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ABSTRACT

Achieving high-performance coatings requires advanced surface treatment techniques capable
of precisely controlling material properties and deposition behavior. Among these, thermal
spray and cold spray processes. In this thesis, both techniques are investigated through
numerical simulations to better understand the spreading, solidification, and bonding
mechanisms that govern the formation of ceramic and metallic lamellae. In the thermal spray
process, molten droplets at high temperature impact a solid substrate to produce a cohesive
coating. While cold spray technology relies on the impact of high-velocity solid particles,
where bonding occurs through plastic deformation without melting the material. A fluid—
structure interaction (FSI) model was developed to simulate the spreading and solidification
behavior of a molten or semi-molten particle impacting a solid substrate. The model accounts
for the coupled fluid dynamics, solid response, and heat transfer between the droplet and the
substrate, and investigates the influence of impact parameters such as multiple-droplet
impacts, initial droplet velocity, the presence of a solid core, and substrate oxidation on the
final lamella morphology. Subsequently, the solid-state particle deposition process in cold
spray technology was simulated using a three-dimensional model based on the Coupled
Eulerian—Lagrangian (CEL) approach. The effects of particle velocity, material properties,
and thermal conditions on the deposition and bonding mechanisms were then analyzed. A key
finding of this research is that the high kinetic energy of thermally sprayed droplets is closely
associated with an increased spreading rate, which facilitates the formation of flat and
uniform splats. Within the cold spray process, high kinetic energy primarily induces severe
plastic deformation, thereby enhancing particle/substrate bonding strength. Additionally, the
models used in the current study were corroborated through numerical and experimental

analyses conducted under the same conditions.

Keywords: Coatings, thermal spray, cold spray, bonding, fluid structure interaction (FSI),

Coupled Eulerian-Lagrangian (CEL).



RESUME

La réalisation de revétements haute performance nécessite des techniques de traitement de
surface avancées, capables de controler précisément les propriétés des matériaux et le
comportement du dépot. Parmi celles-ci, on trouve les procédés de projection thermique et de
projection a froid. Dans cette thése, ces deux techniques sont étudiées par simulation
numérique afin de mieux comprendre les mécanismes d'étalement, de solidification et de
liaison qui régissent la formation des lamelles céramiques et métalliques. Dans le procédé de
projection thermique, des gouttelettes fondues a haute température impactent un substrat
solide pour former un revétement cohésif. La projection a froid, quant a elle, repose sur
I'impact de particules solides a grande vitesse, ou la liaison se produit par déformation
plastique sans fusion du matériau. Un modele d’interaction fluide—structure (FSI) a été
développé afin de simuler le comportement d’étalement et de solidification d’une particule
fondue ou semi-fondue impactant un substrat solide. Le mod¢le prend en compte le couplage
entre la dynamique du fluide, la réponse mécanique du solide et les transferts thermiques entre
la goutte et le substrat, et étudie I’influence de parameétres d’impact tels que les impacts
multiples de gouttes, la vitesse initiale de la particule, la présence d’un cceur solide et
I’oxydation du substrat sur la morphologie finale de la lamelle. Par la suite, le procédé de
dépot de particules a I'état solide par projection a froid a été simulé a lI'aide d'un modele
tridimensionnel basé sur l'approche couplée eulérienne-lagrangienne (CEL). Les effets de la
vitesse des particules, des propriétés du matériau et des conditions thermiques sur les
mécanismes de dépdt et de liaison ont ensuite été analysés. Une conclusion clé de cette
recherche est que I'énergie cinétique élevée des gouttelettes projetées thermiquement est
étroitement associée a une vitesse d'étalement accrue, ce qui facilite la formation de
projections planes et uniformes. Dans le procédé de projection a froid, une énergie cinétique
¢levée induit principalement une déformation plastique importante, améliorant ainsi la
résistance de la liaison particules/substrat. De plus, les modéles utilisés dans la présente étude
ont été corroborés par des analyses numériques et expérimentales menées dans les mémes

conditions.

Mots-clés : Revétement, projection thermique, projection a froid, collage, interaction fluide

structure (FSI), couplage eulérien-lagrangien (CEL).
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NOMENCLATURE

Latin letters

A Initial yield stress [MPa]

B Hardening modulus [MPa]

Bi Biot number

C Strain rate sensitivity coefficient

Co Bulk speed of sound

c,! Equivalent specific heat [J kg=! K~! ]
d Diameter [m]

d, Intial diameter [m]

dq Baseline failure strain

d, Pressure sensitivity of failure strain

ds Stress triaxiality effect on failure strain
dy Strain rate sensitivity of failure strain
ds Thermal sensitivity of failure strain
Amax Maximum diameter [m]

D, Initial particle diameter

E Young’s modulus [Pa]

Eq Internal energy on the Hugoniot curve
E, Internal energy at the current state

f Volume fraction
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GENERAL INTRODUCTION

The deposition behavior of droplets on solid substrates has been extensively investigated over
the past decades owing to its critical role in various industrial applications, such as thermal
spray coatings. In these processes, the formation of ceramic or metallic lamellae enhances
surface properties and improves overall performance. The origins of droplet impact studies
date back to 1876, when Worthington first photographed the impact of a water droplet using
high-speed imaging techniques. Later, in the early 20th century, Max Ulrich Schoop
pioneered the thermal spray process in Switzerland, marking the beginning of a versatile
coating technology that continues to attract significant attention. This surface treatment
technique involves heating metal powders to a molten or semi molten state and projecting
them into the part of the surface to be coated. As the droplets solidify, they form protective
layers. In addition to droplet spreading, several physical phenomena may occur during the
droplet impingement, including rebound and splashing [1]. The final morphology of the splat
(lamella) depends on initial impact conditions (such as impact velocity, droplet shape and size,
droplet temperature and material proprieties) and the physical properties of the substrate

(oxidation and roughness).

The current study simulates the impact of aluminum alloy 380 (80% Al, 8% Si, 4% Cu, and
2% Fe) onto a steel substrate under various conditions to predict coating quality and

optimizing the process parameters, using Computational Fluid Dynamics software.

Over the past few years, interest in cold-gas dynamic spraying (CGDS), commonly referred to

as cold spraying, has increased substantially.

Cold spray is another coating technique that is studied in this work. It allows for the formation
of dense and well adhered coatings. This technology was discovered in the mid-1980s, by
Anatolii Papyrin’s team in Russia. Although both cold spray and thermal spray share the same
objective, they are based on distinct physical principles. The CS involves the impact of solid
powder, and thus it is a "solid-state deposition process". The powders are at temperature
lower than the melting temperature of the material. However, they are projected at high
velocities; hence the coatings are achieved through the plastic deformation of the sprayed

particles.



The thermal spray process mostly depends on thermal energy (heat transfer between the
droplet and the substrate), while the CS relies on the kinetic energy. Since the materials in CS
process are below the melting temperature (low temperatures), the thermal issues; like

oxidation can be avoided, which makes it suitable for temperature sensitive materials.

Numerical simulation of CS was performed to examine the main factors influencing the
morphology of the coating and the bonding mechanisms, such as particle initial velocity,

particle /substrate combination material, and preheating temperature.



Chapter 1

Literature review on droplet deposition process

This chapter presents a brief description of droplet dynamics during coating processes. It
includes the key parameters that affect droplet spreading, splashing, solidification, and
rebound, such as impact dynamics, the contact angle, and substrate characteristics. This
chapter covers the phenomena that may occur during the droplet deposition, by previewing

the preceding literature.



Introduction

1.1. Droplet impact dynamics

Understanding the mechanics of a droplet's impact is a major challenge in industrial
applications such as inkjet printing, biomedical applications, and spray coating manufacture.
In addition, it is a common phenomenon in nature, which can be observed in numerous
scenarios including rainfall. The study of droplet dynamics on a wet and dry solid surface has
gradually developed using theoretical and experimental methods. As the droplet impacts the
substrate, it may adhere, rebound, spread, or splash [1], as shown in Figure 1.1. This behavior
is dependent on the characteristics of both droplet (size, velocity, temperature, etc.) and
substrate (oxidation, roughness, wettability, etc.). This section focuses on the study of
droplet's impact and spreading on solid surfaces in order to produce thin metallic or ceramic

coatings.

spreading rebounding splashing

Figure 1.1 Droplets behavior during the impact onto solid substrate [1]

1.1.1. Spreading and recoiling of droplets

In thermal spray process, improving coating properties requires a deep understanding of the
dynamics spreading of droplets (molten or semi-molten) on a solid substrate during the
formation of the lamella. The spreading and recoil of droplets are primarily characterized by
dimensionless numbers of Reynolds and the Weber. In which the Reynolds determines the
ratio of inertial forces to viscous forces. The Weber is used to calculate the ratio of inertial

forces to surface tension.

pvd (1.1)
I

Re =




We = PvAd (1.2)

The Ohnesorge number quantifies the balance between viscous force, inertia, and surface
tension force. While the Reynolds and Weber numbers change depending on how fast the
particle is moving, the Ohnesorge number is independent of velocity. It describes the fluid's
inherent resistance to being deformed or broken up based purely on its physical properties and
size. It is defined as:

Oh = YWe (1.3)
Re

The contact angle (0) that forms between a solid surface and a liquid-gas is another factor that
affects the deposition and recoiling of hitting droplets. This angle varies throughout the
dynamic phases (advancing during spreading and receding during recoil); once the droplet

reaches equilibrium, the static contact angle is determined by Young's equation as follow:

O¢c — O
Cos O = -6 Sb (1.4)
OLG

A. Weber number, We:

Weber number defines the ratio of droplet kinetic energy to its surface energy. Hao Yi et al [2]
studied the evolution of molten metal droplets (for both high and low Weber number)
impacting onto a cold substrate. When droplets impact the substrate at low Weber number, it
spreads to the maximum diameter, and then it begins to retract and returns to its original shape
under surface tension forces. In this case, wettability becomes the primary factor in
determining droplet behavior. At large Weber number, inertial forces become predominant
over surface tension forces, leading to more significant spreading during impact, in this phase,

the wettability effects become negligible.
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Figure 1. 2 Droplet impacting onto a solid substrate: (a) Low Weber number. (b) High Weber number [2]

In numerous literatures, numerical simulations of impacting droplets on superhydrophobic
substrates were investigated for different Weber number values. Yang Ma et al [3] conducted
a comparison of the morphology evolution of single and binary droplets when they impact the
substrate. The single droplet detaches from the substrate after reaching the maximum
spreading. When the droplet/substrate combination has a high contact angle (Super
hydrophobic surface), then inertia will act to maintain excess surface energy upon impact and
may partially recede the droplet and even bounce off the substrate [1]. At We=10, the binary
droplets begin to construct a liquid bridge between themselves, which causes the droplets to
merge. These droplets rebound due to the effect of surface tension. However, at high Weber
number (We=50), the inertia is dominant at the first instant, and then the rebound occurs due
to the surface's low wettability. For high Weber number (We > 200), the wettability is
negligible [4].
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Figure 1. 3 Droplet evolution behavior. (a) Re = 100, We = 100, single droplet. (b) Re = 100, We = 10, binary
droplets. (c) Re = 100, We = 50, binary droplets [4]

B. Reynolds number, Re:

The Reynolds number also characterizes the behavior of the impacting droplets (spreading or

recoiling). It represents inertial forces to viscous forces ratio. At high Reynolds number,




inertial dominates viscous forces, thus, the droplet spreads rapidly. Conversely, a low

Reynolds number indicates that viscous forces play a dominant role.

In highly viscous droplets, the droplet's kinetic energy is dissipated and converted into
thermal energy due to the action of the viscous forces, which influence the droplet's spreading
by resisting its motion. Additionally, droplet retraction is suppressed as internal friction
inhibits its recoil. However, for low viscosity, the recoil is much more pronounced, where the

surface tension drags the droplet inward and minimizes the contact area.

Yang Ma et al [3] revealed that on a hydrophobic surface, the droplet's contact line recedes
more easily, resulting in more noticeable recoil, even at moderate Reynolds numbers (Figure

1.4).
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Figure 1. 4 Droplet evolution behavior, We = 100 and Re = 500 [4]

C. Ohnesorge number, Oh:

The Ohnesorge number is another crucial dimensionless parameter that describes the
spreading and recoiling dynamics of droplets when they impact a surface, by comparing

viscous forces with inertial and surface tension.

A low Ohnesorge number implies that surface tension forces overcome the viscous forces.
This causes the droplet to spread rapidly, often leading to a large spreading. At the end of
spreading, surface tension forces drive the droplet to minimize its surface and strongly recoil.
While a high Ohnesorge number signifies that the viscous forces are dominant, resulting in

slower spreading and the recoil is less pronounced.

Kuppa Ashoke Raman et al investigated [5] in their research the effect of droplets Ohnesorge

number during the successive impact on a solid substrate. It is clear evident in Figure 1.5 that



the spreading evolution is almost similar in all the examined cases. This is due to the inertia
dominated initial stage spreading. It can be observed that the spreading rate is lower at smaller

Ohnesorge values.

The Ohnesorge number shows how much energy is dissipated during the spreading stage due
to viscosity. When the Oh value is low, the majority of the kinetic energy is transformed into

spreading, and when the Oh value is high, most of the energy is lost to viscous forces.

25
— — — Oh=00819
Oh = 0.0409
g —smve Ohi=0.013
L / \.' O 0136
ik 4
|
i ;
g LLs P TR ' :
0 2 4 8 °

Figure 1. 5 Spreading time for different Oh number (Re=200 and We=16.384) [5]
D. Contact angle, 0:

Wettability of fluid/solid interfacial phenomena is often characterized by measuring the
contact angle formed between a liquid drop and a solid surface [6]. It is a dynamic parameter
that changes throughout the impact process. A small contact angle indicates good wetting, and

the droplet tends to spread more readily on the substrate (Figure 1.6).
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Figure 1. 6 Wetting states of a liquid droplet [7]



When a droplet comes into contact with the substrate, the three-phase contact line forms to
replace the original solid—air and liquid—air interfaces [8]. The static contact angle determined
at the equilibrium results from the balance of surface tensions at this three-phase contact line,
as shown in Figure 1.7. A low solid-liquid surface tension indicates good wettability,
allowing the entire spreading of the droplet over the surface (small contact angle). In contrast,
a high solid-liquid surface tension reduces wettability (non-wetting behavior). Thus, the

droplet forms a high contact angle with the substrate, i.e. minimized contact area.

TLG

Y

OSL

Figure 1. 7 Force balance at the contact line

The angle achieved when the three-phase contact line is pushed forward (advanced) or
backward (receded) gives a better indication of solid/liquid interfacial energy [9]. Due to the
adhesion force, the droplet advances on the solid surface, while the cohesion force resists the
droplet spreading [8]. Advancing and receding contact angles are measured expanding and
contracting quasi-statically a drop on a horizontal surface [10], the difference between the two
values is referred to as contact angle hysteresis AB, and it is used as a reference parameter to
measure drop mobility on a surface. Contact angle hysteresis determines viscous energy

dissipation due to the droplet dynamics.

According to Antonini et al [11], droplet rebound is primarily controlled by the receding
contact angle. Until We = 585, the droplet bounce off was only detected on surfaces with a

receding contact angle of more than 100°. As this angle increases, the rebound time decreases.

In another work of Carlo Antonini et al [12], the influence of A on the spreading time was
examined. Their findings indicate that at high value of hysteresis angle, the transition of the
contact angle from the value achieved during spreading to the required one for contact line

retraction requires a longer time. Thus, the spreading time increases with 6.

On an inclined substrate, due to the inclination angle, the droplet spreads in one direction and
generates an advancing dynamic contact angle with the solid surface, while the droplet

recedes in the opposite direction and forms a receding dynamic contact angle with the solid
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surface [8]. Kuppa Ashoke Raman et al [5] studied the effect of the contact angle on the
deposition behavior of successive droplets. Figure 1.8 depicts the temporal evolution of the
impact with 6=70° and 6=120°. As it seen, the receding of the first droplet (or the leading
droplet) is hindered due to the capillary spreading effect at 70°. However, for 6=120°, severe
recoiling of the droplet was noticed, resulting in an increase in its height. The fusion of the
droplets results in the formation of a connecting bridge. The narrow bridge observed at 70° is

thicker compared to the one at 120°.

T* =2.875 T*=2.875

Figure 1. 8 Droplets morphology during the coalescence for 6=70° (left side) and 8=120° (right side) (Re=200
and We=16.384) [5]

1.1.2. Spreading factor, &:

The maximum spreading factor is used to describe droplet dynamic as it deposits on the
substrate. It is defined by the ratio of the maximum diameter of the final splat and the droplet
initial diameter (&,,,x = dinax/d, ). The spreading factor is influenced by the droplet initial
conditions (such as velocity, temperature, size...) and the substrate material properties.
Numerous theoretical correlations for the spreading factor have been reported in the literature
expressed as functions of the Reynolds number, Weber number, Ohnesorge number, and even

the contact angle. It is described as follows [13]:

£ = CRe® (1.5)
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Where C takes values that vary from 0.8 corresponding to an average diameter of an
extremely uneven lamella, to 1.2941 for a lamella having a regular disk shape. a is equal to

either 0.2 or 0.125 or even 0.167.

H. Jones et al [14] is one of the very first authors who determined the maximum spreading
factor €,,, (Eq 1.6) of a molten particle projected on a solid substrate. Both surface energy

and solidification effect were neglected in his model [15].

Emax = 1.16 Re%125 (1.6)

Scheller and Bousfield [16] proposed a correlation of the maximum spreading factor of water

droplets impact on hydrophilic surfaces (6<90°), and it is given by:
w
Emax = 0.61 (0_:)0'166 (1.7)

During the spreading process, there exist two basic regimes that govern droplet behavior:
capillary and viscous regime. The kinetic energy is converted to capillary energy in the

capillary regime. &, isrepresented by [16]:
Emax = Well? (1.8)

While the initial kinetic energy is converted into dissipation work during the viscous regime.

Emax 18 obtained by Madejski [17] and Roisman et al [18]:
Emax = Re'/s (1.9)

Pasandideh-Fard et al [19] proposed a correlation of €,,,,, by considering all energy types at

the maximum spreading.
Emax = Re'/* (1.10)

Another correlation of Pasandideh-Fard et al [19]. It is based on balancing energy between the
maximal spreading and the moment of the impact, with taken into account the effect of

surface wettability (Eq 1.11).

We+12 (111)
Emax = LA We
R

3 (1—cosh) + 4 TRe

1.1.3. Droplet splashing
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When a droplet impacts a solid surface, it can either spread smoothly or undergo splashing
(breakup into smaller secondary droplets), depending on various factors such as impact
velocity, temperature change, and material properties. Worthington (1876) was the first to
study the splashing phenomena that happens when a liquid droplet hits a solid or liquid
surface. Droplet splashing occurs if there is enough kinetic energy that causes the ejection of
secondary droplets from the edges of the main droplet during deposition [20]. Numerous

researchers have documented the phenomenon of droplets splashing.

The splashing parameter K presented in Eq 1.12 was used to determine the break-up
phenomenon of the droplet, it was proposed by Mundo et al in 1995 [21], it is composed of
both in-flight information (the dynamic characteristics of the droplet as it moves through the
air before it hits the substrate) and the physical properties of the droplet. However, K 1is
unable to explain the transition phenomenon in the flattening morphology from splash-shaped
to disk-shaped with increasing substrate temperature. Therefore, in 2002, Masahiro Fukumoto

et al [22] proposed the splashing parameter on flattening K (Eq 1.13).

A critical value of K as a criterion for splashing has been known to be K, = 57.7. If the
droplet diameter and impact velocity increase, K increases and splashing tends to occur (K >
Kc, splashing occurs). Nevertheless, for low impact velocity, no splashing occurs and the
splat has a regular disk shape, which is due to the decrease of the kinetic energy. Additionally,

a critical parameter of K was introduced as (k]‘l), in the free-falling experiment, k]‘l was
estimated to be roughly k7 = 7, independent of the substrate material, impact velocity, and
droplet material. It was found that at Ky < k% , a disk splat is formed, while a splash splat at
Ky >kj .

K = We®> Re®% (1.12)
K;=0.5a'?Re %3 K (1.13)

The parameter «a» represents the ratio between the maximum spreading velocity and to the

initial particle velocity.

Figure 1.9 represents the transition from a splash splat to a disk splat, as the substrate
temperature increases. The temperature of the substrate as the disk-splat fraction reaches 50%

is referred to as the transition temperature T;[22].
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The presence of contaminants (which are generally water molecules and other volatile
particles such as oils) on the substrate induced the formation of a gas film; this film reduced
the quality of droplet/substrate contact and affects the splat morphology (the final coating).
The density of contaminants is reduced with the substrate preheating, and the elimination of
these contaminants will be completed at T;=T,. When operating in a controlled atmosphere
chamber (at pressures below the critical value), the contaminants desorb from the surface, and
the splat morphology becomes independent of the substrate temperature [15]. As a conclusion

the desorption of contaminants leads to the formation of a disk shape [22].

