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Abstract 

The prediction of material behavior and its microstructural evolution during high 

velocity impacts has been investigated for decades. The application of this topic can 

be observed in various engineering applications such as the cold spray process.  

Cold spray (CS) is an additive manufacturing method in which solid particles are 

accelerated using a low temperature supersonic inert gas flow, prior to their impact 

onto a substrate and adhesion/consolidation. In this process, unlike other thermal 

spray processes, the particles are kept well below their melting point prior to impact. 

This allows the CS process to be used for the manufacturing of high quality, 

specialized products at a low energy input.  

In CS, the deformation and bonding processes happen in a very short time (less than 

100 ns). With the current technology, in-situ investigation is almost impossible. In 

this situation, numerical modeling methods are the best alternative to study the 

deposition process. There are several factors influencing the particle deposition, such 

as particle/substrate material properties, particle size, material temperature, particle 

velocity and so on, but it has been shown that the particle impact velocity has the 

major role during the deposition process. In fact, despite the type of bonding, i.e., 

mechanical or chemical, particle is sticking to the substrate after experiencing severe 

plastic deformation that occurs upon the impact at high velocities. Therefore, in order 

to develop the understating of the CS process, investigating the deformation behavior 

of material during high velocity impacts, and also bonding mechanisms involved 

during particle deposition must be investigated.  



 

 

 III 

Although numerous studies have been done to explore the mechanisms occurring 

during particle deposition, the details of this process are still unclear.  

Therefore, the purpose of this research is to study the fundamental aspects of material 

behavior during the deformation and deposition processes with the aim of improving 

the understating of the CS process. Two different numerical approaches will be used 

to achieve the objective of the study, i.e., Finite Element Method (FEM) and 

Molecular Dynamics (MD) method.  

FEM will be used to study the metallic bonding occurring between the particle and 

the substrate. A physically based model to predict this phenomenon will be 

implemented into ABAQUS/Explicit FEM software. MD simulations will be 

performed to investigate the microstructure evolution during high velocity impacts. 

In order to characterize the deformation behavior of materials at a fundamental level, 

analysis will be focused on the basic mechanisms of plasticity and hardening in 

metals, i.e., the multiplication, glide and locking of dislocations, and also solid-state 

amorphization that happens at high strain rate deformations.  
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Chapter 1  

 

Introduction 

1.1 Background 

old Gas Dynamic Spraying, or simply Cold Spray (CS) is a particle deposition 

method categorized as a thermal spray process. In CS, the particles are 

accelerated in a de Laval nozzle using relatively low gas temperature to rise their 

kinetic energy. Unlike other conventional thermal spray processes in which molten 

material is sprayed onto a surface to be coated, CS particles are well below their 

melting point prior to the impact with the substrate. CS was first developed as a 

coating method [1] but nowadays it is also used an additive manufacturing process 

[2]. CS has the ability to spray a wide variety of materials and hence, it has the 

potential to be used in different applications. For instance, for metals on metals 

deposition, CS can spray from soft metal tin [3,4] to hard MCrAlYs [5,6]. Polymer 

C 
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metallization or spraying polymers on metals [7,8], and even spraying metals on 

ceramics have also been achieved [9,10]. Due to this unique ability, numerous works 

have been done over the last decade to develop thorough understanding of the process 

fundamentals [11–28]. 

In CS, the high kinetic energy of the particles at impact causes a large plastic 

deformation at high strain rates, i.e. up to 109 s-1 [29–31], and allows the particles to 

adhere to the substrate [11,21,27]. Material plastic behavior during high deformation 

rates, as found in CS, has been the focus of studies for decades [32–48].  

Since material deformation occurs over a very short period of time (tens of 

nanoseconds), in-situ experimental investigations of particle/coating deposition 

process are very difficult [49]. Experimental studies can usually only take place after 

the deposition process is completed. These studies rely on the microscopic 

observation of the as-sprayed cross-section of the coatings [50,51]. Therefore, 

numerical methods could be an alternative to study ‘in-situ’ the CS process in more 

details. Several studies have been performed using Finite Element Methods (FEM), 

such as Lagrangian [52–54], Eulerian [55–57], Arbitrary Lagrangian-Eulerian (ALE) 

[58], as well as Smooth-Particle-Hydrodynamics (SPH) [59–61] to study the particle 

and substrate deformation behavior during the impact. All studies show that intense 

localized plastic deformation happens at the particle/substrate interface [11,12,27]. 

Figure 1-1 illustrates the equivalent plastic strain and temperature distribution for a 

copper particle impacted to a copper substrate [62]. As can be seen, the deformation 

distribution is minimum at the flattened area at the interface where the particle hits 

the substrate and it is maximum at the particle/substrate edge. Due to the localization 

of the plastic deformation to the region surrounding the particle/substrate interface, a 

significant increase in the temperature can be observed in this region. By increasing 
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the particle impact velocity, the plastic deformation and subsequently the material 

temperature locally rises. This concentration of plastic deformation and high localized 

temperature result in a unique dynamic failure at the particle and/or substrate edge 

called adiabatic shear instability [11]. The occurrence of adiabatic shear instability is 

usually shown by the formation of material jetting at the particle and/or substrate edge 

[11], Figure 1-1. 

 

Figure 1-1 Numerical results from a 2D axisymmetric Lagrangian simulation 

displaying equivalent plastic strain (PEEQ) and temperature distribution just before 

rebound [62] (Reproduced with permission of Elsevier) 

Mechanical anchoring and metallurgical (or metallic) bonding have been found as the  

two bonding mechanisms in CS. Mechanical anchoring occurs when particles 

interlock with the substrate intricate topology as they are physically trapped in it 

[63,64]. Metallurgical bonding is a chemical bonding mechanism that is usually 
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stronger than mechanical anchoring. This bonding mechanism requires intimate 

contact between oxide-free metallic surfaces and an appropriate localized pressure to 

allow the chemical bond to be established [65]. Materials are typically surrounded by 

a thin oxide layer. The necessity of removing this oxide layer during the particle 

deposition to allow the metal-to-metal contact is acknowledged in the CS literature 

but the in-situ details of this oxide removal process is still a point of disagreement. 

Numerous studies have indicated that adiabatic shear instability, leading to large local 

deformation levels is responsible for the oxide layer removal [11,12,21,27,29,54,66–

68] whereas other studies have shown that the breakage in the oxide layer and creation 

of metallurgical bonding is not related to the occurrence of adiabatic shear instability 

as sufficient deformation levels can be achieved without it [69–71]. Moreover, studies 

have shown that partial melting in the contact zone is responsible for the local removal 

of the oxide layer and chemical bonding [72,73]. Despite the differences in the 

theories and beliefs about the oxide removal process, all studies agree that metallic 

bonding requires a minimum impact velocity (called critical velocity) to establish 

intimate contact between metallic surfaces. 

Although FEM can be a predictive tool to study CS systems at the macroscopic level 

under the assumption of continuum mechanics, it is unsuitable to be used to study in 

details the microstructure evolution of material during the impact. In that case, 

Molecular Dynamics (MD) which is considered as an idealized computational 

experiment [74] could be a useful alternative method to investigate the material 

behavior at the atomistic level given the difficulty to get in-situ experimental data. 

MD simulates the time dependent behavior of a system of atoms. This method 

determines the time evolution of the set of interacting atoms (trajectories of atoms) by 

numerically solving Newton’s equation of motion for the system [75]. Therefore, MD 
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is able to generate information at the microscopic level, which are atomic positions 

and velocities. In order to calculate the microscopic behavior of a system from 

classical mechanics’ theory, MD requires a description of the interaction potential (or 

force field) as an input [75]. The results quality depends on the accuracy of the 

description of the interaction potential. Therefore, MD method acts as a computational 

microscope. This microscopic information is then converted to the macroscopic 

quantities such as pressure, temperature and stress using statistical mechanics. MD is 

a common simulation approach to predict and observe cross slip and dislocation 

nucleation/multiplication and especially helpful to study material deformation at 

strain rates higher than 106 s-1 [76,77], which is the case in the CS process, due to its 

high computational cost. Several studies have reported single-crystal impact 

simulation using MD [78–84]. However, the systems studied were too small (few 

hundreds to few thousands atoms) to be able to display the dislocation activity that is 

one of the main mechanisms in plastic deformation of ductile materials [85]. 

Consequently, it would make more sense to study systems that are larger to enable the 

display of dislocation activity that is the main mechanism of plastic deformation.  

1.2 Motivations and Objectives  

The motivation of this research lays on the importance of understanding the 

deformation/deposition mechanisms involved in the CS process. As mentioned in the 

previous section, the current experimental techniques are unable to track the material 

behavior during the CS process due to the extremely high deformation rate found in 

this process and the size of the system to be tracked. Therefore, for this study, the 

numerical simulation approach was chosen to understand the mechanisms affecting 
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the material deformation and to predict the material behavior during the CS process. 

Although numerous studies have been done using numerical methods as an alternative 

for experimental analysis, very few were able to implement and illustrate the physics 

of the process. In this research we aim to develop and implement numerical 

approaches which allow us to study the particle deposition in the CS process.  

The particle deposition process can be analyzed on two subjects: the material behavior 

during the deformation and the occurrence of metallic bonding. In order to achieve 

the goals exposed previously, the following specific objectives are proposed: 

1. Study the effects of particle/substrate material properties, particle size, material 

temperature, and oxide or hydroxide layer on the critical velocity of the particle. 

2. Study the effects of oxide layer on the particle deformation behavior. 

3. Study the failure mechanisms that can be involved in the CS process. 

4. Study the material behavior at high strain rates deformation and mechanisms 

that govern the plasticity in that region. 

1.3 Outline 

This thesis has been formulated in six chapters. Chapter 1 (the present chapter) 

describes the admissible information for the suggested research work. It is also shown 

the motivation for the studying and the purposes of this research. 

In Chapter 2, the CS process will be explained and a review of the relevant literature 

about this process, material behavior during dynamic processes, and theories of 

adhesion and metallurgical bonding will be provided. In addition, the methodology of 

some important studies that used numerical approaches will be described. The 

capabilities of FEM and MD simulation methods will also be defined. 



Chapter 1 – Introduction                                                                       Saeed Rahmati 

 

 

 7 

Chapter 3 will describe the main objectives of this research in detail. It will present 

the research interest as well as the importance of the hired methods.  

Chapter 4 will provide a detailed of the methodology to follow and reach the 

proposed approach for this study. The research design will be described. The 

employed theory and assumptions will be defined in detail, and the implementation 

method will be explained.  

Chapter 5 will present the results obtained by the numerical approaches described in 

Chapter 4. Four studies have been published in peer-reviewed journals and will be 

presented in their published form.  

Finally, Chapter 6 will provide the conclusion from each study, and highlighting the 

important outcomes. Several suggestions for future work will also presented in this 

chapter. 
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Chapter 2  

 

Literature Review 

2.1 Cold Gas Dynamic Spraying  

2.1.1 Background 

he CS process is a solid-state deposition process, which was first developed as 

a coating process in the 1980s by Dr. Anatolii Papyrin at Institute of 

Theoretical and Applied Mechanics of the Siberian Division of the Russian Academy 

of Science in Novosibirsk. Dr. Papyrin and his colleagues showed the feasibility of 

the CS process for various applications, successfully depositing a wide range of metals 

onto different substrate materials. US (also by Dr. Papyrin) and European patents of 

this process were issued in 1994, and 1995 respectively [86].  

T 
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In the CS process, material deposition is achieved by accelerating small powder 

particle (5-70 um) towards a substrate at high velocities (300-1200 m/s). Particles are 

accelerated by a supersonic gas flow that is always at a temperature lower than their 

melting point. Consequently, the undesirable effects experienced with traditional 

thermal spray processes, such as high temperature oxidation, melting, phase 

transformation and evaporation, are minimized or eliminated in the CS process. This 

makes the CS process a promising coating method for many materials.  

Figure 2-1 displays a comparison between thermal spray processes based on the gas 

temperature and the particle velocity. As can be seen, the CS process operates in the 

lowest gas temperature and fastest particle velocity region. Consequently, CS relies 

on the severe plastic deformation of the materials in order to build up coatings.  This 

gives the advantage of material deposition at low-temperature and also limits its 

capability in spraying materials that do not show any degree of plasticity [87].   

 

Figure 2-1 Cold spray working gas temperature, particle velocity, and substrate 

temperature in comparison to other important thermal spray processes [88] 

(Reproduced with permission of Springer Nature) 
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Since CS was introduced, an enormous amount of studies have been conducted on the 

topic [16,17,19,20,22–24,50,68,84,89–112]. These studies covered process 

fundamentals as well as applications. Although the CS process seems to be simple, 

the phenomenon involved are extremely complex. To fully understand the process at 

a fundamental level, it is necessary to consider gas dynamics, heat transfer, solid 

mechanics as well as surface and material sciences. Until now, not all aspects are fully 

understood, including material deformation behavior at high strain rates and the 

particle deposition process mechanisms.  

