. 10, it follows that with a decrease in the size of 4 by 10 mm, the maximum amplitude V, of the useful

signal decreases by about 6 mV for the unloaded antenna and by 4 mV for the loaded antenna in the range of sizes % of

the radiator from 150 mm to 110 mm. This means that the dependence of the amplitude of the useful signal on the size of
h, within the limits of the change in the size of /4 is linear (Fig. 10) and is described by the expressions:

V, =0.6h; —0.036 — for the unloaded antenna;
V, = 0.4h; — 0.014 — for the loaded antenna.
Comparing the waveforms of Fig. 9 in the time interval from 5 ns to 9 ns reveals that the use of a resistor of R,

=200 Ohm allows significantly reducing the amplitude of the EM wave reflected from the ends of the antenna (up to -
20 dB). Still, simultaneously, the amplitude of the radiated pulse also decreases by (20-+40) %.
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Figure 10. The amplitude of the useful signal depending on the dimensions of the antenna:
1 is for the unloaded antenna, 2 is for the antenna loaded by R, =200 Ohm

6. Comparison of radiators of rectangular and square configurations
Fig. 11 shows the dependence of the amplitudes of the useful pulse on the antenna load for radiators of rectangular
and square configurations. Measurements were made for the radiators with a length of 4 =130 mm. As you can see, that

when using a resistive load, a square-shaped antenna radiates pulses of the EM field of greater amplitude than a rectangular
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antenna with the same size /. With an increase in the load in the range of (100+500) Ohm, the amplitude of the pulses

radiated by a square-shaped antenna increases faster than that of a rectangular-shaped antenna. With a load close to
1000 Ohm, both antennas radiate pulses with the same useful pulse amplitude as an unloaded antenna of the corresponding
size and shape.
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Figure 11. Dependence of the amplitude of the useful pulse on the antenna load for radiators of rectangular and square
configurations: 1 is for the rectangular £, =65 mm; 2 is for the square with 4, =130 mm

From a comparison of the graphs shown in Fig. 6 and Fig. 9, it is evident that when the size of the radiator changes,
the amplitude of the useful pulse changes significantly more than the amplitude of the after-pulse oscillations. This again
confirms that field radiation is formed by areas where the charges excited in the antenna receive maximum acceleration -
in the area of antenna excitation and at the edges of the radiator. In the case of an increase in the size of the antenna and a
constant load, the radiating edges of the antenna move apart, and the time interval between radiation from the feeding
region of the antenna and from the edge increases, this delays the appearance of the pulse radiated by the edge in the
observation point. Since the electric field strength vectors radiated by the feeding region and the edge of the radiator have
mutually opposite directions [48] and mutually compensate each other, increasing the time interval between these pulses
makes it possible to increase the field strength of the pulse radiated by the feeding region to greater values before a
compensating pulse arrives at the point of observation from the edge of the radiator. This is an explanation for the increase
in the amplitude of the radiated field when the size of the radiator increases.

Since nothing changes in the feeding region with such changes in the antenna geometry, the after-pulse oscillations,
most likely caused by radiation from this region, remain unchanged. However, if a resistor is included in the gap between
the conductors of the dipole, which absorbs the energy of the excitation field wave reflected from the edge of the radiator,
the energy of the excitation signal is mostly dissipated on this resistor and is not radiated.

COMPARISON OF FDTD SIMULATION RESULTS AND EXPERIMENTAL DATA

The impulse signals registered in the experiments demonstrate the regularities revealed in the numerical simulation.
Some discrepancy in the forms of program simulated and experimentally obtained pulses is explained by the presence of
additional structural elements in experimental antenna samples that are not taken into account in numerical modeling (in
particular, the "physical presence" of the generator, its imagined part of impedance and variable output resistance, a thin
dielectric substrate on which the metal parts of the dipole are located, etc.).

The experiments revealed the following patterns:

1) with an increase in the size / of the antenna, the amplitude of the radiated signal increases more than the amplitude

of post-pulse oscillations;
2) using resistors as a load significantly reduces the amplitude of the EM wave, which excites oscillations in the antenna;
at that, the amplitude of the radiated pulse decreases slightly.

CONCLUSIONS

The complex approach used in the paper (consideration of "simplified" theoretical and "full" experimental models)
has its advantages. Simplification makes the theoretical model more universal and allows studying the basic regularities of
signal formation and radiation without the influence of distorting factors. Considering the "full" experimental model allows
for obtaining and analyzing the real spatial-temporal distributions of EM fields created by the antenna system under study.
Thus, a complex approach, including theoretical (modeling) and experimental analysis, provides the most complete and
effective study of the given experimental task. The mutual close correspondence of the results of calculations and
experiments confirms the correctness of the chosen model and, as a result, opens up the possibility of an in-depth study of
the dynamics of the change in the UWB pulse fields both in the near and far zones of the antenna.
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As a result of the research, it was concluded:

1) from the point of view of practical use, square-shaped radiators are better than rectangular ones because the amplitude
of the useful signal radiated by them is about 30% larger, and the post-pulse oscillations are the same as those of a
rectangular-shaped radiator;

2) the largest efficiency of radiation at the minimum level of post-pulse oscillations is achieved if a load resistance of
(200+300) Ohm;

3) when using a square radiator without load, the amplitude of the useful pulse depends only on the length of the dipole.
In contrast, the amplitude of post-pulse oscillations is almost independent on the length of the dipole.

Thanks to the active mode of antenna excitation, the need to match the impedance of the feeder and the radiator can be
abandoned. So, there are no mismatch losses. This also opens the possibility of using resistive elements with arbitrary
resistance to suppress oscillations in the radiator. So, it is possible to select the optimal load under which the post-
pulse oscillations are minimal, and the amplitude of the radiated field pulse remains large.
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SMEHIIEHHS AMILTITYJIA TA TPUBAJIOCTI NICIAIMITYJIbCHAX KOJINBAHb B AKTABHIN
BUITPOMIHIOBAJIGHIN AHTEHI THUITY “BOW-TIE”
Tennagpiii I1. Tlouanin!, Muxaiino B. Hecrepenko?, Onexcanap A. Opaenko!, Tersina M. Orypuosal,
Ipuna €. Iouaninal, Bagum II. Py6an!
!Inemumym padiogisuxu ma enexmponixu in. O.A. Yeuxosa Hayionanonoi axademii nayx Yrpainu,
eyn. Ax. Ilpockypu, 12, m. Xapxis, Vkpaina, 61085

?Xapxiecvruii nayionansnutl ynisepcumem imeni B.H. Kapasina, maiioan Ceoboou, 4, m. Xapxis, Yipaina, 61022
Y craTTti JOCHIIKYETbCS OOWH 13 CHOCOOIB MPUAYIICHHA MICIASIMIYTCHAX KOJMBaHb y Haammpokocmyrosux (HILC)
SJICKTPOMATHITHUX IMIyJIbCAX, IO BHIPOMIHIOIOTHECS aHTEHOIO THITy «Bow-Tie», 30ykeHOI0O B aKTHBHOMY DPEXHMI (TeHepaTop
IMITyJIbCIB pO3TAIIOBaHMI Oe3rocepeJHEO0 HA BUIpoMiHIOBadi). OCKiNbKU e MeTon 30yMKeHHsS He BUMarae OalaHCyBaHHS a0o
IHIIMX 32c001B, HEOOXIAHUX IS Y3TOPKEHHS aHTEHH, CTBOPIOIOTHCS YMOBH sl 30UIBIIEHHS BUIIPOMIHIOBAHOT IIOTYXKHOCTI TIPH Tii
caMili CIIOKMBaHI MOTYXHOCTi. JJIs NpUAYLICHHS MICASIMIYJIBCHUX KOJIMBAaHb Y BUIIPOMIHIOBAHOMY IOJi BHKOPHCTOBYIOTHCS
PE3UCTHBHI €JIEMEHTH 3 BHCOKHM OIOPOM. BOHM pO3TaIIoOBYIOThCS MOOIM3Y mkepesa 30yKeHHs, 11100 NOTIMHATH HAKOIIMYEHY B
aHTEeHI HeBUIIPOMIHEHY YaCTHHY eHeprii. EkcriepruMeHTaIbHO [TpoaHasli3oBaHo BILTUB (opM-(aKTopa aHTSHH Ta ONOPY HABAaHTAXKCHHS
Ha OpMy CUTHAJY, 0 BUIPOMIHIOETHCS.
KurouoBi ciioBa: Haowupoxocmyeosuti cuenan, anmena muny «Bow-Tiey», 6Unpominiogane enekmpomacHimue noie; nicasiMnyibCHi
KONUBAHHA, AKMUBHA AHMEHA
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The synthesis of radiopharmaceuticals is a major task of nuclear medicine, and Technetium-99m (**Tc) has ideal nuclear properties for
non-invasive nuclear medical diagnostics by single-photon emission computed tomography (SPECT) — a cheaper method than CT, MRI,
and PET, suitable for developing countries. Of particular relevance today is the design of various covalently labelled *™Tc
radiopharmaceuticals for the diagnosis and theranostics of oncological diseases. However, the correct selection of ligands and the
development of high-quality *™Tc-based imaging agents that will not disrupt the functions of biologically active molecules requires a
good understanding of the coordination chemistry of group 7 transition metals. In this work, the quantum-chemical characteristics of ten
9mT¢ radiopharmaceuticals were calculated using ab initio (a combined basis set: SBKJC on the Tc¢ atom and 6-31G (d,p)/DFT — on
other atoms, Gamess) and semi-empirical (PM6, MOPAC) methods. Negative (for Tc-Exametazime, Tc-ECD) and positive (for other
PmT¢ complexes) values of the Erumo parameter indicated the electrophilic and nucleophilic properties of the radiopharmaceuticals,
respectively. Analysis of the absolute hardness values of the complexes revealed that the studied radiopharmaceuticals are soft reagents,
with Pertechnetate having the lowest reactivity, which is consistent with the literature data. Dipole moments of most of the *™Tc
radiopharmaceuticals were similar or up to one order of magnitude greater as compared to that of a water molecule. Finally, a strong
correlation was established between the ground state dipole moments, lipophilicity and the percentage of nonspecific binding of five
radiopharmaceuticals (Tc-Exametazime, Tc-MAG3, Tc-MDP, Tc(IlI)-DMSA, Tc-DTPA) to plasma proteins (Pearson’s correlation
coefficients were ca. -0.719 and 0.611, respectively). The obtained results could be employed for the design of new **™Tc-based
theranostic agents suitable for cancer treatment, in particular those with high nonspecific binding to plasma proteins.

Keywords: *"Tc radiopharmaceuticals; Quantum-chemical calculations, Nonspecific protein binding, Dipole moment, Lipophilicity
PACS: 87.14.C++c, 87.16.Dg

Development of the current nuclear medicine is associated with the design of new radiolabeled agents, and
technetium-99m (*™Tc¢) is a component of more than 80% of radiopharmaceuticals employed for the imaging of
function and physiological/ pathological changes in organs by the non-invasive single-photon emission computed
tomography (SPECT) [1, 2]. Broad application of *™Tc in nuclear medicine is explained by its ideal characteristics, i.e.:
i) low production cost [3, 4]; ii) high specificity, rapid elimination from the blood and low toxicity [5]; iii) the half-life
of ®"Tc is 6.01 h and the gamma photon energy is about 140 keV, allowing the synthesis and transportation of the
radionuclide over long distances, a reduction in the internal radiation hazard compared to other radioisotopes, as well as
the study of tissues at any depth from the body surface [1, 6, 7]. Moreover, *™Tc plays an important role in molecular
imaging, since SPECT has similar spatial resolution with positron emission tomography (PET) [7]. The first
radiopharmaceutical of ®™Tc, Pertechnetate (TcOy’), is widely employed for brain and thyroid gland imaging, because it
distributes within the body to a similar extent as iodine [8, 9]. Pertechnetate is obtained by the beta decay of
molybdenum (*’Mo), although chemical reduction of the ™ Tc oxidation state +7 is required to allow formation of
stable complexes of **"Tc radiopharmaceuticals with organic ligands or biomolecules [1]. Thus, in the last decades
synthesis of *™Tc coordination complexes has been accompanied by binding of the radionuclide to the so-called “core”,
allowing the incorporation of **"Tc into bioactive molecules without affecting their bioactivity [7]. The
physicochemical properties, concentration of the reducing agent and the coordinating ligand, pH, etc. significantly
affect the stability of the resulting **™Tc radiopharmaceuticals in the bloodstream [10]. There is an urgent need to design
theranostic agents based on *™Tc radiopharmaceuticals for cancer early diagnosis and treatment, real time monitoring
of the therapy progress, which would improve treatment outcomes and life quality of patients [10 — 14]. For example,
Tc(V)-DMSA, typically used for medullary thyroid cancer diagnostics, was proved to be efficient in lung cancer
detection [15], and the myocardial perfusion SPECT radiotracer, Tc-Sestamibi, appeared to be suitable for breast cancer
imaging [10, 16]. Notably, new theranostic agents based on ***Tc radiopharmaceuticals should be characterized by high
affinity for blood plasma proteins, which would increase their biological half-life and thus prolong the therapeutic
effect. Good understanding of the coordination chemistry of transition metals with an oxidation state of +7, as well as
deep investigating the influence of various coordinating ligands on the physicochemical properties of the resulting
complexes, are required for successful development of new *™Tc radiopharmaceuticals [7]. Quantum-chemical
calculations are believed to facilitate the search for coordinating ligands suitable for synthesizing new, more
thermodynamically stable *™Tc radiopharmaceuticals, characterized by certain molecular interactions and biological
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activity. The density functional theory (DFT) method is largely used to study the influence of various ligands on the
spectroscopic properties, NMR chemical shifts, stability and electronic structure of ***Tc complexes [17, 18]. In view
of the above, this work was aimed at investigating the quantum-chemical characteristics of ten %™Tc
radiopharmaceuticals: Tc-MAG3, Tc-Medronate, Tc(III)-DMSA, Tc-DTPA, Tc-Exametazime, Tc-DISIDA, Tc-ECD,
Pertechnetate, Tc-Sestamibi and Tc-Mebrofenin. To achieve this goal, the following tasks were performed: i) ab initio
and semi-empirical quantum-chemical calculations of the *™Tc¢ radiopharmaceuticals using the combined basis set:
SBKIJC on the Tc atom and 6-31G (d,p)/DFT — on other atoms (Gamess), and the PM6 method (MOPAC), respectively;
ii) characterizing HOMO and LUMO orbitals, the electron density distribution, solvation energy and the lowest singlet
excited state energy of the optimized structures of the ™Tc¢ complexes; iii) accession of the reliability of the obtained
results by comparing them with available literature data; iv) establishing the correlation between the calculated
quantum-chemical descriptors of the geometric and electronic structure, electronic and thermodynamic properties of the
9mT¢ complexes [19] and the nonspecific binding of radiopharmaceuticals to plasma proteins.

MATERIALS AND METHODS

Nine largely used radiopharmaceuticals for nuclear medicine containing coordinating ligands for the ™ T¢ atom
combined with the core of the complex (Tc-MAG3 (**"Tc-Mercaptoacetyltriglycine), Tc-Medronate, Te(I11)-DMSA,
Tc-DTPA, Tc-Exametazime, Tc-DISIDA (Tc-Disofenin), Tc-ECD (Tc-Ethylene cysteine dimer), Tc-Sestamibi and Tc-
Mebrofenin), as well as Pertechnetate (which does not contain any coordination ligand) [7], were employed in the
present study.

Tc-MAGS3 is a tetradentate monooxocomplex of Tc(V) and mercaptoacetyltriglycine, which is used for the
diagnosis of renal failure and urinary tract obstruction, as well as for assessing kidney function in a donor before
transplantation [20, 21]. This radiopharmaceutical has low affinity for plasma proteins and thus is rapidly excreted from
the body of a healthy person by glomerular filtration through the kidneys, but provides quantitative characterization of
impaired renal function in sick patients [20, 21]. Tc-ECD, a five-coordinate square pyramidal complex of the Tc(V)
atom with N,N’-1,2-ethenediylbis-L-cysteine diethylester, acts in a similar way to Tc-MAGS3, and therefore is used as
an imaging agent for renal function and brain perfusion (notably, high lipophilicity allows Tc-ECD to pass through the
blood-brain barrier) [7, 9]. Radioactive half-life of Tc-ECD is about 50 minutes in patients with normal renal function,
but may be prolonged in renal failure [7, 9]. Tc-Exametazime is a five-coordinate square pyramidal complex of Tc(V)
with a hexamethyl-functionalized derivative of propylene amine oxime, employed for radioactive labeling of leukocytes
[9], as well as a brain perfusion imaging agent (due to its high lipophilicity and affinity for blood plasma proteins) [22].
Tc-DTPA is a six-coordinate complex of the Tc(IV) atom with three N atoms and three O atoms for coordination [9,
23]. After intravenous administration it is rapidly eliminated from the bloodstream by glomerular filtration and is used
to assess the glomerular filtration rate of the kidneys [9, 23]. Tc(IV)-Medronate, like Tc(IV)-DTPA, is formed by
reduction of Pertechnetate with tin chloride in the presence of a coordinating ligand [9]. Tc-Medronate contains
medronic acid and thus, is highly bound to albumin, transporting the radiopharmaceutical to the liver and then
localizing it in the bones (due to high affinity of Tc-Medronate for hydroxyapatite crystals in the bones), thereby
making Tc-Medronate suitable for visualization of areas of altered osteogenesis [9]. Tc(IlI)-DMSA is a dimeric
complex that forms at low pH, and after intravenous administration slowly accumulates in the renal cortex (due to its
high affinity for plasma proteins), binding the proximal convoluted tubule cells. Tc(III)-DMSA is used to assess renal
parenchymal diseases [9].

Tc-DISIDA and Tc-Mebrofenin are analogues of Tc-Iminodiacetic acid (IDA), hexacoordination complexes of
Tc(I1I), stabilized by two N atoms and four O atoms of two IDA ligands, which are employed to assess hepatobiliary
function in acute and chronic cholecystitis [9] due to their high affinity for plasma proteins [24 — 27]. After intravenous
administration, these radiopharmaceuticals are rapidly extracted from the blood into the bile by active transport through
the anionic site on the hepatocyte membrane, which is the same site for bilirubin transport [9].

Tc-Sestamibi is an octahedral, cationic Tc(I) complex containing six isonitrile ligands, characterized by low
affinity for plasma proteins [28— 30] and used for visualization of myocardial perfusion, cardiac ischemia and necrosis,
as well as breast cancer [31 — 33].

The main physicochemical properties of the **™Tc radiopharmaceuticals studied in this work are summarized in
Table 1.

The three-dimensional structures of the *™Tc radiopharmaceuticals were drawn in MarvinSketch (version 24.1.2)
[34], followed by modification of the total charge of each complex to reach that shown in Table 1, pre-optimization and
generation input files for Gamess in Avogadro (version 1.97.0).

Quantum-chemical calculations of the ground state Sy free energy (E,), the ground state dipole moment (1) and its
projections on the X, Y and Z axes (ug. , (gy and p- , respectively), the partial charge on the Tc atom in the ground state
(g,) were performed in the gas phase using the Gamess software package (version 30 SEPT 2017 (R2)). Free energy in
water (Epz0) and the solvation energy (Esn) of the radiopharmaceuticals were also estimated. For all ab initio
calculations, the combined basis set: SBKJC on the Tc¢ atom [35] and 6-31G (d,p) — on other atoms [36], as well as
density functional theory (DFT) and B3LYP functional [35, 37], were used. The SBKJC basis set (unlike 6-31G (d,p))
can be employed in Gamess for heavy elements: it takes into account only the valence electrons of the atom, and
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replaces the inner electrons with the effective nuclear potential [37, 38]. To estimate the energy characteristics of the
9mTc complexes in water, we used the optimized geometry in the gas phase, the PCM theory, and the covalent radius of
Tc — 1.47 A [39]. All other quantum-chemical descriptors of the ®™Tc radiopharmaceuticals (except for Erzo and Eon)
were calculated in the gas phase. To estimate the free energy (E.), the partial charge on the Tc atom (g.) and dipole
moment (x.) of the non-relaxed excited state S; (the lowest singlet excited state formed immediately after photon
absorption), the excited state energy (4E.) and oscillator strength (f) of the So—S; electronic transition, we used the
optimized ground state geometry in the gas phase, density functional theory (TDDFT=EXCITE) and B3LYP functional
[35, 37]. The calculation of the absorption wavelength (Aus) of the ®™Tc radiopharmaceuticals in the excited state was
also performed using the AE, values.

