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Cold gas-dynamic spraying of carbon nanotubes onto polymer substrates is a promising technique for the formation
of functional coatings. However, the process of particle deposition on polymer substrates remains insufficiently
studied. In this study, a numerical model was developed to analyze the mechanisms of contact interaction between
nanotubes and a polyetheretherketone substrate during deposition. The effect of particle velocity on plastic
deformation, local heating, and the conditions for nanotube bonding to the polymer substrate has been investigated.
The obtained results show the existence of a threshold velocity at which effective mechanical bonding occurs. The
conditions for local temperature rise in the substrate, which may promote the formation of a stable nanocomposite
coating, have also been analyzed. The proposed model enables the prediction of optimal deposition parameters to
ensure high efficiency of nanotube deposition.
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Statement of the problem. Over the past decades, the processes of functional coating formation have been
actively developed and thoroughly studied. Special attention has been given to techniques for particle deposition onto
various substrates with the aim of creating highly efficient and strong joints. One of the most promising approaches
in this field is the method of cold gas-dynamic spraying (CGDS), a process in which particles are accelerated to
supersonic velocities by a gas flow and deposit onto the surface without melting, due to their kinetic energy.

Despite the significant number of studies on cold spray technologies, most of them have focused on "metal-metal"
systems, in which both the adhesion mechanisms and the nature of particle-substrate interactions have been well
investigated. Nevertheless, with technological advancements, there is a growing interest in applying CGDS for the
deposition of carbon nanotubes (CNT) onto polymer substrates, as this may pave the way for the creation of new,
lightweight, strong, and functional nanomodified coatings.

One of the key aspects determining the efficiency of CNT deposition by the CGDS method is the critical velocity,
the minimum velocity at which nanotubes can be reliably fixed on the surface of a polymer substrate. Determining
the adhesion mechanisms and critical velocity values during contact interaction of CNTs with polymer materials is a
non-trivial task due to the specifics of the processes of their micro- and nanoscale contact interactions, as well as the
limitations of obtaining experimental data due to the short duration of contact during high-speed impacts.

Due to the difficulties in experimentally monitoring high-velocity deposition processes, numerical simulation has
become an important tool for conducting such studies.

Analysis of previous studies. Cold spraying (or simply cold spraying) is an innovative coating technology
developed in the mid-1980s during model studies of two-phase supersonic flow [1]. However, this method has only
recently gained popularity in the aerospace and other industries as a method for repair and restoration of metal parts [2].

Unlike the cold spraying method, the classic thermal spraying process involves heating the particles to
temperatures often exceeding their melting point. Due to the high operating temperatures during thermal spraying,
pore formation, increased oxide content and the occurrence of a residual stress field are inevitable. These defects can
significantly worsen the mechanical, electrical and thermal properties of the coatings [3].

In contrast, deposition by the CGDS method is conducted at significantly lower gas flow temperatures (ranging
from -100 to +100 °C), which eliminates the problems inherent in classical thermal spraying [3].
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The coating formation process consists of several key stages. Initially, particles are accelerated to supersonic
velocities in a gas flow while passing through a de Laval nozzle. Then, they impact the substrate, where zones of
plastic deformation are momentarily formed in the contact area. As a result, a local adhesion zone is created due to
the high impact velocity and localized heating. If the particle velocity is below the critical value, the particle fails to
form a strong bond and may either cause minor damage to the substrate or be swept away by the gas flow. When the
critical velocity is exceeded, the particles effectively adhere to the substrate, forming a dense coating layer.

Studies conducted in the early stages of cold spray deposition process research demonstrated the critical role of
particle impact velocity on the substrate surface [4]. However, the binding mechanism depends not only on the
velocity but also on several additional factors including impact angle [5], substrate surface temperature [6], working
gas properties [7], and deposited material properties [8].

In the case of cold gas-dynamic spraying, the bond between the particle and the substrate in metal-to-metal
systems occurs due to adiabatic shear instability [9] at the particle-substrate interface.

When particles impact, localized regions with elevated temperatures and intense plastic deformation of both the
particle and the substrate are formed. When critical parameters are reached, the material in the contact zone undergoes
significant softening, which facilitates the formation of microwelded joints between the particle and the substrate. An
important condition for effective adhesion is the formation of a thin stream of displaced particle material surrounding
the contact zone, which additionally enhances mechanical adhesion [9].

In the study [10], 3D numerical simulations of high-speed impacts of copper and aluminum particles during cold
spraying were performed using the finite element method in the ABAQUS/Explicit software in the Lagrangian
coordinate system. The main focus was on the analysis of plastic deformation of particles, determination of the critical
deposition velocity and investigation of the effects of material damage.