2.1.2 Process overview 

Figure 2-2 illustrates the CS process schematically. The driving gas can be air, 

nitrogen or helium. The high-pressure gas (from 500 kPa to 5 MPa) passes through an 

electrical heater to reach the process temperature (from room temperature to 1100 °C). 

The gas is then accelerated to supersonic speed (300-1200 m/s) through a convergent-

divergent (de Laval) nozzle, which converts the gas thermal energy into kinetic 

energy. Powder particles are fed into the gas stream. The powder injection can be done 

before or after the nozzle throat. If the powder injection is upstream of the throat, the 

process is called high-pressure, and if the feeding is done downstream of the throat, 

the process is called low-pressure, because the pressure before the throat is relatively 

higher than after the throat. The particles are accelerated by the gas flow and exit the 

nozzle at a high velocity. Afterwards, the particles impact onto the substrate and 

adhere after a severe plastic deformation.  
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Figure 2-2 Schematic illustration of CS process [31] (Reproduced with permission of 

Springer Nature) 

2.1.3 Deposition process 

When a particle impacts onto the substrate, the particle high kinetic energy causes a 

large plastic deformation at high strain rates (up to 109 s-1) in both the particle and the 

substrate [29,31]. Figure 2-3 shows a Scanning Electron Microscopy (SEM) image of 

a copper particle deposited onto a copper substrate [11]. As can be seen, severe plastic 

deformation occurred in both particle and substrate. About 90 percent of the dissipated 

energy during the plastic deformation is in the form of heat [113,114]. The 

deformation process is assumed to be an adiabatic process because it occurs over a 

very short time period (in the order of nanoseconds) [11]. Therefore, the energy 

dissipated has heat during the plastic deformation increases the temperature of the 

deformed regions locally and results in thermal softening in those specific areas [31]. 

Some studies have shown that this temperature rise could even lead to localized 

melting in some zones of the particle [115,116]. Other studies have reported that the 

temperature stays below the melting point and the deformation is completely a solid 

state process  [26,117].  
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Figure 2-3 SEM image of a cooper particle deposited to a copper substrate [11] 

(Reproduced with permission of Elsevier) 

Metallurgical bonding and mechanical anchoring are the two main mechanisms 

involved in the deposition of the particles in the CS process [112]. Mechanical 

anchoring is a bonding mechanism in which there is a nano/micro length scale 

mechanical interlocking between materials [63,64]. In this mechanism, the particles 

get trapped in the convoluted topology of the substrate, following the severe plastic 

deformation of the particle and/or the substrate during the impact [118]. Metallurgical 

bonding is a chemical bonding and is typically stronger than mechanical bonding. 

This type of bonding requires an intimate (atomic distance) contact between oxide-

free metallic surfaces, which can be achieved by applying an appropriate localized 

pressure [65]. Almost all metallic materials (except few noble metals) have a native 

oxide layer on their surfaces. Therefore, the removal of this oxide layer to allow metal-

to-metal contact for the creation of metallurgical bonding is mandatory. Numerous 

studies have suggested that adiabatic shear instability is responsible for removing this 

oxide layer [11,12,21,27,29,52,66,68], while some studies have shown that oxide 

removing can happen without the occurrence of adiabatic shear instability [69,70]. In 
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addition, studies have shown that partial melting in the contact region can cause the 

oxide removal and metallic bonding upon solidification [72,73]. The direct in-situ 

observation of oxide break-up and surface cleaning processes is not possible by the 

current experimental techniques [49]. For this reason, numerical approaches have 

been used to investigate the particle deposition process [53,84,91,95–97,104,119–

125]. Despite the different theory about the oxide layer removal during the 

deformation, all studies agree that the particle requires a minimum impact velocity to 

adhere to the substrate, i.e., the critical velocity.  

The critical velocity indicates the onset of creation of bonding in the CS process. It is 

dependent on the particle and substrate materials, particle size and materials 

temperature [29,98]. Hassani-Gangaraj et al. [49] adapted the experimental technique 

proposed by Lee et al. and Veysset et al. [47,126] to CS to assess precisely the critical 

velocity of different materials and particle sizes upon impact with polished substrates. 

Figure 2-4a [49] shows an example result taken for a 15 um aluminum particle 

impacting onto an aluminum substrate below the critical velocity (at 765 m/s). At this 

velocity, both the particle and the substrate were deformed, but it can be seen that the 

particle rebounded. Figure 2-4b [49] displays another example taken for a 16 um 

aluminum particle impacting onto an aluminum substrate at 825 m/s. At this velocity, 

the particle did not rebound, but instead adhered to the substrate, which shows this 

velocity exceeded the critical velocity.  
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Figure 2-4 In-situ observation of 15 um aluminum particles impacting to an 

aluminum substrate, a) when the impact velocity is lower than the critical velocity 

(765 m/s), b) when the particle impacted at the critical velocity that is 825 m/s [49] 

(Reproduced with permission of Elsevier) 

The possibility of depositing dissimilar materials and generating a composite coating 

is one of the advantages of the CS process. However, the study becomes more 

complex as the mechanical and thermomechanical properties of the particles and 

substrate usually differ. As shown in Figure 2-5 [21], four different deformation cases 

can be considered based on the material characteristics dissimilarity between particle 

and substrate.  
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Figure 2-5 Four cases of particle impact on substrate. a) soft/soft, b) hard/hard, c) 

soft/hard, d) hard/soft [21] (Reproduced with permission of Elsevier) 

2.2 Particle Impact Modeling   

Up to now, several numerical works have been done to evaluate the critical velocity 

and/or simulate the particle deposition in CS [12,21,27,28,60,127–131]. Assadi et al. 

[11] showed that bonding can possibly be linked to adiabatic shear instability at the 

particle/substrate edges. They performed some simulations of copper particle 

impacting to a copper substrate at different impact velocities by using Johnson-Cook 

material model as the constitutive model. In Johnson-Cook model, the flow stress is 

defined through:   

𝜎 = (𝐴 + 𝐵𝜀𝑝
𝑛)(1 + 𝐶 ln 𝜀𝑛̇

∗) (1 − (
𝑇 − 𝑇𝑟

𝑇𝑚 − 𝑇𝑟
)

𝑚

) (1) 

where 𝐴, 𝐵, 𝑛, 𝐶, and 𝑚 are material constants, 𝜀𝑝 is the equivalent plastic strain, 𝜀𝑛̇ 

is defined as the ratio between the plastic strain rate, 𝜀𝑝̇, and the reference strain rate, 
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𝜀0̇, at which the material constants are obtained, and 𝑇, 𝑇𝑟, and 𝑇𝑚 are absolute 

temperature, reference or transition temperature, and melting temperature, 

respectively. In this model, the stress is the product of three bracket terms. The first 

bracket calculates the strain hardening. The second bracket calculates the strain rate 

hardening and the third bracket represents the thermal softening in the material during 

the deformation. 

For each simulation, Assadi et al. [11] found the element with the highest strain, and 

plotted the equivalent plastic strain (PEEQ), temperature, and stress histories of that 

element during the deformation, as shown in Figure 2-6. They concluded that the 

abrupt increase in the strain and temperature and consequently the drop in the stress 

are the signs of the occurrence of the adiabatic shear instability. However, Hassani et 

al. [71] showed that this sharp raise in the plastic strain is not related to the adiabatic 

shear instability phenomenon. They operated a simulation setup by eliminating the 

part that is responsible to calculate the thermal softening in the Johnson-Cook model, 

i.e., the third bracket in the Equation (1), and they illustrated that even without 

calculating the thermal softening, predicted results are similar to the ones that Assadi 

et al. [11] have obtained.  
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Figure 2-6 Simulation results of the particle’s element with the maximum plastic 

deformation at different velocities a) plastic strain, b) temperature, and c) stress. [11] 

(Reproduced with permission of Elsevier) 

Assadi et al. [11] also proposed a semi-empirical equation to predict the critical 

velocity, 𝑣𝑐𝑟, for different materials as follows: 

𝑣𝑐𝑟 = 667 − 14𝜌 + 0.08𝑇𝑚 + 0.1𝜎𝑢 − 0.4𝑇𝑖 (2) 
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Where 𝜌 is the material density in 𝑔 𝑐𝑚3⁄ , 𝑇𝑚 is the melting temperature in Celsius, 

𝜎𝑢 is the ultimate strength in MPa, and 𝑇𝑖 is the initial temperature in Celsius. This 

formula was obtained by using the experimental data for copper, and Assadi et al. 

emphasized that this formula is only valid for small changes of involved parameters, 

for instance it cannot be used for particles that are not made out of copper, while 

people have been using it for other materials.  

Meng et al. [132] proposed a model based on the average equivalent plastic strain 

(PEEQ2) over all particle elements to calculate the critical velocity. They calculated 

the PEEQ2 for different particle/substrate systems, as shown in Figure 2-7. The solid 

lines in this figure indicates the critical velocity for each system. As can be seen, for 

velocities below the critical velocity, the PEEQ2 values first increase but quickly 

plateaus with a further increase at the impact time. In contrast, for velocities above 

the critical velocity, the PEEQ2 values continuously increase by increasing in the 

impact time. Meng et al. [132] also reported the temperature distribution of each 

particle/substrate system after impacting with a velocity lower than the critical 

velocity, close to the critical velocity, and relatively higher than the critical velocity, 

Figure 2-8. 
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Figure 2-7 PEEQ2 evolution over the impact time for different particle/substrate 

systems [132] (Reproduced with permission of Elsevier) 

As can be seen in Figure 2-8, when the impact velocity is close to the critical velocity 

(the column indicated by “Intermediate 𝑣𝑝”), both particle and substrate were 

deformed severely and a large material jetting can be observed. However, it must be 

noted that Meng et al [132] used Lagrangian simulations and it is well-known that 

Lagrangian elements cannot represent this amount of plastic deformation. Therefore, 

this predicted jetting is due to the large distortion in elements at the particle/substrate 
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interface and is not related to any physical mechanisms like adiabatic shear instability. 

This is the same misjudgment that Assadi et al. [11] made in their study.  

 

Figure 2-8 Temperature distribution of different particle/substrate system after 

impacting with a velocity lower than the critical velocity, close to the critical 

velocity, and relatively higher than the critical velocity [132] (Reproduced with 

permission of Elsevier) 

Yildirim et al. [62] simulated the particle deposition by using a surface based cohesive 

behavior. Similarly, Profizi et al. [109] and Manap et al. [61] have also simulated the 

bonding in CS using two different cohesive zone models via the smooth particle 

hydrodynamics (SPH) method. Surface based cohesive behavior method is a simple 

way to model the cohesive interaction between two “sticky” surfaces (surfaces bond 
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after coming into contact) using a traction-separation constitutive model [133]. It 

should be noted that this method is unable to model the exact metallic bonding because 

the surface based cohesive method models the cohesion exactly like glue, thus the 

particles stick to the substrate upon the initial contact. Moreover, this method does not 

consider the necessity of breaking the oxide layer for bonding. As such, the overall 

bond strength between the particle and the substrate in this method relies on the glue 

strength which must be obtained by trial and error [133]. 

Kurochkin et al. [134] proposed a model based on the activation of the chemical bonds 

and recoil coefficient to estimate the relative bond strength between the particle and 

substrate. Wu et al. [135] developed this idea further and showed that the bond 

strength is related to the particle velocity. In this model, bonding can occur if the 

adhesion energy is higher than the rebound energy. They could provide important 

information about the deposition process. However, their models lack the role of the 

oxide layer and its effects on the metallic bonding, and also the adhesion energy in 

this model is set as a function of sublimation energy that is potentially different from 

the energy required to break the bonds between atoms in solid phase. 

2.3 Oxide layer removal mechanism 

In CS, it is hypothesized that when a particle impacts on a substrate at a sufficient 

velocity, severe plastic deformation at high strain rates happens to both the particle 

and the substrate and leads to removal of the native oxide layer on the materials. This 

creates new oxide-free metallic surfaces, and if sufficient, the localized applied 

pressure causes the intimate contact between two fresh oxide-free surfaces and the 
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creation of metallurgical bonding. The bonding process of cold sprayed particles is 

displayed in Figure 2-9 schematically [136].  

 

Figure 2-9 Schematic of metallic bonding process in CS illustrating the oxide 

breaking-up and fresh oxide-free material extruding as well as formation of jetting 

[136] (Reproduced with permission of Elsevier) 

After Assadi et al. [11], several studies [12,21,27,66] have been done following the 

idea that adiabatic shear instability is the responsible mechanism to remove the oxide 

layer, and they suggested that this phenomenon is a sign of bonding in CS. However, 

some studies have shown that metallic bonding is not related to the occurrence of 

adiabatic shear instability [69–71]. For instance, Barradas et al. [70] analysed the 

interface of the cold-sprayed copper powders onto aluminum substrate using 

transmission electron microscope (TEM). They reported that the localized metallic 

bonding was formed only in the liquid phase. They also found some regions indicating 

the formation of adiabatic shear instability but they did not find any metallurgical 

bonding in those regions.  