The ALOGPS 2.1 online server (http://www.vcclab.org/) was used to calculate the lipophilicity of the **™Tc
complexes (CLogP), their molecular weight (Mol. wt.), and water solubility (LogsS).

To estimate the geometric parameters of the *™Tc radiopharmaceuticals (length, width, thickness, molecular
volume, solvent-accessible surface area (SASA), as well as the heat of formation, semi-empirical PM6 method and the
MOPAC program (version 23.1.2 Linux) were used, although the accuracy of semi-empirical calculations for transition
metal complexes is low [40]. The number of hydrogen bond donors (No. of H-bond donors) and acceptors (No. of H-
bond acceptors), as well as the number of rotatable bonds were calculated using the SwissADME online server:
http://www.swissadme.ch/ .

Table 1. Physico-chemical properties of *™Tc radiopharmaceuticals

Ne | Name Charge of Core of the 9mTc oxidation | Stability References
the complex complex state

1 Tc-MAG3 -1 Tce=03+ +5 Stable in water 9
(**"Tc-Mercaptoacetyltriglycine,
99mTc_Mertiatide)

2 Tc-Medronate (or Tc-MDP) -2 Tc4+ +4 Stable 9

3 Tc(II)-DMSA (or Te(IIT)- -3 Tc3+ +3 Has a lability to 9
Succimer) oxidation

4 Tc-DTPA (or Te-pentetate) -2 Tc4+ +4 Stable 9,32

5 Tc-Exametazime (or Tc-HMPAO) | 0 Tc=03+ +5 Lipophilic, 9

unstable in water

6 Tc-DISIDA (Tc-Disofenin) -1 Tc3+ +3 Kinetically inert 9

7 Tc-ECD (Tc-Ethylene cysteine 0 Tce=03+ +5 Lipophilic 7,9
dimer)

8 Pertechnetate -1 [Tc+704] — +7 Stable in water 9
Tc-Sestamibi +1 Tc+ +1 Lipophilic 9

10 | Tc-Mebrofenin (Tc-BRIDA) -1 Tc3+ +3 Kinetically inert 9

To visualize the obtained results (geometry of the *™Tc¢ complexes, their electron density distribution, HOMO and
LUMO orbitals), the wxMacMolPIt program (version 7.7.2) [41] was employed.
Absolute hardness (#) of the **"Tc radiopharmaceuticals was calculated using the formula [42, 43]:

n= VZ (E nvmo_Evzmo) (1),

where Enomo and Erumo are the energies of the lowest unoccupied and highest occupied molecular orbitals in the gas
phase, respectively.

According to Koopmans' theorem, the following parameters were estimated: the ionization potential is the Eyomo
parameter, taken with the opposite sign, and the electron affinity is equivalent to the Ezuuo parameter [42,43].

20 quantum-chemical descriptors and five *™Tc complexes (Tc-Exametazime, Tc-MAG3, Tc-MDP, Te(I11)-DMSA,
Tc-DTPA) were selected for correlation analysis in order to establish the correspondence between theoretical calculations
and the percentage of nonspecific binding of the *™Tc radiopharmaceuticals to plasma proteins. By fitting the quantum-
chemical descriptor value dependence on percentage of protein binding, estimation of the Pearson’s correlation (Pearson's
r) and determination (A4dj. R?) coefficients were carried out in the OriginPro software (version 9.1).

RESULTS AND DISCUSSION

In the first stage of our study the quantum-chemical characteristics of ten *"Tc¢ radiopharmaceuticals were
evaluated. Fig. 1 shows the optimized structures of the ***Tc radiopharmaceuticals. It is worth noting that after
geometry optimization of Tc-Sestamibi, atoms of the Tc-C-N chain, linked by a coordination (Tc-C) and a covalent
C=N bonds of the complex, lay on one straight line (Fig. 1I), which is consistent with the literature data [9].

Tables 2 and 3 comprise the results of quantum-chemical calculations of the **™Tc¢ radiopharmaceuticals in
Gamess and MOPAC, respectively. Interestingly, the Mulliken charge on the Tc atom (g,) in all the ***Tc complexes
ranged from -0.67 (in Tc-Sestamibi) to 1.38 (in Pertechnetate), although the supposed values of the partial charges on
the Tc atom are +1 and -1 for the above two radiopharmaceuticals, respectively (Core of the complex, Table 1).
Furthermore, other eight ™ Tc¢ complexes most likely would have partial charge values close to +3 — +4 because these



510
EEJP. 1 (2026) K. Vus, et al.

are the charges of their cores (Core of the complex, Table 1). Unfortunately, Gamess, unlike Gaussian, has low accuracy
in calculating partial charges on atoms, so the obtained charges on the Tc atom were far from the correct ones [9].
However, the Tc partial charge values (Table 2) increased in a similar manner to those taken from other sources
(Pearson's r = 0.828, Adj. R’ = 0.646), highlighting the possibility of comparing the relative values for different *™Tc
complexes calculated using the combined basis set (SBKJC on the Tc atom and 6-31G (d,p) — on other atoms).
Furthermore, the total charges of the complexes obtained from quantum-chemical calculations matched the literature
data (Charge of the complex, Table 1).

Figure 1. Optimized structures of Tc-MAG3 (A), Tc-Medronate (B), Tc(III)-DMSA (C), Tc-DTPA (D), Tc-Exametazime (E), Tc-
DISIDA (F), Tc-ECD (G), Pertechnetate (H), Tc-Sestamibi (I), Tc-Mebrofenin (J) in the gas phase.

As seen in Figs. 2 and 3, the HOMO orbitals of Tc-MAG3, Tc(IlI)-DMSA, Tc-DTPA, Tc-DISIDA, Tc-
Mebrofenin and Tc-Sestamibi are localized on the Tc atom, and that for Tc-MAG3 — additionally on the O and N
atoms. In contrast, the LUMO orbitals are localized mainly on the Tc atom for Tc-MAG3, Tc(IIT)-DMSA, Tc-DISIDA,
Tc-Mebrofenin and Tc-DTPA (in Tc-DTPA additionally — on four O atoms of the two carboxyl groups), and in Tc-
Sestamibi — only on C and N forming coordinate bonds with the Tc atom.
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Table 2. Quantum-chemical characteristics of *™T¢ radiopharmaceuticals calculated in Gamess (using combined basis set: SBKJC
on the Tc atom and 6-31G (d,p) — on other atoms)

j22] [
X QL < g 5 = g
g = = < = < =
5 S £ g = § g a g £ 8
8 < 5 @) = Q 1% O £ s °
B p= 5 N a = A = S 2 c
£ S = = S % 5 = 2 @ p=
g = b =1 = ko = 8 o S
£ = = S o = S
Eg, Hartree -1404 -2581 -2621 -1541 -1035 -2451 -1832 -381 -2270 -7362
= o . < < N % %
S| 8| §| 3| % 3 2 | 2| E &
Eg, kcal/mol % = 3 § % & 2 § g ;?_
- - ! - - - S
E., Hartree -1404 -2581 nd -1541 -1035 -2451 -1832 -38 -2270 -7362
AE., eV 2.717 0.276 nd 0.516 2.606 0.252 2.106 3.862 4.305 0.273
=S x = S =S = 2 = = g
Enzo, s ) g 2 pe S &K = S >
keal/mol % S g £ g 3 = & S $
' 1 1 ' ' 1 1 o 1 i
Aabs, NM 456 4492 nd 2403 476 4920 589 321 288 4542
f 0.0033 0.000 nd 0.0003 0.0004 0.0000 0.0012 0.0000 0.0002 0.0000
> i & = 2 S 3 = g 8
Esoiv, kcal/mol I © X = ~ S ~ = o -
< e Q 2 - 2 i a < 2
O 0 — on o0 v ~
Enomo, N § § E = < 8 S 3 @
Hartree e = = S IS S IS 2 S S
= = S S < < < < < <
— =N on <t by
Erumo, § % § % % § § § 'é §
Hartree S S S S = S S 3 < =
n, eV 2.07 0.56 0.99 1.14 1.97 0.60 1.75 2.71 2.69 1.16
fonization 266 | -1.17 | -538 | -0.69 5.57 1.69 5.59 2.82 72 1.71
potential, eV
Electron
affinity, oV 1.49 2.29 7.35 2.97 -1.63 0.63 -2.08 2.59 -1.83 0.61
Ugr, D 1.55 0.322 -2.45 3.11 1.05 -13.18 5.77 0.003 0.65 0.38
Ugy, D 0.67 0.70 -1.02 5.80 -1.77 2.23 -2.70 -0.003 0.87 12.06
gz, D -0.80 0.34 -0.84 7.88 4.73 -3.69 2.64 0.002 1.83 12.13
Ug, D 1.87 0.84 2.78 10.26 5.16 13.87 6.90 0.004 2.13 17.11
HUe, D 1.78 0.95 nd 10.30 5.67 13.91 6.97 0.13 2.14 17.00
qg, a.U. 0.90 0.92 0.36 0.91 1.07 0.79 0.55 1.38 -0.67 0.78
ge, a.U. 0.98 0.95 nd 0.93 1.16 0.91 0.59 1.26 -0.62 0.88

nd — not determined
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Table 3. Quantum-chemical characteristics of **"Tc radiopharmaceuticals calculated in MOPAC (PM6) and by the ALOGPS 2.1
online server

|72} [}
= Q < g o - g
=] = = <« - ) =
5 S g = = g 3 A g £ 2
5 X = a = 5 7 Q g g °
5 = 5 & o g a - 3 % c
g & = = & P 3 2 2 % s
g = B 1 = 0 = S e 5
Q‘f o [ ﬁ o 2
CLogP 135 0.17 1.07 117 1.71 2.53 0.97 20.59 1.32 2.11
LogS 0.67 _1.57 286 | 271 143 6.33 2.00 0.51 4.89 -6.03
Mol wt., Da | 4182 4809 | 4693 | 4872 3843 | 7957 | 4363 162.9 776.0 869.3
Length, A 8.6 92 11.6 10.6 9.7 14.0 153 2.9 15.2 12.6
Width, A 7.4 55 6.1 77 8.7 125 6.2 2.9 14.7 11.0
Thickness, A
4.7 4.9 4.9 6.8 4.8 9.9 4.6 2.0 14.0 8.6
2
SAS4, A 264 291 313 336 312 598 353 105 699 572
Volume, A3
305 339 382 432 383 878 408 93 1046 824
Heat of
formation, 289 -789 227 -424 22 427 -189 -167 -88 416
kcal/mol
No. of H-bond 2 6 1 0 4 2 1 0 6 2
donors
No. of H-bond 7 14 8 10 9 10 8 4 12 10
acceptors
No. of
rotatable 3 0 1 4 1 12 7 0 30 8
bonds

The LUMO orbitals of Pertechnetate and Tc-Medronate are localized mainly on the Tc atom, and the HOMO
orbitals — on the O atoms (belonging to two OH groups in the case of Tc-Medronate). The LUMO orbital of Tec-
Exametazime is localized mainly on the Tc atom, on one of the N atoms and on the O atom of the Tc=03+ core, and the
HOMO orbital is localized on the Tc and O atoms of the Tc=03+ core. The LUMO orbital of Tc-ECD is localized
mainly on the Tc atom and on one of the S atoms, and the HOMO orbital is localized on the Tc atom and on the O
atoms of the Tc=03+ core. Thus, orbitals of the Tc and sometimes N, O, S atoms (forming covalent/ coordinate bonds
with Tc) participate in the formation of the HOMO and LUMO orbitals of the **"Tc complexes. Negative (for Tc-
Exametazime, Tc-ECD) and positive (for all other studied *™T¢ radiopharmaceuticals) values of the E ymo parameter
determine the electrophilic (with a negative sign of the electron affinity value, because according to Koopmans'
theorem, the electron affinity energy is equal to the LUMO energy) and nucleophilic properties of the " Tc complexes,
respectively (Table 2) [42, 43].

As seen in Table 2, the absolute rigidity () of radiopharmaceuticals fall in the range of 0.56 eV (Tc-Medronate) to
2.71 eV (Pertechnetate), indicating that they will react with soft reagents, e.g. aromatic chemical compounds and
alkaline amino acids. At the same time, Tc-Medronate and Tc-DISIDA, possessing the highest reactivity and high
affinity for blood plasma proteins [24 — 26], showed the lowest value of the # parameter. In turn, Pertechnetate and Tc-
Sestamibi, possessing the lowest reactivity (Pertechnetate) [1] and the lowest ability to associate with proteins and lipid
bilayers (Tc-Sestamibi) [28 — 30], showed the highest value of the # parameter. The obtained results indicate the
reliability of using the selected combined basis set for calculating the HOMO and LUMO energies of the *™Tc
radiopharmaceuticals.

Fig. 4 shows the electron density distribution of the **™Tc complexes. The electrostatic charge +1 of Tc-Sestamibi
is uniformly distributed between the atoms of the complex, while the charge -1 of Tc-MAG3 is concentrated on the O
and S atoms, so the second complex should have better solubility in water, which is consistent with the literature data
[44, 45]. Pertechnetate has a positive/ negative partial charge on the Tc/ O atom, which is consistent with the results of
other authors [9]. Tc-Medronate, Tc(III)-DMSA and Tc-DTPA, possessing the highest absolute charge (-2 for Tc-
Medronate, Tc-DTPA, and -3 for Tc(III)-DMSA), also had the most irregular electron density distribution than other
complexes (Table 2). Also, high net charge values and irregular charge distribution of the above three ®™Tc complexes
should induce their high solubility in water, which is confirmed by the literature data (Table 1), but is not confirmed by
semi-empirical calculations (Tc(II)-DMSA, Tc-DTPA have the lowest LogS values, lower than those of lipophilic Tc-
Exametazime and Tc-ECD, Table 3), emphasizing the inaccuracy of semi-empirical calculations for the *™Tc
radiopharmaceuticals [7, 9, 33]. The most negative partial charge of Tc-Medronate, Tc(III)-DMSA and Tc-DTPA is
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localized on the O atoms (these atoms are most abundant in these three complexes compared to others), while the Tc
atom has a positive partial charge (Figure 4). Tc-Mebrofenin and Tc-DISIDA have a net charge of -1 and a similar
distribution of electron density: a positive charge on the Tc atom and negative charges on the O atoms (Figure 4). The
charges of Tc-Exametazime and Tc-ECD are distributed uniformly (Figure 4), which is probably due to zero net charge
of these radiopharmaceuticals (Table 1).

The dipole moment (u,) of Pertechnetate was close to zero, in Tc-Medronate (Tc-MAG3 and Tc-Sestamibi) — less
than (close to) that of a water molecule, in other radiopharmaceuticals — 1.5-9 times higher than the p, of water
(Table 2). Furthermore, no significant changes in the dipole moments (u.) of the *™Tc¢ radiopharmaceuticals were
observed in the excited state as compared to the ground state (Table 2). It should be noted that the estimated dipole
moment values are not very precise, since e.g., for neutral Tc-Exametazime and Tc-ECD they were several times higher
than those for the charged *™Tc complexes, while the lowest u, value was obtained for Tc-Medronate possessing a
charge of -2 (Table 2).

Figure 2. HOMO (A - 79, C - 106, E — 103, G— 110, I — 85) and LUMO (B - 80, D — 107, F — 104, H— 111, J — 86) orbitals of the
optimized structures of Tc-MAG3 (A, B), Tc-Medronate (C, D), Tc(III)-DMSA (E, F), Tc-DTPA (G, H), Tc-Exametazime (I, J) in
the gas phase.
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The solvation energy (Es.n) of the ®™T¢ radiopharmaceuticals ranged between -12.8 kcal/ mol (Tc-Exametazime)
and -324.8 kcal/ mol (Tc(III)-DMSA), with the highest values of this parameter obtained for neutral Tc-Exametazime
and Tc-ECD, and the lowest — for the most charged complexes (Tc(III)-DMSA, Tc-DTPA, Tc-Medronate), which is
consistent with the high water solubility of the latter complexes (Table 2) [7, 9, 33]. Interestingly, the E, value of Tc-
MAGS3 was lower than that of Tc-Sestamibi, which is consistent with higher water solubility of Tc-MAGS3 [44 , 45].

\

Figure 3. HOMO (A — 194, C-97,E — 24, G — 193, 1 - 204) and LUMO (B — 195, D — 98, F — 25, H — 194, J — 205) orbitals of
the optimized structures of Tc-DISIDA (A, B), Tc-ECD (C, D), Pertechnetate (E, F), Tc-Sestamibi (G, H), Tc-Mebrofenin (I, J)
in the gas phase.

The oscillator strength f (that is proportional to the fluorescence quantum yield, Table 2) for all the **"Tc
complexes was about zero (the highest value was 0.0012, indicating a weak fluorescence of Tc-ECD, followed by light
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absorption at 589 nm). Notably, Tc-Sestamibi, Pertechnetate, Tc-MAG3, Tc-Exametazime and Tc-ECD had absorption
wavelengths (Aa) in the ultraviolet and visible (288 nm, 321 nm, 456 nm, 476 nm and 589 nm, respectively), Tc-
Medronate, Tc-DISIDA and Tc-Mebrofenin — in the far-infrared (4500 — 5000 nm), and Tc-DTPA — in the mid-infrared
(2500 nm) regions of the electromagnetic spectrum. Interestingly, A of Tc-Sestamibi in the gas phase was in the
ultraviolet region, similar to that of its MIBI ligand in water (Table 2) [33]. For Tc-MAGS3, the predicted value of Ay
was 456 nm, which is consistent with the data on the high light sensitivity of the TechnescanMAG3 kit used for the
preparation of Tc-MAG3 [21, 46]. The above results indicate the reliability of calculation of the physicochemical
characteristics of the **"Tc radiopharmaceuticals in the excited state using the combined basic set. It is worth noting that
Tc-ECD, a renal imaging agent, possessing low protein binding and low liver activity [47, 48], may, according to our
data, have a slight absorption of visible light in the same region as the hemoglobin molecule [49]. Interestingly, after
excitation of the **™T¢ radiopharmaceuticals (except Pertechnetate), the charge g. on the Tc atom slightly increased
compared to its value in the ground state (g, Table 2).

- By

Figure 4. Electron density distribution of Tc-MAG3 (A), Tc-Medronate (B), Tc(III)-DMSA (C), Tc-DTPA (D), Tc-Exametazime
(E), Tc-DISIDA (F), Tc-ECD (G), Pertechnetate (H), Tc-Sestamibi (I), Tc-Mebrofenin (J) in the gas phase. Positive and negative
values of the electron density are colored in blue and red, respectively.

ALOGPS 2.1 online server revealed negative CLogP values of Tc-MAG3, Tc-DTPA and Pertechnetate (Table 3),
suggesting high hydrophilicity of these radiopharmaceuticals [9, 33]. For other ***Tc complexes CLogP values ranged
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from 0.17 (Tc-Medronate) to 2.53 (Tc-DISIDA), and were the highest for the lipophilic Tc-DISIDA, Tc-Mebrofenin
and Tc-Exametazime, possessing high affinity for plasma proteins [25, 26, 50].