The results demonstrated that at velocities below 250 m/s, plastic deformation was insufficient to achieve bonding
with the substrate. In the velocity range of 300 to 600 m/s, microwelded joints were formed, while velocities above
600 m/s led to overheating and microcrack formation. To minimize FE-mesh distortions, the Arbitrary
Lagrangian-Eulerian (ALE) method was tested, but it caused abnormal elongation of the particles.

The combination of the Lagrangian approach and the Johnson-Cook damage model proved to be more effective,
as it allowed for efficient modeling of the deformation accumulation processes and the evolution of the development
of material damage zones. The critical deposition velocities were determined to be approximately 300 m/s for copper
powder and approximately 350 m/s for aluminum. These values are consistent with experimental data and confirm
the effectiveness of the Lagrangian method in combination with the damage model for modeling the cold spraying
process.

Unlike in metals, where adiabatic shear instability plays a key role in forming strong bonds between particles and
substrates, this phenomenon has a much smaller effect in polymer materials due to their fundamentally different chemical
nature. Therefore, for polymers, mechanical interlocking is considered the primary bonding mechanism [11].

The efficiency of adhesion and coating formation on polymer substrates can be reduced due to their low stiffness
and further softening caused by heat generated during particle impacts. This is an important factor to consider when
simulating the cold spray deposition process on polymers [12].

In [13], the authors presented a simulation of copper particle deposition on a polyetheretherketone (PEEK)
substrate. They performed parallel simulations using two different approaches: adiabatic analysis and coupled
thermostructural analysis. Comparison of the results did not reveal any significant differences in the deformation
patterns and crater geometry formed by particle impacts on the polymer substrate.

Because the study focused primarily on the mechanical behavior of the material under plastic deformation, the
authors concluded that adiabatic heating analysis coupled with damping boundary conditions provides an effective
means to describe the mechanical coupling between metal particles and polymer substrates. However, coupled
thermostructural analysis offers a more realistic temperature.

The results confirmed limited surface melting of the polymer inside the crater. As particle velocity increased, a
larger volume of polymer melted due to greater heat dissipation. Although the melted region remained small and
shallow relative to the crater size, the presence of molten polymer was found to enhance mechanical adhesion by
acting like an adhesive that slows down and secures the particle within the polymer matrix.

Despite the high popularity of CGDS, as evidenced by numerous studies on adhesion mechanisms and the
interaction of metal particles with metal substrates or polymers, the use of composite materials, particularly those
combining carbon nanotubes (CNT) with metals or polymers, remains insufficiently explored. Existing studies mainly
focus on conventional metal powders and their deposition mechanisms, while the influence of composite particle
characteristics (CNT/metal and CNT/polymer) on the spraying process, deposition efficiency, and coating
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morphology has been investigated only fragmentarily. CNT-based composites exhibit unique properties, such as high
mechanical strength, electrical conductivity, and thermal stability, making them promising candidates for the
development of functional coatings. However, their complex structure and specific behavior during deposition
introduce additional challenges that require detailed analysis and optimization of the process parameters.

In [14, 15], the authors reported successful deposition of a nanomodified polymer consisting of carbon nanotubes
and polyethylene (NMPE) on a polypropylene (PP) substrate. It was found that during the deposition process, NMPE
particles were briefly heated by the working gas. Since the gas temperature exceeded the melting point of PE (=373
K) but remained below its thermal decomposition temperature (=550 K), partial melting of the surface layer of NMPE
particles occurred, leading to their coalescence upon contact with the PP substrate. This effect was confirmed by the
altered particle shapes observed in SEM images.

During deposition, the molten NMPE particles rapidly solidified due to efficient heat exchange with the substrate.
This mechanism differs from the formation of metallic coatings via cold spraying, as partial softening without
complete melting plays a crucial role in the case of polymer particles. An important outcome is that partial melting of
PE promotes the anchoring of CNT on the surface, either by embedding the nanotubes into the molten polymer or
leaving them partially exposed.

Summary. The analysis of previous studies has shown that cold gas-dynamic spraying is a promising technology
that enables the fabrication of coatings without significant heating of materials. The principal bonding mechanism
between metal particles and metal substrates is adiabatic shear instability, whereas, for polymer substrates, mechanical
bonding predominates. Regardless of the material type, the critical velocity of the deposited material plays a key role
in successful coating formation. Although the process of coating formation on metals and polymers has been studied
in detail, the interaction mechanisms between carbon nanotubes and polymer substrates remain understudied. The
available literature primarily focuses on the deposition of metals, while the effects of nanofillers on coating formation
have not yet received sufficient attention.