Xie et al. [69] proposed a new theory to explain the metal-to-metal contact and 

creation of metallic bonding. In order to show that the occurrence of adiabatic shear 

instability is not necessary for creation of metallic bonding, they studied the case of 

hard particles depositing onto soft substrate, e.g., nickel onto aluminum, where 
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particle deforms slightly without the formation of material jetting. Figure 2-10 

displays the SEM images of cross-section of a single nickel particle and coating 

depositing on aluminum substrate after heat treatment. In Figure 2-10a, it can be seen 

that the particle is deposited with mechanical anchoring and at the interface, no 

intermetallic was formed that illustrate the absence of intimate metal-to-metal contact 

between the particle and the substrate. However, in the case of full coating deposition, 

they showed that the coating tightly bonded to the substrate by showing the formation 

of intermetallic layer at the interface, Figure 2-10b.  

 

Figure 2-10 SEM images of cross-section of a) single nickel particle, and b) nickel 

coating depositing on aluminum substrate after heat treatment [69] (Reproduced 

with permission of Elsevier) 

Xie et al. explains their theory by using the schematic of the coating/substrate 

interface evolution during the coating deposition process shown in Figure 2-11. When 

a single particle impacts onto the substrate at a high velocity, the native oxide layer of 

the particle and the substrate are broken and cracked. These cracked oxides form a 

bridge-like structure and results in many pores along the interface. These pores and 

bridge-like structure prevent the metal-to-metal contact. As more particles impact, the 

first layer of particles and the substrate deform more due to the peening effect and 

cause further cracks in the remained oxides. Therefore, the oxide layer breaks to many 
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nano-sized oxide debris and pores. By further deformation, most of these pores are 

then filled under a localized high interfacial pressure and a discontinuous metal-to-

metal contact along the interface is achieved. Experimental studies reported nano-size 

oxide debris and pores at the particle/substrate interface which can help proving this 

theory [137,138].  

 

Figure 2-11 Schematic of the coating/substrate interface evolution during the 

deposition process [69] (Reproduced with permission of Elsevier) 

The cold welding process is very similar to CS in the aspect of the creation of metallic 

bonding. Cold welding is a solid state process in which two metallic plates are joined 

together by applying a high pressure without heating or fusion at the interface [139]. 

It was shown that the native oxide film is broken into many debris during the 

deformation process and creates gaps (pores) that expose free-oxide surfaces on the 

metallic plates. The high applied pressure is also responsible to extrude the fresh 
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material through the gaps (fill the gaps), leading to the metallurgical bonding between 

the plates [139]. Clearly, this oxide removal process in the cold welding is similar to 

the pattern that Xie et al [69] suggested for CS.  

2.4 Microstructure of cold sprayed material 

The microstructure of CS coatings is dependent on the sprayed material, powders’ 

shape/size, and spray conditions One of the advantages of CS over other thermal spray 

processes is the fact that this method is a solid-state process. This ensures that the 

main microstructural features of the sprayed powders are retained after the deposition. 

Consequently, CS allows a better control of the coatings microstructure.  

2.4.1 Dynamic Recrystallization 

Even though the main feedstock powder microstructure features are retained in the 

coatings, there are still some microstructural evolutions in the sprayed particles and 

the substrate due to the severely plastic deformation that occurs at high strain rates. 

This rate of deformation causes the creation of a dense dislocation density in 

crystalline materials especially in grains near the particle/substrate interface [42]. 

These zones of high dislocation density, combined with localized high temperature 

from heat dissipation result in the occurrence of dynamic recrystallization (DRX) 

[17,30,42,140].  

In dynamic recrystallization, unlike in static recrystallization, the nucleation and 

growth of new grains occurs during deformation and it is not an outcome of separate 

heat treatment [141]. The transformation kinetics during static recrystallization 

depends strongly on temperature and strain and not so much on strain rate. In contrast, 
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the kinetics of microstructure restoration after DRX is highly dependent on strain rate 

and also atomic thermal migration (temperature) [141]. Figure 2-12 shows EBSD 

maps inside a shear band in 304 stainless steel [142]. This EBSD map was taken after 

a heat treatment on a plastically deformed 304 stainless steel at a low strain rate. The 

equiaxed grains in the band indicates that these new recrystallized grains grow 

isotropically after nucleation, and those are not oriented along the shear deformation 

direction. Therefore, it can be concluded that these equiaxed grains should be the 

results of static recrystallization [142].  

 

Figure 2-12 EBSD maps inside a shear band in 304 stainless steel, a) Euler contrast 

map, b) Kikuchi contrast map, and c) deformation map illustrating the equiaxed 

recrystallized grains in the band [142] (Reproduced with permission of Springer 

Nature) 

EBSD maps in Figure 2-13 displays another mechanism of recrystallization inside a 

shear band in Fe-Cr-Ni monocrystal that is subjected to an explosive collapse loading 

observed by Yang et al. [142]. This figure shows elongated grains along the shear 

direction. This specifies that these elongated grains were developed simultaneously 

with localized deformation. In other words, after nucleation, the nuclei of the new 
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grains grow preferentially under the stress along the shear direction. Hence, these 

elongated grains are expected to be the results of DRX [142]. 

 

Figure 2-13 EBSD maps inside a shear band in Fe-Cr-Ni monocrystal subjected to 

explosive collapsed loading, a) Euler contrast map, and b) Kikuchi contrast map 

showing the elongated recrystallized grains along the shear direction [142] 

(Reproduced with permission of Springer Nature) 

Once DRX is initiated, the nuclei continue to grow even after the deformation is 

completed. This mechanism is recognized as metadynamic recrystallization [143]. As 

opposed to static recrystallization, metadynamic recrystallization does not need an 

incubation time, and it is due to the fact that this mechanism makes use of the formed 

nuclei during DRX. Subsequently, microstructures that undergoes DRX are subjected 

to rapid changes after unloading [143].   

DRX in materials can occur in various forms [144], i.e. Geometric DRX (GDRX), 

Continuous DRX (CDRX), and Discontinuous DRX (DDRX). However, Derby [145] 

proposed that there are two different mechanisms that can cause DRX in materials, 

i.e. rotational and migrational DRX. Migrational DRX is most common for metals, 
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while, rotational DRX is prominent for geological materials such as quartz, and 

marble. However, the current observations including studies of Meyers and Pak [146] 

and Hines et al. [147] for titanium and copper, respectively, have shown that the 

deformation time for the creation of 100 nm size grains by rotational mechanism is 

lower by several orders of magnitude compared to the time required by the migration 

of boundaries. Therefore, in this case conventional migrational recrystallization is not 

the mechanism governing the dynamic recrystallization. The occurrence of the 

rotational recrystallization in metals begins by the dynamic recovery mechanism in 

which dislocations rearrange themselves into elongated dislocation cells. With 

increasing strain, the misorientation increases and these cells become elongated 

subgrains. This subgrain subdivision process continues as deformation increases; it 

occurs in different regions of the crystal and each region rotates to different directions. 

Thus, geometrically-necessary boundaries are created within the crystal [148–151]. 

Hughes and Hansen [150] showed that high-angle grain boundaries can be formed by 

these subdivision mechanisms. This process has been also reported by Sevillano et al. 

[152] for different metals subjected to high strains, and Meyers et al. [153] modeled 

this process using dislocation energetics.  

As mentioned before, many researchers have reported that DRX is the main 

mechanism for the formation of fine-scale grains at the interface between a particle 

and the substrate or between two prior particles, but the exact details for DRX during 

CS are still unclear.  

Zou et al. [30], Zhang et al. [42], and Meyers et al. [140] have shown some evidence 

that the unique microstructure in CS is formed by rotational DRX. For instance, Figure 

2-14 and Figure 2-15 have been reported by Zou et al. [30] in which they explained 

the process of the formation of fine-scale grains by the rotational DRX mechanism. 
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Figure 2-14 shows the cross-section of the as-sprayed nickel coating, containing 

approximately 10 particles. They found a large number of 100-200 nm size grains in 

the region of particle/particle boundaries, Figure 2-14(a). As shown in Figure 2-14(b), 

the particle/particle interfacial regions have relatively lower pattern quality than the 

central regions of the impact particles. Pattern quality is a measurement of how sharp 

or blurry an analyzed pattern is; and a pattern taken from a volume of crystal with a 

higher number of defects, especially dislocations, will be less sharp.  In addition, Zou 

et al. [30] calculated the pattern quality values of the center of the particles and the 

center of the fine-size grains. The lower obtained values for the fine-size grains 

indicated that there was relatively high defect density and/or lattice strain inside the 

fine-size grains in the particle/particle interfacial regions. Since the static 

recrystallization is almost strain/defect free, hence its EBSD map has a high pattern 

quality. Therefore, Figure 2-14 imply that the formation of fine-size grains is due to 

DRX, and it is not because of static recrystallization. 

 

Figure 2-14 EBSD of the cross-section of the as-sprayed nickel coating, a) Euler 

angle map, and b) pattern quality map of the same area [30] (Reproduced with 

permission of Elsevier) 

Figure 2-15(a) is the Euler-angle map corresponding to the area highlighted in Figure 

2-14(a). Euler angles represents three successive rotations about specific directions to 
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align the crystal axes with the reference axes. Euler-angle map is used to illustrate the 

angular changes within the microstructure. The point-to-point and the point-to-region 

misorientations are plotted against the distance along path ABCD, which is from the 

particle center to its edge, as displayed in Figure 2-15(b). As can be seen, the 

misorientation gradient indicates three apparently distinct regions divided by points 

A, B, C and D.  

From the center to the edge of the deformed particle, as marked from A to B, subgrains 

are not well formed and there are only a few of low-angle grain boundaries (LAGBs). 

The low misorientation in this region means low lattice strain and defect density. From 

B to C, the strain increases and some elongated subgrains can be observed. By 

continuing from C to D (at the particle/particle interface), the misorientation reaches 

to maximum and formation of highly misoriented fine-size grains can be seen, i.e., 

formation of high-angle grain boundaries (HAGBs) in this region.  

Figure 2-15(c) illustrates the misorientation relative to the center of the particle, i.e., 

point A. In order to reveal the lattice rotation during the deformation within the crystal, 

the tolerance angle map is displayed using the color gradient from blue to red. As can 

be seen, the lattice is progressively rotated from the center to the edge of the particle. 

The lattice rotation along the path ABCD is also shown using the inverse pole figure, 

Figure 2-15(d). These results are adequate evidence showing that lattice, near the 

particle impact region, is gradually rotated until HAGBs are formed. 
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Figure 2-15 A close view of the highlighted box in Figure 2.9(a). a) Euler-angle map 

with four points (A, B, C and D) marked in a path from the center of the deformed 

particle to its edge. b) misorientation plot, showing the point-to-point (the blue 

curve) and the point-to-origin (the red curve) along the path ABCD. c) tolerance 

angle map (shown from blue to red). The cubes in the map illustrate the local crystal 

orientation. d) inverse pole figure of the points in the path ABCD [30] (Reproduced 

with permission of Elsevier) 

Microstructural evolution in cold-sprayed material does not stop at the completion of 

the plastic deformation. Thevamaran et al. [154] have shown that the high elastic 

energy stored within the material (as residual stress) due to the high velocity impact 

triggers a continuous (static) recrystallization process, which takes place over the 

course of weeks at room temperature. They synthetized single crystal silver 

microcubes in a bottom-up seed-growth process. Then, they impacted those almost 

defect-free cubes onto a non-deformable substrate, using an advanced laser-induced 
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projectile impact testing, at 400 m/s.  Afterwards, they analysed the cross-section of 

the deformed cubes using transmission electron microscope (TEM) and selective area 

diffraction (SAD) analyses 20 hours, 8 days, and 44 days after impact which are 

shown in Figure 2-16, Figure 2-17, and Figure 2-18, respectively [154].  

Figure 2-16 shows a strong gradient in grain size along the height of the sample. The 

top region illustrates a single-crystalline diffraction pattern with negligible distortion, 

whereas the bottom region exhibits a nanocrystalline diffraction pattern. Thevamaran 

et al. [154] reported that the nanocrystalline grains at the bottom region are around 10 

nm in size (20 hours after impact).  

 

Figure 2-16 Gradient nanograined structure formation in impacted silver microcube, 

examined 20 hours after impact. A) a cross-sectional image of a silver microcube 

impacted along the [100] direction, (B1 to B4) SAD patterns taken along the 

progressively highly deformed regions indicated in (A) [154] 

As shown in Figure 2-17, TEM analysis on a sample 8 days after impact showed 

substantial nanostructural recovery in the form of recrystallization. Two distinct 
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regions can be observed in Figure 2-17: the less-deformed region at the top and the 

recrystalized highly deformed region at the bottom. In this analysis, Thevamaran et 

al. [154] found 30 to 150 nm sized grains in the bottom region, which indicates the 

occurrence of recrystallization in this region (the sample investigated after 20 hours 

showed grains in the size of 10 nm). In addition, they found several subgrains and a 

high dislocation density in the bottom region that shows the system is still far from 

equilibrium.  