The heat of formation value (Table 3) of Tc-MAG3 was 3.3 times lower than that of Tc-Sestamibi, showing a
greater thermodynamic stability of the first complex [51]. Similarly, the heat of formation values of Tc-Medronate, Tc-
DISIDA, Tc-DTPA and Tc-Mebrofenin were 1.4-35 times lower than those of Tc-MAG3, Tc(IIl)-DMSA, Tc-ECD,
Pertechnetate, Tc-Sestamibi and Tc-Exametazime, showing a greater thermodynamic stability of the first four
complexes [51]. Notably, according to ab initio calculations, Tc-Exametazime and Tc-Medronate had one of the largest
and lowest values of # (i.e. one of the smallest and largest reactivity), respectively (Table 2). However, the heat of
formation values revealed that Tc-Exametazime was the least and Tc-Medronate was the most thermodynamically
stable, presumably due to low accuracy of the PM6 method.

In the next step of our study, the compliance of the quantum-chemical characteristics of the studied
radiopharmaceuticals with Lipinski’s “rule of five” was assessed, which would allow prediction of passive intestinal
absorption, side effects and pharmacokinetics of the new **™Tc complexes [52]. For drug-like substances, the following
conditions should be met: 1) < 5 hydrogen bond donors (OH- and NH- bonds) in the molecular structure; b) < 5
hydrogen bond acceptors (O and N atoms) in the molecular structure; ¢) molecular weight < 500 Da; d) octanol-water
partition coefficient (CLogP) < 5; e) number of rotatable bonds < 5 — 10. The results obtained (Table 4) showed that the
best/ worst compliance with Lipinski’s “rule of five” was observed for Pertechnetate, Tc-MAG3, Tc(II)-DMSA, Tc-
DTPA, Tc-Exametazime, Tc-ECD/ Tc-Sestamibi, Tc-Medronate, Tc-DISIDA, Tc-Mebrofenin. Indeed, Pertechnetate
has been used in the diagnosis of a wide range of diseases by SPECT [8], while e.g., Ts-Sestamibi and Tc-Medronate
are nuclear myocardial perfusion and bone imaging agents, respectively [20, 28]. Furthermore, Tc-DISIDA and Tc-
Mebrofenin are typically employed to measure the function of liver and gallbladder (they do not need to penetrate the
blood-brain barrier, so they are “allowed” to have high Mol. wt. values) [24, 25]. Notably, all **™Tc¢ complexes, except
Pertechnetate, possessed No. of H-bond acceptors higher than 5.

Table 4. Complience of **™T¢ radiopharmaceuticals with Lipinski’s “rule of 5

[}
] < g 5} = g
R g 2 S < 3 S g
g S g = £ | 3 g 2 g E | 2
5 < 5 A = 9 172 Q =] 8 o
2 = 3 = a g 3 0 S 3 5
= ! S = ! Q a [5} 15} (% 9
&) S . 2 e & o) &= 5 S =
= e B = = = &
No. of H-bond N B . R R R R . B N
donors <5
No. of H-bond B 3 B B _ - - N - B
acceptors <5

Mol. wt. <500 + + + + + _ + + _ _
CLogP<5 + + + + + + + + + +

No. of rotatable
+ + + + + - + + - +

bonds <5-10

In the last step of our study the correlation between the nonspecific binding of the *™Tc radiopharmaceuticals to
plasma proteins and quantum-chemical descriptors was estimated (Table 5). There is poor data regarding the affinity of
9mTc radiopharmaceuticals for protein molecules [53 — 55]. For example, the equilibrium dialysis carried out by
Vanli¢-Razumenic et al. showed the percentage of plasma proteins bound at 4 °C to 5 radiopharmaceuticals: Tc(III)-
DMSA (82.7%), Tc-Exametazime (54.7%), Tc-MAG3 (52.7%), Tc-MDP (45.0%), and Tc-DTPA (5.7%) [20]. The
above *"Tc complexes were selected for a correlation analysis. As seen in Table 5, the strongest positive correlation
(i.e. the largest value of the Pearson’s correlation coefficient, Pearson's r = -0.719) of nonspecific protein binding was
revealed for the dipole moment (u,, a parameter obtained using ab initio quantum-chemical calculations) of the *™Tc
radiopharmaceuticals, although this relationship was observed for slightly less than half of the studied complexes
(Adj. R?=0.355). It should be noted that high values of Pearson’s correlation coefficients for the parameters CLogP and
Thickness were also obtained, although semi-empirical calculations for the *™Tc complexes were less reliable than ab
initio calculations [40]. Additionally, among the above three descriptors, u, and Thickness showed a strong cross-
correlation (Pearson's r = 0.888), so it can be concluded that two quantum-chemical characteristics — u, and CLogP,
determine the degree of the nonspecific binding of the *™Tc¢ radiopharmaceuticals to plasma proteins (Table 5).
Interestingly, the lipophilicity of a small organic molecule typically increases with a decrease in its dipole moment
(overall polarity) [56].

Thus, a decrease in the dipole moment and an increase in lipophilicity induced higher nonspecific binding of the
mT¢ radiopharmaceuticals to plasma proteins. This result is consistent with the previous data reported for Tc-
Mebrofenin, Tc-DISIDA and their derivatives: the higher was the lipophilicity value, the better was binding to proteins
[24 — 26]. Interestingly, despite the fact that our correlation analysis was carried out for hydrophilic *™Tc
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radiopharmaceuticals (except Tc-Exametazime), the result was the same as that obtained previously for lipophilic
radiopharmaceuticals (Tc-Mebrofenin, Tc-DISIDA) [24 — 26].

Table 5. Pearson’s correlation coefficitnts (Pearson’s r) and Adj. R? coefficients (Adj. R?), showing the relationship between amount
of protein binding (%) and quantum-chemical descriptors of the group of 5 complexes: Tc(III)-DMSA, Tc-Exametazime, Tc-MAG3,
Tc-MDP and Tc-DTPA

Q 2 g g Q&‘O %e]

&Y = 5 S S = N < Q R0

< S S = 3 ~

Pearson’s r -0.197 -0.373 -0.311 0.223 0.326 0.090 -0.719 -0.330 0.611 0.086
Adj. R? -0.281 -0.148 -0.205 -0.265 -0.192 -0.322 0.355 -0.188 0.164 -0.324

7 S 3

S S & s

= ) Q LS

. < g N S 3 S 2

z % S £ 3 5 8 S 3 3

3 S £ S S 3 Dy 3 S IS

S = S = S e = S

3 > T S

m S QS .

= S =
Pearson’s r -0.321 0.181 -0.307 -0.851 -0.368 -0.430 0.359 0.187 -0.345 -0.629
Adj. R? -0.196 -0.290 -0.208 0.633 -0.153 -0.087 -0.161 -0.287 -0.175 0.195

CONCLUSIONS

To summarise, quantum-chemical geometry optimization, calculation of HOMO, LUMO and solvation energies,
as well as energies of the Sy—S; electronic transition for ten commonly used **™Tc¢ radiopharmaceuticals in the
combined basis set (SBKJC on the Tc atom and 6-31G (d,p)/DFT — on other atoms) revealed the results consistent with
the available experimental data. The estimated partial charge values on the Tc atom were unfaithful, although it was
possible to draw trustworthy conclusions by comparing the obtained electron density distribution in the *™Tc
complexes. Semi-empirical quantum-chemical calculations of the *™T¢ radiopharmaceuticals by the PM6 method gave
less reliable results than ab initio calculations.

Pertechnetate, Tc-MAG3, Tc(Ill)-DMSA, Tc-DTPA, Tc-Exametazime, Tc-ECD showed the best, and Tc-
Sestamibi, Tc-Medronate, Tc-DISIDA, and Tc-Mebrofenin had worst compliance with Lipinski’s “rule of five”, and all
the ®™Tc coordinate complexes had a number of hydrogen bond acceptors higher than 5. Therefore, the search for new
coordinating ligands would be valuable for the development of improved *™T¢ radiopharmaceuticals.

Finally, the percentage of nonspecific binding of five *™Tc complexes (Tc-Exametazime, Tc-MAG3, Tc-MDP,
Tc(III)-DMSA, Tc-DTPA) to blood plasma proteins increased with increasing lipophilicity and decreasing ground state
dipole moment (Pearson’s correlation coefficients were 0.611 and -0.719, respectively). The above correspondence
between the quantum-chemical descriptors and the experimental data can be employed in designing new *™Tc
radiopharmaceuticals for cancer theranostics, which would possess high nonspecific binding to plasma proteins.
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KBAHTOBO-XIMIYHI PO3PAXYHKHN PAIIO®APMITIPEITAPATIB TEXHELIIIO
K. Byc, B. Tpycosna, B. Pomamuna, Y. Manosuus, O. ’Kutnsakiscska, I'. ['opoenko
Kadgheopa meouunoi ¢ghizuxu ma 6iomeduunux Hanomexnonoziu, Xapkiscokuil HayionanvHuil yHigepcumem imeni B.H. Kapasina
M. Ceobo0u 4, Xapris, 61022, Vkpaina

Cunres pamiodapMmnpenapaTis € rOJOBHUM 3aBIAaHHAM sIEPHOI MeIUUMHM, npuuoMy Texmeuiit-99m (**"Tc) mae imeanbui
SJCPHI BIACTUBOCTI JUIS HEIHBAa3MBHOI SACPHOT MEIMYHOI JIarHOCTHKH METOAOM OJHOMOTOHHOI EMICIHHOI KOMITIOTEpHOI
tomorpadii (SPECT) — memeBmmm metomom, Hixk KT, MPT i IIET, mo migxomuts s KpaiH, siki po3BuBaroThCst. OcoOnuBO
aKTyaJlbHUM y HAll 9ac € AW3aiiH Pi3HOMAaHITHUX KOBAJIEHTHO MideHMX pajgiopapMipenaparis **™Tc mis AiarHOCTHKM 1 TEPAHOCTUKH
OHKOJIOTIYHUX 3aXBOpIOBaHb. OMHAK I MPaBWIBHOTO MiAOOPY JIraHIB 1 pO3POOKH SKICHHX Bi3yali3ylOUWX areHTiB Ha OCHOBI
9mTc, mo He OyAyTh NOPYLIyBaTH (YHKIii OiONOri4HO AKTMBHUX MOIEKYJ], HAyKOBIi IOBUHHI J00pe po30upatucs y
KOOpAMHALIHHII XiMil TepexigHuX MeTaniB rpynu 7. Y naHii poboTi Metogamu ab initio (kombinoBanuii 6asuc: SBKJC na aromi Tc
ta 6-31G (d,p)/DFT — Ha immmx aTtomax, Gamess) ta HamiBemmipmaaumu (PM6, MOPAC) po3paxoBaHO KBaHTOBO-XiMidHi
XapaKTEePUCTUKU JecsaTH papiopapmnpenapartis *"Tc. Heratusne (Tc-Exametazime, Tc-ECD) i nosutusHe (Bei i) 3HauYeHHs
napamerpa ErLumo 3yMOBIIOIOTH €eKTpO(UIbHI Ta HYKJICO(UIbHI BIACTHBOCTI paiiodapMipenapariB, BiANOBIIHO. AHai3ylouu
3HAYeHHsI aOCOJIIOTHOI JKOPCTKOCTI KOMIUIEKCIB BHSIBIICHO, L0 JOCTI/DKEHI pagiopapMnpenapatd — Iie M’sKi peareHTH, IpHIOMy
MepTeXHeTaT Ma€ HAWHIKYY PpEaKTHBHY 34aTHICTh, [0 Y3TOMKYETbCS 3 JiTeparypHuMu nanumu. Jus  Oiibmrocti
pamiopapmupenaparis ™ Tc¢ aunonsHi MOMeHTH 6y/d noaioHuMu a60 10 10 pa3iB BUIMMH y TIOPiBHAHHI 3 JUIIOJBHMM MOMEHTOM
MOJIEKYJ M BOAX. HapemTi, BUSBICHO CHIBHY KOPEIIiI0 MK 3HAYCHHSAMH TUIOJFHIX MOMEHTIB OCHOBHOTO CTaHY, JIIMO(iIBHICTIO
sty papiopapmmpenapatis (Tc-Exametazime, Tc-MAG3, Tc-MDP, Tc(III)-DMSA, Tc-DTPA) Ta BigcotkoM ix Hecnerudiqaoro
3B'sI3yBaHHs 3 OLTKaMM IUIa3MH KpoBi (koedimientn xopemsnii Ilipcona ckmamamm -0.719 ta 0.611, Bigmoimno). OTpHMaHHI
PE3YJbTaTH € KOPUCHUMHU JIIsl IU3aliHy HOBUX TEPAHOCTHMYHMX MPOTUPAKOBUX AreHTiB Ha OCHOBI **MT¢, 110 MAIOTL BUCOKUH CTYIIiHb
3B'sI3yBaHHs 3 OLIKAMH IJTa3MH KPOBI.
Kurouogi ciioBa: padiogpapmnpenapamu **"Tc; xeanmoso-ximiuni pospaxynku, necneyugiune 36'a3ysanns 3 6iikamu, OunonbHuil
Momenm, iino@iibricms
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Technetium 99m is a radionuclide extensively used in clinical practice due to a range of its properties among which are short half-life,
reduced radiation exposure and toxicity, short labeling time, high target to non-target ratio and low cost. In its highest oxidation state +VII,
technetium exists in the form of pertechnetate ([TcOs]") that serves as an effective imaging agent. One important determinant of
pharmacokinetics and bioavailability of pertechnetate involves the possibility of its complexation with blood proteins. In the present work
we performed in silico study of the pertechnentate complexes with three blood proteins, deoxyhemoglobin, albumin and transferrin. The
molecular docking of [TcO4]~ to the examined proteins provided evidence for pertechnetate localization in the protein structural cavities
containing positively charged amino acid residues, with the highest binding affinity being obverved for deoxyhemoglobin. At the same
time, the molecular dynamics simulations indicated that, in contrast to deoxyhemoglobin, only the complexes of pertechnetate with plasma
proteins albumin and transferrin remain stable and do not show significant variations in root mean square deviation of atomic positions,
solvent accessible surface area, radius of gyration and secondary structure per residue. The results obtained may help in better understaning
of pertechnetate pharmacokinetic behavior and enhancing its efficiency as an imaging agent.

Keywords: Technetium 99m; Pertechnetate; Hemoglobin; Albumin; Transferrin; Molecular docking, Molecular dynamics

PACS: 87.14.C++c, 87.16.Dg

Among a great variety radionuclides currently used in medical diagnostics one of the most widespread is technetium
99m (**™Tc) [1]. This radionuclide is highly suitable for performing the single-photon emission computerized tomography
(SPECT) due to a range of its favorable for nuclear medicine properties such as short half-life ~ 6 h, gamma photon
energy 140 keV, reducing the radiation hazard, short labeling time, low cost, availability from *Mo/*™Tc generator, high
limit of accumulation by target organ and high target to non-target ratio, low toxicity, etc. [ 1-3]. Technetium is a transition
metal in the group VII B with 8 oxidation states from — 1 to +VII, and in the highest oxidation state it commonly exists
as pertechnetate, *™TcO4, which is the most stable form of Tc in aqueous solution [3]. This compound has been employed
as an imaging agent in the scintigraphy of thyroid [4,5], salivary gland [6] and Meckel diverticulum [7]. Likewise, in
radiochemical labeling **™TcO4~ may appear as an undesirable impurity worsening the image resolution. Obviously, the
biodistribution of pertechnetate is affected by the extent and nature of its interactions with biomolecules, particularly,
with blood proteins. In our recent work we quantitatively examined the binding of *™TcO4 to structurally and
functionally different proteins, human serum albumin, lysozyme and insulin using the precipitation-ultracentrifugation
assay followed by radioactivity measurements [8]. It was demonstrated that the extent of pertechnetate association with
blood plasma protein albumin is significantly higher than that of lysozyme and insulin taken for comparison. In a logical
continuation of this research, the aim of the present study was to assess the stability of **"TcO4~ complexes with three
blood proteins, deoxyhemoglobin, albumin and transferrin, using the molecular docking and molecular dynamics
techniques. Albumin is the predominant protein in human plasma, with a number of important functions among which
are transport of a variety of substances, maintenance of osmotic pressure, regulation of immune response, etc. [9].
Hemoglobin is the main component of red blood cells responsible for transport of oxygen and carbon dioxide, modulation
of erythrocyte metabolism, heat transduction, etc. [10]. Transferrin, a blood plasma glycoprotein, accounts for iron
transport into cells through binding to specific transferrin receptors [11].

METHODS

The crystal structures of the functional proteins were taken from the Protein Data Bank (https://www.rcsb.org/) using
the following PDB IDs:1AO6 (human serum albumin in its dimeric form), 2DN2 (human deoxyhemoglobin), 1D3K
(human transferrin). To stabilize protein conformation in water, each examined protein structure was subjected to 2 ns
molecular dynamics relaxation and then the relaxed structures were docked with pertechnetate using the HDOCK server
(https://hdock.phys.hust.edu.cn/), which integrates a template-based modeling and free docking via a fast FFT-based
algorithm [13]. The most energetically favorable docking complexes were visualized with the VMD software.

The MD simulations of the model systems pertechnetate — proteins were performed using the GROMACS software
(version 2024.2) with the modified CHARMM36 force field. The parameterization of the CHARMM36 force field for
the Tc metal center was made through introducing the metal-ligand bond lengths, bond angles and the force constants.
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To add [TcOs]™ as a new residue to the force field, the modifications were made in the following files: aminoacids.rtp,
atomtypes.atp, ffnonbonded.itp, ffbonded.itp, residuetype.dat. More specifically, in ffnonbonded.itp the Lennard-Jones
parameters for Tc were taken as those for Ru (II) (€ = 1.748 kJ/mol, 6 = 0.262 nm [14]), by analogy with the work of de
Andrade and coauthors [12]. The parameters such as equilibrium distance b0, force constant kb, valence angle theta0,
averaged force constant of valence-angle harmonic potential ktheta were taken from [15-17], and included in the file
ffbonded.itp (sections bondtypes and angletypes). The mol2 file for [TcO4]” was taken from supporting info [12] and
converted to pdb format in UCSF Chimera. In the file aminoacids.rtp the following partial charges were introduced: Tcl
—1.398377, 02 — -0.599668, O3 — -0.599521, 04 — -0.599668, OS5 — -0.599521 calculated in [12] from ChelpG fitting.
The best score docking complexes between the proteins and [TcO4]” were placed in a rectangular water box containing
neutralizing ions, with a minimum distance of 10 A from the protein to the box edges. The calculations were conducted
at a temperature of 310 K using the TIP3P water model, Nose-Hoover thermostat and Verlet barostat. The Particle Mesh
Ewald method was used for correct treatment of the long-range electrostatic interactions. The minimization and
equilibration of the systems were carried out during 50000 steps. The time interval for MD calculations was 10 ns. The
MD trajectories were corrected using the gmx trjconv GROMACS command. The analysis of MD data was performed
with the GROMACS commands gmx rms, gmx gyrate, gmx sasa and VMD plugin Timeline, to explore time evolution of
root mean square deviation of atomic positions (RMSD), gyration radius, sovent accessible surface area SASA) and
protein secondary structure per residue. The visualization of the snapshots of MD runs was performed in VMD.

RESULTS AND DISCUSSION
Presented in Fig. 1 are the top-scored docking positions for the complexes of pertechnetate with deoxyhemoglobin,
albumin and transferrin. As can be seen, in all cases [TcO4] is located in the cavities in protein structures. A more detailed

analysis of the docking results revealed that the binding affinity decreases in the row: deoxyhemoglobin > transferrin >
albumin (Table 1).