The aim of the study. The main objective of this study is to develop a model for numerical simulation of contact
interaction processes during supersonic deposition of carbon nanotubes on polymer substrates using cold gas-dynamic
spraying.

Presentation of the main materials of calculations. Nanotubes are deposited on a substrate by accelerating
them to high speeds and then contacting the substrate material. This process involves complex physical interactions,
including momentum transfer, plastic deformation of the substrate, local temperature increase, and the emergence and
development of damage zones.

At the initial stage, the nanotube moves toward the substrate with some initial velocity, which determines its
kinetic energy and penetration depth. Upon impact, the nanotube slows down sharply, transferring its kinetic energy
to the substrate material. As a result, local adiabatic compression occurs, accompanied by an instantaneous increase
in pressure and temperature. The impact generates stress waves that propagate from the point of contact and can cause
plastic deformation of the substrate. In the contact zone, there is a sharp increase in temperature due to the dissipation
of mechanical energy and accumulation of damage.

Part of the impact energy is expended in the formation of a penetration crater, causing outward displacement of
the substrate material. If the temperature rise is significant, partial softening or even melting of the substrate may
occur. After the initial penetration, the nanotube may either be embedded in the substrate material or rebound. If the
zone of plastic deformation is sufficiently developed and the impact velocity is optimal, the substrate material closes
around the nanotube, anchoring it within the structure. Conversely, if the impact energy is insufficient or the substrate
is too rigid, the nanotube rebounds. This occurs due to the elastic properties of the polymer material and the partial
restitution of the initial kinetic energy from the polymer to the nanotube.

Numerical modeling of cold spray deposition of carbon nanotubes (CNTs) on a polyetheretherketone (PEEK)
substrate was performed using the finite element method and ABAQUS/Explicit software.

As part of the study, a three-dimensional model was developed to enable monitoring of the behavior of CNT
during high-velocity impacts with a polymer surface (Fig. 1).

The explicit time integration scheme has been used, as it is best suited for simulating non-stationary dynamic
processes, strains, and fractures arising during high-velocity impacts. To improve the accuracy of thermal process
modeling following the impact, a dynamic coupled thermo-mechanical analysis was performed. The discretization of
the CNT and the substrate geometries (Fig. 2) was carried out using 345 and 249900 volume eight-node trilinear
elements with displacement and temperature degrees of freedom, reduced integration, and shear instability
control (C3D8RT). In areas of intensive strain, a refined mesh was applied to achieve higher accuracy while reducing
computational costs. Geometric nonlinear effects were accounted for throughout the simulation by enabling the
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«Nlgeom» option. The contact between the CNT and the substrate was modeled as the «surface-to-surface» contact
type using the «penalty contact method» for mechanical interaction, with «finite sliding» allowed.

o Polymer (PEEK)
Fig. 1 — Computational scheme of Fig. 2 — Discrete-continuum model of CNT and PEEK
CNT and PEEK polymer substrate polymer substrate

) Table 1 — Geometric parameters of CNT model and
The Lagrangian approach was used for PEEK substrate

simulating the physical processes, ensuring high

. . Material Parameters

calculation accuracy. However, this approach
. . el Average Outer/Inner

has certain drawbacks, particularly significant Length, nm . .

. S . diameter, nm diameter, nm
mesh distortion in the contact zone during the NT 7061 4 10.302
particle-substrate impact. To minimize these C 06 0.343 0.383/0.30
distortions and maintain calculation accuracy, a
dynamic failure model was integrated, allowing Length, nm Width, nm Thickness, nm
for the correction of mesh elements and the PEEK 3 3 3

prevention of excessive deformations by
deleting elements that reach the failure criterion
based on the Johnson-Cook damage model. This method proved more effective than alternatives like ALE adaptive
meshing, as it better preserved the physical realism of the deformation process while stabilizing the numerical
simulation, according to [10].

The polymer substrate was modeled as a cubic plate with dimensions selected to reduce boundary effects and
minimize oscillations generated during dynamic loading. In the simulations, a single-walled carbon nanotube with
a (5,0) zigzag configuration consisting of 100 carbon atoms was used. The main geometric parameters of the CNT
were determined based on analytical relations [16—18]. The corresponding geometric parameters of the CNT and the
substrate are presented in Table 1.