 

Figure 2-17 Partially recrystallized silver microcube, examined 8 days after impact. 

A) cross-sectional image of the silver microcube showing distinct less-deformed and 

highly deformed regions, separated by a white dashed line. (B to D) magnified 

views of the regions labeled “B”, “C”, and “D”, respectively. [154] 

To further probe recrystallization, Thevamaran et al. [154] performed another TEM 

analysis 44 days after impact, shown in Figure 2-18. This figure displays much 
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coarser-grained structure, indicating that the static recrystallization has continued. The 

diffraction pattern, which is obtained in the bottom region, shows the characteristics 

of a single-crystal grain structure. This implies an almost-complete nanostructural 

recovery from the prior severely deformed nanocrystalline state that was observed 20 

hours after impact.  

 

Figure 2-18 A highly recrystallized silver microcube examined 44 days after impact 

displaying formation of larger grains. A) An SEM image displaying differently 

oriented grains. B) Showing the high-angle rotation between adjacent grains. C) 

SAD pattern of the region labeled as “C” in (B) showing the characteristics of fully 

recovered single crystalline structure [154] 

As described, upon impact the single crystal silver microcube undergoes an extreme 

deformation at high strain rates, which produced nanoscale grains and strong spatial 

gradients in grain size along the height of the cube. However, analysis of the results 
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showed that the deformed cubes were far from the equilibrium state, and hence, static 

recrystallization driven by the stored elastic energy happened in the material. This 

stored elastic energy (or residual stress) was confined within locally plastically 

deformed regions during the deformation in terms of crystalline defects. The high 

stored energy was the driving force for the static recrystallization to bring the material 

closer to its equilibrium state. Comparison between Figure 2-16 and Figure 2-18 

shows how the microstructure was changed from being nanostructured after 

deformation towards micron sized grains later in time.  

2.4.2 High Strain Rate Material Behavior 

Material plastic behavior during high strain rates deformation and/or severe plastic 

deformations have been investigated for decades [155–159]. For instance, Xie et al. 

[160] studied the dynamic behavior and extreme plasticity of aluminum particles 

during high velocity impacts. In order to investigate the effects of the impact velocity 

on the particle deformation, the cross-section of deformed particles (with the size 

distribution of 19.3±5.3 um) after impacting onto a sapphire substrate with different 

impact velocities were analysed. Figure 2-19(a) shows the EBSD map of cross-section 

of an aluminum powder after the impact at 530 m/s. The equiaxed grains in the top 

region show that the deformation at the top region was negligible in contrast to the 

region near the bottom face (where the particle impacted to the substrate). Figure 

2-19(b) displays the Electron Channeling Contrast (ECC) of an aluminum particle 

which impacted at 660 m/s. Compared to the 530 m/s impact velocity, the deformed 

particle at 660 m/s showed a significant change in deformation characteristics:  almost 

all grains are largely flattened. Xie et al. [160] revealed that when the impact velocity 

of a 19 um aluminum particle exceeds 580 m/s, a considerable portion of the volume 
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of the particle experienced an extreme pressure higher than its yield and this results 

in the structural collapse. 

 

Figure 2-19 Plastic deformation of aluminum particles after impact to a sapphire 

substrate, a) EBSD map of the cross-section of deformed particle at 530 m/s, b) 

magnified view of the Aluminum particle with identified grain boundaries in blue 

dashed lines, with 660 m/s impact velocity [160] 

In high deformation rate processes, in-situ observation of the microstructure evolution 

is a very difficult task to do. In the following, we will outline how MD simulations 

can help to study the microstructural evolution of material during CS: 

MD simulation is a common method used to investigate the material behavior at the 

atomic level. Several studies have been performed using MD to capture material 

behavior at high strain rates [40,41,46,161–167]. Yaghoobi and Voyiadjis [41] studied 

the temperature and strain rate effects in FCC and BCC metals and showed that 

dislocation interactions is the dominant mechanism in the material hardening. They 

also indicated that the effects of thermally activated dislocation motion in FCC metals 

is negligible. In another study, Yaghoobi and Voyiadjis [40] showed that dislocation 

source length is independent of the system size during the extremely high strain rate 

deformation processes, and the related size effect mechanisms are not active in these 

regimes. Furthermore, Hasnaoui et al. [165] studied the interaction between 
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dislocations and grain boundaries and indicated that grain boundaries not only act as 

a sink for dislocation nucleation, but they can also reflect and/or emit dislocations. 

Similarly, Zhang et al. [168] explored the grain boundaries migration under shear 

deformation. They elaborated that grain boundary sliding occurs by local atomic 

shuffling and dislocation nucleation from grain boundaries. They also found that 

migration of grain boundaries can be regarded as sliding of grain boundary 

dislocations and their combination with the boundary plane.  



 

 38 

 

 

Chapter 3  

 

Research Objectives 

he main objective of this study is to clarify some mechanisms involved during 

material deformation/deposition and microstructural evolution during the CS 

process. The current research work aims at studying fundamental aspects of 

particle/substrate deformation to improve the understanding of the material behavior 

during CS impact, and study the metallurgical bonding mechanism of the CS process. 

The understanding of these mechanisms and material responses will help improving 

the coating quality and better usage of the CS process potential in different 

applications. The improvement in coating quality can be obtained by modifying the 

CS parameters such as particle velocity and temperature, which can be determined 

after a better understanding of the high strain rate deformation mechanisms and 

metallic bonding. Up to now, these phenomena have not been explained completely. 

It should be noted that this research is not aiming to reveal all underlying mechanisms 

T 
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involved in CS. The main purpose of fundamental studies is to produce knowledge 

and understanding in relation to physical phenomena.  

3.1 Simulation of Metallic bonding in CS 

As mentioned in the previous chapter, numerous studies have been performed to 

simulate and/or explain the metallic bonding in CS, but none of them was able to show 

and track the occurrence of the metallic bonding in the contact zone. Most studies 

used indirect mechanical quantities such as stress, strain, temperature, etc. obtained 

by finite element analysis to explain the metallic bonding and/or particle deposition 

in this process [11,12,21,27,128]. In those studies, they were not able to directly 

simulate the particle sticking to the substrate. Nonetheless, there are few studies that 

used cohesive behavior contact method, which exist in the FEM software, to show 

particle deposition but they did not consider the most important factor in the 

occurrence of the metallic bonding which is the oxide layer cleaning from the metallic 

surfaces [109,119,122]. One of the objectives of this research is to develop a 

physically-based simulation method to predict the metallic bonding during cold spray. 

Understanding single particle deposition mechanism using a finite element simulation 

will help to understand the coating evolution behavior better. For further investigation 

in future, this model can be used to study the coating characteristics such as residual 

stresses, bond strength and porosity.  

Xie et al. [69] suggested that the metallurgical bonding mechanism in CS is similar to 

the cold welding process. The bonding mechanism in cold welding has been explored 

experimentally [139,169–171] and the model proposed by Bay et al. [170] is an 

accepted theory in this field. For the first step in this research, this bonding mechanism 
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theory will be used and adapted to CS deposition in a finite element model to 

investigate the contact behavior and the deposition process of a single particle 

impacting on a substrate. This model would be the first step to simulate the particle 

deposition based on the physics of the process and will allow tracking locally the 

bonding process at the particle/substrate interaction zone.  

In the second step, the native oxide layer will be modeled explicitly in FEM. It will 

allow to have an in-situ observation of the deformation/failure and the removal 

process of the oxide layer during the particle deposition in CS.  

3.2 Prediction of microstructure evolution during the impact 

Understanding the material behavior during deformation at high strain rates will help 

to develop the manufacturing process and increase the products quality in processes 

such as CS. It can be achieved by understanding the effects of each spray parameter 

on the deformation behavior of material. For instance, the effects of particle velocity, 

material temperature, material microstructure, and particle size during the 

deformation process.  It is acknowledged that the main goal of simulation is to shed 

light on the underlying mechanisms, which control the process behavior. Fundamental 

studies using atomic-level methods such as MD can be used to investigate the 

mechanisms that exist at high strain rate deformations. MD simulations allow to study 

the microstructure evolution of the material and capture the underlying deformation 

mechanisms during the process. In principle, MD can predict the behavior of bulk 

material during different processes, but due to its expensive computational cost, this 

method is restricted to model the processes in nanosecond and nanometer scales. 

Despite the size of the system, the plastic deformation begins by atomic 
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movement/displacement, and the deformation mechanisms such as dislocation 

nucleation/movement is independent from the system size. Therefore, MD 

simulations can be used to study the material behavior during high velocity impact 

processes such as CS and capture some deformation mechanisms during the process, 

though the modeled system size is around 3 orders less than the actual system in CS. 

Another objective of this research is to study in details the material behavior during 

the impact and reveal some mechanisms involved in the plastic deformation during 

the particle deposition at high velocities using MD simulations. Some of interesting 

topics to study in this research are listed below: 

a) Study the dislocation nucleation, interaction, multiplication etc. during the 

particle impact. 

b) Study the existence of solid-state amorphization mechanism which is one of 

the main deformation mechanisms in high strain rates deformation. 

c) Study the effects of grain boundaries on dislocation activities in 

polycrystalline metals. 

d) Study the dynamic recovery, crystallization, recrystallization, and grain 

growth during the deformation process. 

e) Study the crystal orientation effects on the plastic deformation. 
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Chapter 4  

 

Methodology and 

Research Approach 

he current chapter presents the methodology and research approach that will 

be used in this study. More specifically, it provides the description of the 

numerical models, i.e., Finite Element Method (or FEM) and Molecular Dynamics (or 

MD) method. These methods are chosen to achieve the objectives previously outlined 

in “Chapter 3”. 

  

T 
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4.1 Finite Element Method 

The commercially available finite element software ABAQUS/Explicit [133], 

commonly used in CS studies [28,52,103,121,131,172–175] is selected as the 

platform to model the behavior of a single particle impacting on a substrate. 

ABAQUS/Explicit uses an explicit integration scheme to solve highly nonlinear 

systems. It includes approaches allowing to model complex contact conditions. One 

of the main advantages of ABAQUS is that it grants the users to build and include 

“user subroutine”. User subroutines allow users to change and customize a wide 

variety of capabilities for particular applications [133].  

4.1.1 Modeling Method 

The behavior of a single particle impacting on a substrate is simulated in 

ABAQUS/Explicit using 2D axisymmetric and 3D model representations (see Figure 

4-1). For the first study, 2D axisymmetric approximation is used because this allows 

to model the system with a smaller number of elements, and generates more accurate 

mesh, in comparison to a 3D model. All these will help to reduce the computational 

time. On the other hand, the purpose of the second study is to model the oxide layer 

explicitly with nanometer-size thickness. Therefore, for the second study, 3D model 

representation is used because this allows to model the oxide film with 3D shell 

elements. For both 2D and 3D models, it is assumed that the particle is perfectly 

spherical and impacts onto a flat substrate. The substrates are modeled as cylinders 

with a radius and height five times larger than the particle radius. It should be noted 

that in the previous study  [31], the simulations results showed no sensitivity to larger 

dimensions of the cylinder.  
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Figure 4-1 Finite Element models of single particle deposition process in CS a) 2D 

axisymmetric model, and b) 3D model 

Due to the large plastic deformations found in CS, which cause severe element 

distortion when modeled, the Arbitrary Lagrangian-Eulerian (ALE) method [133] is 

used to remesh the model five times in each increment. In nonlinear analyses, such as 

high velocity impacts, the step time is divided into smaller increments so that the 

nonlinear solution path can be followed. In ABAQUS/Explicit, there is a stability limit 

for the time incrementation, which dictates the maximum time increment used by the 

explicit solver. An approximation of the stability limit, ∆𝑡𝑠𝑡𝑎𝑏𝑙𝑒, can be expressed as 

the transit time of a dilatational wave across the distance defined by the characteristic 

element size, 𝐿𝑒: 

∆𝑡𝑠𝑡𝑎𝑏𝑙𝑒 =
𝐿𝑒

𝑐𝑑
 (1) 

where 𝑐𝑑 is the wave speed of the material and is defined as: 

𝑐𝑑 = √
𝐸

𝜌
 (2) 
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where 𝐸 is the modulus of elasticity and 𝜌 is the material density. In 

ABAQUS/Explicit the time incrementation is fully automatic and does not need user 

intervention [133]. 

Regarding the mesh size, according to the literature [11,31,68], solution convergence 

of the deformed particle shape is achieved when the mesh size is set to 1/50 of the 

particle diameter. However, in this research, the solution convergence based on the 

obtained critical velocity will be verified by using different mesh sizes.  