Figure 1. The best docking poses provided by HDOCK for .the
complexes of pertechnetate with deoxyhemoglobin (A),
albumin (B) and transferrin (C)

Notably, the sites accommodating [TcO4]™ contain positively charged amino acid residues (ARGaog and ARGoc for
deoxyhemoglobin, ARGs4sa , ARGagsa and ARGugsa for albumin, LY Sy for transferrin) suggesting that electrostatic
interactions enhance the association of pertechnetate with proteins.

Table 1. Docking scores characterizing the binding affinities of pertechnetate for functional proteins and interface residues in the
protein - [TcO4]” complexes

Protein Docking score Interface residues
. TRP378 THR388 ARGa08 PHE418 ASPo9s ASN1028 TYR42c ARGo2c VALo3c
Deoxyhemoglobin -68.30 ASPosc
Albumin 5777 VAL3z44a ARG34sa GLU450a ASP4sia LEU4s3a SER4s4a LEUss7a LEU4s1a
VALiss2a ASNagza ARGagsa ARGassa PROuasea
Transferrin -59.49 TYRs5 TYR9s TYR9s GLN20s HSD207 SER208 GLU212 LY S296 SER298
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Next, to compare the stabilities of the examined complexes, we performed a series of 10 ns molecular dynamics
simulations. Shown in Fig. 2 are the snapshots of MD simulations taken at the time points 0 ns and 10 ns.

&

Deoxyhemoglobin, 10 ns

Transferrin, 0 ns Transferrin, 10 ns
E F
Figure 2. The snapshots of MD simutations of the complexes between pertechnetate and functional proteins

It appeared that within the time interval of MD simulation [TcO4]” remains attached to albumin and transferrin, but
dissociates from its complexes with deoxyhemoglobin, despite higher binding affinity to this protein compared to albumin
and transferrin. The subsequent analysis of MD data obtained for albumin and transferrin revealed that the [TcO4]™
complexes with these proteins retain its stability during the simulation time, as judged from insignificant changes of the
parameters such as RMSD, radius of gyration and total SASA (Fig. 3).
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Accordingly, VMD Timeline analysis showed that the secondary structure of interfacial residues remain virtually
unchanged during the simulation time in the complexes of pertechnetate with albumin and transferrin (Fig. 4).
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Figure 4. Time evolution of the protein secondary structure per residue provided by VMD Timeline plugin for albumin (A) and
transferrin (B).

It should be mentioned that MD results presented here are in accordance with our recent experimental study showing
that the binding capacity of albumin for pertechnetate is about two-fold higher than that of lysozyme and insulin [9].
Likewise, this work demonstrates the necessity of validating the docking data by subsequent MD simulation. According
to our docking results, the strongest binding of [TcO4]” was observed for deoxyhemoglobin, but the stability of this
complex was not confirmed by MD calculations, in contrast to albumin and transferrin.

CONCLUSIONS

In summary, the present study was undertaken to gain further insights into the structural details of interactions
between pertechnetate and three blood proteins, deoxyhemoglobin, albumin and transferrin using in silico approaches.
The molecular docking data suggest that [TcO4] displays binding preference for the cavities in protein structures, with
the binding affinity being higher for deoxyhemoglobin compared to albumin and transferrin. The presence of positively
charged amino acid residues in the binding sites points to the importance of ionic contacts for stabilization of the [TcO4]~
complexes with proteins. However, the molecular dynamics simulations evidenced that only the complexes of
pertechnetate with plasma proteins, albumin and transferrin, are stable and do not dissociate within the MD calculation
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time. The analysis of MD results in terms of the parameters such as RMSD, SASA, radius of gyration and secondary
structure per residue provided the arguments in favor of structural stability of pertechnetate complexes with albumin and
transferrin. These findings may have implications for the clinical use of pertechnetate and improvement of imaging
procedures.
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B3AEMOIISI HEPTEXHETATY 3 BIVIKAMMU: JOCJLIKEHHS IN SILICO
B. Tpycosal, I1. Ky3ueuos?, I. Sikumenxo?, I. Topoenxo'
Kageopa meduunoi ¢isuxu ma biomeduunux nanomexmonoziti, Xapkiecokuii nayionanbnuii ynicepcumem imeni B.H. Kapasina
m. Ceoboou 4, Xapxis, 61022, Yrpaina
’Kagheopa ghizuxu sopa ma sucoxux enepeiii imeni O.1. Axiezepa, Xapkiecokuti nayionanvruti ynisepcumem imeni B.H. Kapaszina
M. Ceoboou 4, Xapxis, 61022, Yxpaina

TexuHeuiit 99m — pamioHyKIIi, KU ITHPOKO 3aCTOCOBYETHCS B KITIHIUHIN MPAKTHLI 3aBASKU TAKHUM HOTO BIACTUBOCTSM, SIK KOPOTKHUit
Mepio]] HAMiBKUTTS, TOMMyCTUMHH DPIiBEHb ONMPOMIHCHHS Ta HU3bKAa TOKCHYHICTD, IIBUAKE Mi4€HHS, BUCOKUI CTYIiHb HAKOIMYECHHS B
oprasi-MinieHi Ta Hu3bKa BapTicTh [lpy HaliBumoMy cTyneni okuciaenns +VII Texnenii icuye y popmi neprexuerary ([TcO4]") sxuit
€ eekTHBHUM Bi3yaltizyrounM areHToM. OJHUM i3 BaKIMBUX JCTEPMiHAHTIB (hapMaKOKiHETHKH Ta 010J0CTYIMHOCTI IEPTEXHETATY €
MOXUJIMBICTH Horo acomiarii 3 Oinkamu kpoBi. Y maniif po6oti Oyno mposezneHe in silico HOCTiKEHHS KOMIUIEKCIB IEpTEXHETATy 3
TphOMa OLTKaMU KPOBi — IE30KCUTEMOTIIO0IHOM, alb0yMiHOM Ta TpaHc(hepuHOM. MeToIoM MOJICKY/ISIpHOTro AoKiHry Mix [TcOs]™ Ta
JOCIIKYBaHIMH OiJIKaMu OyJIM OTpHMaHi JOKAa3M JIOKANi3allil NepTeXHeTaTy B CTPYKTYPHHX HOPOXKHHHAX, IO MICTATh MO3UTUBHO
3apspKEeHI aMiHOKUCIIOTHI 3aJIMINKY, a HaliBHUINA adiHHICTH Oyna BUsBIEHA JUIS JIe30KCHTeMOoIIo0iHy. B Toit ke 9ac, MoneKysapHO-
JUHAMIYHI pO3paxyHKH II0Ka3aly, 10, Ha BIIMIHY BiJ] I€30KCHI€MOIIO0iHY, TIIbKU KOMIUIEKCH ITepPTeXHeTaTy 3 OLIKaMu I1J1a3MH KPOBI,
ab0yMiHOM Ta TpaHC(EpUHOM, 3aIMIIAIOTHECS CTAOLIEHUME Ta HE XapaKTepH3yeThCsl 3HAYYLIIMMH BapiallisiMH TaKUX HapaMeTpiB K
CepeHbOKBAAPATUYHE BiIXWIICHHS aTOMHHX IIO3MLIH, IUIOIIAa MOBEpPXHi, JOCTYIHAa PO3UYMHHHKY, pajiyc iHepuii Ta BTOpPHHHA
CTPYKTypa aMiHOKHCIOTHMUX 3anuiukiB. OTpuMaHi pe3ylbTaTd MOXYTb OyTH KOPHCHMMH [Uisi OUTbII [IHOOKOrO PO3yMiHHS
(hapMaKOKiHETHYHOI MTOBEIiHKH MEPTEXHETATy Ta MiABUIICHHS HOro e(eKTUBHOCTI K Bi3yali3yl0doro areHra.

KurouoBi cnoBa: mexneyiti 99m; nepmexunemam, 2emo2no0in; anvOymin; mpauncghepur, MoreKyiapuull OOKiHe, MONeKYIAPHA OUHAMIKA
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Filamentous protein aggregates, amyloid fibrils, currently attract considerable interest as a prospective nanomaterial for a variety of
biomedical and industrial applications. Among their advantages are biocompatibility, high stability and mechanical strength, self-
assembly capability, etc. The integration of other biopolymers such as polysaccharides into amyloid matrix enables creating novel
nanomaterials with improved mechanical characteristics and higher loading capacity for biologically active compounds. In the
present study we employed the molecular docking technique to ascertain the molecular details of the interactions between the
lysozyme amyloid fibrils and a series of polyphenolic compounds including curcumin, gallic acid, salicylic acid, quercetin,
resveratrol and sesamin, and to explore the effect of polysaccharide chitosan on such kind of interactions. It was shown that curcumin
in enol form has the highest binding affinity for fibrillar lysozyme, while the lowest affinity was observed for salicylic acid. The
binding sites for curcumin, gallic acid, quercetin, resveratrol and sesamin appear to occupy the groove on the wet fibril surface, while
salicylic acid binds to the dry surface of the fibril. The interfacial amino acid residues in the fibril complexes with polyphenols and
chitosan are identified. Chitosan was found to display the ability to interact with polyphenolic compounds within amyloid matrix,
resulting in the enhancement of polyphenol binding. The data obtained provide a basis for further designing and experimental testing
of the amyloid-chitosan nanocomposites loaded with polyphenols.

Keywords: Lysozyme amyloid fibrils; Chitosan; Polyphenols; Binding sites; Binding affinity; Molecular docking

PACS: 87.14.C++c, 87.16.Dg

The last decade has seen a paradigm shift in nanoscience with the growing accent on the use of proteins as
building blocks for a variety of functional nanomaterials [1]. Particular attention in this context is paid to filamentous
protein aggregates with a core cross-f sheet structure, amyloid fibrils that are featured by structural stability, unique
mechanical properties, sequence-controlled surface functionalities, biocompatibility, self-healing ability, etc. [2].
Amyloid-based nanomaterials have been designed for a variety of biomedical and industrial applications [3]. To
exemplify, amyloid fibrils with specific binding sites have been engineered for biosensing of disease biomarkers [5, 6]
and environmental pollutants [7]. The drug delivery applications of fibrillized proteins showed high efficiency of
encapsulation and controlled drug release [8]. Amyloid assemblies have been explored as biocompatible coatings for
implants and medical devices [9] and scaffolds for tissue engineering and regeneration [10]. Functionalized amyloid
fibrils appeared to be suitable for advanced energy storage due to their high conductivity and mechanical strength [11].
Likewise, optical properties of fibrillar aggregates doped with organic dyes or quantum dots enable their use for energy
transfer and light harvesting [4]. A promising approach to the development of amyloid nanomaterials involves
integration of protein fibrils with other biopolymers, particularly, polysaccharides [12]. Of these, the polymer of B-1,4-
D-glucosamine, chitosan, attracts a lot of interest due to a wide spectrum of favorable properties among which are
antimicrobial, immunomodulatory and antitumor activities, the abilities to enhance blood coagulation and promote
wound healing [13]. In the recent work of Tian and coauthors the double network hydrogels have been prepared from
the lysozyme amyloid fibrils and chitosan [14]. These composite hydrogels were found to have enhanced mechanical
strength depending on chitosan concentration and high loading capacity for a polyphenolic compound, gallic acid.
Another polyphenol, ferulic acid, was loaded into combined hydrogels from wheat gluten amyloid fibrils and
chitosan [15]. It was demonstrated that such double networks can be used for more efficient delivery of ferulic acid with
improvement of its bioavailability and bioaccessibility.

As the first step towards engineering the double hydrogels loaded by biologically active agents, the aim of the
present study was to gain molecular docking insights into the interactions between the lysozyme amyloid fibrils,
chitosan and a series of polyphenolic compounds including curcumin (enol and keto forms), gallic acid, salicylic acid,
quercetin, resveratrol and sesamin. Lysozyme is an enzyme hydrolyzing the cell wall of Gram-positive bacteria and
possessing anti-inflammatory, immunomodulatory and antiviral activities [16]. In the native state lysozyme is capable
of hydrolyzing the cell wall of only Gram-positive bacteria, while in the fibrillar state it acts on both Gram-positive and
Gram-negative bacteria, so that hydrogel matrix from lysozyme fibrils possesses additional functionality associated
with its antibacterial activity [17]. Since lysozyme is an endogenous antibiotic, this functionality is especially important
in the context of the problem of multidrug resistance. The biological activities of polyphenols are known to involve
antimicrobial, anticancer, antioxidative, anti-inflammatory and anticoagulant effects [18, 19].
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METHODS

The structures of the examined polyphenolic compounds were drawn in MarvinSketch software, v.18.10,
ChemAxon with subsequent geometry optimization in Avogadro 1.1.0 software using the Universal Force Field21. The
structure of amyloid fibrils from hen egg white lysozyme deciphered by combining atomic force microscopy, cryo-
electron microscopy and solid-state NMR was taken from the Protein Data Bank (PDB ID 8QV8) [20]. The structure of
chitosan (CS) 12-mer was obtained from a database of polysaccharide 3D structures (http://polysac3db.cermav.cnrs.fr),
protonated and optimized in Avogadro 1.1.0 software. The docking of polyphenols to amyloid fibrils was performed
with the web-based server HDOCK that uses hybrid algorithm of template-based modeling and free docking [21]. The
selected docking poses were visualized with the VMD software.

RESULTS AND DISCUSSION
Shown in Fig. 1 are the most energetically favorable complexes between the lysozyme amyloid fibrils and the
examined polyphenolic compounds. As can be seen, most polyphenols bind to the wet surface of the fibril, and only
salicylic acid associates with the dry surface.
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G

Sesamin

Figure 1. The best-score complexes of lysozyme fibrils with
polyphenols.

The comparison of the best score values (Table 1) showed that curcumin (enol) forms the strongest complexes
with the fibrils, with the binding affinities decreasing in the row: curcumin (enol) > quercetin > sesamin > curcumin
(keto) > resveratrol > gallic acid > salicylic acid.

Table 1. The best score values for the complexes of polyphenols with lysozyme amyloid fibrils and its composite with chitosan

Polyphenol Lysozyme fibrils Lysozyme fibrils + chitosan
-316.62 (0.966)
Curcumin enol -178.12 (0. 637)* -178.27 (0.638)
Curcumin keto -145.05 (0. 475) -159.73 (0.549)
Gallic acid -94.88 (0.249) -115.91 (0.336)
Salicylic acid -81.35(0.202) -95.93 (0.253)
Quercetin -159.61 (0.548) -169.16 (0.595)
Resveratrol -120.92 (0.359) -133.95 (0.420)
Sesamin -157.11 (0.536) -185.75 (0.671)

*Given in parentheses are the values of a confidence score for binding probability, with the values > 0.7 being considered as high
confidence, 0.5-0.7 as moderate, and < 0.5 as low probability.

Notably, all polyphenols bound to the wet fibril surface reside in the groove with the interface residues such as
tryptophan, cysteine and asparagine, while in the complexes of salicylic acid with the dry fibril surface the interface
residues are represented by lysine, threonine, serine and aspartic acid (Table 2).

Table 2. The interface residues in the complexes of polyphenols with lysozyme amyloid fibrils and its composite with chitosan

Polyphenol

Lysozyme fibrils

Lysozyme fibrils + chitosan

LYS33a ARGasa ASNssa THR47a SERsoa THRsia ASPsoa
LYS33c GLUssc ARGasc ASNssc THR47¢ SERsoc THRsic
ASPs>c LYS33e ARGase ASNsse THR47e SERsoe THRsie
ASPs;e LYS336 ARGsasc THR476 SERsoc THRsig ASPsag
LY S331 ARGast ASN4et THR471 SERs01 THR 511 ASPs21

Curcumin enol

TRPs3a ASNssa TRPs3c CY Seac
ASNssc TRPs3e CY Seae ASNese
TRPs36 CYSe46 ASNesG TRPs31

TRPs3a ASNssa TRPs3c CYSesc ASNesc TRPe3e CYSesr
ASNeseE TRPs36 CY Seac ASNesc TRPe31

Curcumin keto

TRPes3c CY Seac ASNesc TRPe3E
CYSe4e ASNsse GLY 266 TRPs3G
ASNesG

LYSs331 GLU3s1t ARGast SERsor THRs11 ASPs21 TYRs3r ASNosg
CS9CSi10 CS1i

TRPs3e CYSese ASNese TRPs3G
CY S64G ASNesG TRPs31 CY Sear ASNest

Gallic acid TRPs3a TRPs3c CYSeac ASNesc LYSs3e GLUsse ARGase ASPs;e LYSssc GLUssc ARGuasg
TRPs3e CY Sese ASNese TRPs3G ASPs>6 LY S331 GLU351 ARGast ASPs21 CS7CSs CSo
ASNesG

Salicylic acid LYS33e THR47e SERsoe THRs1E GLUsse LYS3i6 GLUssc ARGasc ASPsag LYSs3i GLUsst
ASPs2e LY S336 THR476 SER506 ARG451 ASPs21 CSs CS9 CSio
THRs16 ASPsag THRs11 ASPsar

Quercetin TRPs3c CYSeac ASNesc TRPe3E LYSsse PHEsse GLUse ARGase LYSs3c PHEssc GLUssc
CYSe4e ASNeseE TRPes36 CY Se4G ARGu4sc LYS331 PHE341 GLU3st ARGast CS7 CSs CSo CSio
ASNssG TRPes31 ASNissi CSi1

Resveratrol TRPes3c CY Seac ASNesc TRPe3E LYSs336 GLUssc ARGasg LY S331 GLU351 ARGast ASPs21 CSs
CYSe4e ASNesse TRPes36 CY Sesc CSy CS10 CS11
ASNesG TRPs31 ASNesi

Sesamin ASNssa TRPg3c CY Seac ASNesc LYSs3e PHEs4r GLUsse ARGase LYSssc PHEssc GLUssg

ARGas6 LY S331 GLU351 ARGast ASPs21 CS7CSs CSo CSio0 CSii
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The best score and confidence score values observed for the chitosan complexes with fibrillar lysozyme suggest
that this polysaccharide displays very high binding affinity for the lysozyme fibril (Table 1), accommodating within the
grooves on the dry fibril surface (Fig. 2, A). The interface residues forming contacts with chitosan include amino acids
with polar uncharged side chains (threonine, serine, asparagine, glutamine), positively charged (lysine, arginine), and
negatively charged (aspartic acid) amino acid residues (Table 2).
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Figure 2. The best-score complexes of lysozyme fibrils with chitosan and polyphenols.
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In the absence and presence of chitosan the binding site for curcumin enol remains the same, embracing TRP,
CYS and ASN (Table 2). However, the other polyphenols exhibit unexpected behavior — they are localized within the
same groove as chitosan and form contacts with both, fibril and polysaccharide (Fig. 2, C-H). Their binding motif
involves LYS, GLU and ARG, complemented by PHE for quercetin and sesamin (Table 2). Accordingly, while for
curcumin enol the binding affinity was not affected by chitosan, all other explored compounds showed marked increase
in the binding affinity compared to the corresponding systems without the polysaccharide (Table 1). The strength of
complexation between polyphenols and two-component binding matrix appeared to decrease in the order: sesamin >
curcumin enol >quercetin > curcumin keto > resveratrol > gallic acid > salicylic acid. It should also be noted that the
greatest enhancement of the binding affinity in the presence of chitosan was observed for gallic acid, salicylic acid and
sesamin. These findings suggest that integration of lysozyme amyloid fibrils with chitosan may result in the increase of
the extent of polyphenol loading and stimulate experimental efforts in this direction.