=
_; 6o Splash splat Disk splat ]
s ks A |
£ 40 \ Transition
g 50% Disk-splat | tgmperature,T,
= L i i
o |
I
L | | | - 1 -
300 400 500 600 700 800
Substrate temperature (K)

Figure 1. 9 The evolution of splat morphology with the substrate temperature. (a) splash splat at =300 K, (b) disk
splat at =723 K, (c) the transition temperature [22]

The impact of droplets on dry smooth solid surfaces is a natural well-known phenomenon,
which can be characterized by deposition/spreading and splashing. The splashing
phenomenon is additionally categorized into two types of corona splash and prompt splash [§],
as demonstrated in Figure 1.10. Furthermore, it can be observed that the water drop spreads
along the flat surface with no splashes. For high Weber number (ethanol), secondary droplets
are separated from the main structure of the drop. The K-parameter model that describes the
droplet splashing dynamics on dry smooth solid surfaces is expressed by Eq 1.14 [23]. It

applies the balance of viscous, inertia, and capillary forces.

K;= OhRe'? (1.14)
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Figure 1. 10 Splashing evolution for the droplet impacts of water and ethanol on dry smooth solid surfaces [23]

Jie Liu [24] investigated the impact of FC-72 droplet onto an inclined Plexiglas surface at
angles of 15, 30, and 45°, to analyze the effect impact angle. It was observed that at 15°, the
splash occurs clearly on both upper and lower rims (Figure 1.11). As the inclination angle
increases (30° and 45°), there is much less splashing; it only occurs in the down rim. However,
Zhang et al [25] studied the spreading, splashing and solidification of yttria stabilized zirconia
(YSZ) droplet after inclined impact, using smoothed particle hydrodynamics and they found

that splashing occurred for a critical impact angle of approximately 44°.

() ms 0.08 ms 0.15 ms 023 ms 03l ms

Figure 1. 11 Influence of angle of impact surface. (Top :15°, middle: 30° and bottom 45°). For We = 970 and Re
= 8700 at 3 atm [24]

More succinct parameter k was proposed by Chiu et al in 2009 (Eq 1.15) [26], they found that
for contact angle 6 = m, the splash parameter K =1.5, without considering the substrate

properties.

2e <3 (1 - cos) (1.15)
Re 4

k= 2=
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In another work of Zhang et al [27] investigated the influence of droplet viscosity on the
splashing behavior during the impact on a smooth substrate. They found that the splashing of

the droplet occurs for low viscosity. While the increase of viscosity prevents droplet splashing.

In 2021, based on a smooth particle hydrodynamic method, Chen et al [28] suggested the
splashing parameter K for a metal droplet when it impacts a dry and smooth substrate (Eq
1.16). Their model can predict the impact outcomes for different temperature substrates, and it

primarily sets apart between metal and nonmetal droplets.
K = Oh Rel>3%6 (1.16)

1.2. Substrate characteristics

The behavior of a droplet when it comes into contact with a solid substrate (whether it spreads
out, retract, break up (splashes), or solidifies is determined by the properties of the substrate
characteristics as well. Surface properties such as wettability and roughness influence
droplet/substrate interactions, including deposition and adhesion. Strong de-wetting surfaces
(hydrophobic or super hydrophobic surfaces) are necessary in many engineering applications
where liquid repellence is needed in order to control the interactions between the droplet and
the substrate and prevent surface corrosion, poor thermal performance, or even icing [29].
While hydrophilic surfaces are critical for coating technologies where uniform spreading of

liquids is required.
1.2.1. Hydrophilic and hydrophobic surfaces

Understanding how droplets interact with hydrophilic and hydrophobic surfaces permits good
coating of surfaces. Hydrophilic surfaces (good wetting) promote droplet spreading, while on
hydrophobic surfaces (poor wetting) droplets spread to its maximum, then retract and finally
bounce off the substrate. Wetting and de-wetting of Surfaces are determined by the contact
angle. As previously discussed, low contact angle ( 6 < 90°) indicates good wetting
(hydrophilic behavior), while high contact angle (6> 90°) indicates poor wetting (hydrophobic
behavior). For contact angle (6>150°) and small contact angle hysteresis (A8<10°) the surface
is considered as super hydrophobic [12]. The droplet/substrate adhesion forces are stronger on
hydrophilic surfaces compared to the hydrophobic surfaces, where the cohesive forces (within
the liquid itself) are the strongest, preventing further spreading of the fluid. Super-
hydrophobicity provides the so-called self-cleaning effect by facilitating water shedding from

surfaces and reducing surface pollution [12].
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Figure 1. 12 Contact angle of hydrophobic and hydrophilic surfaces [30]

In 1997, Mao et al [31] studied impact on hydrophilic and hydrophobic surfaces with contact
angles up to 97°. They found that the rebound of the droplet can be seen on substrates with
equilibrium contact angles greater than 90°C. Antonini et al [32] conducted an experimental
study on water drop oblique impacts onto hydrophobic and super hydrophobic tilted surfaces.
The analysis led to two main findings, on super hydrophobic surfaces, surface tilting
facilitated drop rebound from a surface. Also, increasing the tilt angle helped reduce drop
rebound time (up to 40%). Differently, on a hydrophobic surface, no rebound was observed
above a certain surface tilt angle (a=45°), and the drop stayed on the substrate, either

completely or partially.

For hydrophobic surfaces, Xu Yang [4] observed that at the early stage of spreading, droplets
impacting with high contact angles generated a higher spread factor than impacting onto
hydrophilic surfaces with low contact angles. This is because the inertial effects can be
neglected at the first instant of deposition, leaving only adhesive and cohesive forces to affect
spreading, thus, the strong liquid/solid interaction on the hydrophilic surfaces prevents further
spreading, in contrast to the hydrophobic surfaces' relatively weak liquid/solid interaction. In

later stagee of spreading, inertial forces begin to affect the spread of the droplet.

In order to avoid liquid adhesion to the substrate, Arda et al [19] focused on developing super
hydrophobic surfaces for which the methods such as: super hydrophobic spray-coating: it uses
the coating to produces a surface with exceptionally high water resistance, leading the droplet
to roll off the surface with minimal contact, laser-ablation: it involves the removal of material
from a solid surface by irradiating it with a laser beam, the material absorbs the laser's energy
and either vaporizes, melts, or sublimates, anodization: this technique converts the surface
of a metal into a durable and corrosion-resistant oxide layer, and combination of laser-
ablation and anodization. Table 1.1 indicates the contact angle measurement for these surfaces.
The experiments were performed at surface temperature has of 25°C and 2°C. The results of

25°C indicates that the impact of the droplet onto the combined surface (in the early dynamic
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stage of droplet spreading) reveals a greater value of maximum spreading factor than the
laser-ablated and anodized surfaces, besides it is lower than the ones of the coated surface. At
low surface temperature (2°C), the substrate whose surface was treated using the combined

technique had the smallest maximum spreading factor at low surface temperatures.

Table 1.1 Contact angle measurements [19]

Surface Contact angle Wettability Status
Smooth surface 82°+£2° Hydrophilic
Anodized surface 108° +2° Hydrophobic
Laser-ablated surface 117°+2° Hydrophobic
Combined surface 150° £ 2° Superhydrophobic
Spray-coated surface 158° £2° Superhydrophobic

1.2.2. Surface roughness

Surface roughness is another factor that can significantly influence the interactions between
the droplet and the solid substrate, as well as having an effect on spreading dynamics,
solidification processes, and adhesion. It is determined as the arithmetic average of the
deviations of surface peaks from a hypothetical perfectly smooth surface [33], i.e. it measures
the irregularities on the surface. Low R,, indicates a smoother surface which is desirable for
uniform coating. While, higher R, represents a rougher surface, which promotes uneven
spreading even though it increases the adhesion. Xue et al [33] suggested an analytical model
that characterizes the true contact area between liquid metal and a rough substrate (Figure
1.13). For this ideal surface, the mathematical expression for R, is given by Eq 1.17. This
model was employed to simulate the behavior of the molten droplet during the deposition on
solid substrate while calculating contact resistance distribution at the interface of the liquid
and the surface. The results show that further variations in contact resistance that cannot be
expected from surface roughness alone are likely to be produced by a surface oxide or other
impurities.

_Ry@ax _mp (1.17)

Rq 28 4
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substrate %

Figure 1. 13 Contact meniscus geometry created with spherical asperity [33]

Two well-known models that explain how liquid droplets interact with rough surfaces,
particularly in terms of wettability and contact angle, are the Wenzel and Cassie-Baxter states

(Figure 1.14).

(@) (b)
Liquid
Liquid
Rough solid Rough solid
Wenzel state Cassie- Baxter state

Figure 1. 14 (a) A liquid droplet in Wenzel state. (b) A liquid droplet in Cassie—Baxter state [34]

The droplet completely wets the rough surface in the Wenzel state, indicating that the liquid is
entirely in contact with the substrate, even the roughness peaks, and there are no air pockets
between the liquid droplet and the solid substrate. According to Wenzel, roughness of the
substrate increases the liquid/solid contact. The Wenzel wetting model is represented by the

following equation:

Cos GWenzel =x Cos eequilibrium (118)

Where ¥ is the roughness ratio.

Based on this equation, the contact angle decreases (high wettability) as hydrophilic surface
roughness increases. On the other hand, increasing roughness on the hydrophobic surface

results in a higher contact angle and decreased wettability [8].

Cassie and Baxter proposed another model in which the droplet does not completely wet the

rough surface, instead sits on top of the peaks, and the air pockets are trapped beneath the
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droplet, creating a composite interface of solid-liquid. The Cassie—Baxter wetting model is

expressed by the following equation:
Cos QCassie and Baxter — Ql Cos Qequilibrium - Q)Z (1-19)

Where ¢;and @, denote the fraction of the total solid surface area, which is in direct contact
with a sitting droplet and forms an equilibrium contact angle 6cgyiiprium > and the fraction of
the total solid surface area, respectively [8]. The presence of air pockets enhances surface

hydrophobicity, which results in an increased contact angle.

In the Cassie—Baxter, the droplets impact at low impact velocity; the droplet will rebound
after impact preserving the Cassie—Baxter state. However, when velocities surpass a crucial
value, droplets may not be able to rebound. In a region close to the impact zone, local liquid
penetration into the surface cavities leads the wetting to move from the Cassie-Baxter to the

Wenzel state, which is commonly known as impalement [32], as shown in Figure 1.15.

Sessile drop (static)
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Figure 1. 15 Wetting states under both static and dynamic situations on super-hydrophobic surfaces. (a) A sensile
droplet in Wenzel state; (b) A sensile droplet in Cassie—Baxter state; (c) Cassie—Baxter state (no impalement at

low impact velocity); (d) an area close to the impact zone switches to Wenzel state (high impact velocity) [32]

Shakeri and Chandra [35] performed an experiment of a molten tin droplet impacting different
rough substrates. The molten droplet splashed on the substrate without oscillating due to the
large droplet diameter (2 mm) and the large impact velocity (4 m/s). They found that the
morphology of the splat is altered due to the substrate roughness and several fingers formed

around the droplet's rim on the rough surface.
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Tang et al [36] experimentally investigated the change in maximum spreading factor as a
function of surface roughness. They employed ethanol, decan, water, and tetradecane as
working fluids. They discovered that the maximum spreading factor is reduced with the
increase of surface roughness. However, the spreading factor is enhanced with the increase in

impact velocity.

S. Tahar et al [37] numerically simulate the impact of successive and simultaneous droplets
on a rough surface. They investigated the change in maximum spreading factor with surface
roughness. They found that a peak diameter more than 5% of the droplet diameter induces

concave roughness that influences mechanical adhesion, thus, the creation of a normal splat.
1.2.3. Oxidation of the substrate surface

Characterizing surface roughness provides insufficient understanding of the substrate's effect.
The oxide layer that forms on the surface of the substrates also influences the formation of the
coating. This layer can occur naturally due to exposure to air, high temperatures, moisture, or
it can be deliberately created through controlled processes like anodizing or oxidation
treatments. The oxide layer can act as a protective barrier against corrosion by preventing
direct contact with corrosive elements in the environment. Thus, it is beneficial as it helps to
increase the durability and lifespan of the lamella-substrate system, thereby improving the
overall quality of the coating [37]. The thickness of the oxide layer increases as the substrate
temperature increases [38]. High temperature oxidation is a significant issue in gas turbines
because without a barrier to oxygen diffusion on the surface of the component, relatively
rapid oxidation can occur above 870°C [39]. A. Abedini et al [40] conducted an experiment to
determine the elemental composition of the steel substrates and to detect how much oxidation
was caused by increasing surface temperature. They found that as a result of increasing the
oxygen content from 35% of the total at ambient temperature to over 60% at 350°C, the

oxidation increased.

The types of oxidations that form on substrates vary depending on the material,
acknowledging the characteristics of these types before any coatings allow better control of
the substrate properties. As an example of some common oxides: Iron oxide (FeOs) that forms
on steel, also referred to as rust, it occurs when the steel is exposed to air and moisture.
Aluminum oxide (Al20s), this layer prevents further oxidation and corrosion, making
aluminum highly resistant to rust. When copper oxidizes, it forms cupric oxide (CuO) and

cuprous oxide (Cuz0).
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Fukumoto et al [41] examined the effect of the surface condition on the splat morphology
when droplets impact onto two types of mirror-polished 304L stainless steel substrates, one at
room temperature, and the other heated to 673 K. The findings show that the formed oxide
layer on the cold substrate (at room temperature) is only a few nanometers thick, while that

formed on a hot substrate is about ten nanometers.

Preheating a stainless-steel substrate alters its surface topography at the nanometric scale,
primarily due to the formation and growth of oxide peaks. These peaks can be characterized
by an obliquity parameter called S, [41], [42], as shown in Figure 1.16. Fukumoto et al [41]
found that for substrates of the same nature and the same roughness R, (a few nanometres)
but with different Sy, different splat morphologies: for a positive Sj the lamella has a disk

shape and for a zero or negative S, the lamella tends towards a splash shape.
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Figure 1. 16 Obliquity parameter of surface topography

The thickness of the oxidation on the metal substrate is determined by the preheated
temperature and the substrate's composition. If the oxide layer is only a few nanometers in
thickness, it can improve the wettability of the steel surface. However, if it exceeds 50 nm, the

splashing occurs with a poor splat/substrate adhesion [15].

1.3. Droplet solidification

Solidification is a complex interplay of nucleation, growth, heat transfer, and microstructural
evolution; each process can significantly influence the final characteristics of the coating. It's
critical to comprehend how liquid solidification alters the spreading behavior of the droplet
after deposition onto a substrate. Madjeski [17] suggests that solidification begins after the
total spreading of the lamella, and the droplet kinetic energy is converted mainly into viscous

dissipation work. When a molten droplet impacts a solid substrate with a given initial
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temperature and a specified velocity, it spreads outward in a radial manner along the surface
of the substrate, driven by inertia and opposed by surface tension and viscosity. In the
meantime, the droplet temperature rapidly drops, and it begins to solidify as it loses heat to
the substrate. This creates a temperature differential within the droplet and promotes the
epitaxial growth of columnar microstructures as the droplet solidifies [43]. Pasandideh-Fard et
al [44] pointed out that the splashing phenomenon of the droplet would not occur when the
molten droplet spreads completely before solidification. The early solidification of the droplet
(once it touches the surface) changes the spreading behavior. As the periphery regions
solidifies, the material still in flow meets an obstacle and it creates the splashing. Additionally,
solidification decreases the time needed to stabilize the thin film, without solidification the
fluid spreads more, and then the thickness of the thin layer at the impact location reaches a
smaller value (Figure 1.17) [45]. The solidification time value also can influence the final
coating, a smooth or a rough surface topology. If the fluid completely freezes before the
substrate's equilibrium thickness is achieved. i.e. early solidification, it results in a
nonuniform coating relief [45]. The maximum spreading factor ¢&,,, in the case where
solidification only begins when the spreading of the droplet is complete is given by Eq 1.20.

3 Emaxz i Emax 5 _ (120)
We + Re (1.2941) =1

For Reynolds number Re>100 and Weber numbers We>1000, the equation is simplified to:
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€0 = 1.2941 Re (1.21)
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Figure 1. 17 The variation of the droplet heights at the impact with and without solidification [45]
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Droplet spreading can be classified as spreading without solidification and spreading with
solidification depending on the temperature of the substrate. A molten metal droplet cools and
solidifies rapidly when it impacts a substrate that is at a temperature below the droplet’s
melting point. Conversely, no solidification occurs at substrate temperatures higher than the
melting point. Thus, in this case, the droplet spreads to its maximum diameter, then retracts,

and eventually bounces off the substrate, this is known as "isothermal spreading" [46].

The experimental results of Aziz et al [47] of tin droplets impacting a solid substrate at
temperature of 298,15 K were used to validate the accuracy of the numerical model of Tao An
et al [48] describing the solidification of metal droplets. The findings indicate that due to the
solidification of the bottom of the droplet, it did not rebound; although the contact angle is
high enough. During spreading with solidification, the heat is transferred from the substrate to
the droplet; hence, the bottom gradually solidifies preventing the contact line from retracting.
In the case of spreading without solidification, the tin droplet contracts and rebounds due to

high contact angle.

Additionally, Tao An et al [48] investigate the influence of both Weber and Stew numbers on
the solidification rate. As seen in Figure 1.18 (a), the bottom region of the droplet has a lower
temperature indicating its solidification. As the Weber number increases, the solidification
rate at the bottom accelerates. This indicates that a higher Weber number enhances the
solidified layer growth by increasing heat transfer between the substrate and the droplet.
Additionally, as the Stefan number decreases, the spreading factor remains unaffected by the
presence of the solidified layer. For Stew < 0.12, the solidified layer shrinks and disappears
(Figure 1.18 (b)).
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(a) (b)

Figure 1. 18 The spreading with a substrate temperature Tw = 298.15 K . (a) The temperature distribution at
different Weber numbers. (b) The temperature distribution at different Stwe. The blue color represents the
solidified layer (areas with temperatures below ), the other parts are represented with the color bar [48]

Mostaghimi et al [49] have shown that the flattening ratio is related to the Reynolds and
Weber number. The solidification effect on the droplet spreading behavior, however, can be

ignored when the Stefan number to Prandlt number ratio is smaller than unity (<1).

In order to study the solidification phenomenon, Amitesh Kumar et al [50] developed a
numerical model of Al-33Cu/304 stainless steel substrate impact. The simulations reveal that
the liquid film at the splat/substrate interface loses its momentum and merges with the
solidified region as the solidification layer grows. Solidification can begin during the
spreading process; however, the growth velocity of the solidified layer is significantly slower
than when solidification takes place after the droplet has fully spread, which allows the splat
to retain radial momentum, enabling it to reach its maximum diameter before solidifying.
As spreading and solidification progress, the flow of liquid metal reduced, making surface
tension more influential. This creates high-pressure regions at the splat’s edges, eventually,

the flow is reversed into the center, forming a bump at the rims.

Mingguang Shen et al [43] developed a numerical model of solidification formation of molten
yttria-stabilized zirconia (YSZ) droplet during plasma spraying. The results reveal that the
spreading droplet's solidification microstructure consists primarily of columnar grains as
shown in Figure 1.19. Furthermore, even though there is a significant thermal gradient
between the droplet and the preheated substrate, solidification may be safely assumed to occur

mostly after spreading, due to the rapid spreading of YSZ droplets along the substrate.
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Figure 1. 19 Solidification microstructure of YSZ lamella [43]. (a) numerical (b) experimental

The cooling regime that a lamella undergoes can be characterized by the dimensionless Biot

number, it is defined as follows:

Bi = h_kL (1.22)

L is the thickness of the splat, k represents the thermal conductivity of the material, and h is

heat transfer coefficient.
We can distinguish three cooling regimes depending on the Biot number [15]:

» Ideal cooling corresponding to a Biot number >>1: This occurs when the thermal contact
between the lamella and the substrate is perfect. In this case, the heat is controlled by heat

diffusion.

» Newtonian cooling corresponding to a Biot number <<1I: In this case, heat transfer at the
interface controls the cooling. Heat transfer is primarily governed by the lamella/substrate

interface, i.e. when two materials are in contact; they exchange heat at their interface.
» Intermediate cooling between these two modes.

In their work, Mabdoua et al [15] define the process of solidification and describe its
progression. They examine its stages, detailing the transformation from the liquid to the solid
state. Solidification is a phase transition, in which a liquid turns into a solid when its
temperature is below its freezing point. It typically involves supercooling, germination, and

crystal growth.

Supercooling happens when the liquid is at a temperature below its normal freezing point
(supercooled liquid), but without undergoing solidification immediately, due to a lack of

nucleation sites. When nucleation sites become available, the solidification of the supercooled
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liquid begins. The beginning of solidification is indicated by germination; it involves the
formation of tiny solid particles called nuclei. Once nuclei have formed, the crystal growth
takes place and it is occurring along with the release of latent heat, i.e. the energy released

during phase change.

The release of latent heat leads to an increase in the temperature of the surrounding
supercooled liquid. This phenomenon is called recalescence [51] (Figure 1.20). Nucleation
decreases as the temperature increases, and the growth of existing nuclei becomes dominant
over the formation of new ones. Furthermore, the nucleation process ceases once 67% of the

lamella surface in contact with the substrate is covered by nuclei.
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Figure 1. 20 Schematic diagram of liquid solidification with supercooling [51]
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Conclusion

This chapter provides an insight review of previous research on the physical phenomena that
govern droplet behavior during thermal spraying process. The results indicate that Reynolds
and Weber's dimensionless numbers characterize droplet spreading and rebound. High values
of these parameters (high impact velocity) lead to more significant spreading. Another factor
is the contact angle, which indicates the wettability of the surface. A small contact angle
means good wetting, thus high spreading rate. In addition, substrate characteristics were also
discussed such as hydrophobicity, roughness, and oxidation. It was concluded that varying
surface conditions affect the morphology of the lamella and the droplet/substrate adhesion

mechanisms.