The model included two main factors of the temperature field generation when solving the coupled problem of
thermal strength: frictional heating due to the contact of the CNT with the substrate and plastic deformation heating
due to the conversion of the kinetic energy of the CNT into thermal energy during substrate deformation. The direction
of the impact of the CNT on the polymer substrate was assumed to be perpendicular to the polymer surface. During
the impact, both tangential interaction (modeled with a friction coefficient of 0.3) and normal interaction (ensuring
"hard" contact conditions with the possibility of a rebound) were taken into account.

The following initial and boundary conditions were set in the calculation scheme: the initial temperatures of the
substrate and CNT were 373 K and 296 K, respectively. The CNT velocity was set in the range from 600 m/s to 1000
m/s. The boundary conditions of the substrate along the side and bottom planes corresponded to the symmetry
conditions. To avoid possible manifestation of the numerical instability process, the movement of the upper nodes of
the finite element model of the CNT was limited in the X and Y directions.

Material Model. Considering the high sensitivity of PEEK to temperature and strain rate, the Johnson-Cook
model [19, 20] was used to describe its viscoelastic behavior in this study. Although this model is primarily developed
for metals and alloys, it is also applied to polymeric materials, especially when simulating their behavior under
conditions of high strain rates and elevated temperatures. Unlike metals, polymers exhibit a pronounced nonlinear
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dependence of their mechanical properties on both temperature and strain rate, which makes the use of this model
appropriate for simulation purposes. The Johnson-Cook constitutive model is expressed as follows:

o(s,.6.7)=[4+B8s |[1+CcmE) ][1-0"], (1)

where o — is the quasi-steady state yield stress, MPa; ¢ - is the equivalent plastic strain; & =gl g, — is the
dimensionless plastic strain rate; £ — is the strain rate, s’'; &, —1is the reference strain rate, st =T - )/ (T -T)

— is the homologous temperature; T — is the current temperature, K; T — is the reference (initial) temperature, K; T

— is the melting temperature, K; 4 — is the quasi-steady state yield stress, MPa; B — is the power law pre-exponential
factor, MPa; C — is the strain rate pre-exponential factor; n — is the strain hardening exponent; m — is the thermal
softening exponent.

The temperature gradient during plastic deformation of the polymer was determined based on the formula
presented in [13]:

AT(¢,,&,T) = ij‘g o(e,. & Tde,, )
pC, "

where p —is the density, kg/m?; C,—is the specific heat capacity at constant pressure, J/(kg'K); B —is the Quinney- Taylor
heat fraction coefficient.
The Johnson-Cook failure model [17, 18] describes the accumulation of damage and subsequent material failure

under conditions of intensive plastic deformation. It takes into account the effects of strain, strain rate, temperature,
and hydrostatic pressure.

¢ =| D, +D2eDK; [1+D,an(¢)) |[1+ D,6], 3)

where &’ — is the equivalent plastic strain at damage initiation; p — is the pressure, MPa; ¢ — is the von Mises stress,
MPa; D, -D, — are empirical failure parameters for the material.
Since Young's modulus, Poisson's ratio, and specific heat capacity of PEEK material are strongly temperature-

dependent, they were defined as temperature-dependent functions. The data for Young's modulus and Poisson's ratio

were adapted from sources [11, 21], whereas the temperature dependence of the specific heat capacity was taken from
[22] (Fig. 3-5).
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In this study, the equivalent value of Young's modulus between carbon atoms of the nanotube is determined by
the stiffness of the C-C covalent bond by analogy with [16, 17, 23]. The mechanical and thermal properties of PEEK
and CNT materials are listed in Table 2. The coefficients of the Johnson-Cook plasticity model and the Johnson-Cook
failure model for PEEK are listed in Table 3.

Table 2 — Mechanical and thermal properties of materials for PEEK and CNT

Properties . Material

Parameters Unit PEEK CNT

Density, p kg/m? 1300 1500

Specific heat capacity, C, J/(kg'K) Co=(T) 680

General Thermal conductivity, £ W/(m-K) 0.25 3000
Thermal expansion coefficient, o 106/K 140 -
Quinney-Taylor heat fraction coefficient, £ - 0.9 -

) Young's modulus, £ GPa E=f(T) 6651.4
Elastic ; -

Poisson's ratio, v - v=A(T) 0

Table 3 — Parameters of the Johnson-Cook plasticity model and Johnson-Cook failure model for