CONCLUSIONS

To summarize, the molecular docking of polyphenols representing different classes of these compounds to the
fibrillar lysozyme and its complexes with chitosan revealed that: (i) the binding affinity of polyphenols to the lysozyme
amyloid fibril decreases in the row: curcumin (enol) > quercetin = sesamin > curcumin (keto) > resveratrol > gallic acid
> salicylic acid; (ii) curcumin, gallic acid, quercetin, resveratrol and sesamin reside within the groove on the wet fibril
surface with the repeating binding motif tryptophan, cysteine, asparagine; (iii) salicylic acid is localized on the dry fibril
surface interacting with lysine, threonine, serine and aspartic acid; (iv) chitosan forms strong complexes with fibrillar
lysozyme, and resides parallel to the fibril axis interacting with lysine, arginine, threonine, serine, asparagine, glutamine
and aspartic acid; v) in the presence of chitosan the binding affinity of polyphenols markedly increases, with the
magnitude of this effect being greatest for gallic acid, salicylic acid and sesamin; vi) in the double system fibrillar
lysozyme + chitosan the examined polyphenolic compounds are capable of forming contacts with both amino acid
residues and chitosan subunits. These findings can be regarded as a starting point for further development of the
composite bionanomaterials for biomedical applications based on fibrillar lysozyme and chitosan.
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JOCIJKEHHA AMUIOI — TTIOJICAXAPAIHUX KOMITO3ATIB METOJIOM MOJEKYJIAPHOI'O TOKIHTY:
1. B3AEMOJIA 3 TOJIIPEHOJTAMA
Banepis Tpycosa, Yiaana Manosuus, Oubra XKuruskisceka, I'amuna I'opGenko
Kagheopa meouunoi ¢hizuxu ma 6iomeduunux nanomexnonoziv, Xapxiscokuil Hayionanohuil yHisepcumem imeni B.H. Kapasina
M. Ceo600u 4, Xapxis, 61022, Vkpaina

dinamenTHi OiNKOBI arperatd, aminoigHi (GiOpwiM, Hapa3i BUKIMKAIOTH 3HAYHUII iHTEpEC SK MEPCICKTUBHI HaHOMAaTepiaau Ajs
pi3HOMaHITHHX OiOMEIMYHUX Ta MPOMHUCIOBHX 3acTocyBaHb. Cepes iXHIX mepeBar Taki BIACTHBOCTI SK 0iOCYMiCHICTh, BHCOKa
CTaOUIPHICTP Ta MeEXaHiYHa CTIMKICTh, 3OAaTHICTH A0 caMoopradizamii Tomo. I[HTerpamis iHmmMx OGiomoiMepiB, 30KpeMma,
MoJTicaxapy/IiB B aMiUJIOITHAN MaTPUKC JO3BOJISIE CTBOPUTH HOBI HAHOMATEpiald 3 MOKPAIICHIMH MEXaHIYHIMHU XapaKTePHCTHKAMU
Ta BHUINOI0 3JaTHICTIO [0 HaBaHTAXEHHs OIONOriYHO aKTHBHUMH peYOBHMHAMH. B rnaHiii poOOTi MH 3acTOCyBalM METO[
MOJIEKYJISIPHOTO JIOKIHTY AJIS 3°sICyBaHHS MOJEKYJSIDHHX JAeTaneil B3aeMofii MK amimoimHuMu (iOpmiamu JIi300UMY Ta Cepieio
NoMi)eHOIBHUX CIIONYK BKIIOYAIOYM KYPKyMiH, TajloBy KHCJIOTY, CaJiIMIOBY KHCIJIOTY, KBEPLETHH, PECBEpPaTpOJ i cecaMiH, Ta
JOCIIITUTH BIUIMB TOJicaxapyuIy XiTo3aHy Ha B3a€MOJii Takoro Tuiy. Byio rmokasaHo, o KypKkyMiH B €HOJIBHIH (OpMi Maec HalBHILY
CHOPIAHEHICTh [0 (GiOPUIIPHOro JIi30LKMY, TOAI K HailHW)KYa CIIOpiIHEHICTh Oyja BHsBICHA ISl CANiLMIOBOI KuciotH. Caittu
3B’S3yBaHHS JUIi KypKyMiHy, IajoBOi KHCIOTH, KBEpPLETHHY, PECBEpaTpoily Ta cecaMiHy pO3TAIIOBYIOTbCS B OOpO3eHIi Ha
30BHIIIHIA MOBepXHi HiOpHIK JTi301MMYy, a CaTIIHIOBA KICIOTA 3B’ SI3YETHCS 3 BHYTPIIIHBOIO MOBEepXHEr0 QiOpmn. IneHtudikosani
AMIHOKHUCIIOTHI 3aJIMIIKH, IO JIOKANi3yIOThCS Ha KOHTaKTHIM AUISMHII B KOMIUIeKcax (iOpmia 3 momideHosaMu Ta XiTO3aHOM.
BcranoBneno, mo XiTo3aH 34aTHA 0 B3aeMOIT 3 MOTi()EeHOIBHUMH CIIOTyKaMHU BCEPEIMHI aMUIOIJHOT0 MaTPHKCY, IO IIPU3BOJUTH
JI0 TIOCWJICHHSI 3B’s13yBaHHs nojtideHouiB. OTpHMaHi AaHi CTBOPIOIOTH MIATPYHTS [UIS MOJAJIBIIOrO AU3aiHy Ta eKCIEPHMEHTAIBHOTO
TECTYBaHHS aMJIOiA-XiTO3aHOBUX HAHOKOMITO3HTIB HaBaHTA)KEHUX IOJIi(hEHOTAMH.

KiwuoBi cioBa: aminoioni ¢ibpunu nizoyumy, Xximosau, NoAiQeHonu, caumu 36 ’s13y8anHs; CNOPIOHEHICMb 38 S3V6AHHS,
MONEKYAPHULL OOKiHe
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This study investigates the influence of barium (Ba) doping on the structural and optical properties of nickel oxide (NiO) thin films
synthesized via spray pyrolysis . NiO films with Ba concentrations of 0%, 2%, 4%, 6%, and 8% were analyzed using XRD, FT-IR,
and UV-Vis spectroscopy. XRD results confirmed the formation of cubic NiO with a preferred (111) orientation. Increasing Ba
content led to a reduction in peak intensities and the introduction of lattice strain, indicating the insertion of Ba** ions into the NiO
lattice. Optical measurements showed high transparency of the films in the visible region, while the direct band gap decreased from
3.55eV to 3.13 eV as the Ba concentration increased. These findings highlight the potential applicability of Ba-doped NiO in various
optoelectronic devices.

Keywords: Thin films; NiO; Spray pyrolysis; FT-IR; XRD

PACS: 68.55.-a, 81.15.-z

1. INTRODUCTION

In recent years, thin films have attracted significant attention due to their wide-ranging applications in electronics,
optoelectronics, and energy storage systems [1, 2, 3, 4]. Among the various materials employed in these technologies,
transparent conducting oxides (TCOs) have shown remarkable promise, as they uniquely combine electrical conductivity
with optical transparency an essential requirement for modern devices [3].

Nickel oxide (NiO) is a particularly attractive p-type TCO owing to its abundance, low cost, and favorable physical
properties [1, 2]. It crystallizes in a face-centered cubic (NaCl-type) structure and possesses a relatively wide band
gap, typically ranging from 3.25 to 4.00 eV. NiO exhibits high chemical stability, strong adhesion to substrates, and
good transparency across the visible spectrum [4, 5]. These characteristics make it suitable for a variety of applications,
including antiferromagnetic components [5], p-type transparent layers [6, 7], display technologies [8], photovoltaic devices
[9], and gas sensors [10].

Numerous deposition techniques have been employed to produce NiO thin films, notably sol-gel processing [11],
PECVD , PLD [12, 13], and magnetron sputtering [14, 15]. Among these, spray pyrolysis stands out as a cost-effective
and versatile technique. It offers simplicity, compatibility with large-area deposition, and does not require high-vacuum
equipment [16, 17]. Films fabricated by spray pyrolysis generally exhibit good uniformity and strong adhesion to glass
substrates, making this approach attractive for large-scale industrial applications.

Doping is a widely used strategy for tailoring the structural, optical, and electrical characteristics of NiO thin
films. Previous studies have shown that dopants such as Fe can significantly enhance performance by inducing lattice
modifications or generating new energy levels [18]. In this context, barium (Ba) is an interesting dopant candidate due to
its large ionic radius, which can influence the NiO lattice and potentially modulate its optoelectronic behavior.

The aim of the present study is to investigate the influence of barium doping on the structural and optical properties
of NiO thin films prepared via spray pyrolysis. By varying the Ba concentration, we examine how this modification affects
crystallinity, band gap energy, defect states, and optical constants. The results presented here are expected to contribute to
the development of NiO-based materials for advanced optoelectronic applications.

2. METHODS AND MATERIALS
2.1. Thin Film Preparation

Nickel oxide (NiO) thin films were synthesized using the spray pyrolysis technique with varying concentrations of
barium (Ba) as a dopant. The Ba doping levels examined were 0, 2, 4, 6, and 8 at.% relative to Ni.

The precursor solutions were prepared by dissolving nickel nitrate hexahydrate Ni(NO3), - 6H,O and barium nitrate
Ba(NOs3),, each at a concentration of 0.2 M, in distilled water. For the doped samples, the Ba nitrate solution was mixed
with the nickel nitrate solution in volumetric ratios corresponding to the desired Ba atomic percentages (at.%). Since
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both precursor solutions were prepared at the same molar concentration (0.2 M), the Ba atomic percentage is directly
determined from the volumetric mixing ratio and calculated as

VBa
— x 100 1
- - x (1)

Ba(at.%) =
Ba t VNt

where Vg, and Vy; denote the volumes of Ba and Ni precursor solutions, respectively. The resulting solutions were
continuously stirred and heated to 60°C to ensure complete homogenization.

Clean glass substrates were used for film deposition. The substrates were first cleaned with ethanol, followed by
rinsing with deionized water to remove surface contaminants. Deposition was performed using a spray nozzle positioned
30+ 1 cm above the substrate surface. Using a thermocouple and a digital temperature controller, the substrate temperature
was maintained at 500 + 10°C. The precursor solution was sprayed at a controlled flow rate of 2 mL/min.

During spray pyrolysis, thermal decomposition of the metal nitrates resulted in the formation of NiO films on the
glass substrates according to the reaction [19]:

2Ni(NO3), + 6 H,0 — 2NiO + 4NO, T +0, T +6H,0 1.

2.2. Characterization Methods

The structural characteristics of the deposited films were investigated using X-ray diffraction (XRD) with a benchtop
powder diffractometer (Proto Manufacturing AXRD) employing Cu Ko radiation (1 = 1.54184 A) at 30 kV and 30 mA.

To study the optical properties, including transmittance and band gap energy, UV-Vis spectrophotometry was
performed using a Shimadzu 3101 PC spectrometer covering a broad wavelength range from 200 to 1100 nm.

Fourier-transform infrared spectroscopy (FTIR) was carried out using a Shimadzu IR-Infinity 1 spectrometer in the
range of 400-2000 cm™! to analyze the vibrational modes and confirm the chemical bonding within the films.

The thickness ¢ of the deposited thin films was determined using optical methods based on transmittance data, with
the results summarized in Table 2.

3. RESULTS AND DISCUSSION
3.1. Structural Properties

3.1.1. X-Ray Measurement. The XRD patterns of both undoped and Ba-doped NiO thin films are presented in
Figure 1. Prominent diffraction peaks appear at 26 ~ 37.3°, 43.2°, and 62.8°, corresponding to the (111), (200), and
(220) planes of cubic NiO respectively,These are in good agreement with the ICDD PDF Card No. 47-1049, confirming
the formation of a face-centered cubic (Fm-3m) phase with a (111) preferred orientation. In the 4% Ba-doped sample,
an additional weak diffraction peak appears at 26 ~ 59.14°, which does not correspond to any characteristic reflection
of cubic NiO. This peak is therefore attributed to the formation of a secondary Ba-containing phase, likely arising from
excess Ba incorporation during film growth. With increasing Ba concentration, the intensity of the NiO diffraction peaks
decreases, indicating increased lattice distortion and a reduction in long-range crystalline order [20]. A slight shift of the
(111) peak position toward lower 26 angles is observed with Ba incorporation, reflecting changes in the lattice parameters
due to dopant-induced strain [21].

3.1.2. Crystallite Size and Structural Parameters. Using Bragg’s law and the Scherrer formula [22], the lattice
parameter and crystallite size were calculated and are summarized in Table 1. The variation of crystallite size (D) and
lattice parameter (a) as a function of Ba concentration is illustrated in Figure 2. At low Ba content (2 at.%), the crystallite
size increases, indicating an initial improvement in grain growth. A sharp reduction in crystallite size is observed at 4 at.%
Ba doping, which is attributed to increased lattice distortion and the onset of a secondary Ba-containing phase. With
further increase in Ba concentration (6 and 8 at.%), the crystallite size remains relatively reduced, reflecting enhanced
defect formation and dopant-induced strain. The lattice parameter shows a non-monotonic variation with Ba content,
confirming that Ba incorporation significantly affects the crystal structure of NiO thin films. These results demonstrate
that excessive Ba doping degrades the structural quality of NiO films.

The non-monotonic evolution of crystallite size can be explained by the significant ionic radius mismatch between
Ba* (135 pm) and Ni** (69 pm) ions. At low Ba concentration (2 at.%), partial substitution of Ni2* by Ba>* may introduce
moderate lattice distortion that enhances atomic diffusion during film growth, promoting grain coalescence and increasing
crystallite size [23]. With further increase in Ba content, the large ionic size of Ba?* generates substantial lattice strain
and defect formation within the NiO matrix. When the Ba concentration approaches approximately 4 at.%, the solubility
limit of Ba in NiO is likely reached, leading to dopant segregation at grain boundaries and the appearance of a secondary
Ba-containing phase [24]. This segregation restricts grain growth and results in crystallite size reduction. Therefore, the
structural behavior reflects a competition between diffusion-assisted grain growth at low doping levels and strain-induced
grain refinement at higher Ba concentrations.
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Table 1. Structural parameters of undoped and Ba-doped NiO thin films, including diffraction angle (26), interplanar
spacing (dpx1), lattice constant (a), crystallite size (D), dislocation density (d), and microstrain (g).

Sample 260 dnil (hkl) a FWHM D 1) Microstrain
(deg) | (A) (A) (deg) | (nm) | (10" line/m?) (&)
NiO 37.249 - (111) - - - - -
(ICDD PDF | 43.276 - (200) 4.177 - - - -
No. 47-1049) | 62.879 - (220) - - - - -
37.377 | 2.404 (111)
Ba:NiO 0% | 43.434 | 2.083 (200) 4.164 | 0.3306 | 25.36 1.54 0.00427
63.113 | 1.473 (220)
37.339 | 2.407 (111)
Ba:NiO 2% | 43.335 | 2.088 (200) 4.168 | 0.2204 | 38.18 0.683 0.00285
64.387 | 1.275 (220)
Ba:NiO 4% | 38.684 | 2.329 (111) 4.032 | 1.2210 | 691 20.9 0.0152
59.142 - Secondary phase - - - - -
37.317 | 2.409 (111)
Ba:NiO 6 % | 43.291 | 2.111 (200) 4173 | 09742 | 8.65 13.4 0.0130
62.817 | 0.042 (220)
38.027 | 2.368 (111)
Ba:NiO 8% | 44.057 | 2.055 (200) 4,102 | 0.8502 | 9.92 10.2 0.0110
63.499 | 1.465 (220)

3.2. FTIR Spectroscopy

Figure 3 displays the Fourier-transform infrared (FTIR) spectra obtained from both undoped and Ba-doped NiO
thin films in the range of 400-2000 cm™!. A prominent absorption band between 414-449 cm™! corresponds to Ni-O
stretching vibrations, confirming the presence of NiO. An additional band near 755-760 cm™! is attributed to general
metal-oxygen (M-O) bending vibrations [25].

These spectral features validate the formation of NiO and suggest that Ba doping does not fundamentally alter the
Ni—O bonding environment, although minor shifts may indicate subtle structural perturbations.
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Figure 3. FTIR spectra of undoped and Ba-doped NiO thin films.

3.3. Optical Properties

3.3.1. Transmittance and Absorption. Figure 4 presents the transmittance spectra for all samples across the
wavelength range of 300-900 nm. The undoped and lightly doped films (2% and 4%) exhibit transmittance values
exceeding 60%, indicating high transparency. In contrast, films with higher Ba concentrations (6% and 8%) show reduced
transparency, attributed to increased light absorption arising from dopant-induced defect states located near the conduction
band edge.
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The absorption coefficient @ was determined from the optical data of the thin films, taking into account both
absorbance and film thickness. As illustrated in Figure 5, the absorption coefficient @ increases progressively with rising
Ba doping levels. This behavior indicates that the incorporation of barium enhances the films light absorption, which can
be associated with modifications in the electronic band structure. The observed trend reflects the formation of additional
energy levels or localized states within the material as Ba content increases, thereby facilitating greater photon absorption
and effectively altering the optical response of the NiO thin films.

3.3.2. Energy of the Band Gap. The optical band gap E, was estimated using the Tauc relation:
(ahv)" = A(hv — Ey), )

where « is the absorption coefficient, v is the photon energy, A is a proportionality constant related to the transition
probability, E, is the optical band gap energy, and n depends on the nature of the electronic transition. For direct allowed
transitions, n = 2 was used. Assuming a direct allowed transition for NiO, the band gap values were determined by
extrapolating the linear region of the v plots to the energy axis, as shown in Figure 6. The band gap decreases from
3.55 eV (undoped) to 3.13 eV for the 8% Ba-doped film, indicating the formation of defect-related localized states and
band tailing. This redshift in the absorption edge is a typical consequence of dopant-induced structural disorder.
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Figure 6. Tauc plots for band gap energy determination.

3.3.3. Urbach Energy (Ey). The Urbach energy Ey, which quantifies the extent of the tail of localized states in the
band gap, was determined from the slope of the linear region in the In(«) versus photon energy Av plot.
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As shown in Figure 7 and Table 2, Ey increases with Ba doping (except at 6%), indicating that structural disorder
and defect density become more pronounced at higher dopant concentrations. An inverse correlation is observed between
E, and Ey, consistent with typical behavior in disordered semiconductor systems.

Ln(a(em™))

T
1.5 2.0 2.5 3.0 3.5
hw(ev)

Figure 7. Urbach plots of NiO:Ba thin films.

Table 2. Values of thickness #, optical band gap energy E,,and Urbach energy Ey; of the undoped and Ba-doped NiO thin
films

t(nm) | Eg(eV) | Ey(eV)
Pure NiO:Ba | 150.85 3.55 0.235
NiO:Ba(2%) | 155.81 3.54 0414
NiO:Ba(4%) | 117.34 3.49 0.442
NiO:Ba(6%) | 246.81 3.42 0.341
NiO:Ba(8%) | 805.81 3.13 0.413

3.3.4. Extinction Coefficient and Refractive Index. The extinction coefficient k was determined from the absorp-
tion coefficient @ and the wavelength A as outlined in [26]. As shown in Figure 8, k increases with Ba doping, reflecting
enhanced optical absorption.

Similarly, the refractive index n was calculated based on the reflectance R and the extinction coefficient, following
the method described in [26]. Figure 9 shows that the refractive index n increases at lower photon energies and sharply
decreases beyond approximately 3.4 eV, likely due to interband electronic transitions. The 8% Ba-doped sample exhibits
anomalous behavior, which may be attributed to excessive defect formation.

3.3.5. Dielectric Function. The real (¢,) and imaginary (g;) parts of the dielectric constant were calculated using
the following relations [26]:

g = n* — k2 3)

&g =2nk “4)

Figure 10 and Figure 11 illustrate the variation of the real (¢,) and imaginary (g;) parts of the dielectric constant as a
function of photon energy (hv) for different Ba concentrations. For lower doping levels (2% and 4%), both components
generally increase with photon energy and Ba content. However, at the highest doping concentration (8%), both &, and
g; exhibit a significant decrease, particularly in the high-energy region above 2.5 eV. Throughout most of the measured
range, the real part €, remains larger than the imaginary part &;, suggesting that light propagation is the dominant process
compared to energy loss in these films. These results indicate that Ba doping effectively modifies the dielectric response,
though the trend non-linearly depends on the Ba concentration.
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Figure 8. Effect of doping on extinction coefficient (k).