A critical review of the literature indicates that droplet deposition is predominantly modeled
by treating the fluid and solid domains independently. There remains a lack of comprehensive
numerical studies that fully coupled fluid—structure interaction; where the mechanical
response of the substrate and the fluid dynamics of the droplet are solved simultaneously.
Addressing this gap is essential for a deeper understanding of deposition process in thermal
spray. Therefore, building upon the insights established in this chapter and the identified
research gaps, the following chapter introduces the numerical methodology used to capture

the droplet dynamics, heat transfer, and substrate response during thermal spray process.
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Chapter 2

Numerical Methodology

This chapter introduces the numerical methodology used in the simulation of droplet
impact, spreading, and solidification on a solid substrate. The simulations are conducted
using Ansys Mechanical (APDL) software, implementing the F'SI method. The governing

equations are described for both fluid and solid domains. The VOF method is applied to
determine the droplet/air free interface, in order to model immiscible multiphase flows.

Additionally, the FEM is used to solve the equations numerically.
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Introduction

Numerical simulations of metal droplets deposition during lamella formation focus on

capturing the physics of droplet spreading, solidification, and interaction with the substrate.

Numerical methods for simulating droplets are generally divided into Lagrangian and
Eulerian approaches. The Lagrangian approach focuses on tacking individual droplets to
follow its motion and deformation, further it monitors solidification at the droplet level. In
contrast, Eulerian approach analyses the flow at fixed locations or control volumes in the
computational domain and how the fluid (droplet) properties change at these locations over

time.

In the present study, the development of a two-dimensional numerical model for the
impingement of droplets onto a solid substrate has been conducted using Ansys code. The
VOF method that belongs to the Euler approach is applied to determine the droplet/air free
interface by studying the volume ratio function. This method is widely used and well suited

for simulating multiphase flows involving interface tracking.

Additionally, the finite element (FE) method solves the governing equations of the simulation

by discretizing them into a system of algebraic equations, which are then solved numerically.

To investigate the droplet—substrate interaction, a fluid—structure interaction (FSI) approach is
employed in the simulation. The FSI has been a topic of great interest in diverse applications
such as engineering, science, and medical fields. In surface treatment application, the FSI
method is used to model the impact and solidification of molten metal droplets on substrate,
allowing for the optimization of material deposition and coating quality. When droplets
impact on a solid substrate, the fluid force acting on the structure determines the substrate
surface deformations, meanwhile the fluid behavior is determined through the substrate's

properties [52].

Honegger [53] proposed the first liquid/solid interaction model, where the impact of a liquid
jet onto a solid substrate causes a constant pressure, referred to as the water hammer pressure.
This pressure arises from the rapid momentum change of the liquid and is transmitted into the
solid as a compressive stress wave, thereby initiating the mechanical response of the substrate.
Although his model provides a simplified representation of liquid/solid interaction, it laid the

foundation for subsequent studies on fluid—structure interaction phenomena.
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The fluid and solid domains interact only at the fluid—structure interface, where specific
coupling conditions must be enforced. These conditions include kinematic compatibility,
ensuring that fluid and solid velocities/displacements match at the interface, and traction
equilibrium, ensuring that forces exerted by the fluid on the solid are balanced by equal and

opposite forces from the solid.

In order to simplify the problem of our study and reducing its complexity, we have made

some assumptions as follow:

> A two-dimensional geometry and a half spherical shape of the droplet;

>  The droplet is initially assumed to be completely molten;

> The droplet impacts vertically on a fixed solid substrate;

>  The initial temperature distribution within droplets is uniform;

>  The fluid flow is considered incompressible, Non-newtonian and laminar;

> The heat loss of droplets by radiation and convection is neglected. This assumption is
justified by the significantly higher rate of heat conduction into the steel substrate
compared to the surrounding air. For multi-impacts, ignoring air convection may slightly
overestimate the substrate temperature. Future studies could include convective cooling

to better capture the thermal history during lamella formation.

This chapter describes the governing equations and numerical methods used to simulate the
droplet deposition and its interaction with the substrate, regarded as the basis of the work will

be presented in later chapters.
2.1. Governing equations

To accurately simulate the impingement, spreading, and solidification of droplets onto a
substrate, a coupled numerical model was developed. This section details the governing

equations.

A. Mass and momentum conservation:
The continuity and Navier-Stokes equations describe the fluid motion:

Continuity equation:
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ap — (2.1)
e + V.(pv) =0

Given the incompressible of the fluid, the continuity equation is expressed as:

V.B=0 (2.2)

Momentum equation:

p(Z +V.070))= —~VP+VI+F, (2.3)

P is the pressure and 7 is the viscous stress tensor defined as:

T = uvo (2.4)
1 1s the dynamic viscosity.
F_b) is the body forces which include both gravity and surface tension forces Fgr.
Fp= pg + Fg (2.5)
p is the fluid density and g is the gravitational acceleration vector.

Fst is the volumetric surface tension force, modeled using the Continuum Surface Force (CSF)

approach. This force is calculated as:
Fst =okVf (2.6)

where o is the surface tension coefficient, x=V-(V{/|Vf]) is the interface curvature, and f is the
volume fraction (defined in Section 2.2). Surface tension is modeled using the built-in

FLUID141 element property (SFTS) in ANSYS APDL.

B. Energy equation:

The energy conservation equation governing heat transfer during droplet impact and

solidification is formulated as:
pC (%) =V-(kVT) +Q (2.7)

Q, K and Cf,q are the thermal source, the thermal conductivity, and the equivalent specific heat,

respectively.
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The phase change process during droplet impact and solidification is modeled using
the equivalent specific heat method. This technique incorporates the latent heat of fusion into
an effective thermal capacity, transforming the problem into a single-domain formulation with
a nonlinear specific heat over the phase change interval. This method allows the thermal

problem to be expressed in temperature [54].

The equivalent specific heat is defined as:

Cpeq(T) = Cp(T) + L L (2.8)

Here, L is the latent heat of fusion. The derivative of the liquid fraction, dfl/dT, distributes the
latent heat release/absorption over the phase change temperature range [7solidus,7liquidus].

A common definition for the liquid fraction f7 is:

T < Tv‘ll'&fillh
ff[T) = TR I;lllililb <T< I‘quuidn_n (29)
1 T > Tl:‘r;m.im

Substituting (5) into (4) yields a piecewise definition for C featuring a sharply increased

p.eq>

value within the mushy zone.

This formulation is computationally efficient, as it avoids the need for an explicit latent heat
source term and can be readily implemented within standard conduction solvers. The release
of latent heat is naturally simulated by the enlarged heat capacity over the transition region,

providing a robust solution for tracking the solid-liquid interface.

2.2. Interface tracking method

In 1969, Daly [55] introduced a way for tracking the interface using a collection of marker

particles, resulting in a new advance in surface tracking technology.

The VOF (volume of fluid) is a powerful method that is used to track and locate the free
surface of two immiscible fluids in a calculation mesh of Eulerian cells, which is easily
extended to calculations in three dimensions. It was first reported by Hirt and Nichols in 1975
[56]. It is common to use a single value for each dependent variable that defines the fluid state
in each mesh cell. We define a function "f" whose value is unity when the cell is entirely
occupied by the fluid phase and zero otherwise. Therefore, the average value of f in the cell

represents the fraction of the cell's volume occupied by fluid. Specifically, f=1 indicates that
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the cell is full of fluid, while, f=0 means that the cell empties of fluid. While, 0<f<I signifies
the free surface, i.e. the interface between the fluid phase and the other fluids, as it is
illustrated in Figure 2.1. Thus, the VOF approach only needs one storage word for each mesh

cell [56]. The total fractional volume for all phases equals one.

LEGEND
—— Interface

] Fluid A
= Fluid B

Figure 2. 1 Volume of fluid method [57]

The material properties (density p, viscosity u, thermal conductivity £, etc.) in any cell are

calculated as a weighted average based on the volume fraction: {=a metal+(1—a)air

Where ¢ represents any transport property. This approach allows for a sharp representation of
the interface, as illustrated in Figure 2.1, which is crucial for accurately modeling surface

tension effects and heat transfer across the free surface.

In the VOF method, a set of continuity and momentum equations are solved concurrently with

a volume fraction transfer equation over the computational domain [58].

The advection equation (Eq (2.10)) controls the volume fraction's temporal and spatial
evolution [59].

af
= =-V(Uv (2.10)

The volume of Fluid (VOF) method can be categorized into algebraic methods and geometric
methods, where each of these approaches has different ways of treating the interface between
fluids. The algebraic VOF (AVOF) method uses a function to represent f, while in the
geometric VOF (GVOF) method; f is represented by geometry [58].
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Algebraic methods tend to be simple and do not require a complex geometry of the interface
to be tracked explicitly. It uses the continuum-based partial differential equation (PDE)
discretization scheme for the advection of f. In this approach, fluxes are algebraically
computed; it is not necessary to recreate the interface. In contrast with AVOF approach,
GVOF methods employ geometrical operations to approximate the solution of f. It aims to
explicitly track the geometry of the interface between the phases. GVOF includes two steps:
interface reconstruction and interface advection [58]. The piecewise linear interface

calculation (PLIC) approach is an example of a geometric method [60].

In order to model the phase-change problems, a volume fraction © is defined in Eq 2.11 [61].
In the case of solidification of a liquid droplet, ® tracks the transition from liquid to solid

phase. The decreases of ® from 1 to 0 indicates the progression of solidification.

1 in fluid (2.11)
®=4J0<0® <1 inphasechange front
0 in solid

A modified fixed velocity method is used in order to model the solidified part of the domain.
In this method, a two-phase flow special case is employed, wherein the liquid phase has a
volume fraction of ©, and the solid phase has a volume fraction of (1-0). And the solid is
treated as a liquid of zero velocity and infinite density. As it seen in Figure 2.2, cells with a
value of © between 0 and 1, are called ‘‘partial flow cells’’ due to the fact that a portion © of
their finite difference volume is open to flow, while (1-0) the remaining portion is occupied

by solid region closed to flow [62].

® is added to the two-phase continuum model in order to modify the continuity, momentum

and VOF equations, respectively as follow:

V.(Ov) =0 (2.12)
P(%T] +V-(®W))=—G)VP+G)V.7+ 0F, (2.13)
d(ef) = — V(@fv) (214)

dt

For ©® = 1, these equations decrease to classical fluid flow equations. Physically, the velocity

drops to zero in the front of the phase change [61].
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2.3. Numerical implementation and fluid-structure coupling

The governing equations were solved using the finite element method implemented within the
ANSYS APDL environment. The fluid-structure interaction (FSI) between the impinging
fluid (droplet) and the deformable solid substrate was modeled using a two-way coupled
approach. The pressure and shear stress fields from the fluid domain are applied as loading
conditions onto the structural domain (substrate). The structural response, governed by the

equations of motion:
Md + Cd + Kd = F(t) (2.15)

(Where M, C, K are mass, damping, and stiffness matrices, and d is displacement), is solved
using the Finite Element Method (FEM) in ANSYS Mechanical. The resulting deformation
and velocity of the substrate boundary are then fed back to update the fluid domain's
boundary conditions, completing the two-way coupling. This iterative process is managed at
each time step to capture the dynamic feedback between the spreading droplet and the

deforming substrate.
A. Structural governing equations:

The substrate is modeled as a linear elastic solid. The conservation of momentum for the

structure, also known as the elastodynamic equation, is given by [63]:

ou? (2.16)
Ps a_t; =Vos + f
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Where:

u = displacement vector
o = Cauchy stress tensor
ps = density of the solid
f=body forces
For a linear elastic material, the stress tensor & is related to the strain tensor € by Hooke's law:
o= Atr(E)I +2us € (2.17)

Where:

e Aand us are the Lamé coefficients,

e lis the identity tensor,

o & is the infinitesimal strain tensor,

£ = %(Vd + vdT)

e The Lamé coefficients can be expressed in terms of the Young's modulus £ and

Poisson's ratio v as:

Ev B E
(1+2)(1 —2v)’ Fre= 2(1 + v)

B. Two-way coupling methodology:

The two-way FSI coupling is achieved by iteratively exchanging data between the fluid solver
and the structural solver at each time step. The process within one time step is as follows:
Fluid-to-Structure transfer: The fluid solver computes the pressure and viscous shear stresses
on the wetted surface of the substrate. These stresses are integrated to obtain the force
distribution, which is then applied as a boundary condition to the structural solver.

Structural solution: The structural solver computes the deformation of the substrate under the
applied fluid forces by solving Eq (2.16).

Structure-to-Fluid transfer: The updated displacements and velocities of the substrate surface

are transferred back to the fluid solver. The fluid mesh is then updated to accommodate the
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new boundary shape (using a dynamic mesh technique in the fluid domain). The boundary
conditions for the fluid flow (no-slip or slip conditions) are updated according to the new
surface velocity.

Fluid solution: The fluid equations are solved again on the updated mesh, and the process
repeats until convergence within the time step is achieved.

This iterative coupling ensures that the fluid forces and the structural deformations are
consistent at each time step. The convergence criterion is typically based on the change in the
transferred variables (forces and displacements) between two consecutive iterations.

C. Interface coupling conditions:

At the fluid-structure interface, the following conditions are enforced:

Kinematic Continuity:

Ur =Ug (2.18)
Dynamic Equilibrium:
os.m =0,.1 (2.19)
Where:
n: unit normal vector at the interface
o : Cauchy stress tensor
Thermal Coupling:
—kfz—: =—k; Z—: and T7=T; (2.20)

The structural equations in the solid demain are solved using the Finite Element Method

(FEM).
2.4. Finite element method

The finite element (FE) method involves a systematic process to divide the domain into small
elements, where physical fields (such as temperature, velocity, pressure, or displacement) are

approximated using simple shape functions. Beginning in the 1970s, discontinuous piecewise
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polynomial approximations were applied to solve partial differential equations numerically.

This method, later called the discontinuous Galerkin method (DGM) [64].

Piece-wise approximation (Galerkin Method) was introduced by the Russian mathematician
Boris Galerkin in 1915. This approach is used to capture the droplet dynamic and the
formation of thin liquid layers. It improves precision even for basic approximation functions

by refining the mesh and increasing the number of elements [65].

The primary steps of the FE solution approach are listed below to provide a general overview

of how the FEM works [65].

1. Discretization of the domain: the initial step involves dividing the problem domain into a
finite set of smaller elements. The continuous domain is converted into a mesh using a
preprocessor program. The description of mesh consists of nodes which are defined at the

element boundaries and element connectivity.

2. Selection of interpolation: the field variables within each element are interpolated over the
element with interpolation functions. Linear, quadratic, and cubic polynomials are often used

for interpolation functions.

3. Determination of element properties: to determine the element properties, it is essential to
develop the matrix equation for the finite element that links the unknown function's nodal
values to other parameters. It uses variational principles and the governing equations' weak

form (such as Galerkin method).

4. Assembly of the global system: to obtain the global system of equations, all element
equations must be assembled while maintaining the connectedness between elements and
nodes. Boundary conditions not incorporated within the element equations, should be

enforced before solution.

5. Solution of the global system, solve the global equation system using appropriate

numerical solvers. The solution returns the nodal values of the specified function.

6. Compute additional results: compute additional parameters, such as strains, stresses, and

structure deformation in mechanical problems.

Formulation of finite element equations:
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If the problem's physical formulation is referred to as a differential equation, the Galerkin
method is the most often used finite element formulation technique. It is one of the most
powerful numerical method for solving partial differential equations. It relies on expressing
the solution as a linear combination of predetermined basis functions. Whereas variational
formulation of the finite element equations is employed for the physical problem, that can be

expressed as the minimization of a functional [65].

A. Galerkin method

The basic idea of the Galerkin finite element method will be demonstrated on the following
second order linear BVPs (boundary value problem). The general formulation of the problem

is defined as [66]:
B dix (p(x)z_z ) +q(x) v(x) = f(x), a<x<bh (2.21)

Whose boundary conditions (Dirichlet condition and Neumann condition) are as follow:

u@=r; PO L= =T (2.22)
ub)=r; PO =Tz (2.23)

Domain Discretization: the domain [a,b] is divided into elements of equal (not necessary)

length.

Figure 2.3 Domain Discretization for Quadratic Shape Function [67]

The approximate solution %(x) within each element is expressed as:
u(x) = Zyzl a; @; (x) (2.24)
x represents the independent variable in the problem, @;(x) define the trial functions.

The coefficients a; are being determined.
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The governing equation residual for typical element (e) is minimized in a weighted sense in

the domain:
Jal= 5 (PG %) + 400 — F0)| ¢i@dx = 0 (2.25)
a< x< b

Reducing the order of derivatives by integrating the term —% (p(x)% ) . After simple

modification, we obtain the following form:

= . (2.20)
Y[ |poo SR+ ao|ax - [ resea—[rwgel
j=1 [e]
This may be written in the conventional matrix form as:
[K[e]] {a} = {F[e]} (2.27)

The derivation of the element stiffness matrix and the element load vector is given follow:

K = f [()

. dit
R = [ @ s [ e]

(2.28)

W 1 qCog, ¢J] dx
(2.29)

The assembly process combines all element stiffness matrices and load vectors in order to
form the global stiffness matrix and global load vector (Eq (1.30)). By solving this system of

equations, we will find the values of a;. The piece-wise polynomial for each element will

then be obtained by putting these values into Eq (1.24).

. 2t 0 0 0 0 0 0 0[aq] A
Ky Ky Ky 0 0 Pl : : | a K
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0 0 & B X i 3 : S F
L KL KL KLeK) 000 s el lme]| @30
0 0 0 : I O
: : : , 0 0 0] 3 :
0 Ki'+Ky Ky K| @ | |BT+A"
: : : : : : K, K3, K; slayy E
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41



B. Variational formulation

Variational methods are a type of optimization method. The strong variational formulation is
created by combining governing differential equations and initial/boundary conditions [67].
Higher solution smoothness is required for this approach to work directly with the governing
equations. While the weak form allows the use of basic functions that only need continuity,

not smoothness.

Conclusion

In summary, this chapter presents the numerical framework applied to model the impact and
deposition of droplet on a solid substrate. The droplet motion was captured using the VOF
approach, while the FEM solves the equations numerically. In the FSI modeling, the
governing equations were solved to investigate key parameters of the thermal spraying
process, such as droplet velocity, temperature, and substrate properties, which are discussed in

the following chapters.
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Chapter 3

Numerical simulation of molten droplet deposition

This chapter presents the numerical simulation results of droplet deposition on a solid
substrate. The simulation was conducted using the ANSYS software, in accordance with the
methodology described in Chapter 2. Single and multiple droplet impact investigations were

carried out in this study to examine the key parameters influencing droplet dynamics and
the final lamella shape, as well as to analyze the droplet behavior in the presence of an

oxide layer on the substrate.
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Introduction

Numerical simulations of the impact and deposition of single and multiple droplets on a solid
substrate are conducted in this chapter. Various factors are considered, such as impact

velocity and the molten state of droplet. In addition to the substrate surface condition.

To investigate the transient process of Al droplet impacting a stainless-steel substrate, a two-
dimensional model was developed using ANSYS APDL software. Figure 3.1 presents the
computational domain, which consists of a substrate with dimensions of 3 mm x 40 mm and

an impacting droplet with a diameter of 3.92 mm.

In addition, the boundary conditions are defined as follows: the substrate is structurally
constrained (i.e., no displacement is allowed at the substrate boundaries, Ux=0 and Uy=0), the
fluid-structure interaction (FSI) describes the coupling between the fluid and solid domains
(Figure 3.1). The simulation setup was characterized by an initial droplet velocity of 3 m/s, a
temperature of 630°C, and a substrate maintained at 200°C. Gravitational effects were

included in the model.

To ensure the reliability of the developed model, this chapter first presents a validation study
based on the experimental work of Xue et al [33], before proceeding to the subsequent
analyses. Since the results exhibit a good agreement with the experimental findings, the
validated model was subsequently used to simulate multiple droplet impacts, both successive
and simultaneous, by varying the vertical and horizontal spacing between droplets. The
investigation also considered the effect of impact velocity and droplet fusion state on the
deposition mechanism and the lamella morphology. The chapter concludes with an analysis of

the effect of the oxide layer on the substrate surface.

T 4= 200°C

Ux=Uy=0

Figure 3. 1 Computational domain of droplet impact on solid substrate
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3.1. Model Validation

The first section of the study involves the validation of the numerical model via a comparison
between the simulation results and the experimental results of Xue et al [33]. Figure 3.2
represents the outcomes of a 3.92mm aluminum alloy droplet impacting a stainless-steel
substrate with velocity of with 3m/s. The initial temperatures of the droplet and the substrate

were set at 200°C and 630°C (higher than the melting temperature of aluminum alloy),

respectively. The thermophysical properties of the materials are listed in Table 3.1.