PEEK
Properties Parameters Unit Value
Quasi-steady state yield stress, 4 MPa 132
Power law pre-exponential factor, B MPa 32.5
Strain rate pre-exponential factor, C - 0.1373
Johnson-Cook Thermal softeging exponent, m - 2.01
plasticity model [11] Strain hardening exponent, n - 3.5
Reference strain rate, £, s 1.0
Melting temperature, Ty K 524
Reference temperature, 7 K 296

Johnson-Cook failure Empirical failure parameters:

model [24] DI: D2: D3; D4; DS - 0.05; 1.2;-0.254; -0.09; 1

Numerical Simulation Results. To study the conditions of CNT deposition on a polymer plate made of PEEK,
a series of numerical experiments was carried out at velocities ranging from 600 to 1000 m/s. Although such velocities
are not typical for cold spraying onto polymers, they were used due to the necessity to compensate for the extremely
small mass of the nanotube and to ensure sufficient momentum for penetration. At impact velocities below 600 m/s,
carbon nanotubes colliding with the substrate simply rebounded from the polymer surface without causing any
significant plastic deformation. This behavior is attributed to insufficient kinetic energy, which is inadequate to
overcome the resistance of the substrate material. Under these conditions, the impact resulted only in a slight
deceleration of the CNT and a change in its trajectory.

To characterize the material behavior under impact loading, four main parameters were used: equivalent plastic
strain (PEEQ), temperature (TEMP), von Mises stress (S, Mises), and displacement along the Z-axis (U3).

To analyze the evolution of residual stresses, combined von Mises stress moiré patterns (Fig. 6) were constructed
at three key time points: 0.3 x 10725, 0.5 x 10725, 2 x 1072 5. Each pattern represents a quarter of the contact area
between the CNT and the polymer surface, corresponding to different impact velocities: 600, 800, 900, and 1000 m/s.
This visualization of the results allows a convenient comparison of the effect of the initial velocity of the CNT on the
formation of residual stresses in the polymer matrix.

Though the maximum values of von Mises stress exhibit some randomness due to local deformation features, the
general stress distribution pattern allows for a comparative analysis. For this purpose, it is more appropriate to focus
on areas of stable residual stresses rather than on peak values. These areas appear as green zones in the visualizations
and correspond to intermediate stress levels, serving as a clear marker of the spatial extent of plastic deformation. The
analysis shows that as the impact velocity increases, the area of these zones expands significantly, indicating an
intensification of residual stress accumulation and deeper penetration of the particle into the substrate material.
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Fig. 6 — Distribution of equivalent von Mises stresses (GPa) depending on the initial velocity of the
CNT at representative time intervals of the simulation

Figure 7 shows the spatial temperature distribution as a function of the initial velocity of the carbon nanotube
(600 to 1000 m/s) at three representative simulation time intervals.

In all cases, a localized region of elevated temperature forms around the contact area between the nanotube and
the substrate. A clear relationship between CNT velocity and temperature rise is observed: at a velocity of 1000 m/s,
the temperature in the contact zone reaches 432 K, whereas at 600 m/s it only reaches 393 K.

The temperature rise begins at the direct contact interface between the CNT and the substrate. Subsequently,
thermal energy is redistributed towards the central part of the nanotube cavity. This is due to both the geometry of the
CNT and the direction of heat flow, which is directed towards areas with lower heat dissipation. The expansion and
growth of the heating zone with an increase in impact velocity is a result of the increase in specific energy transferred
to the substrate.

After reaching the maximum temperature at the impact zone, there is a sharp drop in temperature due to intense
heat dissipation to the peripheral areas of the substrate. Consequently, heat is actively spread from the contact area of
the nanotube to the cooler regions of the plate. After the initial peak, the temperature field gradually stabilizes due to
the establishment of a local thermal balance between areas with different temperatures and the absence of additional
heat sources.
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Fig. 7 — Temperature distribution (K) depending on the initial CNT velocity at representative time
intervals of the simulation
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Figure 8 illustrates that as impact velocity increases, the areas of plastic
deformation in the substrate expand both in the contact plane and in depth. Upon
impact of the CNT with the PEEK surface, intense localized plastic deformations
are generated, accompanied by stress concentration and active heat release due
to internal friction and energy dissipation.

As plastic strain accumulates, the material stiffness decreases, resulting in
softening of the contact zone. This softening causes the deformed substrate
material to be displaced laterally from the impact axis, forming a characteristic
symmetrical (circular) deformation pattern around the CNT.

When impact velocities increase, the depth of nanotube penetration into the
substrate increases significantly. This increase is caused by the higher kinetic
energy of the CNT and the elevated level of plastic deformation in the polymer
at the contact area.