Figure 9. Effect of doping on refractive index (n).
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4. CONCLUSIONS

NiO thin films, both undoped and Ba-doped, were successfully synthesized by the spray pyrolysis technique. X-ray
diffraction analysis confirmed the formation of a single-phase cubic NiO structure with space group Fm3m, characterized
by dominant reflections along the (111), (200), and (220) planes. All films exhibited a preferred orientation along the
(111) direction. The incorporation of Ba significantly influenced the structural properties of NiO, as evidenced by changes
in peak intensities, lattice parameters, and crystallite size.

A detailed structural analysis revealed that low Ba doping slightly improves crystallinity, whereas higher Ba con-
centrations induce lattice distortion and structural disorder. The crystallite size shows a non-monotonic dependence on
Ba content, increasing at low doping levels and decreasing markedly at higher concentrations due to enhanced strain and
defect formation. In the 4% Ba-doped sample, the appearance of an additional weak diffraction peak was attributed to
a secondary Ba-containing phase, indicating the solubility limit of Ba in the NiO lattice under the present deposition
conditions. These results demonstrate that excessive Ba incorporation deteriorates the structural order of the films.

FTIR measurements confirmed the formation of Ni—O bonds in all samples, indicating successful oxide formation.
Optical transmittance spectra in the 300900 nm range revealed high transparency for all films, with a maximum trans-
mittance of approximately 88% observed for the 4% Ba-doped sample. The optical band gap exhibited a gradual redshift
with increasing Ba concentration, which is attributed to the introduction of defect-related localized states and increased
structural disorder.

Furthermore, key optical constants, including the absorption coeflicient, extinction coefficient, refractive index, and
dielectric functions, were systematically evaluated and found to be strongly dependent on Ba doping. These variations
further confirm the role of Ba incorporation in modifying the optical response of NiO thin films.

Overall, this study demonstrates that Ba doping provides an effective approach to systematically modulate the
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structural and optical properties of NiO thin films. While moderate Ba incorporation can enhance certain optical
characteristics, excessive doping leads to structural degradation. These findings highlight the potential of Ba-doped NiO
thin films for optoelectronic applications such as transparent electrodes, photovoltaics, and gas sensors. Future work will
focus on electrical and optoelectrical characterization to further assess their suitability for device applications.
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Multilayer nitride coatings are widely used to improve the mechanical performance and durability of engineering components subjected
to severe tribological loading. In the present work, the adhesion behaviour and failure mechanisms of nanolayered TiIMoN/NbN
multilayer coatings deposited by cathodic arc PVD were investigated as a function of nitrogen working pressure. Two coatings were
synthesized at nitrogen pressures of 0.52 Pa and 0.13 Pa under otherwise identical deposition conditions. Microscopy analysis revealed
that both coatings exhibit a well-defined nanolayered architecture consisting of alternating TiMoN and NbN layers with a modulation
period of approximately 85 nm and a total thickness of about 9.5 um. The decreasing of nitrogen pressure results in a higher density of
macroparticles due to the longer mean free path of cathodic arc plasma species. Scratch adhesion tests performed under progressive
loading conditions allowed identification of two characteristic failure events corresponding to buckling crack initiation and buckling
spallation. The multilayer coating deposited at 0.13 Pa demonstrated slightly improved resistance to crack initiation (5.41 N) compared
with the multilayer coating deposited at 0.52 Pa (4.72 N). However, both coatings exhibited similar values of the second critical load
(12.4-12.5 N). The multilayer coating deposited at higher nitrogen pressure mainly undergoes adhesive failure with extensive substrate
exposure. In contrast, the multilayer coating deposited at lower nitrogen pressure exhibits predominantly cohesive damage within the
multilayer structure. The obtained results demonstrate that nitrogen pressure during cathodic arc deposition significantly affects the
microstructure evolution and the mechanisms of adhesion failure in TiIMoN/NbN multilayer coatings. The study provides insight into
the optimization of deposition parameters for improving the mechanical reliability of multilayer nitride coatings.

Keywords: PVD; Nitrides, Multilayer coatings; TiMoN; Microstructure; Composition, Adhesion

PACS: 68.55.Jk, 68.65.Ac

1. INTRODUCTION

The adhesion strength of protective coatings is a crucial parameter that determines their actual performance. It is
specifically the coating's ability to maintain a strong bond with the substrate under mechanical, thermal, and chemical
stresses that influences the service life of a tool or component. For nitride PVD coatings (such as TiN, NbN, MoN, as
well as CrN, ZrN, and others), adhesion is affected not only by the natural chemical affinity between the metal or nitride
and the substrate but also by several factors: the energy of ion bombardment on the substrate, the level and type of residual
stresses, the presence of transition layers (like Ti, TiN, Nb-enriched interlayers), and the hardness-to-elastic modulus ratio
(H/E, H3/E?), which impacts resistance to crack initiation and propagation.

For example, for the MoN/TiN system it has been shown that a multilayer architecture with a Ti sublayer and a
graded transition TiN layer allows the formation of a dense, fine-grained structure with high H/E and H3/E? ratios, which
directly correlates with increased adhesion strength in the Rockwell determine their actual performance: it is precisely
the coating's abilitytest compared with monolayer TiN and MoN coatings [1]. For NbN coatings on austenitic steel AISI
316L it has been shown that reactive magnetron sputtering followed by controlled oxidation forms a multiphase
NbN/Nb20S5 structure with increased microhardness and corrosion resistance; at the same time, cross-sectional polishing
and indentation tests demonstrate preservation of the integrity of the “coating—steel” interface, that is, adhesion remains
sufficient even after heat treatment [2]. Similarly, in the NbN/Ti system, it has been found that optimization of the N>
flow rate during magnetron sputtering allows control of the stoichiometry and texture of NbN, which leads to increased
conductivity and corrosion resistance of Ti bipolar plates without degradation of their mechanical integrity, that is, due to
the formation of a dense, well-adhered interface [3].

The combination of these results shows that even for simple binary nitrides such as TiN, NbN, and MoN, achieving
high adhesion is not a trivial task of interface engineering rather than merely the selection of the correct chemical system.

Against this background, interest is growing in alloyed and ternary nitrides based on Ti, Nb, and Mo, which combine
high hardness and thermal stability with improved adaptation to substrate deformation. For TiNbN coatings deposited by
cathodic arc evaporation on D2 tool steel, Gonzalez-Carmona et al. showed that varying the substrate temperature during
deposition leads to the evolution of the FCC phase structure, changes in the lattice parameter, and changes in crystallite
shape, which in turn significantly affect adhesion [4]. According to nanoindentation and scratch test data, the optimal
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temperature range ensures not only maximum hardness, but also increased H/E and H3/E? ratios, as well as higher critical
failure loads Lc; at the same time, the damage mode changes from purely adhesive delamination to mixed cohesive—
adhesive failure, which indicates strengthening of the interface.

For NDN layers used as adhesion interlayers or components of multilayer structures, it has been shown that their
dense, fine-crystalline structure and ability to form oxide barrier phases (Nb,Os) additionally stabilize the “coating—metal”
contact under corrosion and cyclic loading [2,5]. Another important example is the MoN/TiN multilayer, where the
alternating layers based on Mo and Ti allow reduction of stress concentration at the interface, improvement of crack
resistance, and provide somewhat higher adhesion compared with monolayer analogues; in this case, the Mo phase
additionally contributes to lowering the friction coefficient due to the formation of lubricating MoOs oxides [1].

Particular attention in recent years has been devoted to TiMoN coatings, where molybdenum is introduced as an
alloying element into the TiN matrix. In the work of Van Meter et al. on TiMoN films deposited by PEALD on different
substrates, it was shown that wear resistance and adhesion behavior are closely related to interface engineering: control
of the thickness and composition of the oxide layer at the “coating—substrate” interface makes it possible to significantly
reduce the wear rate and avoid premature delamination [6]. In combination with the TiNbN results, this indicates that
alloying TiN with Nb or Mo atoms and constructing multilayer systems based on Ti—-Mo—Nb not only modifies the
strengthening mechanism (solid-solution, dislocation, interfacial), but also allows deliberate control of adhesion through
optimization of residual stresses, texture, and the gradient of properties from the substrate to the surface. That is why in
further work it is logical to focus on Ti-Mo—NbN systems, where each of the elements has already demonstrated the
ability to improve adhesion both in binary (TiN, NbN, MoN) and ternary (TiNbN, TiMoN) coatings, and their combination
in multilayer architectures provides the potential for further enhancement of adhesion strength without loss of hardness
and wear resistance.

Multilayer nitride coatings are considered as the next step compared with simple binary and ternary systems, since
the periodic alternation of layers with different mechanical and chemical properties makes it possible to simultaneously
increase hardness, crack resistance, and adhesion strength to the substrate due to stress redistribution and blocking of
crack propagation at numerous interfaces [7,11]. In particular, for the nano-multilayer (TiN/ZrN), deposited by PVD
methods, it has been shown that a decrease in the bilayer thickness leads to significant grain refinement, an increase in
microhardness, and the formation of wear tracks that are more resistant to wear and delamination; at the same time, in the
work of Gonzalez-Carmona et al. it was emphasized that the multilayer architecture of TiN/ZrN provides higher resistance
to local coating degradation compared with monolithic TiN and ZrN, which is directly related to the effective damping of
stresses at the interlayer boundaries [7].

A similar approach has been implemented for WN-based multilayer systems WN/MeN (Me = Zr, Cr, Mo, Nb), where
the introduction of a second nitride layer made it possible to form a nanocomposite structure with high hardness (more
than 30 GPa), low specific wear, and stable performance under sliding friction; the authors showed that optimization of
the thickness and sequence of WN/MeN layers makes it possible to maintain high load-bearing capacity and prevent
premature spallation even under increased contact loads, which indicates the realization of so-called “architectural
strengthening” also under adhesion-loaded conditions [8].

Particular attention is attracted by systems based on TiN and NbN, which are close in composition to our Ti-Mo—
Nb-containing coatings: Sugumaran et al. demonstrated that a nanoscale TiN/NbN multilayer deposited using HIPIMS-
UBM on a CoCrMo alloy forms an extremely dense structure free of intercolumnar pores with a hardness of ~28 GPa, a
low coefficient of friction, and high critical loads in the scratch test, which the authors associate with the combination of
intensive ion pre-treatment of the substrate and the superlattice structure of the coating [9]. Further analysis of TiN/NbN
superlattices showed that under localized loading individual nanolayers can collectively rearrange without destruction of
the integrity of the film; at the same time, focused ion beam cross-sections demonstrated very strong adhesion of the
coating to the CoCrMo substrate, which the authors interpret as a consequence of the controlled formation of a graded
transition layer and a high density of defects at the “substrate/first layer” interface [10].

Thus, modern studies of multilayer nitride systems — from (TiN/ZrN), to WN/MeN and TiN/NbN — consistently
indicate that the rational selection of pairs of transition metal nitrides (in particular based on Ti, Mo, Nb), control of the
bilayer thickness, and the energy of the ion flux during deposition make it possible not only to increase hardness and wear
resistance but also to ensure high adhesion characteristics that are critical for the long-term operation of protective
coatings in contact-loaded components [7—11].

The evolution of multilayer nitride systems is not limited only to the combination of binary compounds; in recent years,
considerable attention has been paid to architectures that combine binary and ternary nitrides, allowing even more flexible
control of the mechanical and adhesive properties of coatings. For example, in multilayer systems of the type (TiZr)N/NbN,
it has been established that the introduction of NbN layers into the structure of ternary TiZrN leads to the formation of a
denser microstructure with increased crack resistance, and the critical loads Lc during scratch testing increase due to the
optimal distribution of residual stresses between the layers [12]. Similarly, in TiSiN/CrN multilayers, it has been shown that
the presence of Si in the upper layers forms amorphized barrier zones and reduces the probability of brittle cracking, while
CrN provides a high load-bearing capacity of the interface; as a result, the system demonstrates increased adhesion strength
and delayed initiation of delamination in the contact zone [13]. In addition, in works devoted to TiCrN/NbN and TiCrN/MoN
multilayers, it has been established that the combination of hard and thermally stable TiCrN with more plastic NbN or oxide-
forming MoN allows reduction of the concentration of local stresses and increases resistance to microcrack formation, which
directly correlates with adhesion strength under conditions of increasing load [14].



542
EEJP. 1 (2026) O.V. Maksakova, et al.

A comprehensive analysis of the available literature data shows that although multilayer coatings combining binary
and ternary nitrides demonstrate significant advantages over classical systems, the TiMoN/NbN combination remains
practically unexplored, specifically in terms of adhesive properties. In the available sources, there are no systematic studies
on the influence of technological parameters on the critical loads of delamination, failure mechanisms, and adhesive behavior
of such multilayers. Therefore, the aim of this work is the experimental investigation of the adhesion characteristics of the
multilayer TIMoN/NDbN coating, focused on the influence of the working pressure during cathodic arc deposition (0.52 Pa
and 0.13 Pa) on the formation of the interface and the failure patterns under localized mechanical loading.

2. EXPERIMENTAL DETAILS
2.1. Deposition

Multilayer TiMoN/NDbN coatings were deposited by the cathodic arc evaporation method (CAE-PVD) using two
cathodes: a Ti-Mo alloy with a ratio of 80:20 and high-purity niobium (Nb). The deposition was carried out in a vertical-type
vacuum chamber equipped with a reactive gas flow control system and automatic switching of the arc between the cathodes.
Before coating deposition, AISI 304 steel substrates underwent standard preparation: ultrasonic cleaning in an organic solvent,
followed by Ar* ion etching at a high negative bias to remove oxide films and improve adhesion of the initial layer.

The coatings were formed as a multilayer structure by alternating evaporation of the Ti-Mo and Nb cathodes. The
arc current was 110 A for the TiMo cathode and 90 A for the Nb cathode. High-purity nitrogen was used as the working
reactive gas, and the pressure in the chamber during deposition was varied between two regimes: 0.52 Pa and 0.13 Pa,
which made it possible to obtain two types of samples: 1-TiMoN/NbN and 2-TiMoN/NbN, respectively. The substrate
bias voltage during deposition was —200 V, which ensured increased kinetic energy of ions and the formation of a dense
structure of the nitride layers. The process duration was 90 min, resulting in a total coating thickness of 10—11 um.

The number of formed layers was approximately 270, which corresponds to a superlattice regime with a period of
several tens of nanometers. The process parameters and synthesis conditions of the investigated coatings are presented in
Table 1 for convenience of comparison.

Table 1. Deposition parameters of the multilayer TiMoN/NbN coatings

. . Arc current . Nitrogen pressure, Deposition time, .
Coating definition Ti-Mo/Nb, A Substrate bias, V Pa min Thickness, pm
1-TiMoN/NbN 0.52
> TiMoN/NBN 110/90 -200 013 90 9.5

2.2. Characterization

The surface and cross-sectional microstructure at multiple magnifications, as well as the morphology of the surfaces
after scratch testing, were characterized using a field-emission scanning electron microscope, FEI Nova NanoSEM 450.
The acquired images were used to assess the surface morphology, the distribution of macroparticles, the growth
characteristics, the multilayer architecture, and to determine the thickness and uniformity of the individual nanolayers.

Scratch adhesion tests were conducted using a Bruker UMT-2 tribometer under progressive loading. During the test,
the normal load was gradually increased from 0.2 N to 46 N along a scratch length of approximately 5 mm over 50 s.
This progressive loading mode allowed the identification of the critical loads corresponding to the onset of coating failure.
The first critical load (Lc;) was associated with the appearance of buckling cracks, while the second critical load (Lc»)
corresponded to buckling spallation, indicating local coating delamination.

After the scratch tests, the morphology of the scratch tracks was examined using a field-emission scanning electron
microscope (Quanta 600 FEG) to analyze the failure mechanisms and damage evolution within the coating. To further
investigate the compositional changes along the scratch tracks, energy-dispersive X-ray spectroscopy (Oxford Instruments
high-performance SDD (Silicon Drift Detector)) analysis was performed at several characteristic locations.

3. EXPERIMENTAL RESULTS
3.1. Surface and cross-sectional structure

SEM analysis of the surface of multilayer TIMoN/NbN coatings presented in Figure 1 shows a morphology
characteristic of coatings obtained by the cathodic arc deposition method. For both samples, the surface consists of a
compact and continuous coating matrix, on which a significant number of spherical microparticles (macroparticles or
droplets) are observed. Such particles are formed as a result of the emission of molten fragments of the cathode material
during cathodic arc evaporation and are a typical feature of this deposition method.

The surface of the multilayer 1-TiMoN/NDbN coating, deposited at a nitrogen pressure of 0.52 Pa, is characterized
by a relatively smooth morphology with a moderate amount of the droplet phase. In the SEM image, spherical
macroparticles of different sizes are observed, unevenly distributed over the coating surface. Most particles have a
diameter in the range of approximately 1-5 um, which is typical for cathodic arc coatings.

The surface of the multilayer 2-TiMoN/NbN coating, deposited at a lower nitrogen pressure of 0.13 Pa, demonstrates
a significantly different morphology. The SEM image shows a much higher density of the droplet phase, and the
macroparticles exhibit a wide size distribution, ranging from submicron to several micrometers. The coating surface
appears more “saturated” with macroparticles, which are located closer to each other and form a more heterogeneous
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surface topography. In addition to large particles, a considerable number of smaller particles are also observed, which
may be the result of macroparticle fragmentation or secondary deposition of material.

The revealed difference in the morphology of the coatings is related to the influence of the working gas pressure on
the transport and energy of plasma particles during cathodic arc deposition. At a lower nitrogen pressure (0.13 Pa), the
mean free path of particles in the plasma increases, leading to more rectilinear transport of macroparticles from the cathode
to the substrate. Under such conditions, macroparticles have a lower probability of collisions with gas molecules and,
accordingly, are less decelerated in the plasma. This promotes their more efficient transfer to the substrate surface and,
consequently, increases the amount of the droplet phase on the coating surface.

Conversely, at higher nitrogen pressure (0.52 Pa), the number of collisions between macroparticles and gas
molecules increases. Such collisions may lead to partial deceleration or even deviation of macroparticle trajectories in the
plasma, thereby reducing the probability of their deposition on the substrate surface. As a result, the coating surface
becomes smoother and contains less of the droplet phase.

Such changes in morphology may significantly influence the service properties of the coating. Macroparticles may
act as stress concentrators during mechanical loading and affect the tribological behavior of the coating. At the same time,
the presence of the droplet phase may also influence the processes of crack initiation during scratch testing.
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Figure 1. SEM images showing the surface morphology of the multilayer TiMoN/NbN coatings deposited at different nitrogen pressures

The cross-sectional SEM images presented in Figure 2 reveal that both investigated coatings exhibit a well-defined
multilayer architecture characteristic of nanolayered nitride systems deposited by cathodic arc PVD. The coatings clearly
consist of alternating light and dark layers corresponding to TiMoN and NbN constituents, respectively. Such contrast is
typical due to differences in atomic number and electron scattering between the two phases. Apparently, the lighter layers
correspond to the TiMoN phase, while the darker layers represent NbN. The multilayer sequence is continuous throughout
the entire coating thickness, demonstrating a stable deposition process during cathodic arc evaporation. The interfaces
between adjacent layers are well defined and nearly planar, indicating a relatively stable growth regime during deposition
without significant interface roughening or intermixing. Moreover, both coatings exhibit a compact morphology with no
visible pores, voids, or macroparticle inclusions in the cross-section, indicating a dense microstructure typical of energetic
PVD deposition conditions. Measurements performed directly from the cross-sectional SEM images show that the overall
coating thickness is approximately 9.5 um for both coatings. Based on the periodic repetition of the alternating layers, the
modulation period of the multilayer structure was estimated to be approximately 85 nm. This value corresponds to the
combined thickness of one TiMoN layer and one NbN layer. Such nanoscale modulation is typical for multilayer nitride
coatings designed to exploit superlattice-type strengthening effects.