4.1.2 Equation of State and Elastic Behavior 

This section is a very brief introduction to the concept of equations of state (or EOS) 

and elasticity of solids. The equations of state determine the pressure, 𝑝, as a function 

of the density and the specific energy (the internal energy per unit mass), 𝐸𝑚 [133]: 

𝑝 = 𝑓(𝜌, 𝐸𝑚) (3) 

The equations of state can also define how some of elastic properties of the material 

will change in response to expansion or compression.  

Every material, when subjected to an arbitrary load, has the potential to change both 

its volume and its shape. Hydrostatic (or volumetric) behavior and deviatoric behavior 

are the material’s response regarding the change in the material’s volume (or density) 

and the material’s shape, respectively.  

The EOS defines only the hydrostatic behavior of the material. It means, by using an 

EOS, the material is assumed to have only volumetric strength (has no shear strength). 

Alternatively, by assuming that the deviatoric and volumetric responses are 

uncoupled, it is possible to define the deviatoric behavior of the material separately. 

In ABAQUS/Explicit, there are two available models for the deviatoric response: a 
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linear isotropic elastic model and a viscous model [133]. For this research, since an 

isotropic behavior is assumed for the materials, the linear isotropic elastic model is 

chosen to define the materials’ deviatoric behavior. Therefore, in this research, the 

volumetric response of the material is governed by the equation of state, while its 

deviatoric behavior is governed by the linear isotropic elastic model.  

The deviatoric stress-strain relationship is given by: 

𝑆 = 2𝜇𝑒𝑒𝑙 (4) 

where 𝑆 is the deviatoric stress, 𝜇 is the elastic shear modulus, and 𝑒𝑒𝑙 is the deviatoric 

elastic strain.  

There are different available types of equation of state in ABAQUS/Explicit [133]. 

The Mie-Grüneisen equation of state is used to model materials at high pressure, and 

also is used to determine the pressure in a shock-compressed solid [133]. The EOS 

model which is used in this work is given by [133]: 

𝑝 − 𝑝𝐻 = 𝜌Γ(𝐸𝑚 − 𝐸𝐻) (5) 

where 𝑝𝐻 and 𝐸𝐻 are the Hugoniot pressure and specific energy per unit mass, and Г 

is the Grüneisen ratio defined as [133]: 

Γ = Γ0

𝜌0

𝜌
 (6) 

where Γ0 is a material constant and 𝜌0 is the reference density.  

The Hugoniot (curve) is the location of all possible pressure-volume states of a 

material behind a shock. The Hugoniot can be defined when the internal energy is 

eliminated from the Equation (3) to obtain p versus 1 𝜌⁄  or equivalently, 𝑝 versus V 

(where V is the current volume). Thus, the Hugoniot pressure, 𝑝𝐻, is only a function 
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of density and in general, is defined from fitting experimental data. Moreover, the 

Hugoniot energy, 𝐸𝐻, is related to the Hugoniot pressure by: 

𝐸𝐻 =
𝑝𝐻𝜂

2𝜌0
 (7) 

where 𝜂 = 1 − 𝜌0 𝜌⁄  is the nominal (or engineering) volumetric compressive strain. 

Elimination of Γ and 𝐸𝐻 from the Equation 5 yields: 

𝑝 = 𝑝𝐻 (1 −
Γ0𝜂

2
) + Γ0𝜌0𝐸𝑚 (8) 

There is another equation (energy equation) which is coupled with the Equation (8) 

for pressure and internal energy. Abaqus/Explicit solves these equations 

simultaneously at each material point.  

The energy equation equates the increase in internal energy per unit mass, 𝐸𝑚, to the 

rate at which work is being done via the stresses and also the rate at which heat is 

being added. In the absence of heat conduction, the energy equation can be written as 

[133]: 

𝜌
𝜕𝐸𝑚

𝜕𝑡
=  (𝑝 − 𝑝𝑏𝑣)

1

𝜌

𝜕𝜌

𝜕𝑡
+ 𝑆: 𝑒̇ + 𝜌𝑄̇ (9) 

where 𝑒̇ is the deviatoric part of strain rate, and 𝑄̇ is the heat rate per unit mass. The 

𝑝𝑏𝑣 is defined as the pressure stress due to the bulk viscosity. In general, the bulk 

viscosity (or volume viscosity) is defined as a type of internal friction that resists the 

shearless compression or expansion of a fluid. The bulk viscosity become important 

when the calculation of energy during the shock wave is required. In a fluid, the stress 

is proportional to the rate of deformation over time (𝜏 = 𝜇 𝑑𝑦 𝑑𝑡⁄ ), while in an elastic 

solid, the stress is proportional to the amount of shear deformation. Many solids (even 

granite [176,177]) will flow like fluids, although very slowly, even under small 
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stresses. These materials are called viscoelastic solids in which they possess both 

elasticity (reaction to deformation) and viscosity (reaction to rate of deformation). As 

mentioned earlier, by using the equation of state, it is assumed that the volumetric and 

deviatoric behavior of the material are uncoupled, which is similar to the definition of 

viscoelastic solids. Thus, in this case, the bulk viscosity can be defined for the solid 

material.  

The materials properties used in this work for aluminum, copper, and nickel are given 

in Table 4-1. 

Table 4-1 Material properties [31,178,179] 

Properties  Aluminum 

[179] 

Copper   

[31] 

Nickel   

[178] 

Density (ρ0), kg/m3 2700 8960 8890 

Specific heat (Cp), J/kg K 910 383 456 

Melting temperature (Tm), K 934 1356 1728 

Shear modulus (G), GPa 26 45 76 

Grüneisen’s constant (Γ0) 2.14 1.99 1.93 

Speed of sound (c0), m/s 5292 3933 4650 

Hugoniot slope (s) 1.4 1.5 1.45 

 

4.1.3 Bonding mechanism implementation  

Figure 4.2 illustrates the bonding model proposed by Bay et al. [139,180] for the cold 

welding process for two metallic plates joined together under high pressure.  
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Figure 4-2 Schematic of the bonding model proposed by Bay et al. [139,180] for 

cold welding process 

As displayed in this figure, there is an oxide layer on each metallic surfaces being put 

in contact at the initial state, Figure 4-2(a). Under the applied pressure, the shear stress 

developing at the interface induces plastic deformation in the metallic surfaces. If the 

applied pressure is high enough to create large deformation, the oxide layers 

eventually break up in parts due to their lower ductility, as shown in Figure 4-2(b). 
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Under the high-localized pressure at the interface, the freshly exposed metal is 

extruded through the gaps as illustrated in Figure 4-2(c). The metallic bonding occurs 

upon the contact of two clean metal parts under the high-localized pressure as shown 

in Figure 4-2(d). 

Conrad and Rice [171] studied the adhesion of oxide-free surfaces of different FCC 

metals. They used metallic specimens previously fractured in an ultrahigh vacuum 

environment to avoid oxidation effects on their results. They showed that the bond 

strength obtained between those perfectly clean surfaces which joined together under 

a pressure (P) is approximately equal to the applied pressure:  

𝜎𝐵 ≅  P (10) 

However, metallic surfaces generally have a native oxide layer and possibly 

contaminant film on their free surfaces resulting from manufacturing processes or 

simply handling operations. Thus, Bay et al. [170] showed that the bond strength 

obtained in an oxygen containing environment for typical metallic surfaces with 

native oxide layer is also related to the amount of clean surfaces available for bonding: 

𝜎𝐵 = 𝑃. Ψ  

 

(11) 

where Ψ is surface expansion factor which indicate the ratio of available oxide-free 

surfaces for bonding to initial surface area:  

Ψ =
𝐴1 − 𝐴0

𝐴1
 (12) 

where A0 and A1 are the initial and the final surface area, respectively (As shown in 

Figure 4-2e-f). Bay et al. [170] also illustrated that bonding is not obtained until a 

threshold has been achieved for the surface expansion factor, Ψ𝑚𝑖𝑛, which is material 

dependent.  
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The main difference between the cold welding and the CS process is the time scale. 

CS is a dynamic process, which operates at high strain rates, while cold welding is a 

quasi-static process. In the bonding theory proposed by Bay et al. [170], it is 

established that the required pressure allowing the material to flow through the gaps 

is dependent on the surface expansion and the material yield strength. The yield 

strength is a function of the strain, strain rate, and temperature. Hence, the required 

pressure must be obtained based on the instantaneous status of the material (or current-

yield strength).  

In CS, not all particles are successfully deposited. Some particles impact onto the 

substrate, creating temporary metallic bonding, but they debond from the substrate 

during the rebounding process. The rebounding process is due to the releasing of the 

stored elastic energy after the deformation process. Therefore, the deposition process 

can be summarized as follow: the metallic bonding is established during the particle 

deformation. Then, the stored elastic energy is released at the end of the deformation 

process and the rebounding process begins. During the rebounding process, the 

particle wants to detach from the substrate, hence, a localized negative pressure (or 

tension) is formed at the locations where the particle and the substrate are bonded 

together. At this moment, if the negative pressure on a specific location is higher than 

its bond strength, the bond will break, and if all metallic bonds break, the particle will 

detach completely from the substrate.  

During the rebounding process, the strain rate is much lower than during the initial 

impact deformation process. Figure 4-3 shows a schematic illustration of true-stress-

true strain curve at different strain rates [181]. As can be seen, by reducing the strain 

rate, the stress decreases. Based on the von Mises yield criterion [182], yield stress 

can be computed from the Cauchy stress tensor [133,182]. Therefore, if the strain rate 
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declines, the yield strength decreases as a consequence of reduction in the stresses 

(and also the applied pressure). The Equation (11) obtains the bond strength during 

the deformation process (high strain rate). Thus, due to the change in the strain rate 

from the deformation process to the rebounding process (high to low strain rate), the 

bond strength calculated by the Equation (11) must also change. In this research, a 

simple hypothesis was stated to update the bond strength instantaneously during the 

simulation. It is assumed that both pressure (normal stress) and yield strength vary 

with a same rate; hence, the Equation (11) can be rewritten as:  

𝜎𝐵 = 𝑃. Ψ. (
𝜎𝑦−𝑐

𝜎𝑦−ℎ
) 

 
(13) 

where 𝜎𝑦−ℎ is the yield strength at the moment of the bonding, and 𝜎𝑦−𝑐 is the current-

yield strength.  

 

Figure 4-3 Schematic illustration of true stress-true strain curve at different strain 

rates [181] (Reproduced with permission of Elsevier) 
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During the single particle deposition, metallic bonding can occur in the interaction 

zone between the particle and the substrate. The “VUINTER” and the 

“VUINTERACTION” user subroutines are used to define the mechanical and thermal 

interaction between contacted surfaces through surface-to-surface and general contact 

methods, respectively [133].  

For the first step, the bonding theory proposed by Bay et al. [170] was chosen to be 

implemented into a 2D axisymmetric ABAQUS/Explicit via a “VUINTER” user 

subroutine. The “VUINTER” was selected because this subroutine is usually a 

cheaper method with respect to the computational cost in comparison to 

“VUINTERACTION” subroutine for 2D simulations. 

Error! Reference source not found.a displays a simple 2D axisymmetric element w

ith 4 nodes, i.e. A, B, C, and D. In a 2D axisymmetric model, the contact surface is 

modeled by only one edge, e.g., AB. 

The expansion in the contact surface can be defined by measuring the strain applied 

on the contact edge. As can be seen in Error! Reference source not found.(a), the c

ontact area represented by edge AB is a × b.  In addition, for this element, the 

logarithmic radial plastic strain, 𝜀𝑟́, and the logarithmic hoop plastic strain, 𝜀𝜃, can be 

defined as 𝑙𝑜𝑔 (
𝑏1

𝑏0
) and 𝑙𝑜𝑔 (

𝑎1

𝑎0
), respectively. Thus, Equation (12) can be rewritten 

as: 

Ψ = 1 −
𝐴0

𝐴1
= 1 −

1

𝐴1

𝐴0

= 1 −
1

𝑏1

𝑏0

𝑎1

𝑎0

= 1 −
1

𝑒𝜀𝑟́𝑒𝜀𝜃
 

(14) 

where 𝜀𝑟́ is the logarithmic radial plastic strain or the logarithmic plastic strain along 

the element direction obtained by using transformation equations for plane strain. 
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Furthermore, Error! Reference source not found.b illustrates a schematic of the e

lements in the particle-substrate contact zone. Each element (denoted Ex) has two 

nodes (dots in the figure) in the contact surface, and each node is located between two 

nodes of a surface element belonging to the other solid surface. For instance, the 

“element one” (E1) which belongs to the particle has two nodes, i.e., p1, and p2. These 

nodes are respectively between the nodes s1-s2, and s2-s3, which belong to the substrate 

elements, i.e., E3, and E4. 

Figure 4-4 shows schematically the penalty contact method and the definition of 

bonding between nodes which is implemented in VUINTER subroutine [133].  