Table 3.1 Properties of the materials used [33]

Density 2570 7800 (Kg/m?)
- 2/
Viscosity (liquid) o (m?/s)
200 1500
250 1000
300 600
350 310
400 160
450 70
500 10
550 0.1
575 0.00103
600 0.00101
630 0.001
Liquid thermal conductivity | 70 - (W/m K)
Liquid specific heat 1000 ) (/Keg K)
Solid thermal conductivity ¢ ¢ (W/m K)
400 144 27 17.6
500 147 427 25.1
630 70 649 26.8
Solid specific heat °c °c (J/KgK)
100 400 20 460
300 500 200 502
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400 800 500 550

570 1050

580 1038
Young's Modulus (E) 200 GPa
Poisson's ratio 03

The simulation results of the droplet impact and spreading represented in Figure 3.2 indicate
that the droplet starts to spread over the substrate at t= 0.1ms. During this process, heat is
transferred from the hot droplet to the cooler substrate. At 7ms, the droplet attains its
maximum spreading diameter and subsequently begins to cool. Solidification first occurs at
the droplet edges, restricting the liquid flow and resulting in the formation of raised rims. As
the droplet solidifies completely, aluminum splat forms on the substrate surface. The droplet's
dynamic behavior and final shape seem to be similar to the results found by Xue et al

[33] under the same set of conditions [68].

2.0ms

3.0ms

7.0ms

Figure 3. 2 Deposition of molten Al droplet on a solid substrate. (a) Experiment of reference [33] (b) Simulation

results

The evolution of the spread factor ({ = d/d) over time is illustrated in Figure 3.3. This
factor is defined by normalizing the splat diameter d measured from simulation results by
the initial particle diameter d . The evolution of the spread factor reveals a good agreement
of our results and the outcomes of Xue et al [33] . However, there is a slight discrepancy
between the results; this could be elucidated by the numerical model limitations used in this

study.
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Figure 3. 3 Evolution of the spreading factor: comparison between the experimental results of [33] and the
simulation results of the present study.

3.2. Results and discussion

3.2.1. The effect of droplet spacing

The phenomenon of multi-droplets impact on solid substrate is a complex aspect, yet crucial
in thermal spraying processes. As it can involve interactions between the droplets as well as
the interactions of each droplet with the substrate. Thus, understanding these interactions
during splat formation is necessary for improving coating efficiency. Table 3.2 shows three
scenarios of multi-droplets impact on a steel substrate. To begin, we consider two identical
molten Al droplets colliding with the substrate at the same time, with changing the offset
center (L) between droplets. Secondly, the non-simultaneous impact of the droplets is
investigated, with varying vertical distances (h) (or time separation). Finally, the successive
impact of the droplets is studied. These studies were conducted to achieve a deeper
understanding of the effect of changing the impact distance between binary droplets on their

interactions and on the formation of the metallic lamella.

Table 3.2 Droplets deposition: (a) simultaneously (b) non-simultaneously (¢) successively
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(2) (b) (c)

Simultaneous Non-simultaneous Successive
L#0 L#0 L=0
h=0 h#0 h#0
At=0 At£0 At£0

A. Simultaneous impact of droplets
Figure 3.4 depicts the behavior of binary Al droplets impacting a stainless-steel substrate with
the same velocity of 3 m/s. The distance (L) between the centers of these particles was varied
from 6 mm to 9 mm. The findings show that the spreading tendency is consistent across all
cases. However, the timing of the first interaction between the two droplets increases with the
distance between their centers. This means that the greater the distance between the droplets,
the longer it takes for them to interact. A jet of material is observed at the impact point;
forming a central vertical sheet. This jet results from the strong inertial momentum. At high
Weber number (We> 1), surface tension plays a secondary role, permitting the formation of
this jet. This phenomenon is particularly visible at later times (e.g., at t =3 ms and t = 7 ms).
The sides of the resulting splat continue to spread across the substrate, unaffected by the
central jet of material, indicating that radial spreading is primarily governed by the inertia of
the droplets. After 7 ms, the ejection of secondary droplets was observed (splash
phenomenon). This is due to the onset of solidification around the edges of the splat, which
disrupts the flow of the expanding liquid and causes the fragmentation of the material into
smaller droplets. For the case of L=6 mm, the jet is less pronounced. The jetting continues to
retract over time and becomes thicker as the surface tension force overcomes the kinetic
energy, eventually stabilizing into a thin film on the substrate. As the distance between the
droplets increases (L = 7 mm, 8 mm, and 9 mm), the central jet becomes more visible and
more extended. However, the thickness of the lamella gradually decreases, suggesting that the

kinetic energy is more dissipated in the central jet rather than in radial spreading.
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L=6 mm L=7 mm L=8 mm L=9 mm

0.1ms 0.1ms 0.1ms 0.1ms
. T e

0.3ms 0.3ms 0.3ms 0.3ms
P B N N

0.7ms 0.7ms 0.7ms 0.7ms
[N PN PN e

3ms 3ms 3ms 3ms
L. §.__L- B L.

Tms Tms Tms Tms

Figure 3. 4 Impact of dual aluminum droplets simultaneously with changing the spacing between the droplets

B. Non simultaneous impact of droplets

This section examined non-simultaneous Al droplets impingement for different time intervals
(or different vertical spacing), which means that each droplet impacts the substrate at different
times. In the prior study of simultaneous droplet impact, if solidification occurs before
complete spreading, the upward sheet results in an uneven layer surface, leading to a no
uniform coating. Therefore, to study the non-simultaneous impact, the offset distance was

fixed to 6 mm (corresponding to the smaller uprising sheet’s high).

Figure 3.5 illustrates the simulation results for non-simultaneous droplet impact with varying
time separations (At= 0.3ms, At= 0.7ms and At= 1ms). As the droplets first collide the
substrate, they spread rapidly due to the effect of kinetic energy (high We and Re numbers).
At 3ms, the interaction of adjacent droplets produces an ascending jet that extends from the
main droplet body, as observed with simultaneous impact. However, as the time interval
between the impacts of the two droplets increases, the maximum values of the liquid sheet
decrease, and their deviation increases. After a few milliseconds, this sheet breaks up into

smaller droplets due to Rayleigh-Plateau instability [69], producing splashes. The upward
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ejection of fluid decreases due to the dissipation of kinetic energy over time. After 10.7 ms,
the final morphology of the lamella becomes more flatter, closely resembling a circular disk,
and similar to that observed in single droplet impacts. However, the surface of the formed

layer remains non-uniform.

At=0.3ms At=0.7ms At=1ms

(h=1 mm) (h=2 mm) (h=3 mm)

t=0ms t=0ms

t=0.3ms t=0.3ms t=0.3ms

t=0.7ms t=0.7ms t=0.7ms

t=3ms t=3ms t=3ms

t=7ms t=7ms t=7ms

t=9ms t=9ms t=9ms

t=10.7ms t=10.7ms t=10.7ms

Figure 3. 5 Non simultaneous impact of dual Al droplets
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C. Successive impact of droplets

The droplets morphology during the successive impact is illustrated in Figure 3.6. All the
different cases of height (h) exhibit similar spreading behavior. After the impact of a new
droplet, it merges smoothly with the already deposited droplet. The spreading is then
governed by the combined kinetic energy of the two droplets. At the end of spreading, the
formed splat is shaped as ‘semilunar’ with thick rims. It can be observed that gaps were
created at the interface (at the splat boundary); due to the air entrapment, these gaps may
disappear with increasing the impact velocity [70]. In addition, the spreading rate decreases
with the increase of vertical distance between the droplets, in contrast to the non-simultaneous
impact (successive impact with L>0). Generally, as the droplets impact at the same location,
increasing the time interval between impacts allows the first droplet more time to spread and
dissipate its kinetic energy before the second droplet arrives. However, this is not evident in
this study because of the small difference in time spacing. Therefore, the evolution of the
droplet morphology at different time intervals for three different drop heights (h=4 mm,
h=4.82 mm, and h=4.92 mm) indicates that the shape and spreading of the droplets vary over

time, with a tendency to form raised edges and cavities due to air entrapment.

h=4 mm h=4.82 mm h=4.92 mm
_ _
t=0ms t=0ms t=0ms

t=0ms t=0.3ms t=0.3ms
_ _
t=0.7ms t=0.7ms t=0.7ms
_ _
t=3ms t=3ms t=3ms
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t=7ms t=7ms t=7ms
Figure 3. 6 Successive impact of dual Al droplets

D. Temperature distribution

The temperature distribution of Al droplet during its deposition onto a substrate is controlled
by the heat transfer at the droplet/substrate interface. When multiple droplets impact the
substrate simultaneously, the thermal zones overlap, leading to a temporary concentration of
thermal energy between the droplets. This localized heating delays solidification, an effect
that can be interpreted in terms of the Stefan number. In contrast, during successive impacts,
each droplet arrives at a different time, thus, the new droplet collides a surface that has been
preheated by earlier impacts. This results in a dynamic temperature distribution, with a
temporary increase in temperature at the interface between the droplets before it gradually

decreases as spreading continues.

To better understand these phenomena, we conducted a comparison of the temperature
distribution between the impact of binary droplets (simultaneous and successive) and single

droplet impact, as displayed in Figure 3.7.

As the droplet impacts the substrate, its kinetic energy is converted into viscous dissipation
and surface tension. Upon contact, heat is transferred from the droplet to the substrate surface,
leading to droplet cooling. Therefore, the droplet bottom solidifies and adheres to the
substrate, followed by solidification that progresses upward from the bottom to the top of the

droplet [71].

During the successive droplet deposition, before entirely solidifying, the second droplet
comes into contact with the first, leading to an increase in temperature at the interface, then it

gradually decreases as spreading progress.

The same thermal behavior was observed when the droplets impact the substrate
simultaneously. As they interact, there is a temporary rise of temperature due to the
concentration of thermal energy at the meeting region of these droplets. Over time, a
solidified layer develops at the droplet/substrate interface. Finally, it is worth noting that the
temperature at the edges remains higher in all cases because of the poor thermal contact

between the droplet rim and the substrate, leading to less effective heat conduction.
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Single impact Successive impact Simultaneous impact

t=0.1 ms t=0.1 ms t=0.1 ms
750
700
t=0.9 ms t=0.9 ms t=0.9 ms | 690
= 630
= 600
= 500
| 450
= 400
B 350
300
250
200
t=4 ms t=4 ms t=4 ms
t= 6 ms t= 6 ms t= 6 ms

Figure 3. 7 Temperature distribution of single and binary droplets at different time intervals

E. Radial velocity distribution

Figure 3.8 shows the evolution of the radial spreading velocity over time. The difference in
the radial velocity between single, successive, and simultaneous impact provides critical
insight into the dynamics that govern lamella formation and how phase change fundamentally

modifies the governing energy balances.

It can be observed that the spreading velocity increases in the radial direction, where the
inertial forces drive the liquid to spread outward radially, followed by a deceleration. This
decay is a direct signature of solidification induced viscosity increase and the growth of a

solid rim at the contact line.

In successive impact, the increase in fluid amount results in greater momentum compared to a
single droplet. The second droplet impacts a substrate already thermally affected by the first

impact, resulting in a reduced local quenching capacity, allowing a greater portion of the
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kinetic energy to remain in the liquid phase, thereby sustaining radial flow. This phenomenon
is analogous to the re-melting effect observed in sequential multi-droplet deposition, in which

the initial deposit acts as a thermal buffer, prolonging the liquid phase and promoting

enhanced spreading.

While in the simultaneous impact, a lower spreading velocity is observed. When two
expanding lamellae meet, their radial momentum is not simply additive. Instead, the collision
creates a vertical stagnation line, converting horizontal kinetic energy into upward jetting. The
observed negative velocities signify a local radial pressure gradient reversal, driving flow
back toward the impact axis, a phenomenon documented in studies of droplet coalescence on

surfaces. In all cases, a reduction in velocity is observed as the droplets cool and solidify.
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t=5ms t=6ms

Figure 3. 8 The evolution of spreading velocity with the radial position
F. Pressure distribution

The temporal evolution of the impact pressure, presented in Figure 3.9, provides a direct
measurement of the momentum transfer governing splat formation and adhesion. The results
indicate that the pressure evolution depicts the same behavior in each case. The droplet
produces a high pressure at the impact, then it gradually decreases. This pressure profile is a
classic signature of liquid droplet impact. The initial peak aligns with the theoretical water-
hammer pressure [53]. The subsequent rapid decay signifies the transition to an
incompressible hydrodynamic regime, where pressure relaxes as the flow expands radially
and kinetic energy is redistributed into viscous dissipation and surface energy. During
solidification, this decay is accelerated due to the rapid increase in effective viscosity and the

momentum sink created by the growing solid phase.

In the case of successive impact, the pressure is significantly higher compared to a single
droplet; this cannot be attributed to simple momentum addition alone. The first droplet heats
the substrate, reducing the rate of solidification for the second droplet. This maintains a larger
liquid volume in contact with the substrate for a longer duration, sustaining the hydrodynamic
pressure. Furthermore, when the time interval between successive impacts is shorter than the
pressure relaxation time, the compressive wave from the second impact can constructively

interfere with the residual stress field from the first, leading to a cumulative pressure load.

A higher impact pressure promotes a good droplet/substrate adhesion. The initial high-
pressure leads to intimate contact formation, minimizing voids and optimizing thermal

conduction.

In summary, in successive impacts, the interval must be optimized; too short an interval leads
to the beneficial pressure superposition, while too long an interval allows the substrate to cool,

reverting to single-impact mechanics.
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Figure 3. 9 The evolution of pressure over time

3.2.2. The effect of impact velocity

The effect of impact velocity on droplet spreading, spreading rate, pressure evolution, and
temperature distribution will be investigated in this section. Furthermore, the interactions

between successive droplets will be analyzed to elucidate their mutual influence.

A. Successive impact of Al droplets

Figure 3.10 compares the final splat diameter of successive impact at different velocities
(Vy=3m/s, Vy=5m/s, and Vy=7m/s). It can be observed that the maximum value of splat
diameter reached after 2.2 ms for 3 m/s is attained only after 1.2 ms and 0.8 ms for the
velocities of 5 m/s and 7 m/s, respectively. This indicates that high impact velocities result in
a significant spreading rate, because the kinetic energy exceeds the surface tension and
viscosity forces. Moderate increases in splat diameter due to higher impact velocity can

enhance surface coverage, reducing the amount of fluid required to achieve a uniform coating.
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Figure 3. 10 Comparison of splat diameter during successive impact of droplets at different impact velocities
Figure 3.11 illustrates the variation of the spreading velocity (Vx) along the substrate x-
direction for different impact velocities at various time instants (t=0.7ms, t=0.9ms, t=1ms, and
t=2ms). At the point of impact, the spreading velocity is lower because the motion is vertical
on the substrate, then the droplet’s initial kinetic energy drives the spreading radially, leading
to an increase in the spreading velocity. This increase continues until the kinetic energy

dissipates through viscous forces and surface tension.

In addition, a high impact velocity produces a high spreading velocity because of the stronger
inertial forces acting during the early stage of spreading. It can be noticed that the spreading
velocity decreases over time, since viscous forces resist further motion and spreading of the
fluid, as well, surface tension acts as a restoring force and pulls the fluid back toward a

spherical shape.

Following that, the pressure dynamics were examined in Figure 3.12. The pressure variation
is closely linked to the impact velocity. Upon initial impact, the droplet generates a strong
pressure pulse, producing a sharp peak at the contact point; this peak is more pronounced at
higher impact velocities. Following the impact, the droplet passes from the inertial-dominated
regime to the viscous-dominated regime [72,48] . Once the droplet stops spreading, the

internal pressure becomes nearly uniform and tends toward zero.
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Figure 3. 11 The evolution of spreading velocity with the radial position for different impact velocities
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Figure 3. 12 The evolution of pressure with the radial position for different impact velocities
The impact velocity effect on the temperature distribution inside the droplet is also
investigated (Figure 3.13). Heat transfer between the droplet and the substrate occurs
immediately after impact, affected by the temperature difference. As successive droplets
impact, their interaction results in localized heat, where a thermal boundary region is
developed. The area in contact with the substrate cools rapidly; this can be attributed to the
rapid droplet/substrate heat transfer. While the droplet's edges maintain a higher temperature

for all impact velocities, since they are not fully in contact with the substrate.

It is evident that the temperature distribution inside the droplet is affected by the initial impact
velocity. At higher impact velocities, the droplet possesses greater kinetic energy, which is
converted into intense radial flow upon impact. The rapid spreading enhances heat transport
inside the molten droplet and increases droplet/substrate contact area. In contrast, at lower
impact velocities, the reduced inertial forces resulting limited spreading, which confines the
thermal field near the impact center. As a result, the heat remains more localized, and the
temperature gradients are steeper. These observations indicate that the impact velocity

controls the coupling between hydrodynamic spreading and thermal diffusion.
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Figure 3. 13 The temporal variation of temperature corresponding to various impact velocities
B. Simultaneous impact of Al droplets

In this section, we repeat the previous simulation while focusing on simultaneous impacts.
Beginning with the spreading dynamics, Figure 3.14 illustrates a comparative assessment of
the diameter of the resultant splats from simultaneous impact of droplets, at three distinct

initial velocities (Vy=3m/s, Vy=5m/s, and Vy=7m/s).

For all velocities, the diameter increases linearly in the early stages, indicating that inertia is
the dominant force, and the liquid is spreading freely. It can be observed that at any given
time, the 7 m/s droplet has a significantly larger diameter compared to the 5 and 3 m/s
droplets. As previously discussed, significant kinetic energy arises from increased impact
velocity, leading the droplets to spread more extensively upon impact, thus, an increase in
splat diameter. As time progresses, the spreading rate gradually slows down as viscous forces
overcome the remaining inertial momentum of the molten droplet, eventually approaching a

stable value corresponding to the final splat morphology.

Furthermore, the coalescence of simultaneous droplets results in a greater increase in splat

diameter compared to the fusion of sequential droplets (Figure 3.10). Since the interaction
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between the spreading edges of the two droplets can result in additional outward momentum

transfer, it consequently enhances the overall spreading.
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Figure 3. 14 Comparison of splat diameter during simultaneous impact of droplets at different impact velocities
Following that, we investigate the evolution of spreading velocity as a function of radial

position with varying the initial velocities, as it is depicted in Figure 3.15.

The spreading velocity exhibits a consistent increase with respect to radial position until it
reaches a specific threshold. Then a reduction in the velocity is observed, corresponding to

droplet stabilization and the initiation of solidification at the splat bottom.

Negative velocity values near the droplet center at 3 m/s indicates that the kinetic energy of
the fluid is converted into a reversed flow. At low impact velocity, the droplet has less kinetic
energy, so surface tension becomes dominant, pulling the liquid back toward the center of the

droplet.

Furthermore, a higher impact velocity clearly promotes an increase in spreading velocity
along the radial direction. As the kinetic energy dissipates, the spreading velocity decreases.

The rate of decline is slower when Vy= 7m/s, due to the higher momentum from the impact.

Figure 3.16 shows the variation in pressure with the radial position for different impact
velocities over time. The pressure variation is similar to that seen in the successive droplet
impact. The impact pressure is strongly influenced by the initial droplet velocity, with lower
velocities resulting in reduced peak pressure levels at the first moment of imact (t=0.7ms).
Subsequently, the pressure drops precipitously as a function of radial distance in every case.
As the droplet spreads radially, the inertial energy is redistributed over an expanding contact

area, thereby inducing a temporal decay in pressure. As inertial effects weaken, capillary
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forces associated with surface tension become dominant and drive partial retraction of the
lamella. This capillary-driven recoil produceses tensile stresses within the droplet, which are

presented as negative pressure values.
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Figure 3. 15 The evolution of spreading velocity with the radial position for different impact velocities
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Figure 3. 16 The evolution of pressure with the radial position for different impact velocities
The temperature distribution of simultaneous droplets impacting a substrate with different
velocities and for different time intervals is illustrated in Figure 3.17. The interaction of the
droplets results in a central uprising sheet that increases with velocity. Subsequently,
simultaneous impact of droplets creates overlapping heat zones, as it observed at the center
where the droplets coalesce. As time progress, the heat transfer to the substrate creates a radial
temperature gradient. The contact areas cool more rapidly than the droplet's center, resulting

in solidification occurring first at the bottom of the lamella.

In addition, lower velocities produce thicker sheets, thereby preserving thermal energy for a
longer time. However, at elevated velocities (Vy > 7), the central sheet may break up into
smaller fragments (splashes) as a consequence of Rayleigh-Plateau instability [69]. The rapid
cooling of the uprising sheet (early solidification) has the potential to influence the quality of

the deposited layer, which is detrimental to coating uniformity.

In this context, it can be posited that increasing the impact velocity during simultaneous
impacts may not always be beneficial comparable to those observed in sequential impacts. At
higher velocities, this collision between the droplet is more violent, where the fluids push
against each other, creating a high-pressure zone between them. This reduces the droplets
spreading efficiently and causes the vertical jet, wasting energy that would otherwise be used
for surface coverage. Additionally, in simultaneous impacts, the high velocity collision (high

Weber number) of two expanding lamellae often leads to splashing at the contact line, where
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the liquid breaks into tiny drops that fly off the surface, resulting in a loss of mass and poor

deposition quality.
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Figure 3. 17 The temporal variation of temperature distribution corresponding to various impact
velocities

3.2.3. The effect of solid core within the droplet in successive impacts

In the preceding section, the impact and deposition of completely molten droplets during
thermal spray process have been studied. However, real applications often involve the
impingement of semi-molten droplets. Therefore, this section focuses on investigating semi-

molten droplets and their effect on the resulting coating.