The cross-section of the multilayer 1-TiMoN/NbN coating, deposited at a nitrogen pressure of 0.52 Pa, shows that
the periodicity of the alternating layers is relatively uniform throughout the coating thickness. However, it is evident that
the NbN layers are noticeably thicker than the TiMoN layers. This asymmetry in the thickness of the constituent layers
apparently indicates that the effective deposition rate of NbN during the multilayer growth was higher than that of TiMoN.
In cathodic arc deposition processes, the layer thickness in a multilayer coating is primarily determined by the deposition
rate of each cathode material. Therefore, the thicker NbN layers observed in this coating most likely reflect either a higher
plasma flux from the Nb cathode. Moreover, the interfaces between layers remain relatively smooth and continuous,
which suggests that the growth process proceeded under stable plasma conditions. The multilayer architecture is preserved
throughout the entire coating thickness, with no evidence of structural disruption, indicating high stability of the
deposition process under a nitrogen pressure of 0.52 Pa.

The cross-section of the multilayer 2-TiMoN/NbN coating, deposited at a lower nitrogen pressure of 0.13 Pa, also
exhibits a clearly defined multilayer architecture. The layer interfaces remain sharp and continuous, indicating that the
reduction of nitrogen pressure did not disrupt the formation of the multilayer structure. However, in contrast to the coating
deposited at 0.52 Pa, the relative thicknesses of the constituent layers appear more balanced in this sample. The NbN and
TiMoN layers appear to be closer in thickness than the multilayer 1-TiMoN/NDbN coating, although the NbN layers are still
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slightly thicker. Apparently, the decrease in nitrogen pressure may influence the effective deposition kinetics of the different
metal species in the plasma. Under lower nitrogen pressure conditions, the mean free path of plasma species increases, which
can modify the arrival rate of metal ions at the growing surface. Such changes may affect the growth rates of the individual
layers and, therefore, the relative thicknesses of the TiMoN and NbN layers within the multilayer sequence. Despite these
differences, the multilayer architecture remains well preserved, and the coating retains a dense structure throughout the
thickness. Evidently, the energetic conditions of cathodic arc deposition promote strong atomic mobility at the growing
surface, allowing the formation of well-defined nanolayers even when the nitrogen pressure is reduced.
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Figure 2. Cross-sectional SEM images of the multilayer TIMoN/NbN coatings deposited at different nitrogen pressures

This observation suggests that the nitrogen pressure influences the growth kinetics of the multilayer TIMoN/NbN
system, possibly through changes in plasma density, ionization efficiency, and the effective deposition rates of the
individual cathode materials. Such variations in layer thickness can affect the mechanical behaviour of multilayer
coatings, as the modulation period and layer-thickness ratio are known to influence dislocation blocking and crack
propagation mechanisms in nanolayered nitride coatings.

3.2. Scratch test damage morphology and compositional evolution

Scratch testing is one of the most informative methods for assessing the adhesion strength of hard coatings, as it
allows investigation of the mechanisms of their failure under gradually increasing loads. The morphology of the scratch
tracks obtained during progressive-load scratch testing provides important insights into the adhesion behaviour and failure
mechanisms of the multilayer TiIMoN/NDbN coatings. SEM observations of the damaged surfaces, presented in Figure 3,
reveal distinct deformation and fracture features associated with the critical loads Lc,; (buckling cracks) and Lc, (buckling
spallation) identified during the test. The coatings were tested under progressive loading conditions, which allowed
gradual development of failure processes within the coating—substrate system.

The scratch track formed on the multilayer 1-TiMoN/NbN coating, deposited at a nitrogen pressure of 0.52 Pa,
exhibits a relatively well-defined damage morphology. At the initial region of the track, the coating remains largely intact,
while with increasing load, the first signs of coating instability become visible in the form of lateral cracks located near
the edges of the groove. Apparently, the first critical failure event corresponds to buckling cracks occurring at
Lci =4.72 N. These cracks appear primarily along the edges of the scratch track, where tensile stresses develop during
coating bending as the substrate plastically deforms beneath the indenter. Evidently, the cracks propagate parallel to the
sliding direction, which is characteristic of compressively stressed PVD coatings undergoing local buckling instability.
With further increase of the load, larger damaged regions become visible. The central region of the track shows a relatively
compact wear scar, while partial coating detachment is observed along the edges of the groove. This behaviour
corresponds to the second critical load, Lc, = 12.38 N, associated with buckling spallation. In this stage, the previously
formed buckled segments lose adhesion to the substrate and detach locally, forming flake-like fragments adjacent to the
scratch groove. Moreover, the damage morphology indicates that the coating failure progresses gradually rather than
catastrophically. The coating still remains partially attached to the substrate within the track, suggesting a relatively high
adhesion strength of the multilayer structure.

The scratch track observed on the multilayer 2-TiMoN/NbN coating, deposited at a lower nitrogen pressure of
0.13 Pa, shows a somewhat different morphology. The groove appears slightly smoother and more continuous along the
sliding direction, while the surrounding regions exhibit a more pronounced accumulation of plastically deformed coating
material. Apparently, the first cracking event occurs at a slightly higher load, Lc; = 5.41 N, indicating somewhat improved
resistance to the onset of buckling compared with the coating deposited at the higher nitrogen pressure. The cracks again
originate at the edges of the scratch track, where tensile stresses develop due to substrate deformation. However, the
damage pattern differs from that observed in the first coating. In this sample, the coating fragments tend to form periodic
arcuate features along the groove edges. These structures resemble successive buckling segments that have partially
detached and folded during sliding. Such morphology is typical for multilayer coatings undergoing progressive buckling-
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induced delamination. The second critical event, Lc, = 12.54 N, corresponding to buckling spallation, occurs at a load
very similar to that observed for the first coating. At this stage, segments of the coating detach from the substrate and
accumulate near the edges of the scratch track.
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Figure 3. SEM images of the scratch tracks formed during progressive load scratch testing of the multilayer TiMoN/NbN coatings
deposited at different nitrogen pressures. The locations of EDS analysis (Spectrum 1-3) are indicated

To evaluate the compositional changes within the scratch track, EDS measurements were carried out at three
characteristic locations, namely at the upper edge of the groove (Spectrum 1), in the center of the groove (Spectrum 2),
and at the lower edge of the groove (Spectrum 3), with the obtained elemental compositions presented in Table 2.

Table 2. Elemental composition of the scratch track regions obtained by EDS analysis for the multilayer TiIMoN/NbN coatings
deposited at different nitrogen pressures

Coating Atomic %
1-TiMoN/NbN o Al Ti Cr Fe Nb Mo
Spectrum 1 6.46 0.30 22.26 7.04 23.66 34.76 5.53
Spectrum 2 2.27 0.72 3.19 14.67 73.65 4.71 0.66
Spectrum 3 20.57 1.11 36.24 1.32 4.89 31.55 4.28
Mean 9.76 0.71 20.56 7.68 34.07 23.67 3.49
Coating Atomic %
2-TiMoN/NbN 0} Al Ti Cr Fe Nb Mo
Spectrum 1 16.58 0.50 45.81 0.68 1.56 23.10 11.78
Spectrum 2 19.04 0.84 44.82 0.79 3.27 26.53 4.71
Spectrum 3 12.14 0.56 39.99 2.78 11.63 28.53 4.36
Mean 15.55 0.67 34.17 422 19.84 20.73 4.79

The EDS results reveal significant compositional variations across the scratch track. At the upper edge of the track
(Spectrum 1), the multilayer 1-TiMoN/NbN coating composition is dominated by Nb (34.76 at.%) together with Ti
(22.26 at.%) and Fe (23.66 at.%). The presence of Fe clearly indicates that the substrate material is partially exposed or
mixed with the coating debris during scratching. In the center of the groove (Spectrum 2), the composition is strongly
dominated by Fe (73.65 at.%). This evidently indicates that the coating has been largely removed in this region, and the
steel substrate is exposed. Only small amounts of Ti, Nb, and Mo remain, which likely originate from residual coating
fragments or wear debris. At the lower edge of the track (Spectrum 3), the Nb and Ti contents increase again (31.55 and
36.24 at.% respectively), while the Fe concentration drops significantly. This observation suggests that coating fragments
accumulate at the edges of the scratch track during the spallation process.
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A somewhat different compositional trend is observed for the multilayer coating deposited at lower nitrogen
pressure. At the upper edge of the groove (Spectrum 1), the Ti concentration is particularly high (=45.81 at.%),
accompanied by Nb (23.10 at.%) and Mo (11.78 at.%). The Fe content is very low (=1.56 at.%), indicating that the coating
remains largely intact in this region. In the center of the scratch track (Spectrum 2), Ti remains the dominant element
(~44.82 at.%), while Nb and Mo are also present. Only a small amount of Fe (3.27 at.%) is detected, suggesting that the
substrate exposure is significantly lower than in the coating deposited at 0.52 Pa. At the lower edge of the track
(Spectrum 3), the Fe content increases to about 11.63 at.%, while Ti and Nb remain substantial. This indicates partial
removal of the coating, accompanied by mixing of coating fragments with substrate material.

The comparison of the EDS results clearly indicates that the multilayer 1-TiMoN/NbN coating, deposited at a
nitrogen pressure of 0.52 Pa, experiences more extensive exposure of the substrate within the center of the scratch track,
as evidenced by the very high Fe concentration (=73 at.%). In contrast, the multilayer 2-TiMoN/NbN coating, deposited
at a lower nitrogen pressure of 0.13 Pa, retains a much higher fraction of the coating material within the track because the
Fe concentration remains relatively low. Apparently, this suggests that the coating deposited at lower nitrogen pressure
exhibits slightly improved resistance to complete coating removal during scratching.

The SEM observations combined with the EDS compositional analysis suggest that different failure modes dominate
in the multilayer TiIMoN/NbN coatings. In the 1-TiMoN/NbN coating, the very high Fe concentration detected at the
center of the scratch track (=73 at.% Fe) evidently indicates complete removal of the coating, exposing the steel substrate.
Such damage morphology suggests that the failure is largely adhesive, occurring at the coating—substrate interface and
resulting in local coating delamination.

In contrast, the multilayer 2-TiMoN/NbN coating exhibits a markedly lower Fe concentration within the scratch
track, while Ti, Nb, and Mo remain the dominant elements. Apparently, this indicates that a significant portion of the
coating remains inside the groove. The observed fragmentation and plastic deformation of the coating without full
substrate exposure suggests that the failure mode is predominantly cohesive, occurring within the multilayer structure
rather than at the coating—substrate interface.

4. DISCUSSIONS

The described results demonstrate that by varying the working gas pressure during CAE-PVD deposition, it is
possible to deliberately control the adhesion behaviour of multilayer TiMoN/NDN coatings. The difference in the onset
of buckling cracks between the two coatings may be related to the influence of nitrogen pressure on the microstructure
formed during deposition. The pressure of the working gas during coating deposition can significantly affect the
mechanisms of buckling-related failure. Lower nitrogen pressure generally leads to higher kinetic energy of the depositing
species, since the mean free path of plasma particles increases and fewer collisions occur in the plasma.

Under such conditions, the arriving metal ions possess higher energy, which promotes enhanced ion bombardment
of the growing surface and leads to the formation of a denser coating microstructure with improved adhesion to the
substrate. As a consequence, the initiation of buckling cracks may occur at higher applied loads, while buckling spallation
is observed only after significant accumulation of deformation within the coating—substrate system.

Apparently, the multilayer coating deposited at a lower nitrogen pressure of 0.13 Pa exhibits slightly improved
resistance to crack initiation, as reflected by the higher Lc; value (5.41 N) than that of the multilayer coating deposited at
a higher nitrogen pressure of 0.52 Pa (4.72 N). Conversely, when the nitrogen pressure is higher, the energy of depositing
species may decrease due to more frequent collisions in the plasma, which can result in the formation of a comparatively
less dense coating structure. Under such conditions, interfacial stresses may accumulate more rapidly, leading to the
earlier onset of coating detachment during scratch loading.

However, the second critical load corresponding to buckling spallation remains very similar for both coatings
(Lcz = 12.4-12.5 N), indicating that the ultimate adhesion strength of the coatings is comparable despite the differences
in the initial crack initiation behaviour.

CONCLUSIONS

Multilayer TIMoN/NDN coatings with a nanolayered architecture were successfully deposited by cathodic arc PVD
at nitrogen pressures of 0.52 Pa and 0.13 Pa. Both coatings exhibit a dense multilayer structure consisting of alternating
TiMoN and NbN layers with a modulation period of approximately 85 nm and an overall thickness of about 9.5 pm.

Surface SEM observations revealed a typical cathodic arc morphology characterized by the presence of
macroparticles. A decrease in nitrogen pressure leads to an increased density of macroparticles due to the longer mean
free path of plasma species during deposition.

Scratch testing under progressive loading conditions identified two characteristic failure events corresponding to
buckling crack initiation (Lc;) and buckling spallation (Lc,). The multilayer coating deposited at a lower nitrogen pressure
of 0.13 Pa shows slightly higher resistance to crack initiation (Lci = 5.41 N) compared with the multilayer coating
deposited at 0.52 Pa (Lc; = 4.72 N).

SEM and EDS analyses of the scratch tracks revealed distinct failure modes in the investigated coatings. The coating
deposited at 0.52 Pa exhibits predominantly adhesive failure associated with exposure of the steel substrate, whereas the
coating deposited at 0.13 Pa demonstrates mainly cohesive failure within the multilayer structure.

The obtained results indicate that nitrogen pressure during cathodic arc deposition plays an important role in
controlling the microstructure evolution and adhesion behaviour of TiIMoN/NbN multilayer coatings.
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BILIMB TUCKY A30TY HA AJITE3IIO TA MEXAHI3MU PYIHHYBAHHSI ITPU CKPETUY-TECTYBAHHI
BATATOIHNAPOBHUX ITOKPHUTTIB TiMoN/NbN, OCAJIZKEHUX METOAOM KATOJHO-AYI'OBOI'O PVD
0.B. Makcaxoga!, B.M. Bepecnes!, C.B. JIutosuenko', M. Caxyn?, M. Yamiosuuoga’, P.C. I'aymkos!
' Xapxiscokuti nayionanvnuii ynieepcumem imeni B.H. Kapasina, maiio. Ceoboou, 4, 61000 Xapxie, Yipaina
2Incmumym mamepianosnascmsa, Crosayskuti mexnonozivnuii yrieepcumem y Bpamucnasi,
eyn. Alna bommy, 25, 917 24, Tpnasa, Crosauyuna
3llenmp nanooiaznocmuxu mamepianie, Croeaybruii mexmonoziunuii ynisepcumem y bpamucnasi,
eyn. Bazoeosa. 5, 812 43, Bpamucnasa, Crosavuuna

BararomapoBi HITPHIHI HOKPHUTTS IHPOKO BUKOPHCTOBYIOTHCS JUTS IIOKPAICHHS MEXaHIYHHX BIIACTHBOCTEH 1 JOBIOBIYHOCTI IH)KEHEPHUX
KOMIIOHEHTIB, 1[0 TIPALIOI0Th B YMOBAaX IHTEHCHBHOTO TPUOOJIOTIYHOTO HaBAHTAXKEHHs. Y Liil poOOTi JOCIIIKEHO aAre3iiiHy MOBEIiHKY
Ta MeXaHI3MH pyHHyBaHHsS HaHOIIApOBHX OararomapoBux MOKpHUTTIB TiMON/NbN, oca/ukeHHX METOIOM KarogHo-xyrooro PVD,
3aJI)KHO Bl p0O0YOro TUCKY a30Ty. JIBa MOKpUTTS Oy CHHTE30BaHi Ipu Tuckax azoty 0,52 ITa ta 0,13 Ila 3a iHIIKMX OHAKOBHUX YMOB
oca/pkeHHsI. MIKpoCKoiuHHMIT aHaJIi3 MoKa3as, 0 00U 1Ba TOKPUTTS MAIOTh J00pe BUpaKeHY HAHOILIAPOBY apXiTEKTYPY, IO CKIaIaeThCs
3 uepryBanHs 1mapiB TiMoN ta NbN 3 nmepiogomM Momyssiii MpuOIU3HO 85 HM 1 3arajibHO TOBIIHHOK OMHM3BKO 9,5 MKM. 3MCHIIICHHS
THCKY a30Ty HPH3BOMUTH O OLIBIIOI IyCTHHN MaKpOYacTOK depe3 OUIBIIY JOBXKHHY BUIGHOTO IPOOIry IIa3MOBHX YaCTHHOK KaTOIHO-
JyroBoro po3psiay. CkpeTd-TecTH aaresii, BUKOHaHI B yMOBaxX IOCTYIIOBOTO 30LIBIICHHS] HABAHTAXKESHHS, JO3BOJIMIIH 11eHTH(IKyBaTH ABi
XapakTepHi nopii pyifHyBaHHS, IO BiAIIOBINAIOTH 3apOMKEHHIO TPIIIMH Ta BiAIIapyBAaHHIO, IO CIPUYMHCHI BTPAvYaHHAM CTiHKOCTI.
Bararomapose nokpurts, ocamkene npu 0,13 Ia, mporeMoHCTpyBao A€o Kpamty cTiHKicTh 10 3apokeHHs TpimwH (5,41 H) mopiBHsHO
3 GararomapoBuM MOKPUTTSIM, ocapkeHuM 1ipu 0,52 Ia (4,72 H). Oxxak o6niBa HOKPHUTTS AeMOHCTPYBAIN ITOAIOHI 3HAYCHHSI PYTOro
KkpuTHaHOro HaBaHTaxeHHs (12,4-12,5 H). bararomapoBe MOKpHTTS, OcCa/pKeHEe INPH BHINOMY THUCKY a30Ty, IEPEBaXHO 3a3HA€
aJIre3ifHOro pyiHYBaHHS 3 IHTEHCHBHHUM OTOJICHHSIM ITiIKJIaJIKH, TOAI K OararomapoBe MOKPUTTS, 0CaDKEHE IIPU HIDKIOMY THCKY a30Ty,
JIEMOHCTPYE IEPEBAXKHO KOTe31iH1 MOIKOLKEHHS BCepearHi 6araromrapoBoi cTpykrypu. OTpuMaHi pe3ynbraTu JeMOHCTPYIOTb, 10 THCK
a30Ty IIi/1 9ac KaTOAHO-IYTOBOTO OCA/KCHHS CYTTEBO BIUIMBAE HA CBOJIOLIIO MIKPOCTPYKTYPH Ta MEXaHI3MH aAre3iifHOrO pyHHYBaHHS B
OararomrapoBux HOKpUTTX TiMoN/NDN. JlocnimkeHHS Hafae YSABICHHS IOAO ONTHUMI3aLil MapaMeTpiB OCaHKECHHS IS MOKPAICHHS
MeXaHI9HO1 HaJliifHOCTI OaraTonIapoBUX HITPUAHUX MMOKPHTTIB.

Kuarouosi ciioBa: saxyymmno-oyzoea mexnonoeis; nimpuou, bazamowaposi nokpumms,; TiMoN; mikpocmpykmypa, ckiaod; aoeesis
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In this article, a homogenous Bianchi Type V cosmological model has been investigated within the framework of f(R,L,) gravity.