 

Figure 4-4 Schematic representation of a) penalty contact method and b) the 

behavior of “Bonded” and “Not Bonded” nodes in this approach 

In this method, the interaction is defined via spring elements which model the contact 

stiffness. The surfaces can penetrate each other slightly in this approach. The 

interpenetration generates a contact pressure in the normal direction that aims to 

prevent more penetration of surfaces. The maximum allowed penetration, ℎ𝑚𝑎𝑥, is 

achieved after several iterations to find an appropriate pressure and contact stiffness, 

Figure 4-4a. The difference between “Bonded”, and “Not Bonded” nodes is shown in 

Figure 4-4b. In the penalty method, the “Not Bonded” nodes come apart instantly 

when the contact pressure reaches zero. “Bonded” nodes cannot separate when the 



Chapter 4 – Methodologies and Research Approach                            Saeed Rahmati 

 

 

 55 

contact pressure goes to zero. In order to come apart these nodes, a tension (or 

“negative” pressure) must be applied on these nodes and exceed the bond strength. 

Subsequently, “Bonded” nodes are allowed to be disconnected and contact pressure 

goes to zero, Figure 4-4b.  

In this simulation method, there are two kinds of elements in the contact region, i.e., 

“Bonded” and “Not Bonded” elements. “Bonded” element means both nodes of the 

particle element are bonded to the substrate nodes, and “Not Bonded” element means 

at least one of the two nodes is not bonded. As shown in Figure 4-4b, “Not Bonded” 

elements separate instantly since the contact pressure is removed. However, “Bonded” 

elements are able to stand out against “negative” pressure (or tension) until the 

pressure value is larger than their bond strength. In the latter case, the element status 

is changed to “Debonded”. At the end of the deformation, the particle and substrate 

have been deformed at high strain rates and due to the high amount of work hardening, 

both particle and substrate behave like low ductility materials. Therefore, a fracture 

between the particle and substrate is assumed to be similar to brittle failure. 

4.1.4 Material Model 

In this research, the Preston-Tonks-Wallace (PTW) material model [183] was chosen 

to predict the material behavior during the impact process. It has been shown that this 

material model is one of the best models for predicting material behavior at high strain 

rate plasticity [31,43,44]. In this model, the flow stress is expressed by: 

𝜎 = 2 [𝜏𝑠 + 𝛼 ln [1 − 𝜑 𝑒𝑥𝑝 (−𝛽 −
𝜃𝜀𝑝

𝛼𝜑
)]] 𝜇(𝑝, 𝑇) 

 

(15) 
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α =
𝑠0−𝜏𝑦

𝑑
  𝛽 =

𝜏𝑠−𝜏𝑦

𝛼
  𝜑 = exp(𝛽) − 1 (16) 

where 𝜀𝑝 is the plastic strain, 𝜏̂𝑠 the normalized work hardening saturation stress, 𝜏̂𝑦 

the normalized yield stress, 𝜃 the hardening constant, d a dimensionless material 

constant and s0 the value of 𝜏𝑠 at zero temperature. In addition, 𝜇 indicate the shear 

modulus and is assumed to be a function of temperature and density of the material. 

According to Banerjee [43], The MTS (Mechanical Threshold Stress) shear modulus 

model that is only function of the temperature can predict the shear modulus 

accurately. Thus, this model is preferred to be implemented instead of other complex 

models, given as: 

𝜇(𝑇) =  𝜇0 −
𝐷

exp(𝑇0 𝑇⁄ ) − 1
 (17) 

where μ0 is the shear modulus at 0 K, D, T0 are material constants, and T is the 

temperature. 𝜏𝑠 and 𝜏𝑦 are defined as follows:  

τ̂s = max {s0 − (s0 − s∞) erf [kT̂ ln (
γξ̇

ε̇p
)]

 
, s0 (

ε̇p

γξ̇
)

s1

} (18a) 

τ̂y = max {y0 − (y0

− y∞) erf [kT̂ ln (
γξ̇

ε̇p
)] , min {y1 (

ε̇p

γξ̇
)

y2

,  s0 (
ε̇p

γξ̇
)

s1

}} 

(18b) 

where 𝑇̂ = 𝑇/𝑇𝑚, 𝑇𝑚 is the melting temperature, 𝑠∞ the value of 𝜏̂𝑠 near the melting 

temperature, 𝑦0 and 𝑦∞ the values of 𝜏̂𝑦 at zero and at very high temperature, 

respectively. Furthermore, 𝛾, k, 𝑠1,  𝑦1 and  𝑦2 are all material parameters and 
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𝜉̇ =
1

2
(

4𝜋𝜌

3𝑀
)

1/3

(
𝜇(𝜌, 𝑇)

𝜌
)

1/2

 (19) 

where 𝜌 is the density and M denotes the atomic mass.  

4.1.4.1 Description of the PTW model: 

The PTW model is a complex constitutive material model. However, this powerful 

model can be divided into simple parts in order to understand it better. Like other 

physically based constitutive material models such as Zerilli-Armstrong [184], 

Voyiadjis-Abed [185,186], and Gao-Zhang [45,187], this model was also formulated 

based on an Arrhenius equation: 

𝜀𝑝̇ = 𝜀0̇exp [
−Δ𝜙(𝜏)

𝑘𝐵𝑇⁄ ] (20) 

where activation energy, Δ𝜙, is a decreasing function of the applied stress, 𝜏, and 𝜀0̇ 

is proportional to the dislocation vibration frequency in the direction of the saddle 

point. The simple version of Equation (20) has some limitations. For instance, this 

equation is satisfied only if the potential barrier, Δ𝜙, is large compared to the thermal 

energy, 𝑘𝐵𝑇, that is Δ𝜙 𝑘𝐵𝑇⁄ ≫ 1. As the stress increases, Δ𝜙 𝑘𝐵𝑇⁄  approaches zero, 

and the strain rate obtained by Equation (20) becomes less accurate. However, it 

should be noted that in high stresses, thermal activation is no longer the dominant 

mechanism in rate controlling; instead, dislocation drag mechanisms are expected to 

predominate. In the PTW model, the Arrhenius equation was modified to include the 

transition of rate controlling mechanism by joining onto a power-law dependence at 

very high strain rates, see Equations (18). In addition, Equation (20) gives an 

unphysical finite strain at zero stress. This failure occurs because this equation does 

not account for reverse motion of dislocation through the saddle points when the bias 

(stress) is removed; the reverse flow is exponentially suppressed at finite stress.  The 
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PTW model introduced an inverse-error-function for Δ𝜙 to eliminate this deficiency 

of Equation (20) at high stresses.  

Both work hardening saturation stress, 𝜏̂𝑠, and yield stress, 𝜏̂𝑦, in the thermal 

activation regime, Equations (18a-b), can be written in the Arrhenius form with 

Δ𝜙(𝜏̂𝑐) ∼ erf −1[(𝑐0 − 𝜏̂𝑐) (𝑐0 − 𝑐∞)⁄ ] where c = s or y. The error function was 

chosen because it changes abruptly from nearly linear for 𝑥 ≤ 1 to a constant for 𝑥 ≥

1. The same behavior cannot be obtained with rational functions unless extra material 

constants are added.  

The work hardening law in the PTW model is also an extension of the well-known 

Voce behavior, i.e., a linear decrease in the work hardening rate as 𝜏 → 𝜏𝑠: 

𝑑𝜏̂

𝑑𝜀
= 𝜃

𝜏̂𝑠 − 𝜏̂

𝜏̂𝑠 − 𝜏̂𝑦
(voce) (21) 

The extension of Equation (21) in the PTW model is as follows: 

𝑑𝜏̂

𝑑𝜀
= 𝜃

𝑒𝑥𝑝 [𝑝
𝜏̂𝑠 − 𝜏̂

𝑠0 − 𝜏̂𝑦
] − 1

𝑒𝑥𝑝 [𝑝
𝜏̂𝑠 − 𝜏̂𝑦

𝑠0 − 𝜏̂𝑦
] − 1

 (22) 

where p is a dimensionless material parameter. As mentioned before, 𝑠0 = 𝜏̂𝑠(𝑇 = 0). 

Thus, Equation (22) reduces to Equation (21) when 𝑝 → 0.  

The flow stress in this model (Equation (15)) was obtained by integrating Equation 

(22) along a constant strain rate path (means keeping 𝜏̂𝑠, and 𝜏̂𝑦 constant) [183]. 

4.1.4.2 Material model parameters 

The yield strength of pure aluminum and 1100-0 aluminum as a function of strain rate 

were reported by Casem et al. [34]. This result is plotted in Figure 4-5 to compare 

with the predicted result by the PTW model using parameters reported by Price et al. 
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[188]. This comparison illustrates that this set of parameters is not capable to predict 

the yield strength in a wide range of strain rates. Thus, for this research, a new set of 

parameters, which shows a better fit with experimental data, was obtained. The new 

parameters were found by modifying the reported parameters by Price et al. using the 

least square method. The least square method is a standard method in regression 

analysis to find the best fit for a set of data. The obtained results using the new 

parameters are also shown in Figure 4-5. It can be seen that these parameters are more 

suitable for modeling. The obtained parameters are shown in Table 4-2. 

 

Figure 4-5 Comparison of calculated yield stress by PTW model using fitted 

parameters and parameters proposed by Price et al. [188] with experimental results 

[34] 

 

The PTW material model parameters for aluminum, copper [31], and nickel [178] that 

are used in this study are shown in Table 4-2, respectively. 

Table 4-2 PTW material model parameters for aluminum, copper, and nickel 
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PTW parameters Aluminum  Copper [31] Nickel [178] 

Strain rate dependence constant (γ) 2.04e-5 1e-5 1e-5 

Strain hardening rate (θ) 0.01156 0.025 0.01 

Strain hardening constant (d) 3 2 2 

Yield stress constant at 0 K (y0) 0.0115 0.0001 0.0001 

Yield stress constant at melting (y∞) 0.002003 0.0001 0.0001 

Medium strain rate constant (y1) 0.0168 0.094 0.094 

Medium strain rate constant (y2) 0.2339 0.575 0.575 

High strain rate exponent (s1) 0.2034 0.25 0.25 

Saturation stress at 0 K (s0) 0.01489 0.0085 0.0045 

Saturation stress at melting (s∞) 0.002819 0.00055 0.00055 

Temperature dependence constant (κ) 1.3 0.11 0.11 

Atomic mass (M), kg 4.48039×10-26 1.05521×10-25 9.74627×10-26 

Shear modulus at 0 K (G0), GPa 28.8 50 85.1 

Material constant (D), GPa 3.44 3 9.13 

Temperature material constant (T0), K 215 165 269 

 

4.2 Molecular Dynamics 

To study the microstructural evolution of the material during the impact, Large-scale 

Atomic/Molecular Massively Parallel Simulator (LAMMPS) which is a MD program 

from Sandia National Laboratories [189] was chosen as the modeling platform. 

LAMMPS is free and an open-source software. This code has been used profusely in 

material modeling [190–204], and is able to model large-scale MD simulations up to 

100 billion atoms [205].  
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4.2.1 Introduction 

In MD simulations, the laws of classical mechanics [206] are used, in particular 

Newton’s second law. In this section, we explain why it make sense to apply the laws 

of classical mechanics, even though one should use the laws of quantum mechanics.   

In quantum mechanics, the Schrödinger equation [207,208] is taking the place of 

Newton’s equations. The Schrödinger equation is a linear partial differential equation 

that predicts the future behavior of a quantum-mechanical system. It is a wave 

equation in terms of the wavefunction which predicts analytically and precisely the 

probability of the position of atoms. But the Schrödinger equation is so complex that 

it can be solved analytically only for a few simple bodies (or atoms). The direct 

numerical solution on computers is also limited to very simple systems with very 

small numbers of particles because of the high dimension of the space in which the 

Schrödinger equation is applied. Thus, approximation procedures are used to simplify 

this problem. These methods are based on the fact that the electron mass is much 

smaller than the mass of the nuclei [207]. The idea is to divide the Schrödinger 

equation, which defines the state of both the electrons and nuclei, with a separation 

approach into two equations. The influence of the electrons on the interaction between 

the nuclei is then obtained by an effective potential function [207,209]. As a further 

approximation, the nuclei are moved according to the classical Newton’s equations 

using empirical potentials that have been fitted to the results of quantum mechanical 

computations or to the results of experiments. This approach is a classical example 

for a hierarchy of approximation procedures and an example for the use of effective 

quantities. In the following, the derivation of the MD method from the laws of 

quantum mechanics is presented. 
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4.2.2 Fundamentals  

The atomic scale prediction of a real material needs the solution of Schrödinger wave 

equation for about 6×1023 nuclei (the number of atoms in one mole) and their 

electronic shells [210]. For a single particle, in a potential U(r) with mass m and 

coordinates r and with the wave or state function Ψ(𝑟, 𝑡), the time dependent 

Schrödinger equation is [209]: 

−
ℏ2

2𝑚
∇2Ψ(𝑟, 𝑡) + 𝑈(𝑟)Ψ(𝑟, 𝑡) = 𝑖ℏ

𝜕Ψ(𝑟, 𝑡)

𝜕𝑡
 (23) 

where ℏ = ℎ 2𝜋⁄  and h is Plank’s constant, and 𝑖 denotes the imaginary unit.  