The droplets include a solid core surrounded by the molten material; thus, the spreading and
solidification dynamics are predicted to be different compared to the fully molten droplet. In
these simulations, the solid core of the particle is considered a highly viscous liquid [73].
Partially molten aluminum droplets with a diameter of 3.92 mm and a solid core of different
percentages (25 %, 50% and 75 %) are modelled to impact a solid substrate with velocity of 3

m/s. The temperature of the solid core is set at 200°C in all cases.

To begin, the final splat diameter is measured at each time step for all the cases (0%, 25%,

50%, and 75%) and presented in Figure 3.18. It is evident from the results that the evolution
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of the splat diameter shows almost similar trends for all cases, except for the case of the
molten droplet (0% of solid core); it exhibits a larger final splat diameter. Therefore, it can be
said that the spreading rate is reduced in the presence of a solid core within the droplet, where
the unmolten metal prevents further spreading. Furthermore, the fully molten droplet exhibits

a lower viscosity [68], hence, the spreading is more pronounced.
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Figure 3. 18 Comparison of splat diameter during the successive impact of droplets for four different solid core
percentages

The temperature distribution of the droplets during 2.1ms is presented in Figure 3.19.
Regarding the morphological evolution of the droplets, we can observe that for all cases, the
spreading efficiency decreases as the solid core percentage increases. However, the 25% solid
core droplet shows the most significant lateral spreading. Since a larger volume is a liquid (it
has lower viscosity), the impact’s kinetic energy has spread the droplet into a wide, thin splat
by 2.1 ms. The solid core of the second droplet largely retains its shape during spreading,
forming a bump in the lamella’s final shape [73]. In addition, the final splat of the case of
75% 1is thicker compared to the 25% case, due to large internal solid mass that acts as a
structural anchor. Therefore, it can be concluded that the existence of solid core within the

droplet results in the undesirable shape of the final coating.

For the thermal distribution, the results indicate that at Ims, the second droplet is entirely in
contact with the first, and the molten layers of both droplets have merged and begin to flow
and spread together. The molten layer of the subsequent droplet permitted an increase in the
temperature of the first droplet solid core, resulting in its melting. Additionally, the liquid
shell begins to cool rapidly upon contact with the substrate, indicating the onset of
solidification at the splat bottom, and the hottest regions are pushed to the outer edges

(periphery) during spreading.
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Figure 3. 19 The temporal variation of the temperature distribution for four different solid core percentages
The results in Figure 3. 20 show that the spreading velocity of the completly molten droplet is
the highest among all the cases, there is no internal structural resistance. The vertical velocity
is converted into radial velocity. During the early stage of spreading, the fluid is driven
outward at high velocity, which gradually decreases over time due to the solidification of the
bottom splat. This solidified layer anchors the lamella to the substrate. In the case of molten
droplet, solidification at the bottom takes longer to halt the momentum because the liquid

volume is large.

However, it is evident that the 25% solid core shows a noticeable decrease in velocity
compared to the 50 and 75 % cases. This could be explained by the larger solid core in these
two cases, which may push the molten liquid layer faster. Thus, the 50% and 75% droplets are

behaving like solid projectiles that are squeezing the liquid outward.

The pressure variation with the radial position is also investigated. As seen from Figure 3.21,
the maximum pressure occurs at the center of the impact zone (r=0) in all cases. As the
spreading progresses, the pressure drops significantly, where the kinetic energy is dissipated
through friction and solidification. The high pressure at the impact improves the

droplet/substrate mechanical interlocking, providing a strong adhesion of the coating [68].
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Figure 3. 21 The evolution of pressure with the radial position for four different solid core percentages
While numerous research in literature has been dedicated to understanding droplet dynamics
like spreading, solidification, splashing and rebound. However, there has been less attention

concerning the mechanical response of the substrate during droplets impingement process.

This part focuses on the substrate surface behavior during the impact and spreading of
droplets with different solid core percentages. The evolution of XY shear stress in the
substrate during successive impact of Al droplets with 0%, 25%, 50% and 75 % of solid core
is presented in Figure 3.22. Stress concentration occurs when the droplet/substrate contact
area is subjected to greater stress than the average stress, resulting in substrate deformation

[68].

Initially, a Hertzian-type elastic contact field develops during the compressible impact phase,
manifested by a concentrated subsurface shear stress maximum. With the onset of spreading,
this stress distribution undergoes a significant evolution, extending radially in synchrony with

the outward growth of the liquid lamella.

For the case of 0 %, the shear stress is concentrated at the surface of the substrate. Since the
droplet is fully molten, it flows easily upon impact, dissipating energy through spreading
rather than deep mechanical penetration. As the solid core size increases, the stress
concentration becomes more localized. The shear stress magnitudes are significantly higher in
the case of 75%, indicating a high-velocity elastic-plastic deformation where the solid mass

dictates the substrate’s response. +The stress begins to dissipate and relax over time.

Furthermore, in the case of the droplet containing 75% solid core, the substrate exhibits more

pronounced and asymmetric XY shear stress distributions compared to the other cases. This
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behavior can be attributed to the stronger mechanical interaction at impact due to the higher
rigidity of the droplet core, which transmits a more intense impulse to the substrate. The
higher solid fraction reduces the droplet’s ability to dissipate kinetic energy through
deformation, thereby increasing the stress concentration at the droplet/substrate interface.
Consequently, a significant portion of this energy propagates through the substrate in the form
of elastic waves, leading to the formation of distinct symmetric or mirrored stress zones

beneath the impact area.

In successive impacts, the second droplet impacts a substrate that is still stressed and
thermally softened by the first impact. The combined effects of stress-wave interference and
thermal softening increase plastic deformation and residual stress. While this enhances
adhesion through improved mechanical interlocking, it also raises the risk of fatigue damage

and interfacial delamination.
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Figure 3. 22 XY shear stress distribution over time in successive impact for four different solid core percentages

3.2.4. The effect of the substrate oxidation

The surface oxide layer is a key factor governing the splat morphology and overall coating
efficiency. This study examines how oxidation influences the behavior of aluminum droplet
by considering different oxide layer thicknesses. Oxidation can easily form on the surface of
steel substrate, which increases the contact resistance. The properties of the oxide layer

(Fe,03) are listed in Table 3.3.

Table 3.3 Properties Fe,03 oxide layer [33]

Density Thermal conductivity Specific heat
(Kg/m?) (W/m K) (J/KgK)
5240 2.9 670

The effect of oxide layers with thicknesses of 0.1, 0.3, and 0.5 mm on the spreading behavior
over a steel substrate is evaluated using the temporal evolution of the spreading factor (Figure
3.23). The behavior observed during the deposition on oxidized substrate is similar to that of
the non-oxidized substrate [68]. In the early stages of impact, there is a sharp increase in the
spread factor, than it begins to decelerate as kinetic energy is converted into surface energy
and dissipated through viscous friction. Oxide layers typically act as thermal barriers. In
molten metal impacts, a thicker oxide layer usually reduces the cooling rate, which allows for
more spreading. However, the results show that the differences between thicknesses are
relatively small. This is attributed to the relatively small oxide-layer thicknesses considered in

this study, which do not significantly alter the droplet behavior.

The splat morphology and the temperature distribution are shown in Figure 3.24. Splashed

splats were obtained in the presence of substrate oxidation. During spreading, the aluminum
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lamella becomes thinner and develops a pronounced peripheral edge. This is because the
surface energy drags the edges of the splat backward, resulting in boundary formation around
the lamella [74]. The presence of an oxide layer causes the splat edges to break off and
produce splashes, and as the oxide thickness increases, it further hinders smooth spreading of

the droplet, thereby intensifying the splashing behavior.

In addition, the presence of the oxide layer on the surface may serve as a thermal barrier,
reducing droplet/substrate heat exchange [75]. Therefore, the Al droplet retains higher

temperatures for long duration, due to the cooling delay [68].

The evolution of pressure at the point of impact over time is illustrated in Figure 3.25. High
pressure is produced at the first impact with the substrate, reaching approximately 245 kPa at
roughly 0.1 ms. This represents the Water Hammer peak. This pressure only lasts for the brief
moment before the droplet begins to spread over the substrate. Such pressure levels are
sufficient to achieve effective adhesion between the droplets to the substrate, enhancing the
mechanical interlocking. The thickness of the oxide layer has no effect on the pressure the
droplet exerts on the surface. Therefore, The impact is dominated by the fluid's velocity and

density, not the substrate's coating properties.
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Figure 3. 23 The evolution of spreading factor over time for all the cases
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Figure 3. 24 The temperature distribution within the droplet during its deposition on oxidized substrate
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Figure 3. 25 The evolution of pressure at the point of impact for all the cases
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In order to assess the influence of the oxide layer on droplet/substrate interaction, shear stress
distribution within the substrate is analysed in Figure 3.26. The spatial presentation of the
stresses developed in the substrate shows a symmetry of intensity and traveling with the edges
of the particle. Also, the shear stress is highly concentrated directly beneath the impact region
due to the high-pressure shock upon the impact. As the droplet spreads, the stress
concentration moves outward from the center of impact. By t=8ms, the droplet reaches its
maximum spread and loses its kinetic energy, thus, the dynamic stresses dissipate, leaving a
residual stress field dominated by thermal mismatch and solidification. As the oxide thickness
increases from 0.1mm to 0.5mm, a significant increase in the magnitude of XY shear stress is
observed within the oxide layer. These elevated shear magnitudes in the 0.5mm case suggest a
higher risk of interfacial delamination and residual tensile stress compared to thinner
oxidation states. Furthermore, the temporal analysis shows that these stresses peak at

approximately 3 ms, coinciding with the maximum radial velocity of the droplet.
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Figure 3. 26 XY shear stress distribution over time

Conclusion

To conclude, the main findings of this chapter are summarized as follows:

<+ The simulation results obtained by numerical model developed in the current study agree

well with the reference experiment.

<+ The vertical and horizontal spacing between the droplets affects the morphology of the
lamella. During simultaneous impact, the droplets generate a material jet at the meeting

region. In addition, the spreading rate increases with the droplet spacing.
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<+ A high impact velocity leads to a greater spreading rate because the droplet's kinetic

energy exceeds the resisting surface tension and viscous forces.

<+ The spreading of a completely molten droplet is more extensive than that of a droplet
containing a solid core. Furthermore, the droplet with 75% of solid core produces a high

shear stress at the point of impact.

<+ The oxide layer increases the contact resistance at the interface, and it can act as thermal

barrier.

This chapter focused on the impact, spreading, and solidification of molten and semi-molten
droplets in thermal spray processes, where deposition is governed primarily by thermal effects.
Alternatively, coatings can be realized through a solid-state process, where bonding is driven
by high-velocity impact and severe plastic deformation. This alternative regime is exemplified
by the cold spray process. The next chapter extends the analysis from molten droplet

deposition to solid particle impact in cold spray.
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Chapter 4

Numerical simulation of high-velocity solid particle impact

This chapter focuses on the Cold Spray (CS) process, in which solid particles are deposited
onto a substrate at relatively low temperatures (less than the melting temperature of the
material) and high velocities (higher than the critical velocity of the material). The process
is examined through numerical simulations carried out using the ABAQUS software, using
both LAGRANGE and CEL methods. These approaches are described in detail and
validated with previous research. The main factors influencing particle/substrate
interaction and bonding, such as particle velocity, preheating effect, and material

properties, are also discussed.
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Introduction

Cold spray has been presented in the literature by different names such as “solid-state
deposition”, "kinetic energy metallization”, “kinetic spraying”, or ‘“high-velocity powder
deposition”, and others [76]. It was developed in the mid-1980s, by Soviet scientist Anatolii
Popyrin, at the Institute of Theoretical and Applied Mechanics of the Siberian Division of the

Russian Academy of Science.

Cold Spray is a process of depositing solid particles at temperatures below their melting point
on a prepared substrate. These particles (typically ranging from 5 to 100 um) are accelerated
by a supersonic jet of high-pressure gases (such as N2, He, and air). The pressurized gas
expands to supersonic velocity, resulting in decreased pressure and temperature [77]. Unlike
conventional thermal spraying, the deposition technique focuses mainly on particle kinetic
energy instead of thermal energy and kinetic energy combination [78]. Hence, the detrimental
impacts of high-temperature oxidation, melting, evaporation, crystallization, residual strains,
gas release, and other prevalent issues associated with thermal spray techniques are

minimized or eradicated [79].

The adhesion of particles in cold spray is posited to arise from considerable plastic
deformation and the associated processes occurring at the interface; as solid particles collide
with the substrate, they undergo substantial plastic deformation, achieving a strong bonding
with the substrate, thus, resulting in dense and well-adhered coatings with very little porosity
[80,81]. In addition, the adiabatic softening of the material at the contact interfacial with the
high contact pressures facilitates the development of fitting contacting surfaces by the plastic

deformation of these surfaces [77].

When the particle velocity surpasses the critical velocity (minimal velocity required for
particle/substrate adhesion), the bonding happens. Nevertheless, increasing the velocity to a
hypervelocity (also known as erosion velocity), causes significant erosion in the substrate or
the formed coatings, leading to poor coating performance. Since the sprayed material remains
in the solid state throughout the process without undergoing melting, the thermal effects on

the final coating and the substrate are minimized, preserving their mechanical properties.

Generally, materials of the coating and the substrate can be classified based on their hardness

as: hard/hard, soft/soft, hard/soft, and soft/hard, as schematized in Figure 4.1
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Figure 4. 1 Bonding mechanisms based on material combinations [76]
In CS process, the working gas is previously heated in a chamber, reaching high pressure,
passing through specially designed convergent-divergent Laval nozzles, accelerating it to
supersonic velocities, and dragging the feedstock powders to impact onto the substrate after
exiting the nozzle [81,76], as presented schematically in Figure 4.2. Higher powder feed rates

result in reduced particle velocity due to severe gas-particle interaction [82].

Like other material processing technologies, the CS has its own advantages. Since it is a solid-
state process (no melting occurs in the material), the particles do not experience extreme
temperatures, reducing oxidation, preventing phase change, and minimizing heat transfer to
the substrate [77,83]. Very high deposition efficiency (95%) has been achieved with the CS
due to the very high velocity put on the particles, approaching supersonic velocity values
especially for ductile materials (like aluminum, copper, and titanium), alloys, and composites.
Optimizing spray parameters, such as minimizing oxygen content, selecting appropriate
particle size, and stress-relieving the powder can significantly enhance deposition efficiency
for most materials including refractory metals [83]. Cold spray can also achieve high
deposition rate; it can produce 10 mm wide spray beams with sharp edges. This results in fast

coating, allowing for the formation of a thick layer (1-2 mm) within minutes.

Cold spray is recognized for its high-density coatings, wherein particles undergo plastic
deformation without melting, hence reducing voids. Furthermore, the particles flow and fill

the gaps owing to the localized softening.

In conventional thermal spray processes, the substrate is heated by the flame, which can be a

problem for materials that are sensitive to high temperatures, and also causes the substrate to
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warp, especially if it's thin. While in CS, there is no high-temperature jet; the substrate is not
directly heated. It only receives a little amount of heat as a result of high plastic deformation
from the particles that impact it. Therefore, CS is appropriate for coatings or repairing parts
made from temperature-sensitive materials. CS inhibits materials oxidizing during the
deposition due to the relatively low temperature that the material absorbs during the spraying

process [84].

While cold spray offers distinct advantages, it also has notable limitations; for instance, pure
ceramics and some alloys display inadequate deformation. Furthermore, CS coatings
necessitate a ductile substrate to promote plastic deformation and guarantee good adherence.
Consequently, when applied to hard or brittle substrates such as ceramics, the bonding

strength tends to be weak [77].

A high rate of processing gas consumption is required—helium is often preferred for high-
quality coatings despite its high cost [85]; extended spraying procedures may lead to nozzle
clogging, resulting in inconsistent deposition rates and diminished coating quality [86].

Additionally, CS is not ideal for very complex shapes or deep internal surfaces.
There are many applications for CS coating, some of them are given below.

+  Corrosion and erosion protection (aluminum and titanium coatings for corrosion/erosion

resistance);
»  Repair and restoration;
+  Wear resistant coatings;

- Biomedical: prostheses with improved wear resistance, porous Ti coatings for bone in

growth;
+  Aerospace and defense;
+ Oil and gas (energy): improved corrosion resistance;
+  Additive manufacturing (3D printing): rapid prototyping of Al-Ti components;

»  Electronics and semiconductors.
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Figure 4. 2 The schematic diagram of the cold spray system [80]

4.1. Previous studies: experimental results

Cold spray technology has gained interest in a variety of industries for its ability to produce
high-quality coatings without melting the material. This section summarizes the experimental
results of the cold spray process from various scientific studies, highlighting the fundamental

mechanisms governing particle/substrate interaction, bonding formation, and coating quality.

Xiawei Yang et al [87] conducted an experimental of single 47.8 um Al particle deposition on
Cu substrate. The parameters used in the experiment are gas pressure of 3.4 MPa with
preheating of 300°C, powder feeding rate of 0.6 rpm and spraying distance of 30 mm. The
impact velocity of the powders was 620 m/s. As it shown in Figure 4.3, the jet phenomena
occur at the particle/substrate interface (the white arrow). This is caused by significant plastic

deformation at the interface.

Jiashuo Qi et al [88] investigated the microstructure of the Al 1050, AlSi10Mg, and
Scalmalloy coatings, starting from the feedstock powders injection to final coating deposition,
to examine the bonding mechanism in CS. They used an Al 7075 T6 plate as a substrate. The
impacting solid powders are with a size of about 15~45 um. As a result, a coating with a
thickness of 2 mm is achieved after multiple passes of deposition for each powder. Figure 4.4
shows the top surface shape of three Al materials after the deposit procedure, indicating the
typical surface microstructure of atomized powders. Following the impact, all three splats are

severely deformed, and the contrast inside the aluminum splats is relatively homogeneous.
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Figure 4. 3 Surface morphology of coating deposition from experiment of reference [87]

100 pm

a b c

Figure 4. 4 SEM micrograph of the top surfaces of (a) Al 1050 (b) AlSi10Mg, and (c) Scalmalloy powders
generated by CS process from reference [88]

The influence of the substrate surface pretreatment on the Ni/Al interfacial bonding
mechanism during cold spray was investigated by Shuo Yin et al [89]. Single Ni particles
impact different Al substrates (polished substrate, ground substrate, grit-blasted substrate by
small size Al,03 sand, and grit-blasted substrate by large size Al,03 sand). The pure Ni
powder has a spherical morphology and a size range of 10 to 45 um, and it was deposited at a
velocity of 500 m/s, and working temperature of 600°K. Figure 4.5 illustrated cross-sectional
SEM image of Ni deposition on different Al substrates. As can be observed, unlike the
polished and ground substrates, voids are formed at the particle/substrate interface in the case

of the grit-blasted.

Shuo Yin et al [90] studied solid-state cold spraying for the first time to produce
FeCoNiCrMn HEA coating. The spherical FeCoNiCrMn HEA powder with a size of 15 to
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53um was deposited on a flat 6082Al alloy substrate at working temperature of 300K. The
experimental results show that FeCoNiCrMn particle was entirely trapped by the extremely
deformed substrate material (Figure 4.6), resulting in the formation of mechanical

interlocking between the coating and the substrate, improving their adhesion strength.