The solution of the field equations has been obtained by considering the special case f(R,L,)=R/2+ L. , where n is free model

parameter. The physical as well as the dynamical properties of the model have been analyzed, and graphical representations are
provided to illustrate the properties of these parameters.

Keywords: Biachi Type — V; Stability analysis; (R, Lm) gravity, Perfect Fluid

PACS: 04.50.Kd, 98.80.-k, 98.80.Jk

1. INTRODUCTION
Harko et al. (2010) introduced an advanced form of matter curvature coupling theory, known as f(R,L,) gravity,

where f is a variable function that depends on the matter Lagrangian L, and the Ricci scalar R . This theory
represents a comprehensive extension of gravitational models in Riemannian space, where the trajectory of the test

particle deviates from the standard geodesic path, resulting in an additional force that acts perpendicular to its four
velocity vector. Functional expressions for f(R) gravity incorporate logarithmic, exponential and power law models.
An extension of this framework is known as f(R,L,) gravity which has recently emerged as
f(R,L)=f,(R)+ f,(R)G(L,), where f,f, and G are arbitrary functions of the Ricci scalar and the matter
Lagrangian density respectively.

The Kasner-type static, cylindrically symmetric interior solutions were studied in the f(R,L,) theory of gravity
by Harko et al. (2015), with explicit derivation of the thermodynamic parameters of the string. In the article,
“Cosmology in f(R,L,)Gravity” Jaybhaye et. al. (2022a) analysed the model using the Pantheon ranges for the model
and explored the variation in cosmological parameters based on the constraints set by these datasets. Additionally, the
stability of the resulting model was also investigated.

Jaybhaye et al. (2022b) discussed about the constraints on energy conditions by employing cosmographic
parameters like mean Hubble parameter, deceleration parameter, jerk parameter and snap parameter whereas Solanki et
al. (2023) studied f(R,L,) gravity by considering non-linear models. They obtained the Wormhole solutions by
assuming three different cases viz. linear barotropic, anisotropic and isotropic equation of state (EoS).

Singh et al. (2023) studied a constrained cosmological model in f(R,L,) gravity. Shukla et al. (2023) used
equation of state parameter and Garg et al. (2023) used a linear equation of state parameter to study the expansion of the
universe. Lobato et al. (2021) investigated Neutron stars with realistic equation of state, Patil et al. (2023) analyzed
FLRW cosmology with Hybrid scale factor, Pawde et al. (2023) studied anisotropic behavior of universe with varying
deceleration parameter and Jaybhaye et al. (2024) derived bouncing cosmological models in f(R,L,) gravity.

Avelino et.al. (2018) demonstrated that if the fluid is constituted by localized concentrations of energy with fixed
rest mass and structure (solitons) then the average on-shell Lagrangian of a perfect fluid is given by L, =T , where T is
the trace of the energy-momentum tensor. The results give profound implications for theories of gravity where the
matter Lagrangian appears explicitly in the equations of motion of the gravitational and matter fields, potentially
leading to observable deviations from a nearly perfect cosmic microwave background black body spectrum.
Sharif et. al. (2019) investigated the dynamics of perfect fluid spherical collapse in curvature-matter coupled f(G,T)
gravity.

To obtain the solution, Carvalho er al. (2021) used the Zel’dovich approximation and also explored the
propagation of light in f(R) cosmic string. Also, they compared the results with wakes formed by cosmic string

solutions obtained in General Relativity and Scalar Tensor Theories of Gravity. da Silva et al. (2021) studied cosmic
string in modified theories of gravitation. Also, several authors studied f(R) theory of gravity in different content

[Adhav et al. 2012; Hatkar et al. 2018; Agrawal and Nile 2024; Malik 2024]. Bishi et al. (2015) studied Bianchi type V
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string cosmological model with bulk viscosity in f(R,T) Gravity by considering a special form and linearly varying

parameter.
In line with the above discussion, we investigate, Bianchi type-V cosmological model in the context of f(R,L,)

theory of gravity. The paper is structured as follows: Section 2, gives the basic theoretical approach of f(R,L,)

gravity. Section 3 presents the metric and the solution of field equation for Bianchi type-V model. In section 4, the
cosmological models of f(R,L,) gravity are derived whereas section 5 examines the stability of the derived models.

The last section, provides discussions and concluding remarks.

2. f(R,L,) THEORY OF GRAVITY
The action for the f(R,L,) gravity given by Harko et al. (2010) is as

S=[f(R.L,)-gd'x, (1)

where, f(R,L,) represents an arbitrary function of the Ricci scalar R and the matter Lagrangian term L .

The field equation can be acquired by varying action (1) for the metric tensor g, ,

, 1 1
fRR,uv +(g” _V;(Vv)fR _E(f_f.LmLm)g‘uv :EfLmT,uv 4 (2)

_o

here f, = g—{e, fi = T and T,, represents the energy-momentum tensor for the perfect fluid, defined by

_ 2 3([-gL,)
LN P ®

3. METRIC AND FIELD EQUATIONS IN f(R,L,) GRAVITY
The Bianchi type-V line element is given by

ds’ =dt* — A’dx* — B*e™™dy’ —C’e™™™dz" , “)

here, 4,B and C are functions of the cosmic time 7.
The energy momentum tensor for perfect fluid is given by

T/ =(p+puu’ ~pgl )
where p is energy density, p is pressure and u* = (1,0,0,0) are components of four velocities of the cosmic time.
Since, we are studying the universe filled with the perfect fluid, which leads to (Chawla and Mishra 2013),

P=mw, (6)

where, the constant ylies in [0,1].

The dynamical parameters for the line element (4) are defined as follows.
The directional Hubble parameters are given by

H =% H =% H =% )
a N a,
The mean Hubble parameter H is given by
1, 1V 1
H=—0=-—=—-(H +H +H_). 8
3 31V 3 ( A : ) ®
The deceleration parameter ¢ is defined as
d(1
=—1+——|. 9
q 0 ( Hj )

The anisotropy parameter A of the expansion. shear scalar 0 and the expansion parameter 6 are respectively defined
as,
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1 H-H
o)

i=1

2:%[23:1_12__62) (11)

i=1

3H (12)

4. COSMOLOGICAL MODEL OF f(R,L ) :
Here, we consider the following form of f(R, L, ) for our further investigation (Harko et al. 2014),

f@lﬁ=§+% (13)

where 7 is free model parameter.
For the particular f(R,L,) model given in equation (13), we take L, = p (Harko et al. 2014), the equation (2), (4) and
(5) gives,

BCBCm

B CBC A =npp"" +(n-1)p" - A (14)
A.C ac w
Lt = e (=" A (1s)

= pp + (n=1)p" A (16)

AB BC AC 3m®
48 Bc ac PR an

where the over dot represents the derivative with respect to cosmic time .
Here, while studying, it is observed that the system of equations (14) - (17) contains four equations and six unknowns
A,B,C, p,p,A . Hence, to solve them we need one more condition. Therefore, we consider relation between scale

factor 4 and the spatial volume V as

A=v" (18)
Solving above field equations (14) to (17), using (18), we get
dt
s pyd V] (19)
1]
C=D"V"e 7 (20)
where D and M are constants of integration.
4.1 Model-I: Power Law
We consider power law given by as Sharif and Zubair (2012)
a=oat* 21
where, o and jy are the positive constant.
On using equations (21), the Hubble parameter, deceleration parameter, the spatial volume, the expansion
parameter in terms of cosmic time ¢ are obtained as
H= % (22)
1
g=—-1 (23)
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V=a=(aut") (24)
0=3H :371 (25)

Using equations (14) to (21) the energy density obtained as

1/n
3 1 2x(x-V-x° 2M* M X 2y  2m’
P== 1/n 2 T 61 23741 33441 Ly 2,2y (26)
n"(y+1) t a’t o't a't t o't
P
1L5x1018 [
— n=02
— n=0.5
10x101% — n=09
5.0x10M
L\
L L 1 1 t
0.5 1.0 1.5 2.0
Figure 1. Energy density p verses cosmic time ¢ is plotted by assuming ¥ =1.LM =1, a=0.5,m=1.5
Using equations (6) and (26) the pressure is obtained as
1/n
B y 2x(x-H-y° 2M’ M X 2y 2m’
P=— 1n 2 +— 6y 23741 3341 Ly = 27 27)
n'"(y+1) t o't a‘t o't t a‘t
P
Lax10ls ¢
15
1.2x10 — n—02
1.0x1015 — n=05
— n=09
8.0x10M | "
6.0x10M4 [
4.0x10M
2.0x10M4 { |
A\
L 1 1 | t
0.5 1.0 L5 2.0

Figure 2. Pressure versus cosmic time ¢ is plotted by assuming ¥y =1.LM =1,a0=0.5,m=1.5

Here, it is noted that the energy density depends on y. Therefore, by selecting an appropriate numerical value for v,
three distinct types of universes can be identified as: the dust universe (y = 0), the radiation-dominated universe (y =
1/3), and the Zeldovich universe (y = 1), as outlined below.

i) Dust Universe (y=0):

For =0, the model-I corresponds to the equation of state given in equation (6) which leads to p =0 . Hence the

energy density for the dust universe is given by

(28)

nl/n t2 aétG,‘( a2t3;(+1 a3t3;[+1 t,‘(—z a2t2;[

_L{M(z—l)—zﬂ M My oy 2w }”"
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ii) Radiation-Dominated Universe (¥ =1/3)
For y=1/3, the model-I corresponds to the equation of state given in equation (6) which leads to 3p =p . Hence
the energy density for the Radiation Dominated Universe is given by

_ _ > P 2 1/n
U [2xx-v-2 , 2M M X oy 2m } 29)

pP= [4 )l/n [ e a’15% _aztz;(ﬂ + ! _t;(—z + ey
—n
3
iii) Zeldovich Universe (¥ =1)
For y=1, the model-I corresponds to the equation of state given in equation (6) which leads to p = p . Hence the
energy density for the Zeldovich universe is given by

1/n
1 | 2x(x-D-y 2M° M X 2y 2m’
p= 1/n 2 Yo7 2 3oz g2 T 20 > (30
(2n) t ot ottt ottt T ottt
P
2.0x1010 - —— Dust Universe
—— Radiation Dominated Universe
Zeldovich Universe
Lsx1010
1.0x1010
5.0x10° -
1 1 | t
1.0 1.5 2.0
Figure 3. Energy density p for Dust Universe, Radiation Dominated Universe and Zeldovich Universe verses cosmic
time ¢ is plotted by assuming }=1.1,M =1,a=0.5,n=0.5,m=1.5
The Cosmological constant is obtained by using the equations (17) — (21) as
-1 -1 2,2 2 . 2 2
- — — -2+ 2 2m ™ 2M -aoM 4yM  3m -M
A= 72— n"(1+y)" w+—l+ + +& il (€28
tz t2 t1+2 a2 C(Gt@( 0(3t(1+3;() 0(f1+n aztn
4.2. Model-II: Exponential Law
The exponential law is given by (reference)
a=ée" (32)

where m is the positive constant.
On using equations (8), (9), and equation (32), we obtained the Hubble parameter and the deceleration parameter
in terms of cosmic time ¢ as

H=m (33)
g=-1,a=¢" (34)
The spatial volume, using equations (18) and (32) is obtained as
V=a'=e™ (35)
By using equation (12), we obtain the expansion parameter as

6 =3m (36)
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On using equations (16) to (20) and equation (31), the energy density of the model is obtained as

, Vn

(37

1 18m>*M?> 2m
p =

(_3m + 1)2 eémt eth

nl/n (7+ l)l/n

— n=02
— n=05
— n=09

t

15 20
Figure 4. Energy density verses cosmic time ¢ is plotted by assuming ¥y =1.1,M =1,a=0.5,m=1.5
On using the equations (6) & (37) the pressure of the model is obtained as

1/n

V4 18m*M* 2m’

pP= 1/n 1/n 2 _6mt + 2mt (38)
n"(y+1)" | (Bm+1)e e

Lt
2.0

Figure 5. Pressure versus cosmic time ¢ is plotted by assuming y=1.L,LM =1,a=0.5,m=1.5

In the case of Model-II, we also observe that the energy density depends on y. Therefore, by selecting an
appropriate numerical value for vy, three distinct types of universes can be identified as: the dust universe (y = 0), the
radiation-dominated universe (y = 1/3), and the Zeldovich universe (y = 1), ¥ =1/3 as outlined below.

i) Dust Universe (y=0):
For =0, the model-II corresponds to the equation of state given in equation (6), which leads to p =0. Hence,

the energy density for the dust universe is given by

[ e o]
p nl/n (_3m+1)286mt eth :

(39

ii) Radiation-Dominated Universe (¥ =1/3)
For (y=1/3), the model-II corresponds to the equation of state given in equation (6), which leads to 3p=p.
Hence, the energy density for the Radiation Dominated Universe is given by
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Yol

5 5 P 1/n
1 { 18m*M 2m} “0)

= +
nl/n (%)l/n (_3m + 1)2 e6mt e2mt
iii) Zeldovich Universe (y=1)

For y=1, the model-II corresponds to the equation of state given in equation (6), which leads to p =p . Hence,
the energy density for the Zeldovich universe is given by

| {mszz 2m2}””

pP= ' (2)1/n (-3m+ 1)2 o g (41)
P
1= I', —— Dust Universe
I'. —— Radiation Dominated Universe
II'.I —— Zeldovich Universe

10

L Ml 1 L
0.5 1.0 1.5 2.0

Figure 6. Energy density p for the Dust Universe, Radiation Dominated Universe, and Zeldovich Universe
versus cosmic time ¢ is plotted by assuming y=1.LM =La=0.5,n=0.5,m=1.5

The Cosmological constant is obtained by using equations (17) — (20) and (32) as

2 2 2 2 2mt_ 2 2
1 [ 18m’M>  2m }+3m(e ) 9m’M “2)

T a )| SBmrlEe T (Bm+1) ™

Common Physical Parameter for Model-I and Model-II:
On using equation (10), the anisotropic parameter is given by
1S H,
Azgg(?—ljzo. (3)
Using equation (11), the shear scalar is obtained as
ot =2 At =0 (44)

Graphical Representation of Physical and Kinematical Parameters
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Figure 7. Hubble parameter verses cosmic time ¢ is plotted by assuming } =1.1,a0=0.5,m=1.5
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Figure 8. Spatial volume verses cosmic time ¢ is plotted by assuming y =1.1,a=0.5,m=1.5

5. Stability of Models

To assess the stability of the models, the ratio of the sound speed j—p =C’ is analyzed. According to Nimkar et al.
P

(2023), the model is considered stable when this ratio satisfies j—p > (0, and unstable when j—p < 0. In the context of
P P
the present model, the sound speed ratio is derived as

P _

, 45
i 7 (45)

Since, it is observed from equation (45) that j—p =C? remains positive for the selected values of the model parameters,
P

indicating that the models are stable under the given conditions.

6. DISCUSSION AND RESULTS
In this work, we have studied the homogeneous Bianchi Type V cosmological model in the context of f(R,L,)

gravity by considering two specific models as, Model-I is power law and Model-II is exponential law. The solutions of

the modified field equations were obtained under the assumption of a functional form f(R,L,) as f(R,L,) :§+Lj’n ,

where 7 is free model parameters and the findings are given as below.
In both the models,
e The Hubble parameter H decreases with cosmic time ¢, showing a accelerated expansion phase (Fig. 7).
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e  The deceleration parameter g remains constant, depending on the exponent.
e The spatial volume V' increases exponentially with cosmic time ¢, confirming cosmic expansion (Fig. 8).

e Dust Universe ( ¥=0): The energy density decreasing as p o a~>" (Fig.3 & Fig. 6).
e Radiation Dominated Universe ( =1/3) : Displays steeper decline in energy density.

e Zeldovich Universe (7 =1): Demonstrates even more rapid decay in energy density.

e  Anisotropy Parameter (A) and Shear Scalar (0'2) were calculated in equations (43), (44) and both were observed

to decrease with time, which implies that the universe transits toward isotropy on late times.
e Expansion scalar and spatial volume both exhibits increasing trends, supporting an expanding universe.

e The square of the sound speed is found to be positive, which ensures that both cosmological models are
dynamically stable for the selected values of parameters.

e In case of Model —I (Figs. 1 and 2), there is a sudden fall in both, the energy density o and pressure p and after

some time they decrease gradually with respective cosmic time whereas, in Model-II (Figs. 4 and 5), the energy
density p and pressure p both decrease monotonically over time, indicating that matter thins out as the universe

expands.

CONCLUSIONS
In this study, we have examined the homogeneous Bianchi Type-V cosmological model within the framework of
f(R,L,) gravity by formulating and analyzing two distinct scenarios. Model-I governed by a power-law

expansion and Model-II governed by an exponential-law expansion. The exact solutions of the modified field
equations are obtained under suitable assumptions on the functional form of the scale factor.

The analysis reveals that in both models, the Hubble parameter decreases with cosmic time while the deceleration
parameter remains constant, corresponding to an accelerated expansion phase. The spatial volume exhibits
exponential growth, confirming the overall expanding nature of the universe. For different models, the energy
density was found to decay with time, with the sudden decline observed in the radiation (¥ =1/3)and Zeldovich

(7=1) dominated epochs, while the dust case shows a slower decrease.

The anisotropy parameter and shear scalar both diminish as time progresses, demonstrating that the anisotropic
Bianchi Type-V universe evolves towards isotropy at late times. Furthermore, the expansion scalar and spatial
volume increase monotonically, further supporting the expansion scenario. The positivity of the squared sound
speed guarantees that the models remain dynamically stable for the considered parameters.

A distinction between the two models lies in the behavior of energy density and pressure, while Model-I exhibits
an initial sudden fall before approaching gradual decay, Model-II displays a monotonic decrease throughout the
cosmic evolution. This comparative behavior highlights the role of the underlying law of expansion in shaping the
dynamics of the evolving universe.

Compared with our, earlier FLRW study in f(R,L,) gravity, Katore et. al. (2025), which showed a constant

deceleration parameter and sustained acceleration, the present Bianchi Type — V model extends the analysis to an
anisotropic framework. While both models support late-time acceleration, the current work additionally demonstrates
the evolution toward isotropy, thereby generalizing the earlier results within the same modified gravity.

Overall, the results suggest that the considered Bianchi Type-V cosmological model not only accommodate an
accelerating universe but also successfully describes the dynamical evolution from anisotropy to isotropy at late
times. Together with our previous FLRW analysis, the present study strengthens the viability of f(R,L,) gravity

in explaining different cosmological phases within both isotropic and anisotropic frameworks, thereby reinforcing
its relevance in modern cosmology.
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KOMILIEKCHH AHAJII3 MOJIEJII BIAHKI THAITY V B TEOPII TPABITAIII f(R, Lu)
I1.P. Arpasai, X.I'. Ilapauikap, A.IL. Haiix
Kageopa mamemamuxu, Hayxosuii konedrc bpioscaan Biani, Ampasami, 444602, Inoia

V wmiit cTaTTi 1OCHIIKEHO OAHOPIAHY KOCMOJNOTidHy Mojens b'sHki tumy V B pamkax flR, Ln) rpaBitamii. Po3s's30k piBHSHb 1O

OTPUMaHO LIISIXOM PO3MJsiLy okpemoro Bumaaky f(R,L,)=R/2+L., ne n BinbHuH mapametp Mozelni. Byno mpoanainizoBaHo

(i3uuHI Ta AUHAMIYHI BIACTHBOCTI MOJIETI, a TAKOXK HaBeAEHO rpadidni 300paxeHHs IS UTIoCcTpalii BIaCTHBOCTEH X ITapaMeTpiB.
Kurouoei cinoBa: mun bianxi — V; ananiz cmitikocmi; (R, Lm) epasimayis; ioeanvna piouna
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