MD simulations follows elementary atomistic path-dependent processes by solving 

the equation of motion of all particles. An exact answer of this many-body problem 

would require the formulation and solution of a Schrödinger wave equation for all 

atoms considering interactions among the charged constituents (nuclei, electrons) and 

their kinetic energies. It is obvious that this procedure is not manageable because of 

the large number of atoms involved (≈6×1023 particles). For this reason, in MD, 

instead of solving this huge system using Schrödinger equation, the interaction among 

the atoms is described by introducing interatomic (empirical) potentials and the 

classical equation of motion. It has been shown that the solution of this quasi-classical 

treatment of the atomic interactions is consistent with the solution of the Schrödinger 

equation [209].  

The similarity between the full quantum mechanical treatment (Schrödinger equation) 

and the classical method (MD) of using empirical potentials and the equation of 

motion can essentially be justified on the basis of some assumptions. There are three 

main assumptions: the separation of the time-dependant solution from the time-



Chapter 4 – Methodologies and Research Approach                            Saeed Rahmati 

 

 

 63 

independent part of the Schrödinger equation, replacing the quantum mechanical 

momentum by the classical momentum, and using the Born–Oppenheimer 

approximation. Born–Oppenheimer approximation is the best-known mathematical 

approximation in MD in which the wave function can split into one part to describe 

the dynamics of the light electrons and another part to describe the dynamics of heavy 

nuclei [211]. 

From an electronic point of view, Born–Oppenheimer approximation is not 

necessarily straightforward [209]. Especially in the simulation of real materials, which 

contain lattice defects such as solute foreign atoms, dislocations, and interfaces, 

substantial fluctuation in the electronic structure can appear, due to changes in the 

local atomic configuration. However, in order to understand some basic physical 

concepts that occur in classical atomic ensembles, it is generally accepted that the fine 

details of the potential might not be crucial. For example, the fundamental relationship 

between the core structure of screw dislocations in body centered cubic (BCC) metals 

and their mobility was shown precisely by MD simulations using pair potentials 

[212,213]. Although these relatively simple functions provided only approximate 

information about the bonding in the real material, the results were of significant value 

in later understanding of the plasticity in BCC metals [214,215].    

4.2.3 From the Schrödinger Equation to Molecular Dynamics:  

In this section, the derivation procedure is gathered from [207,209].  

Let us assume the state function Ψ is given as the solution of the Equation (23) (or 

Schrödinger equation): 
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𝑖ℏ
𝜕Ψ(𝑟, 𝑡)

𝜕𝑡
= ℋΨ(𝑟, 𝑡) (24) 

where ℋ is the Hamilton operator. This operator, associated to the system of nuclei 

and electrons, is defined as the sum over the operators for the kinetic energy and the 

Coulomb potentials. Thus, the Hamilton (or Hamiltonian) operator is written as: 

ℋ = 𝑇𝑒 + 𝑉𝑒𝑒 + 𝑉𝑒𝐾 + 𝑉𝐾𝐾 + 𝑇𝐾 (25) 

where 𝑇𝑒 and 𝑇𝑘 are the operators for the kinetic energy of the electrons and the nuclei, 

respectively. 𝑉𝑒𝑒, 𝑉𝑘𝐾, and 𝑉𝑒𝐾 denote the operators for the potential energy of the 

interactions (or Coulomb energy) between only the electrons, between only the nuclei, 

and between the electrons and the nuclei, respectively.  

Now, if we assume that the state function can be written as Ψ(𝑟, 𝑡) =  𝜓(𝑟) 𝑓(𝑡), the 

right-hand side of the Equation (23) can be rewritten as:  

iℏ
𝑑𝑓(𝑡)

𝑑𝑡
𝜓(𝑟) = 𝑓(𝑡) ℋ 𝜓(𝑟) (26) 

Since the Hamilton operator ℋ depends on the coordinates and impulses of the 

particles, it depends implicitly on time. Therefore, ℋ does not act on 𝑓(𝑡). A division 

of both side by the term 𝜓(𝑟), and if 𝑓(𝑡) ≠ 0, yields: 

iℏ
1

𝑓(𝑡)

𝑑𝑓(𝑡)

𝑑𝑡
=  

1

𝜓(𝑟)
ℋ𝜓(𝑟) (27) 

The left-hand side contains only the time coordinate, and the right-hand side contains 

only the coordinates in space. Both sides must be equal, hence the Equation (27) can 

be separated as following: 

iℏ
1

𝑓(𝑡)

𝑑𝑓(𝑡)

𝑑𝑡
= 𝐸 (28) 

ℋ𝜓(𝑟) = 𝐸𝜓(𝑟) (29) 
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where 𝐸 is an eigenstate (i.e., a quantum-mechanical state corresponding to an 

eigenvalue of a wave equation) of energy.  

The Equation (28) describes the evolution of the wave function over time. The general 

solution for this differential equation is: 

𝑓(𝑡) = 𝑐 𝑒−𝑖𝐸𝑡 ℏ⁄  (30) 

The Equation (29) is the time independent part of the Schrödinger equation. It means 

to every energy eigenvalue 𝐸𝑛 there is one (or in the case of “degenerate state”, 

several) associated state function 𝜓𝑛. In quantum mechanics, two or more different 

states of a quantum mechanical system are said to be “degenerate”, if they give the 

same value of energy upon measurement.  

In addition, for every eigenvalue 𝐸𝑛, the Equation (30) gives a time dependent term 

𝑓𝑛. Thus, the solution of Equation (24), i.e., the time-dependent part of the 

Schrödinger equation, can be obtained as a linear combination of the energy 

eigenfunctions 𝜓𝑛 and the associated time-dependent terms 𝑓𝑛 as following:  

Ψ(𝑟, 𝑡) = ∑ 𝑐𝑛 𝑒−𝑖𝐸𝑡 ℏ⁄  𝜓𝑛(𝑟)

𝑛

 (31) 

As shown in this section, the main objective of simplifying the Schrödinger equation 

is to find the relationship between the energy of an atom (or a molecule) with its 

coordination.  

4.2.4 Interatomic Potential Functions 

In MD, a pair potential or (potential function) is a mathematical function that is 

formulated to calculate the energy of atoms with respect to its interactions with other 

atoms in the space. The potential concept enables conducting nanoscale MD 
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simulations with as many as 106-109 atoms. Certainly, such quantities are still far from 

a full mesoscale modeling of material, but it is the best possible approach to reveal 

atomistic mechanisms and intrinsic structural properties. This information can be used 

at a larger scale to formulate and solve continuum mesoscale systems. 

4.2.5 Molecular Dynamics for a Microcanonical Ensemble 

Microcanonical ensemble is a statistical ensemble which defines the possible states of 

a mechanical system. The system is specified by the number of particles (or atoms), 

N, system volume, V, and system energy, E. Each of these is assumed to be constant 

in the ensemble. Therefore, microcanonical ensemble is also called NVE ensemble. 

The NVE ensemble is highly appropriate for dealing with a mechanical system 

completely isolated from other systems. 

For a microcanonical ensemble, the methodology of MD can be simplified as follows: 

For a system of N particles with coordinates X and velocities V, Newton’s law of 

motion can be written as: 

𝑭(𝑋) = −∇𝑼(𝑋) = 𝑀 𝑽̇(𝑡) (32) 

𝑽(𝑡) = 𝑿̇(𝑡) (33) 

where 𝑼(𝑋) is the potential energy function of the system, which is a function of 

particle coordinates. As can be seen in Equation (32), the force F acting on each 

particle in the system can be calculated as the negative gradient of the potential energy 

function. 

By having the initial position of particles (e.g., from theoretical knowledge) and their 

velocities (e.g., randomized Gaussian), MD can calculate all future positions and 

velocities.  



Chapter 4 – Methodologies and Research Approach                            Saeed Rahmati 

 

 

 67 

When we have the initial positions and velocities of all particles, the force on each 

particle can be obtained by Equation (32). Afterwards, the new position and velocity 

of particles can be calculated by using Verlet integration [216] (or a more advanced 

version, i.e. the velocity Verlet algorithm) method. Verlet integration is a numerical 

method that is used to calculate trajectories (or flight path of an object as a function 

of time) of particles in MD. More details can be found in [207,209,217,218].  

4.2.6 Modeling Method 

In this research, the equations of motion were integrated using the velocity Verlet 

algorithm [217] with a time step of 1 fs. The interactions between the atoms were 

described by the widely used Embedded Atom Method (EAM) proposed by Daw and 

Baskes [219] as implemented in the interatomic potential developed by Mishin and 

co-workers [220]. In the EAM scheme, the total energy of a collection of atoms is 

described by the following equation: 

𝐸 =
1

2
∑ 𝜙(𝑟𝑖𝑗) + ∑ 𝐹𝑖 [∑ 𝜌(𝑟𝑖𝑗)] (34) 

where 𝑟𝑖𝑗 is the distance between atom 𝑖 and 𝑗. 𝜙(𝑟𝑖𝑗) is a pairwise interaction between 

atoms 𝑖 and 𝑗, 𝜌 is the contribution of atom j to the electron density at the location of 

atom 𝑖, and 𝐹𝑖 is an embedding function that represents the energy required to place 

atom 𝑖 into the electron cloud. In mathematics, the term “embedding” is used when 

an instance contains another instance in a mathematical structure, e.g., a group that is 

a subgroup.  

As mentioned in “Chapter 3”, the system size has effects on the mechanisms involved 

in the plastic deformation. For the first step in the microstructural study, the size effect 

on the copper particles deformation during the impact was chosen to be investigated. 



Chapter 4 – Methodologies and Research Approach                            Saeed Rahmati 

 

 

 68 

The purpose is to find a suitable system size for the study of fundamentals, which are 

the primary objectives of this research. The particles diameter is varied from 5 to 40 

nm, labelled sequentially particle 1, 2, 3, 4, and 5, as shown in Table 4-3.  

Table 4-3 Sizes of the model systems used in MD simulations 

ID Diameter, 

[nm] 

Number of atoms in the 

particle 

Number of atoms in the 

substrate 

1 5 5,473 2,310,912 

2 10 44,044 3,610,580 

3 20 354,959 6,782,400 

4 30 1,200,667 20,780,160 

5 40 2,846,584 32,632,128 

 

For each simulation, the particle is placed above the substrate with 1 nm separation, 

see Figure 4-6. Both particle and the substrate are oriented in the [111] direction; and 

an initial velocity of 1000 m/s is assigned to the particles.  
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Figure 4-6 Model system used in MD simulations  

In order to analyse the data obtained from MD simulations, the OVITO software [221] 

is used. This software includes algorithms such as Common Neighbor Analysis 

(CNA) [222], Polyhedral Template Matching (PTM) [223], Dislocation Extraction 

Analysis (DXA) [224,225], and grain segmentation [221] which allow to study the 

microstructure evolution of the materials during the deformation. CNA is able to 

classify atoms in the system according to the crystal structure they belong to. PTM 

provides a direct calculation of the local (per atom) lattice orientation. This algorithm 

identifies the local crystalline orientation by matching the local atomic order to 

determined structural templates. Moreover, the crystal orientation obtained by PTM 

can be mapped using RGB colors [226]. DXA is a computational method used to 

identify dislocations, including their types and line and Burgers vectors [224,225], 

and is used to investigate the dislocation evolution in our model systems. In addition, 

the grains are identified using the grain segmentation algorithm implemented in 

OVITO [221]. This algorithm is based on the PTM method to compute local lattice 

orientation. In contrast to the PTM algorithm, the grain segmentation method uses a 
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hierarchical clustering algorithm to explicitly group atoms into grains. This method 

can discriminate between grains and subgrains [221].  
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Chapter 5  

 

Research Project Results 

his chapter presents four peer reviewed papers published in international 

journals relevant to the current research. Two of which have been published in 

the Journal of Thermal Spray Technology (J. Therm. Spray Technol.) one in the 

journal of Computational Material Science, and one in the journal of Materialia.  

  

T 
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5.1 Research Project 1 

This paper was reproduced according to the agreement with Springer Nature. 

 

The purpose of this project was to present the first steps of a modeling method, which 

allows predicting localized metallic bonding in CS. This model was the first 

physically based FEM model that could reproduce deposition mechanisms during the 

impact of a single particle onto a substrate based on the physics of the process.  

The proposed model is based on cold welding (CW) bonding theory and its 

experimental data. All parameters used in this study were imported directly from the 

literature of CW. The reason for that was to illustrate the validity of the model to study 

the metallic bonding in CS.  

In this paper, the impact process of a single particle onto a substrate was explained 

and it was shown that this process can be divided into two parts. The first part is the 

impact of the particle at high velocity, and involves plastic deformation at high strain 

rates for both particle and substrate. The second part is when kinetic energy of the 

particle approaches zero and most plastic deformation is done. This part is 

distinguished by releasing the stored elastic energy in materials mostly the substrate. 
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In addition, the implementation procedure and the penalty contact method in FEM 

was explained in details.  