Figure 4. 5 (a) Cross-sectional SEM image of a single Ni particle deposition on different Al substrates adabted
from experiment of reference [89]. (b) Substrate surface region after different surface pretreatments (C1:
polished substrate, C2: ground substrate, C3: grit-blasted substrate by small size A1203 sand and C4: grit-blasted
substrate by large size A1203 sand)

interlock:
interlock
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Figure 4. 6 Single HEA particle depositing onto a 6082 Al alloy substrate from experiment of reference [90]. (a)
Surface morphology. (b) cross-sectional view

Another study of the substrate effect during the cold spray process was conducted by Alessia
Bruera et al [91] in order to examine the substrate hardness and roughness. The focus of their

study is the deposition of Cu particles on AISI 304 steel substrates with varying roughness
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levels and hardness. The AISI 304 surface was either polished or grit-blasted to different
roughness. The results are depicted in Figure 4.7. It was found that the adhesion of the Cu
particles with hardened and roughened surfaces is more than on polished surfaces. The
bonding increases during the deposition of sprayed Cu particles on roughened and annealed
(softened) substrates. The influence of particle velocity on silver coatings was examined by
Chavan et al [92], Figure 4.8 depicts cross section micrographs of the coatings obtained at
different impact speeds (363 m/s, 403 m/s and 469 m/s). Based on the experiment findings,
particle deformation during CS rises as particle velocity increases, as demonstrated by an
increase in the aspect ratio of the splats. Figure 4.9 shows photographs of brittle coating on
iron cracked by the impact of single particle with 100m/s, at angles of 30° and 90-.
Considering the damage behavior induced by the particle impact, Yoshinori Isomoto Oka et al
[93] believe that the particle might remove substantial material with a smaller contact angle.
Besides, cracks were generated in the outer region of the craters, and the coating films were

peeled off just at the edge of the craters.
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Figure 4. 7 Single Cu particle impact morphologies on both hardened and softened substrates with varying
surface roughnesses from experiment of reference [91]

Figure 4. 8 Cross section micrographs of splats formed at different particle velocities (a) 363 m/s (b) 403 m/s and
(c) 469 m/s, from reference [92]
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Figure 4. 9 Photographs of brittle coating on iron cracked obtained by single particle impact at angles of 30° and
90° and impact velocity of 100m/s from experiment of reference [93]

4.2. Numerical approaches

Due to the extremely short time scale of the impact during cold spray, it is highly challenging
to observe the particle deformation process experimentally. Consequently, computational
simulations of particle/substrate interaction have become a crucial method for clarifying the
bonding mechanism involved in the CS process. This section presents a brief overview of the

main numerical approaches used in CS simulations.
4.2.1. Lagrangian method

A major advantage of the Lagrangian model is reducing calculation time by assuming
symmetrical impacts, allowing for axisymmetric (quarter) models [94]. The Lagrangian
method tracks the material in a reference frame that moves along with the deforming material,
i.e. the mesh moves with the material [77]. However, it is believed that there exist some
limitations in the Lagrangian approach, the Lagrange grids distort excessively, resulting in an
abnormal termination of the computation program when using fine mesh or simulating large
deformation [95], this requires re-meshing or adaptive techniques. The Lagrange model is
more suitable for representing solid-like structures. Its advantages are computation efficiency

and capturing localized phenomena (like jetting and crater formation in the substrate).
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4.2.2. Eulerian method

The Eulerian method involves two overlapping meshes: a fixed backdrop spatial mesh and
material that flows through it [96]. This approach is effective for avoiding mesh distortion
issues common in Lagrangian method, making it suitable for high-impact and severe
deformation cases. However, due to the fine mesh, it takes long simulation run durations [97].
In addition, the contact properties such as the coefficient of friction cannot be modified in

contrast to the Lagrangian method.
4.2.3. Arbitrary Lagrangian Eulerian method

The ALE combines the features of pure Lagrangian and Eulerian analysis to model the cold
spray (CS) process more effectively. In the ALE the mesh can move independently of
material flow; it allows adaptive rezoning to prevent excessive distortion. In addition, ALE
enables continual grid redefinition in predefined and arbitrary ways during calculation,
resulting in continuous rezoning facility [77]. It is useful for studying particle bonding,
extreme deformation, and thermo-mechanical effects. Compared to the Lagrangian, an

additional computing step of rezoning is used, which increases the calculation cost.
4.2.4. Coupled Eulerian Lagrangian method

The CEL approach combines the Lagrangian and Eulerian formulation; it addresses two major
challenges faced by traditional simulation approaches: mesh distortion and unrealistic particle
deformation in the Lagrangian method. Moreover, the approach facilitates the
particle/substrate interface tracking in the Eulerian formulation through the computation of
the Eulerian volume fraction at each element (Appendix C). For CEL, Eulerian mesh is
created to contain the material of one part of the model, while the other part is modelled using

a traditional Lagrangian mesh [77,83,98], where the mesh deforms with the material.

To simplify the Eulerian part of the model, the volume fraction method is used. If a material
entirely occupies an element, its volume fraction is one; conversely, if no material exists
within an element, its volume fraction is zero. The CEL method solves complex fluid-
structure interaction problems including high strain rate deformation problem and allows
multiple materials to interact in a shared domain, i.e. Eulerian elements may simultaneously
contain more than one material. It was verified that the CEL model is more robust and

accurate in higher deformation regimes compared with other numerical methods [77].

85



4.2.5. Smoothed Particle Hydrodynamics method

SPH method is a mesh-free Lagrangian technique that can handle extensive deformation
problems such as the feedstock particles/substrate impact process in CS [99]. It predicts the
patterns of droplet deformation in addition to the thermal distribution. The meshless nature of
SPH helps to prevent mesh distortion throughout the simulation. In smoothed particle
hydrodynamics, the domain is filled with particles, each representing a portion of the material.

These particles are distinct from the powder particles utilized to produce the CS Coating.

The SPH approach demonstrated that feedstock particles did not rebound after impact, which
may be beneficial for capturing dynamic features at the impact interface [100]. However, this
method provides high computational effort and low computational accuracy. Furthermore,
high time to obtain accurate results and it is computationally expensive for high-resolution

simulations.
4.3. Numerical methodology

Cold spray simulations require accurately modeling the behavior of particles and substrates

under high-velocity impact necessitates the use of multiple material models.

The governing equations for deformation of a continuous substance are given by the

following equations [101]:

Conservation of mass:

% = —pl.v =0 (4.1)
v: the velocity vector.
Conservation of momentum:
v_ 1 V.o (4.2)
dt p

o : the internal stress

Conservation of energy:
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dT _ (4.3)
p CpE = V.(kVT) + q

Where C, is specific heat capacity, k is thermal conductivity, and ¢ is internal heat

generation rate due to plasticity.

A fraction 3 (Taylor-Quinney coefficient) of plastic work is converted into heat. Therefore,

the rate of inelastic heat generated due to plastic work can be calculated from: ¢ = B o, dzy

B ~ 0.85 — 0.95 for high strain-rate impacts, o, is the equivalent stress, dz, is the plastic

strain rate, and § is the volumetric heat generation rate.

In this study, given the high-strain-rate nature of the impact in cold spray, the materials
behavior was modeled using the Taylor-Quinney relation with a coefficient of f=0.9, meaning
that 90% of the plastic work is converted into heat. The remaining 10% is typically stored

within the material's microstructure as defects

It is worth mention that only the model's solid domains are covered here. The effects of the

surrounding gas are neglected [102].
4.3.1. Johnson-Cook (JC) Plasticity Model

During the CS process, the solid micro particles impact onto the substrate at supersonic
velocities, where both particles and substrates undergo sever plastic deformation. The plastic
deformation of materials was described by using Johnson and Cook (JC) plasticity model,
which is currently the most common numerical material model. In this model, along with
strain hardening (work hardening) and its rate, thermal softening effects on flow stress are
considered [27]. Nevertheless, the JC model utilized a simple form to combine these three
parts, it only considers strain, strain rate, and temperature separately, unable to account for
coupling effects and cannot determine particle-substrate bonding types [87]. The flow stress

can be described as follow:

o= (A+Be)) (1+ Cln ?) (1 —T™) (4.4)
0
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0 for T<T, (4.5)

T-T,
T* = (Tm — Tr) for T,.<T<T,,

1  for T>T,

The parameters necessary for the Johnson-Cook model of Al are listed in Table 4.1.

4.3.2. The Mie—Gruneisen Equation of State

The Mie-Gruneisen equation of state is used to determine the hydrostatic pressure of the
ductile materials. In Abaqus, the pressure P is determined as a function of the density p and

the internal energy Em:

p—pu= I'p(E,—Ep) (4.6)

Where the Hugoniot energy Ey and Hugoniot pressure py are given as follow:

= Pu 7 4.7)
2po
_poChn (4.8)
PH =0 —sp)?

The linear Us-Up Hugoniot form is defined in Eq 4.9 [103], which is derived using the linear
Us = Cy + sU, relation. Where Ug and U, are the linear shock velocity and the particle

velocity, respectively.

PoCin ( (4.9)

P =sny

4.3.3. Johnson-Cook (JC) Damage Model

Iy
1==2) + Fopokim

The Johnson-Cook dynamic failure model was used to detect material failure onset. Failure
occurs when the damage parameter surpasses a maximum value estimated by damage
evolution [104]. Considering the influence of static pressure, strain rate, and temperature, it

can be expressed in the following equation [105]:

O-m
d1+d2exp d3 O'_
eq

(4.10)
[1+dyIn(e)][1+ dsT"]

Sf:

4.4. Model validation
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The current work examines numerically the cold sprayed particle deposition on a solid
substrate, to study the interfacial features between the particle and substrate. First, model
validation was conducted to ensure the accuracy of the numerical model for further analysis,

by comparing our simulation results with those from previous research. .

A. Al/Al impact

The reference numerical model of Jing Xie [77], which has been validated in previous
research, is used as the validation model in our work. Simulations were performed using
ABAQUS/EXPLICIT version 6.14-5 and were run under the same set of conditions of Jing
Xie [77].

Initially, the simulation is based on the Lagrangian numerical approach. The aluminum
particle impact on an aluminum substrate was modeled using a 2D axisymmetric model. We
assumed a perfectly spherical shape of Al particle with a diameter of 20 pm. The substrate's
height and radius were 5 times greater than the particle's diameter, as it shown in Figure

4.10(a).

It is important to mention that in the Lagrangian approach the material thermal properties
(thermal conductivity and specific heat) are implemented as temperature dependent
parameters in Abaqus. The properties of Al used in the model are taken from reference [89].
The material was described using the Johnson—Cook plasticity model, which considers strain,
strain rate hardening, and thermal softening. Furthermore, the Mie—Griineisen equation of

state (EOS) is used to model the material’s hydrostatic response under high-rate loading.

Cold spray analysis considers strain hardening, strain-rate hardening, thermal softening, and
heating from inelastic deformation. Thus, the mechanical and thermal solutions must be
considered simultaneously [106]. Herein, the Dynamic Temp-Disp Explicit was considered
for the 2D model. The simulation time was set at 60 ns, which was enough to observe the

entire impact and bonding/rebound stage.

In ABAQUS/EXPLICIT there are two contact algorithms: general contact and contact pair. In
the 2D Lagrangian model, the contact pair algorithm interaction is applied (the surface-to-
surface contact). The outer spherical surface of particle (master) and the flat surface of
substrate (slave) are the two surfaces included in the contact pair (Figure 4.11). For
interaction property, the friction coefficient was set at 0.3, and the contact pressure-

overclosure relationship was referred to as the ‘Hard contact’ contact model. For the meshing,
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4-node thermally coupled axisymmetric quadrilateral (CAX4RT) elements were used for the

2D model (Figure 4.10 (b)).

The boundary conditions involved fixing the substrate bottom face in all directions "PINNED
(Ul = U2 =U3 = 0)", and considering symmetry about the X-plane applied along the Y-axis
"XSYMM (Ul =UR2 =UR3 =0)".

(2) (b)

Figure 4. 10 (a) Geometry of the 2D axisymmetric Lagrangian model. (b) Meshing of the model

Figure 4. 11 Surface to surface contact

Figure 4.12 shows the simulation outcomes of Jing Xie [77] alongside the results of our
proposed model for the deposition of a single Al particle on an Al substrate at a temperature
of 300K, and at various times of the 60ns interval. The particle impact velocity and
temperature were given as 500 m/s and 300 K. The consistency between both results confirms
that the proposed numerical model reliably captures the cold spray behavior obtained from the
reference model. As it observed, the deformation of the particle is up to the maximum, which
lasts almost 40 ns until the particle rebounds off the substrate. The contact area expands as

plastic strain progresses. After the particle rebounds, the contact region remains stable due to
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permanent plastic deformation (extending a few micrometers beneath the substrate surface),
with less elastic recovery than the plastic deformation energy [77]. The region exhibiting the
highest value of PEEQ located at the bottom of the particle or on the top surface of the

substrate is defined as "Key Element".

In cold spray simulations, in order to achieve strong adhesion between particles and a
substrate, several critical parameters must be considered, such as the impact velocity (using
the material’s critical velocity required for bonding), the use of adhesion models (like
cohesive zone model), selecting compatible materials, using a multiple impact model, or

extending the computation time until the particle's oscillation gradually stops.

(a) (b) (c) (d) (e) &)

(b)

Figure 4. 12 Evolution of the equivalent plastic strain (PEEQ) in AI/Al impact: (a) Sns, (b) 10ns, (c) 20ns, (d)
30ns, (e) 40ns, and (f) 60ns. (a) Results of [77]. (b) Our simulation's results.

Next, the same simulation under the same set of conditions is repeated using a 3D model with

both the Lagrangian and CEL (Coupled Eulerian Lagrangian) approaches.

In the 3D CEL model, a general contact strategy was used as contact interaction instead of a
contact pair algorithm. For the meshing, an 8-node thermally coupled linear Eulerian brick,
reduced integration, hourglass control (EC3D8RT) is applied for the Eulerian part, and an 8-
node thermally coupled brick, trilinear displacement and temperature (C3D8RT) for the
Lagrangian part (the substrate), as it seen in Figure 4.13 (b).

Besides the boundary conditions, a predefined material assignment field is specified for the
Eulerian part instance using the discrete field generated by the volume fraction tool

(Appendix C).
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In the 3D CEL model, the Dynamic Temp-Disp Explicit was applied, while for the 3D
Lagrangian simulation, the Dynamic-Explicit procedure was chosen by taking into account
the adiabatic heating effect. The properties of aluminum used in the CEL analysis are

presented in Table 4.1.

Table 4.1 Material properties of Aluminum [77]

Properties (unit) Aluminum
Density, p(kg/m’) 2.7 x 10°
Shear modulus, G (GPa) 27
Thermal conductivity, A(W/m - K) 2972
Specific heat, ¢(J/kg - K) 898.2
Sound velocity, co(m/s) 5386
Slope of Uy versus U, s 1.339
Gruneisen coefficient, I'y 1.97
Yield stress, A (MPa) 148.4
Hardening constant, B (MPa) 345.5
Hardening exponent, n 0.183
Strain rate constant, C 0.001
Thermal softening exponent, m 0.895
Melting temperature, 7,,(K) 916
Reference temperature, T (K) 293

Lagrangian do-rh_ain =

(a) (b)
Figure 4. 13 Geometry of the 3D CEL model (a), and meshing of the model (b)

Figure 4.14 depicts the evolution of the equivalent plastic strain (PEEQ) in both Lagrangian
and CEL approaches. It can be observed that the aluminum particle rebound off the substrate,

which indicates that the impact velocity (500 m/s) remained below the critical threshold
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required for successful deposition. Thus, the kinetic energy was insufficient to trigger the

adiabatic shear instability (ASI) necessary for material bonding.
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Figure 4. 14 Evolution of the equivalent plastic strain (PEEQ) in AI/Al impact. (a) 3D Lagrangian model. (b) 3D
CEL model

B. CrFeNi/Al impact

In this section, the single particle impact of CrFeNi on Al substrate is simulated in 2D
ABAQUS/Explicit with the Lagrangian formulation to validate our numerical model using
Nima Zehtabi et al [104] model as a reference. In order to compare the results, all the set-up
information is the same (particle diameter of 20um, impact velocity of 500 m/s, the friction

coefficient is 0.3, and the initial temperature of particle and substrate are both 298 K).

The property parameters for Al and CrFeNi used in this simulation can be found in reference
[104]. The elastic behavior of materials was described by Young’s modulus and Poisson’s
ratio. Furthermore, in this study, unlike the Al/Al impact (first section of validation), the

Johnson—Cook damage model was employed to determine the onset of material failure.
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For the 2D model, the Dynamic Temp-Disp Explicit was considered; with the total solution
time set as 60 ns. The contact pair algorithm with hard contact model was used as contact
interaction, and friction coefficient of 0.3 with penalty formulation. Regarding meshing,
CAXA4RT "4-node thermally coupled axisymmetric quadrilateral" elements were used was
selected for the substrate, and CAX3T "A 3-node thermally coupled axisymmetric triangle,
linear displacement and temperature" for the particle. The simulation results are illustrated in

Figure 4.15.

The CrFeNi particle showed significant deformation and exerted pressure on the soft Al
substrate, resulting in the formation of deeper craters. As can also be noticed, there is a jetting
of the matter due to the thermal softening effect. Our model exhibits a good agreement with
the reference model. The observed discrepancies in the jet of matter may be attributed to the
difference in meshing at the substrate between the two models. A finer mesh typically

captures jet formation more accurately.
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Figure 4. 15 Evolution of the equivalent plastic strain (PEEQ) in CrFeNi/Al impact. (a) Simulation's results of
[104]. (b) Our simulation's results

4.5. Results and discussion

Successful bonding in cold spray depends on several key parameters, including impact
velocity, the particle/substrate material combination, and the initial temperatures of both the

particle and the substrate,etc, some of which are examined in this study.

Numerous studies have proven that CEL approach analyses are more accurate in higher
deformation regimes. Therefore, the CEL is applied for the following analysis of particles
deformation during the spraying process. This considered, where the particle first deforms
elastically, and then yields plastically, and it becomes more rigid as plastic deformation
increases. The general contact algorithm is utilized in particle/substrate interactions because

of the dynamic material within the Eulerian domain; it automatically detects and establishes
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contact between all surfaces in the model. The volume fraction (VF) method is used to assign
materials to Eulerian part instances in the CEL approach. The friction coefficient between the

particle and substrate is consistently set at 0.3 for all cases.
4.5.1. The influence of impact velocity

The deformation behavior of the aluminum particle during the impact at different velocities
(500, 700, and 900m/s) is modeled in this section in order to predict the critical velocity,
which corresponds to the minimum particle velocity necessary to ensure effective bonding at
the metal-to-metal interface. The material properties of Aluminum and the cold spray
conditions can be found in Table 4.1 and Table 4.2, respectively. The Johnson-Cook damage

model is utilized to express the ductile failure of the Al metal (Table 4.3) [107].

Table 4.2 Parameters of the study

Material Temperature (K) Diameter (um) Velocity (m/s)
Particle Al 300 25 500-900
Substrate Al 300 - -
Table 4.3 The Johnson-Cook damage model [107]
dl d2 d3 d4 ds Melting Transation Reference
Temperature | Temperature | Strain Rate
0.071 1.248 -1.142 0.147 1 916 293 1

The plastic equivalent strain (PEEQ) is investigated to calculate the accumulated plastic
deformation in the material. The contours of PEEQ are depicted in Figure 4.16. The
simulation time was set to 60 ns, which was enough to observe the entire process from impact
to adhesion or rebound. The high-velocity impact produces severe plastic deformation in both
the particle and the substrate. As particle velocity increases, the resulting deformation
increases due to the conversion of kinetic energy into plastic strain energy and the subsequent

thermal softening of the material.

It can be observed that the Al particle lacks sufficient momentum due to its low density to
achieve deep penetration into the substrate. Instead, it flattens on the surface. Consequently,

no crater features are formed to provide mechanical interlocking. Despite the impact velocity
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exceeding the experimental critical velocity threshold of 600-700 m/s reported for Aluminum
in literature [106], particle rebound was consistently observed in the simulation. This
discrepancy between the numerical results and experimental predictions can be explained by
using the CEL approach used in the simulation that relies on a purely mechanical contact

algorithm without an intrinsic cohesive zone model.

Significantly increasing the particle velocity do not necessarily guarantee adhesion. In fact, it
can lead to erosion of the substrate material, as is observed in Figure 4.17. Upon increasing
the impact velocity to 1700 m/s, the particle surpassed the established erosion threshold for
Aluminum, which is typically cited at approximately 1250m/s [106], the particle impacts the
substrate with greater energy, resulting in pits on the substrate surface due to material removal.
Therefore, it can be concluded that single Al particle impacts are not recommended in our

study [108].
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Figure 4. 16 Contours of the equivalent plastic strain of Al/Al impact at different velocities



Figure 4. 17 Simulation profiles of surface erosion of Al substrate impacted by Al particle at 1700 m/s
Although cold spray is considered a solid-state process that does not really depend on the
thermal energy; the temperature increase at the particle/substrate interface cannot be neglected.
As seen in Figure 4.18, higher particle velocities produce greater kinetic energy, which
generate localized heating; this is known as thermal softening. If the thermal softening is high
enough (greater than the material's ability to harden), the material loses its structural integrity,
allowing extreme deformation, and shear instability occurs [109]. Generally, in shear bands,

the solid acts almost as viscous fluid, improving particle/substrate metallurgical bonding.
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Figure 4. 18 Contours of the temperature of AI/Al impact at different speeds
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In addition, the results of the temperature evolution is depicted through graphical
representations in Figure 4.19. The results indicate that the temperature increases initially, this
due to the adiabatic heating. Due to the short duration of the impact in CS (nanoseconds), the
process is considered thermally adiabatic. The kinetic energy of the particle is converted into
thermal energy; the generated heat by plastic deformation remains localized at the interface.
Subsequently, the heat flows away from the interface and into the cold bulk of the substrate
and the particle, once the deformation stops. The peak temperature increases with impact

velocity, reaching approximately 580k at 900m/s.

Figure 4.20 (a) and (b) represent SEM photographs [110] and simulation results of Al/Al
impact with 700 m/s, respectively. It can be seen that there is a high degree of similarity
between the two images. They both exhibit a convex shape, which will flatten on the substrate

with higher impact velocity.
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Figure 4. 19 The temperature evolution of Al/Al impact at different velocities
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Figure 4. 20 SEM image (a) and simulation results (b) of a single Al particle deposition at 700m/s

Simulation of multiple impacts:

As observed earlier, the single impact of Al particle on the Al substrate did not result in
required adhesion. Thus, multi-particle impacts were simulated in this section to investigate
the bonding mechanism of subsequent impacts. The multi-particle impact process indicates
that following the initial coated layer, the subsequent impacts can be regarded as particles
colliding on the same material, irrespective of the substrate being coated [95]. Initially, the
simulation of dual successive particle impacts was conducted, under the same processing

conditions of single impact, including the impact velocities and the initial temperature.