Figure 9 shows the evolution of changes in the basic physical parameters in
the contact area between the CNT and the PEEK polymer substrate as a function
of the initial impact velocities (600 to 1000 m/s): depth of penetration, temperature,
equivalent von Mises stress, plastic strain, and accumulated defects.

PEEQ 1000 m/s
(Avg: 75%)

600 m/s  peeg
(Avg: 75

orwihybohah®br

1

1

14
1.
4
14
0.
9
0

0.
a.
0.

900 m/s 800 m/s

0.000

Fig. 8 — Distribution of equivalent
plastic strain depending on the
initial CNT velocity

—— U:U3-600 m/s
uU:Uu3 -800m/s | 415,
U:U3 - 900 m/s
U:U3 - 1000 m/s | I\

5

w

Displacement, nm
)
Temperature, K

NT11 - 600 m/s
—— NT11 -800 m/s
~— NT11 -900 m/s
—— NT11 -1000 m/s

1.0
Time, s

a b
F v T —
| M
[ il \/
"\ V/ 1
080 -l A 4
YAl [ .
| N \ | e
1/ \ i /
0.60} \ [ A £ [
NSV £ 10l
o VS 5 W |
a A | ~ K] I/
] Y
@ / | H f
@ a
& ]
& 040 ]
®
2
3
o
wg
0.20
—— S:Mises — 600 m/s PEEQ — 600 m/s
}J S:Mises — 800 m/s —— PEEQ - 800 m/s
— S:Mises - 900 m/s —— PEEQ-900 m/s
S:Mises — 1000 m/s PEEQ — 1000 m/s
0.00 L L |
0.0 0.5 1.0 15 2.0 [x1.6-12] 1.0 2.0 [x1.E-12]
Time, s Time, s
c d

a — penetration depth; b — temperature; ¢ — von Mises stresses; d — equivalent plastic strain
Fig. 9 — Time evolution of the contact interaction parameters between CNT and substrate
depending on different initial nanotube velocities




Bulletin of National Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institutey
Series «Chemical Engineering, Ecology and Resource Savingy. 2025. Ne 3 (24)

The plot (Fig. 9, a) shows the dependence of vertical displacement (U3) of the nanotube on time at various initial
velocities (600 to 1000 m/s). As the impact velocity increases, the depth of CNT penetration into the substrate
increases from 0.10 nm at 600 m/s to 0.19 nm at 1000 m/s. his parameter rapidly reaches its maximum during the first
0.3 x 1072 s and then decreases, entering a damping oscillatory regime. The further partial recovery is related to the
plastic properties of the substrate material.

It should be noted that the maximum temperature (Fig. 9, b) in the contact area abruptly rises to 397 K at 600 m/s
and 425 K at 1000 m/s in all deformation modes, and the temperature value is proportional to the velocity of the
nanotube. This effect can be explained by the higher intensity of localized plastic deformation. After reaching the
maximum temperature, the temperature sharply decreases due to the thermal conductivity of the substrate material
and heat dissipation into the bulk of the polymer. After this, the temperature in the time interval under study (2 x 1072
s) stabilizes between 378 K and 385 K.

The evolution of equivalent stresses according to von Mises stress (Fig. 9, ¢) exhibits complex and unstable behavior.
At higher impact velocities, these stresses are characterized by higher amplitudes and more frequent fluctuations,
indicating the occurrence of intense oscillatory processes in the substrate material. The stresses reach their peak values
shortly after impact, after which they decrease and stabilize at a level that also correlates with the impact velocity.

The plot of equivalent plastic strain (Fig. 9, d) confirms the characteristic accumulation of residual plastic strains.
The highest values, exceeding 1.7, are observed at 1000 m/s, indicating significant plastic deformation in the contact
area and the initiation of fracture.

The results of the numerical simulation have shown that effective deposition of the carbon nanotube on the surface
of the polyetheretherketone polymer substrate is achieved at an impact velocity of 1000 m/s (Fig. 10).

Thus, the primary mechanism for stable anchoring of the CNT is localized compaction and partial penetration of
the nanotube into the substrate due to the combined action of several physical factors.

Firstly, at a velocity of 1000 m/s, the maximum penetration depth of the CNT reaches 0.19 nm, ensuring its partial
embedding into the polymer surface layer. Secondly, the impact is accompanied by a local temperature rise up to 432
K in the contact area, which exceeds the glass transition temperature of PEEK (400 K). Under such conditions, the
polymer transitions into a rubbery, highly elastic state characterized by a significant decrease in mechanical stiffness
and increased susceptibility to plastic deformation. This allows the polymer to deform around the nanotube, partially
interlocking it.