For the first time in CS literature, the localized metallic bonding process was 

illustrated in this peer reviewed paper. Critical velocity of three different metallic 

powders, i.e., copper, aluminum, and nickel, was calculated and it was shown that the 

proposed model could predict the deposition behavior of single particles relatively 

accurately with respect to the experimental observations.  
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5.2 Research Project 2  

This paper was reproduced according to the agreement with Springer Nature. 

 

The main purpose of this project was to take one further step to improve the 

computational modeling of the fundamental process in CS, i.e., including the oxide 

layer and its breakage during the high velocity impact of a single particle onto a 

substrate. The following paper proposed a novel modeling method allowing modelling 

an explicit description of the breakage and partial removal of the nanometer-size oxide 

film that covers a micrometre-size metallic particle. 

In this paper, the importance of the effective plastic displacement, an empirically 

adjustable parameter that is calibrated with experimental data, in modeling of the 

oxide behavior and its brittleness was shown. A direct relationship between the 

breakage and removal of the oxide layer and the critical velocity was also revealed.  

In addition, a qualitative comparison was performed between a microscopic image 

and the numerical results, and it was shown that the final deformed shape of the 

simulated particle and the location of the metallurgical bonding were similar to the 

experiment. Moreover, the model was able to predict the gap between the particle and 
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the substrate around the south pole, which have been reported frequently in CS 

literature.   
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5.3 Research Project 3 

This paper was reproduced according to the copyright agreement with Elsevier. 

 

The following project is the first step to study the microstructural evolution of FCC 

metallic particles during high velocity impacts using MD simulation methods. As 

mentioned in Chapters 3 and 4, the first objective was to find the required system size 

which allows to capture some mechanical quantities such as stress, strain and 

temperature that are meaningful for real materials. It was shown that nanoparticles 

larger than 10 nm began to behave similar to the micrometer size particles with respect 

to the mechanical responses. The predicted behavior was similar to the one that has 

been reported numerously in CS literature using FEM or other macroscale modeling 

methods.  

In addition, it was shown that for particles larger than 10 nm, the onset of plastic 

deformation begins by heterogenous nucleation of Shockley partial dislocations at the 

particles’ south pole, where particles impact onto the substrate. Dislocations’ gliding, 

locking of the dislocations, and formation of a dense dislocation network by 
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increasing the plastic deformation which are the basic mechanisms of plasticity and 

hardening in metals were analysed and illustrated in this paper.  

Moreover, the particle/substrate interface were investigated, and it was shown that the 

material jetting is formed in solid-state (below melting point), but due to the huge 

pressure that applied on that zone, which results a large plastic deformation at 

extremely high strain rates, this solid-state region behaves like a fluid.  
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5.4 Research Project 4 

This paper was reproduced according to the copyright agreement with Elsevier. 

 

In this paper, MD simulations were performed to investigate the effects of crystal 

orientation and grain boundaries on plastic deformation of FCC particles during high 

velocity impacts. Two single crystal particles with different crystalline orientations, 

two simple polycrystal (i.e., bicrystal, and tricrystal) particles with inner walls (or 

grain boundaries) parallel and perpendicular to the shock wave, and a polycrystal 

particles with 64 randomly oriented grains were modeled.  

The results showed that the deformation behavior and microstructural evolution of 

particles dependent directly on their initial microstructure. However, the interesting 

result was that the shear strain pattern was the same for all particles. This behavior 

indicates that the huge applied stress during high velocity impacts is such that it 

dominates the plastic deformation in the material and push the dislocations to move 

in some slip systems that are not the preferred ones.  

In addition, it was shown that heterogenous nucleation of Shockley partial 

dislocations, and the solid-state amorphization are two main mechanisms in 
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deformation of particles. Moreover, phenomena such as recovery, crystallization, 

recrystallization, grain growth, twinning, and grain rotation were observed during the 

deformation of these FCC particles.  
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Chapter 6  

 

Conclusion and Future 

Work 

6.1 Conclusions 

he general purpose of this study was to improve the understanding of particle 

deposition mechanism and microstructural evolution of materials during high 

velocity impacts. For that reason, the research was divided into two different parts 

considering two different approaches, i.e., a) Simulation of metallic bonding in CS 

using FEM, and b) prediction of microstructural evolution during the impact using 

MD method.  

T 
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6.1.1 Simulation of metallic bonding in CS using FEM 

For this part, the metallic bonding, which is one of the two main mechanisms for 

deposition of metallic powders in CS, was studied.  

In the first step, the cold-welding bonding theory which has been established to be the 

metallic bonding mechanism in CS was implemented in ABAQUS/Explicit. The 

parameters used in this study was imported into FEM directly from the literature of 

CW (without any modification). Critical velocities for aluminum, copper, and nickel 

particles were obtained. It was shown that the predicted results are in the range of 

critical velocities reported in the literature. In addition, the predicted coefficient of 

restitution (COR) for 30 um aluminum particles was compared with experimental 

results of aluminum powders with the diameters in the range of 24-64 um. This 

comparison indicated the capability of the proposed model to reproduce the material 

behavior during CS. Moreover, this model was also able to show the formation of 

temporary metallurgical bonds, which mostly occur when particles impact onto a 

substrate with velocities close but below their critical velocities.  

After proposing the first physically based model that was able to predict the deposition 

behavior of materials during the CS process, we took it a step further in the 

computational modeling stage of this process, i.e., including the oxide layer and its 

failure behavior after high velocity impacts of a single metallic powder onto a metallic 

substrate. This novel FEM model provides an explicit description of the innate oxide 

layer that covers a micrometer-sized particle, and allowed us to simulate the breakage 

and partial removal of the oxide film during the particle deposition process in CS. The 

simulation results provided insights on aspects of the adhesion process in CS that are 

not directly accessible to experiments. A key parameter used to model the failure 
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behavior of the oxide layer was the effective plastic displacement. It was shown that 

by calibrating this parameter with experimental data, the model was able to reproduce 

the critical velocity, the location of metallic bonding, and also the final geometry of 

the splat of a copper particle after the impact and adhesion when compared to 

microscopic images. Oxide breakage and its removal allowed elements in the particle 

to be in contact with elements in the substrate, and in case of existence of an adequate 

pressure, resulting in a metallic bonding.  In addition, simulation results indicated that 

the preferred zone for the creation of metallic bonding is not at the jetting zone where 

the equivalent plastic strain is maximum. The effect of oxide thickness on the critical 

velocity of the particle was also studied and it was shown that adhesion requires a 

higher critical velocity by increasing the oxide film thickness. 

6.1.2 prediction of microstructural evolution during the impact using MD 

method 

Developing in the understanding of particle deposition in CS cannot be achieved 

without fundamental investigation on microstructural evolution of material during the 

deformation. In order to study the material behavior during CS, i.e., deformation at 

high strain rates, MD simulation method was used. MD method is known as the best 

possible numerical approach to investigate the underlying mechanisms involved in 

high strain rate deformations where the experimental methods are incapable. 

For the first study, MD simulations were performed to investigate the deformation 

behavior of copper (FCC) particles after impacting onto a copper substrate to elucidate 

the basics of the CS process.  Five single crystal particles with [111] direction parallel 

to the substrate’s normal were modeled. The particles’ diameter was in the range of 5 

to 40 nm, and the impact velocity was assigned to 1000 m/s normal to the substrate 
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surface. Analysis of the results showed that, for particles larger than 10 nm, the onset 

of plasticity began and was localized at the flattened particles bottom where particles 

impacted to the substrate (south pole), and characterized by heterogeneous nucleation 

of Shockley partial dislocations. By continuing in the plastic deformation, a dense 

dislocation network was formed in the lower half of the particle, while the upper half 

remains almost undeformed. Finally, the top part of the particle was also deformed 

and shaped the typical flattened surface of the splat, as has been observed in 

microscopic images. In addition, temperatures higher than 1000 K were found at the 

particle/substrate interface. Local atomic disorder along large atomic displacement in 

this region indicated a fluid-like behavior which resulted a visible material jetting at 

the end of the deformation. 

In the second study, the effects of grain boundaries and grain orientation on 

deformation behavior of gold (FCC) particles during high velocity impacts were 

investigated. Two single-crystal particles with different orientation, two simple 

polycrystal particles (i.e., bicrystal and tricrystal), and a polycrystal particle with 64 

randomly oriented grains were modeled. The impact velocity was chosen to be 400 

m/s, to reduce the plastic deformation and allowing to track the microstructural 

evolution easier. The results showed that the onset of plasticity began with 

heterogenous nucleation of Shockley partial dislocations with a different rate for each 

grain orientation. The high emission rate of dislocations caused an intense increase in 

the local dislocation density, resulting solid-state amorphization within the particles. 

It was shown that by decreasing the deformation rate, most of the amorphous atoms 

went back to a crystalline structure (or crystallization). The effects of horizontal and 

vertical grain boundaries on the dislocation movements were revealed. Moreover, 

formation of low-angle grain boundaries (LAGBs), and high-angle grain boundaries 
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(HAGBs), recrystallization, grain rotation, and twining mechanisms during the 

deformation for each particle were shown. In addition, analysis of the results indicated 

that although the deformation behavior of each grain is different, the shear strain 

pattern is independent of the particle microstructure and is similar for all particles. 

It is important to note that unlike FEM which is a predictive tool for engineering 

applications, MD simulations aim to enhance the understanding of the fundamental 

process. MD simulations can provide a detailed atomic level of information about the 

process which has been investigated. In MD simulations, the only input is the 

description of the interatomic interactions, and because there is no assumption needed 

to be made in the model, MD method is used to discover new physics or mechanisms. 

Due to the high computational cost of this method, the particles modeled in this study 

were two order smaller than the real particles in CS. Although, it is known that the 

deformation behavior can be affected by the material size, but the involved plasticity 

mechanisms can be common in all scales.  

In other words, MD simulations can suggest the deformation behavior and the 

involved mechanisms, which can enable researchers to explain their experimental 

observations, and also this method can recommend the important mechanisms which 

must be looking for in the experiments. For instance, it is well known that dislocations 

are the defects responsible for the plastic deformation of metals. In this study, the 

evolution of the dislocation network has been shown by increasing the particles’ 

deformation. However, the results also suggested the existence of another plastic 

deformation mechanism during high velocity impacts, i.e., solid-state amorphization. 

In addition, it was shown that the solid-state amorphization is a transitory process for 

pure materials (like copper) and due to this reason, this deformation behavior has not 

been observed experimentally from the microscopic images which are taken after the 
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spray is done. This outcome is something that must be studied further experimentally 

and numerically in future and also can be used to answer some of doubts which exist 

regarding the adhesion mechanism in CS.  
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6.2 Future Works 

Several follow-up studies that would improve the understanding of the deposition 

process in CS process can be undertaken. In the following list, some potential future 

investigations are proposed: 

1. In order to develop the FEM bonding model, the oxide layer on the substrate 

should also be modeled. This gets more crucial when the deposition process of 

dissimilar materials is studied, because dissimilar materials have different 

deformation responses and hence, have different oxide failure and oxide 

removal behavior.  

2. The proposed model for predicting metallic bonding during the impact of a 

single particle onto a substrate illuminated the elemental features of the 

deposition process. This model can be developed easily to model the impact of 

multiple particles and study the coating build-up process in CS.  

3. Both proposed FEM methods (2D and 3D models) can be used to investigate 

the coating characteristics such as residual stresses, bond strength, and porosity. 

4. The Johnson-Cook failure model that was used to describe the failure of the 

oxide layer provided relatively good results with respects to the experimental 

observations, but the model can still be modified by implementing more 

developed failure models which consider more failure mechanisms in their 

calculations.  

5. adiabatic shear instability (ASI) is still an unclear phenomenon in CS. 

Unfortunately, most of the time the large deformation at the particle periphery 

that causes severe distortion for elements in that region is referred to as ASI 

which obviously is not correct. The formation of material jetting (i.e., resulted 
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by ASI) should be studied in FEM using some constitutive material models that 

are capable to capture this mechanism.   

6. There are still lots of unclear mechanisms which can be studied by MD 

methods. For instance, studying the deformation behavior of alloys that can be 

broken down to uncountable researches.  

7. MD can be used to reveal the effects of particle and/or substrate preheating on 

the deformation behavior of materials.  

8. The effects of post heat treatment on the material can be analysed by MD. 

9. Study the effects of different crystalline structure, i.e., FCC, BCC, and HCP, 

on the deformation behavior.  

10. Multiscale modeling is an advanced method in which the parameters for one 

scale can be found from another scale. Hence, multiscale modeling is a self-

determining method. In processes that experimental measurements are 

challenging, like CS, this method can be helpful, especially for modeling 

complex systems like TWIP (twining-Induced-Plasticity) steels or high-

entropy-alloys.   
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