Subsequently, the study focuses on simulating multi-particle impacts. The CEL approach was
used to avoid mesh distortion. The interaction between the particles is estimated using the VF
method. The calculation model is given in Figure 4.21. These simulations aim to investigate
whether the accumulation of thermal and kinetic energy achieved through multiple particle
impacts enhances the interfacial bonding in multi-Al impact compared to single particle

interactions.

Figure 4.22 and Figure 4.23 show the contours of PEEQ after the impact of dual and multiple
particles at different velocities. As can be seen, the subsequent particles impact the first layer
of the formed coating. Thus, the behavior observed during the second impact is quite similar
to that of a single particle impacting the same material. It can be observed that the following
particles compress previously deposited particles into irregular shapes, while particles in the
top layer deform similarly to single-particle impacts [77]. In contrast to the single impact, no
rebound was observed after 60 ns. In multi-particle impacts, subsequent particles exert a
compressive force on the preceding ones, forcing more mechanical interlocking and

increasing the contact area, which leads to better bonding. This is known as the tamping or
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hammering effect. In addition, as the number of aluminum particles increases, so does their
kinetic energy, resulting in a greater PEEQ. It is worth mentioning that distinct critical

velocities were determined for the dual and multiple impact cases [95].

Figure 4. 21 The calculation model of the multi-impact
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Figure 4. 22 Contours of the equivalent plastic strain of dual Al particles impact at different speeds
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Figure 4. 23 Contours of the equivalent plastic strain of multiple Al particles impact at different speeds

Furthermore, the contours of the temperatures in both cases are illustrated in Figure 4.24 and

Figure 4.25. The findings indicate that the temperature increases not only with the particle
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velocity but also with the number of impacting particles. The accumulated plastic work leads

to localized thermal softening, evidenced by the formation of material jets at the edges,

enhancing particle/substrate metallurgical bonding.

Additionally, the findings reveal that there is a void between the impacting particles, which

leads to less effective deposition. Therefore, a smaller Al particle at the range of 15um was

included in the numerical model (Figure 4.26). The result in Figure 4.27 shows a better

deposition of the particles.

TEMP

{Avg: 75%)
+4 560%e+02
+4.438e+02
+4 308e+02
+4.177e+02
+4 046e+02
+3915e+02
+3.785e+02
+3.654e+02
+3.523e+02
+3.392e+02
+3 261e+02
+3.131le+02
+3.000e+02

TEMP
(Avg: 75%)

- +6,000e+02
+5.750e+02
+5 500e+02
+5.250e+02

- +5,000e+02
+4.750e+02
+4500e+02
+4 250e+02
+4.000e+02
+3.750e+02
+3 500e+02
+3.250e+02
+3.000e+02

TEMP
(Avg: 75%)
+7.000e+02
+6.6668+02
+6.332e+02
+5.008e+02
+5.663e+02
+3.329e+02
+4.0995e+02
+4.661le+02
+4.327e+02
- +3.992e+02
+3.658e+02
+3.324e+02
- +2.990e+02

o

40ns 50ns 60ns

V=500m/s

-~ -

40ns 50ns 60ns

V=700m/s

40ns 50ns 60ns

V=900m/s

Figure 4. 24 Contours of temperature of dual Al particles impact at different speeds
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Figure 4. 25 Contours of temperature of multiple Al particles impact at different speeds

Figure 4. 26 Computational domain of multi-particles impact model
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Figure 4. 27 PEEQ contour of multi-particles impact at a velocity of 900 m/s

4.5.2. The influence of particle-substrate material combinations

In this section, the investigation is expanded to include dissimilar materials. Simulations of various
material combinations were conducted to determine the appropriate materials for the CS. As
mentioned before, to avoid the excessive mesh distortion that leads to termination of the

calculation after a short time, the CEL is employed.

Generally, in CS there exist four types of impact depending on the materials properties; these
impact cases are classified as follows: soft/soft, hard/soft, soft’/hard and hard/hard.
Additionally, it has been defined in literatures different impact modes resulting from this
combination: co-deformation (soft/soft and hard/hard), splatting (soft’hard) and penetration
(hard/soft). The Al/Al impact can be considered as a soft/soft impact according to the
hardness of the substance. We extend the study to include Cu/Al, Al/Cu, Cu/Cu, and
Cu/Ti6Al4V impacts (Table 4.7).

The properties of the materials used in these simulations are listed below (Table 4.4).

Table 4.4 Material properties

Al[111,112] Cu[111,113] Ti-6Al-4V [108]

Density (kg/m®) 2700 8960 4500

Thermal properties

Heat capacity (J/kg K) 920 383 612
Thermal conductivity 236 386 7.955
(W/mK)

Inelastic heat fraction 0.9 0.9 0.9

Mechanical properties
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Shear modulus (GPa) 27 44.7 44
Poisson’s ratio 0.3 0.34 0.3
Yield strength, A (MPa) 148.4 90 862
Hardening coefficient, B 345.5 292 331
(MPa)
Strain hardening 0.183 0.31 0.34
exponent, N
Softening exponent, M 0.895 1.09 0.8
Melting temperature (K) 916 1356 1878
Reference temperature 298 298 298
(K)
Table 4.5 Equation of state (Eos) [108]
Al Cu Ti-6Al-4V
Sound velocity ms™! , C 5386 3940 5130
Slope, S 1.339 1.489 1.028
Gruneisen coefficient, I’ 1.97 2.18 1.23
Table 4.6 Johnson—Cook damage model
Al[107] Cu [108] Ti-6Al1-4V [108]

dq 0.071 0.54 -0.009

d, 1.248 4.89 0.25

ds -1.142 3.03 0.5

dy 0.147 0.014 0.014

ds 1 1.12 3.87

Reference strain 1 1 1
rateg (s71)
Table 4.7 Types of impact
Material pair | Al/Al Al/Cu Cu/Al Cu/Cu Cu/Ti-6Al-4V
Type softs/soft soft/hard hard/soft hard/hard hard/hard

A. Evolution of equivalent plastic strain

The effectiveness of coatings in CS process does not only rely on the impact velocity but also

the combination of the materials used. Initially, to elucidate the deformation characteristics of
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particles in various coating materials, this study examines their behavior under different
impact configuration and velocities. Figure 4.28 illustrates the contours of the PEEQ after the
impact of Al/Cu, Cu/Al, Cu/Cu, and Cu/Ti-6Al-4V at velocities of 500, 700, and 900 m/s. It is
important to mention that the particles and substrates are considered to be oxide-free in all

casces.

It is evident from the results that the particle deformation is highly reliant on particle velocity
and material properties. As seen in Figure 4.28, in the soft/hard case, the particle appears to be
on the point of rebounding, indicating that it has not reached the critical velocity. However,
the particle attaches to the substrate as the impact velocity increases. At 900 m/s the particle is
flattened and the copper substrate does not exhibit a large deformation, which indicates the
splatting mode. The results agree well with the numerical outcomes of the references [77,87]
and the experiments of reference [114]. The substrate's hardness causes the soft particle to
deform. The impact energy dissipation occurs via a combination of interfacial plastic flow and
adiabatic heating, facilitating the thermal softening necessary for material jetting. In addition,
there is no sign for substrate erosion at 900 m/s, it can be suggested a maximum PEEQ
plateau at this velocity , where any further increase in velocity does not show a significant

increase in the plastic deformation [115].

For the case of hard/soft, the bonding occurs at velocity of 500 m/s. A similar result was
observed in reference [116,117]. The crater depth in the Al substrate significantly increases as
contact time increases, and due to the substrate's softness, it does not induce substantial
deformation of the Cu particle; rather, the particle penetrates the substrate, signifying the

penetration mode. Additionally, strong mechanical interlocking is observed.

In the hard/hard (Cu/Cu) impact, the results show a strong particle/substrate bonding for all
velocities. Thus, it can be concluded that the critical velocity is less than 500m/s, which is
consistent with numerical analysis obtained by the works in references [115,118]. It can be
observed that at 900 m/s, the substrate surface is severely eroded, hence it may be stated that
this velocity can be characterized as the erosion velocity; consequently, the efficacy of the

coating is compromised as a direct result of the erosion.

It is important to note that the particle/substrate deformation mechanisms are different
between the combination of dissimilar materials and identical material. For the AI/Al and

Cu/Cu cases, it is evident that the particle’s deformed shape (its height-to-width ratio)
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primarily corresponds to the substrate's crater depth, indicating that the co-deformation impact

mode is predominant.

Additionally, we examined hard/hard impact involving different materials, Cu particle and
Ti6Al4V substrate. At 500m/s, after 60 ns, the particle is flattened without penetrating the
substrate, which is consistent with the simulation results of Hu W. J. [108], although a
different approach (smoothed particle hydrodynamics, SPH) was used in their work. As the
velocity increases, the particle bounce off the substrate, and the substrate does not develop a
deep crater due to the high yield stress of the material. However, this is not the case when
using the SPH method, where the deformation depth of the substrate increases due to stiffness

of SPH particle.

It can be concluded from these findings that the physical and mechanical properties of the
particle and substrate, (e.g. density and hardness), have a significant impact on the coating

deposition during the CS procedures.

BEEC
Al/Cu o il
+2.500e+00
+2.292e+00
- +2.,083e+00
+1.873e+00
+1.667e+00
+1.459e400
+1.250e+00
+1.042e+00
+8.233e-01
+6.2508-01
+4.167a-01
+2,083e-01
+0.0008+00
PEEQ
Cu/Al peea

+2.500e+00
- +2.202e+00
+2.083e4+00
+1.8758+00
- +1.667e+00
+1.458e400
o +1.250e+00
= +1.042a+00
+B8.333e-01
- +6.250e-01

g ++.1678-01
+2.083e-01
+0.000e+00

PEEQ

(Avg: 75%)

- +2.5008+00
+2.2928+00
+2.083a+00
- +1.875e+00
+1.6678+00
+1.458a+00
+1.250e+00
- +1.042e+00
+8.3338-01
+6.250e-01
- +4,167e-01
+2.0838-01
+0.000a+00

: PEEQ

CU/T16A14V (Bvg: 75%)
+3.214e4+00
+2.500e+00
+2.292e+00
+2.083e+00

+1.875e+00

— = ——= +1.6672+00
+1.458e+00

+1.250e400

e, e +1.042e+00
+8.333e-01

+6.2508-01

+4.167e-01
+2.083e-01
+0.000e+00

107



t=20ns t=40ns t=60ns

V=500m/s

PEEQ
Al/Cu (Avg: '_,"5"_1‘0]
+2.500e+00
+2.292e+00
+2.083e+00
- +1.875e+00
+1.667e+00
+1.458e+00
+1.250e+00
+1.042e+00
- +8,333e-01
+6.2308-01
- +4.167e-01
+2.083e-01
+0.000e+00

CU/ Al Effg? 75%)

+2.064a+00
- +2.500e+00
+2.282a8+00
+2.083e+00
+1.875e+00
- +1.6678+00

+1.2508+00
+1.0422+00
- +8.332e-01
+6.250e-01
+4.167a-01
+2.083e-01
+0.000&+00

PEEQ
(Avg: 75%)
+2.500e+00
+2.292e+00
+2.083e+00
- +1.875e+00
+1.667e+00
+1.458e+00
+1.250e+00
+1.042e+00
- +8,333e-01
+6.2308-01
- +4.167e-01
+2.083e-01
+0.000e+00

Cu/Cu

. PEEC)
Cu/Ti6A14V (Avg: 75%)
+5.391e+00
+2.500e+00
+2.292e400
+2.083e+00
+1.875e+00
+1.667a+00
+1.45Be+00
+1.250e+00
+1.042e+00
+8.333e-01
+6.250e-01
+4.167e-01
+2.083e01
+N.NNN&E+NN

t=20ns t=40ns t=60ns
V=700m/s

PEEQ

Al/Cu [Avg: 75%)
+4.0602+00

- +2.500e+00
+2.2922+00
+2.083e+00
+1.8752+00
+1 8567a+00
+1.4582+00

- +1,250e+00
+1.042e+00
+8,233=-01
+6.230e-01
+4,1672-01
+2.083e-01
+0.000=+00

108



PEEQ
Cu/Al (Avg: 75%)
+3.658a+00
+2.500e+00
- +2,202a+00
+2.083e+00
- +1,875e+00
+1.667a+00
+1.458e+00
+1,250e+00
+1.042e+00
+8.333a-01
+6.2508-01
+4,167a-01
+2.0838-01
- +0,000e+00

PEEQ

Cu/cu (Avg: 75%)

+5.5320+00
+2.500e+00
- +2.292e+00
+2.083e+00
+1.875e+00
+1.667e+00
+1.458e+00
+1.250e+00
- +1.042e+00
+8.333e-01
+6,250e-01
+4.167e-01
+2.083e-01
+0.000e+00

PEEQ

{Avg: 75%)

+6,0468+00

+2.500e+00
2.292a+00

Cu/Ti6Al4V

B3e
1.875e+00
+1.667a+00
+1.456e+00
+1.250a+00
+1.042e+00
+8.333e-01
+6.250e-01
+4,1678-D1
+2.083a-01
+0.000=+00

t=20ns t=40ns t=60ns

V=900m/s
Figure 4. 28 PEEQ of Al/Cu, Cu/Al, Cu/Cu and Cu/Ti6Al14V impacts within 60ns at 500, 700 and 900m/s

B. Compression ratio (CR) and comparative deformation ratio (CDR)

Generally, in CS process, deformation occurs in both particle and substrate surface. To predict
the degree of the sprayed particles deformation, a compression ratio (CR) is proposed. It is

defined as:

Dp_hp

CR = 100% [111,119] (4.11)

p

The compression ratio was found to be independent of the mesh size. This means that the CR
results do not change by changing the mesh size in the particle; hence, deformation of the

particle is determined only by the physical characteristics of the model.

Figure 4.29 depicts the compression ratio (CR) as a function of particle velocity for the
soft/soft, soft /hard, hard/hard and hard/soft impacts.

It is clear that the CR increases with the impact velocity in all cases. However, in the
Cu/Ti6Al4V impact the CR decreases after 700m/s. This is due to the strong elastic rebound
of the particle, where partially restoring its initial high.
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It is worth noting that a higher velocity was needed for the soft material (Al particles) to
achieve the same compression ratio as that of the hard material (Cu particles). This indicates
that regardless of the substrate material (Al, Cu or Ti6Al4V), Cu particles undergo more
severe deformation than Al particles at low velocities, due to its high density, thus high
kinetic energy. Consequently, particle density significantly affects the deformation behavior
[111]. Nevertheless, upon impacting the Cu substrate, the Al particle experiences severe
deformation due to the hardness of the substrate. Since the CR does not consider the substrate
deformation, the comparative deformation ratio (CDR) is required to evaluate how much the

substrate deforms compared to particle deformation.

The CDR is defined by the ratio of dimensionless crater depth and the CR, as follow:

CDR = = (4.12)
CR

Where h* is the dimensionless crater depth: h* = Di
p

The results in Figure 4.30 show that the CDR increases with the particle velocity in all cases,
except for the Al/Cu impact (a decrease is observed at velocities beyond 700 m/s).
Additionally, it is observed that the CDR in the Cu/Cu and Cu/Al is higher than all the other
cases throughout the entire velocity range. These scenarios also exhibit the largest crater
depth (Figure 4.31). The results reveal that for the Cu/Al case, both the particle and the
substrate undergo similar degrees of deformation (CDR=1) at 700 m/s. While in the other

cases, the crater depth of the substrate is always less than the CR.

In the Al/Cu case, as the impact velocity increases; the particle undergoes greater deformation
compares to the substrate due to the higher hardness of Cu relative to Al material, resulting in

a low CDR, which is harmful to the bonding mechanisms.

Additionally, an increased CDR can result in substrate erosion. Therefore, effective bonding
can be achieved only with a sufficiently large compression ratio and a proper comparative

deformation ratio [95].
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Figure 4. 31 Evolution of substrate crater depth with different velocities

C. Evolution of PEEQ, temperature, and Von-Mises stress

This section presents the simulation results of PEEQ, temperature, and von Mises stress for
different material combinations (Al/Al, Al/Cu, Cu/Al and Cu/Cu), evaluated at 60ns after
impact (Figure 4.32).
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The contours show that the maximum PEEQ is localized at particle/substrate interface
(contact zone), and it increases with the particle velocity. As a result, the highest temperature
values are likely to occur in these regions due to the adiabatic process in cold spray. The
highest PEEQ and temperature are observed in the case of Cu/Al at 900 m/s. The increase in
temperature promotes material softening, enhancing metallurgical bonding. Therefore, it can

be said that mechanical and metallurgical bonding coexist in the Cu/Al case.

The maximum von Mises stress concentrates at the contact interface, reaching a peak value of
approximately 435 MPa. This value exceeds the dynamic yield strength of the Al material,
triggering rapid plastic deformation, which results in PEEQ buildup. This intense deformation
leads to localized adiabatic heating, as mechanical work is converted into thermal energy.
Furthermore, shear stress (deviatoric stress) is the primary factor responsible for material
deformation and jetting at the interface, as the normal pressure (hydrostatic) does not
contribute to plastic yielding of the Al [120]. When a Cu particle impacts the substrate, the
substrate experiences greater stress compared to when an Al particle impacts it, due to the

high density of the copper.
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Figure 4. 32 Evolution of PEEQ, temperature and von Mises of all cases after 60ns at different velocities

D. Evolution of energy: ALLKE, ALLFD, ALLPD, and ALLSE

Figure 4.33 shows the energy evolution process over time of the whole model during the
simulation of different materials combination (Al/Al, Al/Cu, Cu/Al, and Cu/Cu), where
different forms of energy are represented: kinetic energy (ALLKE), frictional dissipation

(ALLFD), plastic dissipation (ALLPD), and recoverable strain energy (ALLSE).

The results show that, although all particles impact at the same velocity (900 m/s), the Cu
particles possess higher kinetic energy than Al particles. The reason is that denser particles
possess greater initial kinetic energy [108]. Therefore, particle deformation is significantly
affected by its density [111]. The increase in kinetic energy promotes more severe plastic

deformation, leading to higher plastic dissipation within the material [104].
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Energy

It can be observed that recoverable strain energy (ALLSE) is low throughout the process,
which indicates that most deformation is plastic and irreversible as is common in the CS
process. In addition, the friction dissipation (ALLFD) is very low that can be neglected in all

cases. Since the impact is normal to the substrate, there is less sliding of the particle.

Energy
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Energy
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Figure 4. 33 Energy evolution process over time at impact velocity of 900m/s. (a) Al/Al, (b) Al/Cu, (c) Cu/Al, (d)
Cu/Cu

4.5.3. Influence of particle and substrate preheating

The previous results indicated that during the impact of Cu particle onto Al substrate at
500m/s, the particle experiences significant flattening. Also, a strong particle/substrate
bonding was observed. In addition, a high compression ratio (CR) and a proper comparative
deformation ratio (CDR) are achieved at this velocity, indicating good deposition properties.
Therefore, the Cu/Al case is chosen for the subsequent simulations to study the influence of

particle and substrate preheating.

First, we examine the particle preheating. Figure 4.34 presents the PEEQ results of the Cu
particle impacts with 500m/s and at different temperatures (500, 700 and 900 K) on Al
substrate with a constant temperature of 300 k. Many studies [121,109] have indicated that the
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preheated particles experience thermal softening, which increases the deformation degree.
However, in this case of Cu/Al, as can be seen, preheating the particle has no significant
effect on its deformation behavior or that of the substrate. Although increasing the
temperature to 900 K (less than the material melting point), the Cu particle experienced
limited plastic deformation with slight PEEQ localized primarily at the edges. Therefore, it
can be concluded that in the Cu/Al case bonding is governed by the high particle velocity, not
particle preheating.

Subsequently, we investigate the effects of substrate preheating where Cu particle impacts
with 500m/s and a constant temperature of 300 K. It is evident from Figure 4.35 that the
particle almost retains its shape as the substrate temperature increases. Increasing the
temperature of the Aluminum substrate induces thermal softening, reducing the material's
yield strength. It was found that this deformation behavior is favorable for particle/substrate

mechanical interlocking [122,123,124] and it improves coating bonding [91].

At 500 K and 700 k, the PEEQ is intensely localized at the interface. However, when the Al
substrate temperature increases to 900 K (approaching its melting point), its shear strength
significantly decreases, allowing plastic deformation to spread along the substrate boundary.
This indicates that thermal softening facilitates more extensive plastic flow at higher

temperatures.

Figure 4.36 shows the results of the PEEQ of the Cu/Al impact when both particle and
substrate have the same temperature. It is evident that there is no significant difference
between the whole-model preheating and the substrate preheating case; only the particle is
more flattened (as seen in Figure 4.34) and exhibits a higher PEEQ. This indicates that
increasing the initial particle temperature has a less significant effect compared to substrate
preheating. In addition, it appears that the deformation behavior achieved by preheating the
model is comparable to that induced by the high impact velocities [123]. The deformation
behavior at 900 K is consistent with that observed experimentally for the Cu/Al impact at a

temperature of 873 K (Figure 4.37).
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Figure 4. 34 PEEQ distribution for Cu/Al impact after 60ns at different particle temperatures
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Figure 4. 35 PEEQ distribution for Cu/Al impact after 60ns at different substrate temperatures
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Figure 4. 36 PEEQ distribution for Cu/Al impact after 60ns at different temperatures of whole-model
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Figure 4. 37 SEM image of Cu/Al impact
The evolution of compression ratio (CR), comparative deformation ratio (CDR) and crater
depth of the substrate at different heating temperatures are presented in Figure 4.38 (a-c). As
indicated by the deformed final shape of the Cu particle, the CR increases with increasing
particle preheating temperature. Conversely, the CR decreases when the substrate or the
whole model is preheated. Because the increase of Al substrate temperature leads to thermal

softening, rendering it softer and uncapable of resisting the Cu particle, resulting in a low
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compression ratio [125]. The crater depth of the substrate increases with both substrate and

whole-model preheating, while remains unchanged for the particle preheating. This explains

the variation of CDR (Figure 4. 38 (¢)).