Additionally, local thermal expansion of the material in the impact area further enhances the effect of mechanical
entrapment of the nanotube within the polymer plate. After impact, rapid cooling of the system occurs, lowering the
temperature below the glass transition point due to the thermal conductivity of the substrate. As a result, the PEEK substrate
restores its original stiffness and rigidity, securely fixing the CNT within the solidified structure.

Thus, the mechanism of CNT adhesion to the polymer substrate is achieved through the combined effect of three
key factors: sufficient penetration depth, temporary softening of the polymer due to localized temperature increase,
and subsequent restoration of rigidity upon cooling. The interaction of these effects ensures reliable mechanical
fixation of the nanotubes in the substrate.

Fig. 10 — The image of the CNT fixed in the PEEK polymer matrix due to impact interaction at a
velocity of 1000 m/s
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Conclusion. Within the framework of this study, the process of cold spraying of carbon nanotubes onto a polymer
substrate made of polyetheretherketone has been investigated numerically. The study has provided a detailed analysis
of the effects of impact velocity on the ability to achieve CNT fixation within the polymer substrate.

The simulation results revealed that at velocities below 600 m/s, the mechanical impulse of the CNT particles is
insufficient to overcome the resistance of the substrate, resulting in particle rebound without the formation of a stable
bond with the surface.

As the impact velocity increases, the intensity of plastic deformation and thermal effects in the contact area also
rises gradually. However, only at a velocity of 1000 m/s is a favorable environment for CNT fixation achieved. Under
these specific conditions, the combined action of three critically important factors occurs: deep penetration of the
particles into the material, temperature exceeding the glass transition point of PEEK leading to a temporary decrease
in polymer rigidity, and subsequent cooling that locks the nanotubes within the deformed polymer structure.

It has been established that the effective fixation of CNT in the polymer substrate results from localized thermal-
structural effects induced by high impact velocities.

This study presents the results of collaborative research conducted by the National Technical University of
Ukraine "Igor Sikorsky Kyiv Polytechnic Institute" and the University of Kaiserslautern-Landau, Kaiserslautern
(Germany) within the framework of the Leonhard Euler grant program administered by DAAD.

Further research prospects. The current study considered only normal (perpendicular) collisions between
particles and the substrate surface. However, under practical conditions, the impact angle often deviates from the
normal, which can substantially alter the deformation behavior and thermal effects in the contact area. Therefore,
future research will focus on analyzing the effect of the CNT impact angle on the efficiency of nanotube fixation
within the polymer substrate during the cold spraying process.
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Tononax O. B., Aukoecvkuit I. O., Aumontok C. 1.

OCOBJIMBOCTI HAHECEHH#A BYIJVIEHEBUX HAHOTPYBOK HA TIOJIMEPHY OCHOBY
METOJAOM XOJOAHOTI'O I'A3OJJUHAMIYHOI'O HAITMWJIEHHA