60)

55

Compression ratio (%)
8 &

35

14
04 0/
%A
a\D\D

Comparative deformation ratio

0,4
O
—a— Particle 04 —o— Particle
—e— Substrate| o _o— Substrate
—A— Model g —a— Model
300 200 500 600 700 800 900 0 300 400 500 600 700 800 900

Preheating temperature (K)

()

Preheating temperature (K)

(b)

0,00001
0,000017
0,000016
0,000014
0,000014
0,000013

= 0,000012

= 0,000011

= 0,00001

S 0,000009

3 0,000004

%5 0,000007]

T 0,000008

O 0,000008
0,000004
0,000003
0,000003
0,000001
0,00000!

O
5 /
u!

QZE

—0— Particle
—O0— Substrate
—4— Model

300 400 500 600 700 800 900
Preheating temperature (K)

(©

Figure 4. 38 Evolution of (a) compression ratio, (b) comparative deformation ratio and (c) crater depth of the
substrate at different preheating ways (particle, substrate and whole model)

In order to evaluate the effect of whole model preheating on optimizing the particle velocity

in the Cu/Al impact case, the simulation was repeated at velocity of 200 m/s and temperature

of 900 K. The calculation time was set to 100 ns to capture the full process. The results
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clearly show that a decrease in particle velocity leads to significantly less deformation of Cu
particle with less crater depth in the substrate. However, there is a significant increase in
PEEQ at the contact interface. Additionally, even after 100 ns the particle does not flatten as

much as it does at 500m/s after only 60ns, resulting in a reduced compression ratio.

Subsequently, the temperature was increased to 1200k (higher than the melting point of both
Cu and Al materials), as shown in Figure 4.39 (c). It can be observed a notable increase in the
particle flattening. The Al substrate is melted at this temperature; it acts as a fluid, therefore
no plastic deformation occurs at the substrate. The crater depth is mainly due to the elastic
strain. Thus, preheating at low velocities (less than the critical velocity) has a minimal effect

on the bonding process.

In conclusion, in the cold spray process, increasing the preheating temperature is generally
less effective compared to increasing the initial particle velocity in promoting

coating/substrate strong bonding.
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Figure 4. 39 PEEQ distribution of Cu/Al impact. (a) T=900 K, V=500m/s and t= 60ns (b) T=900 K, V=200m/s
and t=100ns (c) T=1200 K, V=200m/s and t=100ns
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4.5.4. Mixed Al-Cu multi-particle deposition

A. Uniform velocity impact:

This section presents an analysis of multi-particle impacts involving dissimilar Cu and Al
materials in order to examine whether placing a dense copper particle as the first layer
that impacts the aluminum substrate can enhance bonding and coating efficiency. Research
reveal that the harder Cu particle easily penetrates the softer Al substrate, improving the
tamping effect and leading to strong mechanical interlocking [126,117]. Herein, we
investigate the spraying process of mixed 25 pm Cu and Al particles at a temperature of 300 K
and an impact velocity of 700 m/s. The selected velocity is substantially higher than the
critical velocity required for Cu particles to achieve bonding with an Al substrate. According
to finite element analyses reported by Chengsong Zhang et al [127], the critical velocity for
(Cu/Al) system range between 510 and 530 m/s. Therefore, the chosen impact velocity is

sufficient to ensure effective bonding.

Figure 4.40 shows the mechanical and thermal response of Cu—Al particles during the impact
on Al substrate. The spherical shape of the particles promotes symmetrical plastic
deformation along the direction of impact. As discussed previously, the low hardness of the
Al substrate allows the cu particle to penetrate deeply, forming a crater around the contact
region, which exhibits pronounced penetration behavior. As the following Al particles impact,
they cause the Cu particles to flatten even more. It can be observed that the highest PEEQ
values are localized at the particle/substrate interface (identified as the element key). Von
Mises stress was used to evaluate the onset and localization of plastic deformation (Figure
4.40 (b)). The stress in the Cu particles increases as they are squeezed between the following
Al particles and the substrate, where elevated shear stresses force the material to undergo
pronounced deformation (flattening). The stress extends deeper into the Al substrate,
indicating that the impact energy has been distributed through the bulk material. This stress
remains stored in the substrate as compressive residual stress. While residual stresses can
sometimes contribute to delamination or peeling, studies have demonstrated that they are

generally advantageous for coatings and can improve fatigue life [128].

Figure 4.40 (c) shows the temperature distribution, highlights the role of adiabatic heating.
The increse of the temperature at the interface promotes thermal sofetning. Therefore, using
Cu particles as the first impacting layer instead of Al particles not only creates mechanical

interlocking, but also promotes metallurgical bonding [76,129].

122



PEEQ
{(Aavg: 75%)
+3.04%e+ 00
0d

+2.093e-01
+0.00C0e+00

t=30ns t=50ns t=70ns

+5.272e+08
I

t=30ns t=50ns t=70ns

TEMP

(Avg: 75%)
+8.1808+02
+7.000e+02
+6.667e+02
+6.3330+02
+6.000e+02
+5.6678+02
+3.3338+02
+35.0008+02
+4.6678+02
+4.3338+02
+4.000e+02
+3.6678+02
+3.333e+02
+3.000a+02

t=30ns t=50ns t=70ns

(©)

Figure 4. 40 Cu—Al particles deposition on Al substrate at 700m/s: (a) Equivalent plastic strain distribution. (b)
Von Mises stress distribution. (¢) Temperature distribution

Figures 4.41(a) and (b) show the evolution of PEEQ and temperature, respectively, at the
impact point of the subsequent particle (point A). Both multiple impacts of Al particles and
combined Al-Cu impacts are considered. The temperature rise is associated with the
magnitude of plastic deformation, providing the thermal energy required for adiabatic shear

instability (ASI).

In contrast to the multi-Al impact, the Al particles caused minimal deformation of the Cu
layer under identical impact conditions, due to the hardness of the Cu material, which is
indicated by the lower PEEQ values recorded within the Cu regions in Figure 4.41 (a). This

behavior is governed by the mechanical impedance mismatch at the interface.
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Furthermore, the suppression of PEEQ in the Al-Cu case implies reduced plastic work

converted into heat, thereby limiting the local adiabatic softening effect required for

metallurgical bonding.
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(b)

Figure 4. 41 (a) Time evolution of equivalent plastic strain (PEEQ) at point A for Al and mixed Al-Cu particle
impacts. (b) Time evolution of temperature at point A for Al and mixed Al-Cu particle impacts. Point A
represents the top surface of the first impacting particles, (Cu)

B. Material-specific critical velocity impact:

To more realistically capture material-dependent deposition behavior, material-specific
critical velocities are applied to each particle in a mixed-metal CS simulation. According to
Chengsong Zhang et al [127], the critical velocities for Al/Cu and Cu/Al cold-spray systems
are in the ranges of 600—630 m/s and 510-530 m/s, respectively. To elucidate the underlying
thermomechanical mechanisms governing particle deformation, the equivalent plastic strain,
von Mises stress, and temperature are first investigated. As can observed from Figure 4.42 (a),
the highest plastic strain is localized at the particle/substrate interface. Such behavior is also
evident when the particles impact at a uniform velocity. However, the concentration is less
pronounced due to the lower kinetic energy. At 70ns, it can be observed that the material
flaring out at the edges, representing adiabatic shear instability (ASI), which is essential for

metallurgical bonds.

In addition, the Von-Mises stress exhibits the highest value at the interface as seen in Figure
4.42 (b). As the Cu particles undergo compression, the stress propagates throughout the
particles. A sharp increase in Von Mises stress is observed in the trailing Al particles as they

impact the already-deformed Cu layer, leading to rapid plastic deformation.

The intense plastic deformation of both particles and substrate generates significant local heat.
The temperature rise is particularly concentrated in the contact regions (Figure 4.42 (c)). This
is why cold spray is preferred for oxygen-sensitive materials; it avoids bulk melting while
enabling bonding through localized heating and plastic deformation at the contact interface

[130].

t=30ns t=50ns t=70ns

(a)
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Figure 4. 42 Cu—Al particles deposition on Al substrate: (a) Equivalent plastic strain distribution. (b) Von Mises
stress distribution. (c) Temperature distribution. Critical velocities of Al and Cu particles are taken 600 and

510m/s, respectively
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Conclusion

This chapter summarizes the findings concerning the deformation behavior of cold-sprayed

particles. The main findings are summarized below.

+ The numerical model was validated with those from previous studies in literature,
considering both Lagrangian and Coupled-Eulerian-Lagrangian (CEL) approaches, in
two-dimensional (2D) and three-dimensional (3D) configurations. The results revealed a

good agreement.

+ The CEL method proves to be more effective than the Lagrangian method, as the latter

exhibits severe mesh distortion after a short calculation time.

+ Achieving bonding between the solid particle and the substrate requires an impact
velocity higher than the material’s critical velocity. However, higher velocity causes

erosion of the substrate.

+ The investigation of particle/substrate material combinations indicates that in Cu/Cu and
Cu/Al impacts, a high compression ratio (CR) and significant crater depth of the substrate

were achieved, respectively.

+ The outcomes of particle preheating, substrate preheating, and whole model preheating
indicate that increasing the initial particle temperature has a less pronounced effect on
bonding mechanism compared to substrate preheating. Additionally, increasing the
preheating temperature is generally less effective compared to increasing the initial

particle velocity in CS.

+ The analysis of the impact of dissimilar materials where copper particles were placed as
the first impacting particles on aluminum substrate, followed by the Al particles, indicate
that in contrast to the multi-Al impact case, the Cu particles penetrate deeply into the

softer substrate, creating mechanical interlocking.

+ Assigning material-specific critical velocities provides a more physically realistic
representation of multi-material CS deposition, ensuring that each material reaches the

minimum kinetic condition required for bonding.
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GENERAL CONCLUSION

This doctoral thesis presents a numerical study of the phenomenon of particle impact and
spreading on a solid substrate. It is primarily divided into two sections, each focusing on a
specific surface treatment technique: namely, thermal spray and cold spray coating processes.
This work is expected to contribute to the optimization of surface coating strategies for

industrial applications.

We first simulate the normal impact of fully molten Al droplets on a steel substrate; both
successive and simultaneous impacts are studied. Therefore, to begin the spacing distance and
time separation between two impacting droplets were simulated. We found that in the
simultaneous impact, a jet of material was produced as the two droplets interact under the
effect of a significant kinetic energy, the high of this jet decreases as the droplets spread.
However, it does not completely disappear, resulting in uneven splat morphology; an effect
that was not observed during successive impacts, besides splashing phenomenon. To improve
our understanding, we examined the effect of increasing the initial droplet velocity on the
final shape of lamella, which exhibited disk-splat morphology, except for the simultaneous
impact, where the jet high is more pronounced for higher impact velocities. In addition, the

spreading rate was improved as the velocity increases.

Subsequently, the influence of including a solid core within the droplets in successive impact
with different percentages was examined. A completely molten droplets exhibit a larger
spreading compared to the semi-molten droplets. Additionally, the droplet with 75% of solid
core produces the higher shear stress at the point of impact among all cases. However, the
molten state of the droplet does not really affect the dynamics of the droplets (spreading
velocity and pressure remain nearly unchanged), since the spreading is governed by the
molten layer of the droplet. The surface oxidation effect was also investigated by the fluid-
structure interaction (FSI), we noticed that the oxide layer can act as a thermal barrier

between the liquid droplet and the solid substrate.

Secondly, in order to avoid the thermal issues that may occur during thermal spray due to the
high droplet's temperature, we developed a numerical model of solid droplet impact and
deformation under different material and process conditions, using CEL approach in the
ABAQUS/EXPLICIT software. We found that achieving a strong bonding between the
particle and the substrate requires an impact velocity higher than the material’s critical

velocity. Additionally, each material possesses a specific critical velocity. Using aluminum as
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both the droplet and substrate material is not recommended in our study. Except in the case of

multiple impacts, where bonding is achieved through the subsequent droplet.

Compression ratio (CR) and comparative deformation ratio (CDR) are two of the parameters
that predict the bonding mechanism. High CR and a proper CDR are needed for good

adhesion.

The substrate preheating is another factor that affects the particles behavior. However, not as
much as the particle velocity. Thus, the CS is a dynamic process that depends primarily on the

kinetic energy.

Finally, the study examined the impact of dissimilar particles composed of Cu and Al. It was
revealed that the higher kinetic energy of the Cu particles leads to deeper penetration into the
substrate compared to multi-Al impacts, facilitating robust mechanical interlocking. In
addition, the analysis indicated that assigning material-specific critical velocities ensures
bonding with minimal kinetic energy and provides a more physically realistic representation

of the deposition process.

This study offers valuable insights for the development of high-performance metal coatings
by examining the high-thermal spray and the solid-state kinetic deposition of cold spray. The
research allows engineers to develop coatings with superior bond strength, reducing the risk

of delamination and fatigue-related failure in metallic substrates.
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Perspectives

There are several promising topics merit examination in future works.

<>

Electromagnetic fields can be used in order to improve droplets deposition in thermal

spraying process.

Simulations of the carrier gas (in both thermal and cold spray processes) can be

conducted.

The effect of the oxide layer on both particle and substrate surfaces should be examined

in further studies.
Future research can also focus on using environmentally friendly materials.

Al can be a good use in the field of surface treatment, by predicting the optimal
parameters such as impact velocity, particle size, particle initial shape, and temperature of

both droplet and substrate.
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Appendix A: Radial temperature evolution of a fully molten
aluminum droplet during single and successive impacts on a steel

substrate under thermal spray conditions

Figure 1 (a) and (b) present the radial temperature evolution along the substrate surface for
single and successive impacts, evaluated at 2 and 4 m/s (the onset of droplet solidification), to
ensures that the thermal field relevant to bonding is captured. Data from simultaneous impacts
was excluded because each particle behaves similarly to a single impacting droplet. Instead,
the analysis focused on the temperature evolution where the two particles meet, measured on

the bottom surface of the particles and the top surface of the substrate, as illustrated in Figure

1 (c).

At the center (r = 0), the substrate temperature increased from an initial 200°C to over 400°C
after the impact of the droplets. As the droplet flattens into a splat, it covers more of the
substrate (the droplet/substrate contact area increases). It can be observed that the point where
the temperature drops back to 200°C at 2 ms is at roughly r = 0.01 m. By 4 ms, this knee has
moved to r = 0.013m. This perfectly represents the spreading of the liquid on the substrate

surface over time.

Furthermore, for the successive impacts at 4 ms, the temperature is higher at the center (r=0),
where the second particle acts as a fresh heat source and forces the substrate surface to stay
hotter for longer. Due to the extra mass of the liquid in the successive impacts compaired to

single impact, heat duration is prolonged.

Figure 1 (c) shows the temperature evolution at the meeting point of the particles, measured
on the bottom surface of the particles and the top surface of the substrate. The increase of the
temperature at the droplets interface at first moments of collision is explained by the
conversion of kinetic energy into viscous forces. Then it gradually declines with the cooling
and solidification of the jet. For the substrate, the temperature rises steadily from 200°C
toward 375°C, indicating that heat is being transferred from the hot liquid particles down into
the substrate. In a simultaneous impact, unlike the outer edges of a splat which cool over time,
the meeting point is surrounded by hot liquid on both sides, creating a thermal concentration
zone where heat cannot dissipate sideways, only downward, which increases the substrate

temperature.
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Figure 1. The radial temperature distribution along the substrate surface. (a) At t=2ms. (b) At t=4ms. (c)

Temperature evolution at the collision point between two particles during simultaneous impact, examined on

both the bottom and top surfaces of the particles and the substrate.
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Appendix B: Stress concentration during the impingement of

droplets on the substrate

The detailed evolution of XY shear stress within the substrate, as captured in Figure 2, reveals
a dynamic sequence governed by the interplay of impact dynamics, fluid flow, and phase
change. The process initiates with a classic Hertzian elastic contact field during the
compressible impact phase, evidenced by a highly localized, subsurface shear stress peak. As
the droplet transitions to spreading, this stress field undergoes a profound transformation,
radially propagating in direct concert with the expanding liquid lamella. This expansion acts
as a source for a shear stress wave, driven by the horizontal momentum transfer of the flowing
liquid, whose magnitude decays radially due to spreading and viscous dissipation. The final
and most critical transition occurs with solidification, which fundamentally alters the stress

state.

The transition from single to successive droplet impacts leads to a fundamentally different
thermomechanical response, characterized by stress superposition and strong thermal
coupling, which collectively forge a more complex and persistent interfacial stress state.
Unlike a single impact, the stress field generated by a subsequent droplet is imposed on a
substrate that has not fully relaxed and remains at an elevated local temperature due to prior
deposition. This phenomenon arises from two primary, coupled mechanisms: the constructive
interference of stress waves from the sequential impacts, which amplifies shear loads prior to
full substrate relaxation, and the thermal softening of the substrate material due to pre-heating
from the initial splat. This reduced yield strength enhances the material's compliance,
facilitating a broader distribution of shear stress and greater plastic deformation.
Consequently, the residual stress locked in after solidification remains markedly elevated,
reflecting a cumulative plastic deformation legacy. This legacy presents a dual-edged
outcome: while it promotes adhesion through enhanced mechanical interlocking and a larger
bonded interface, it simultaneously elevates the mean stress level, thereby increasing the
driving force for potential fatigue-driven crack propagation or interfacial delamination over

the coating's service life.

The simultaneous impact scenario generates a uniquely complex and heterogeneous stress
field, driven by the interplay of interfering stress waves and chaotic fluid-structure
interactions. At the moment of initial contact, the substrate responds not to a single symmetric

load but to two distinct, off-axis contact zones.
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As the droplets spread, the system enters a highly dynamic phase dominated by two
concurrent phenomena. First, radially expanding shear stress waves from each impact site
collide. Their interaction creates zones of intense interference, where wave superposition can
lead to localized peaks from constructive interference. Second, and occurring simultaneously,
the violent collision of the two liquid lamellae above the substrate with associated jetting,
splashing, and vortex formation imparts rapid, asymmetric shear loads. These transient fluid
dynamics are directly registered on the substrate surface as sharp, localized stress fluctuations

superimposed on the broader wave pattern.

A persistent line of residual shear stress concentrated at the coalescence boundary. This
concentration is not a relic of the initial impact but a direct consequence of incompatible
strain. As the two separate splats solidify and merge, their differential thermal contraction and
the geometric constraint imposed by their meeting line create a localized, locked-in stress
field. This interfacial stress concentration acts as a preferential microstructural defect, serving
as a potent site for the initiation of micro-cracks or interfacial voids, thereby dictating the

potential failure mechanisms within the coating.
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Appendix C: Eulerian Material Assignment (Volume Fraction

tool)

The volume fraction tool generates a scalar discrete field by applying a Boolean comparison
between an Eulerian part instance (particle) and an intersecting reference part instance. The
comparison determines the overlapping regions between the two part instances and assigns
each element of the Eulerian instance a volume fraction based on the percentage of the

element that is occupied by the reference instance [131].

Figure 3 illustrates the initial assembly configuration for Coupled Eulerian-Lagrangian (CEL)

analysis used in the study.
Figure 4 and the following procedure summarize the process of using the volume fraction tool:

1.Using the appropriate modeling tools in Abaqus/CAE, create a reference part that represents

the geometry of the target Eulerian material domain.

2. Position an instance of the reference part within the Eulerian part instance such that it

spatially matches the intended Eulerian material region.

3. Apply the volume fraction tool to generate a discrete field by comparing the reference part

instance with the Eulerian part instance.

4. Assign the material to the Eulerian part instance by defining a predefined material

assignment field using the discrete field obtained from the volume fraction tool.

Euler part instance

~=— Reference instance (particle)

Lagrangian part (substrate)

Figure 3. Schematic representation of the Eulerian-Lagrangian assembly and reference instance positioning.
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Appendix D: Multi-particle deposition of Al and mixed Al-Cu

particles

Figure 5 presents the thickness of the formed coating in multi-particle deposition of Al and
mixed Al-Cu particles after 70 ns. In pure Al impact, the particles and the substrate have
identical mechanical properties (hardness and density). Particles stack on each other, but it
does not punch deeply into the substrate. Thus, the splat exhibits a larger height, indicating a
thicker splat and limited penetration. In contrast, in the Al-Cu case, the Cu
particle exhibits deeper penetration into the substrate, which improves particle anchoring.

This is consistent with the SEM images from the work of T. Hussain [129] (Figure 6).

(a) (b)

Figure 5. Coating thickness. (a) Impact of Al particles on Al substrate. (b) Impact of Al-Cu particles on Al

substrate

(a) (b)

Figure 6. Plan-view and cross-section SE images of (a) an Al particle on a Cu substrate and (b) Cu particles on

an Al substrate [129]
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