Xonooue eazo0unamiyne HANUIEHHs Gyeaeyesux HAHOMPYOOK HA NOAIMEpHi mamepianu y AKoCcmi RIOKIAOKU €
NepcneKmueHUM MemoooM OpPMY8aHHA (QYHKYIOHATbHUX NOKPUMMIG, ale Npoyec OCAO0NCeHHs YACMUHOK Ha
NOIMEPHUX OCHOBAX 3ANUMAETNBC HeOOCAMHbLO GUBYEHUM. Y OaHili pobomi po3podieHo Huceibry Mooenb O
ananizy Mexamizmie KOHMAKmMHOI 63aemo0ii eyeneyesux nanompyoox i3 noaiegipegipkemonosoio (IIEEK)
nioxnaokoio nio uac uanunenus npu weuoxocmax 600 — 1000 m/c. Hucervne moodeniosamnus npogedeHo 8
npoepamuomy 3abesneueni ABAQUS/Explicit 3 euxopucmanuam memoody CKiHYeHHUX elemenmis. Bpaxosano modenn
nracmuunocmi Joconcona-Kyka ma mooens pyinyeanns /[iconcona-Kyka. Jocniosceno eniue wuoKocmi Ha
npoyecu naacmuunoi Oepopmayii, TOKATbHOZO HASPIBAHHA MA YMOSU 3AKPINAEHHS HAHOMPYOOK HA NOBEPXHI
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noaimeprnoi ocnosu. Ilpu yoapuux weuoxocmsx, menwux 3a 600 m/c, BHT npu 3imkuenni 3 niokiaoxoio auuue
8I0CKAKYE 610 NOGEPXHI NOIMEDY, He CNPUHUHSIOYU CYMMEBUX NAACMUYHUX Oedhopmayiil. 3i 30ibUeHHAM WBUOKOCI
yoapy 30HU NIACMUYHOT depopmayii 6 niOKIAOYL PO3UUPIOIOMbCA SIK Y NIOWUHI KOHMAaKmy, max i ¢ enuouny. Ipu
simknenni BHT 3 noeepxnero I[IEEK 6unukae iHmMeHCUSHA JNOKANI306AHA NAACMUYHA Oedopmayis, uo
CYNPOBOOACYEMBCIL 30CEPEONCEHHIAM HANPYIHCEHb MA AKMUBHUM MENTOBUOLIEHHAM Y Pe3YTbMmami 6HYMpIiUHb020
mepms ma oucunayii enepeii. 3a paxyHok 30inbuienHs: weuokocmi yoapy enubuna nponuxnennss BHT y nioknaoxy
spocmae: 6i0 0,10 wm npu 600 m/c 00 0,19 nm npu 1000 m/c. Temnepamypa 6 30ni KoHmaxmy pisko 3pocmae 00 397
K npu 600 m/c i 00 432 K npu 1000 m/c, it senuuuna nponopyiina uieuokocmi Hanompyoxu. Lle nosichioemvcs uuyoio
inmencuenicmio a0xKanizo6anoi naacmuynoi Oegpopmayii. Ilicna niky memnepamypa CMpIMKO 3MEHULYEMbCS
BHACTIOOK MENonposionocmi mamepianry niOKIadKky ma po3nodiry menia e2iub macusy nonimepy. Egexmusna
Qixcayis gyeneyesoi nanompyoKu Ha NOBEPXHI NOAIMEPHOI NIOKIA0KY 3 noaieipe@ipkemony 00ca2acmvpCsi 3a YMOBU
yoapnoi weuoxocmi 1000 m/c. Tlpu weuoxocmi 1000 m/c cnocmepicacmovcs MaAKCUMATLHA 2IUOUHA NPOHUKHEHHS
BHT 0o 0,19 um, wo 3abesneuye ii yacmrose 3aHypeHHs 8 NOGePXHesUll wap noaimepy. Yoap cynpogooicyemvcs
JIOKANIbHUM NIOSUWEHHAM meMnepamypu 6 30Hi koumaxmy 00 432 K, wjo nepesuugye memnepamypy ckiyeanus [IEEK
(400 K). 3a maxux ymosax nonimep nepexooumsv y GUCOKOEIACMUYHUL CMAH, WO CYNPOBOONCYEMbCS 3HAUHUM
SHUNCEHHAM MEXAHIUHOIL HCOPCMKOCMI MA RIOBUWEHHSIM ROOAmMAUSOCmi 00 niacmuynoi depopmayii. Lle oae 3mozy
nonimepy Oepopmyeamucs HABKOAO HAHOMPYOKU, YAcmKogo ii oxonniowouu. Jloxanvhe mepmiune poswupenus
mamepiany 8 30Hi YOapy 000amKo80 NOCUTIOE eeKm MeXAHIYHO20 3AXONIEeHH HAHOMPYOKU 8 NONIMEPHIL NAACMUHI.
Hicna 3aeepuienns yoapuoi 63aemo0ii 6i00yeacmvpcs wiUOKe OXONOONCEHHST CUCmeMU 00 meMnepamypu Huxicue
TMOUKU CKIYBAHHSL, 3yMOGIeHe Menaonpoegionicmio niokiaoku. B pesynomami ITEEK 6i0n06110€ €801 6UXIOHI dHcOPCMKI
eracmusocmi, @ikcyrouu BHT y 3acmueniti cmpyxkmypi. Kpumuuna weuoxicmo 1000 m/c 3abesneuye Haoiiiny
¢ixcayito BHT y IIEEK 3a805Ku 10KATbHUM MEPMO-CIMPYKMYPHUM eghekmam. 3anpononosana mooeib 0038015€
NPOSHO3Y8AMU ONMUMALbHI NAPAMEMPU NPOYeCy HANULEHHS 05l 3a0e3neueHHst 6UCOKOI ehekmugHOCmi HanuLeHHs.
HaHompyooK.

Kntouosi cnosa: xonoone 2azo0uHamiuie HANUIeHHs, Gy2leye6i HaHOmpyoOKu, nojieipe@ipkemon, Memoo CKiHYEeHHUX
enemenmie
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