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Abstract 
 

In recent years, Cold Spray technology has proven to be a promising method of powder deposition 

in surface coating and additive manufacturing applications. This process is done without melting 

the particles prior to deposition; therefore, a wide range of materials can be deposited onto a 

substrate through the powder’s kinetic energy. In contrast to traditional coating methods, in CS the 

particle temperature remains below its melting point. As a result, the adverse effects of melting 

and other temperature-related defects are avoided in CS. The kinetic energy needed for successful 

bonding is characterized by a powder’s critical velocity that is dependent on the properties of the 

powder material. The quality of the cold sprayed coatings depends strongly on the adhesion 

strength at the particle-substrate interface. Predicting the adhesion strength thus plays a crucial 

role in optimizing the process parameters of CS process to achieve desired surface coating 

qualities. 
 

Utilizing numerical approaches, to study the occurrence of bonding in CS and observe the material 

jetting phenomena due to bonding, is more convenient than using empirical approaches. 

Experimental observation of particle bonding in CS is inherently very difficult due to the extremely 

small time and length scales at which particle bonding happens in CS. Numerical modeling has 

thus been an indispensable tool in the study of CS. Most numerical studies on CS have focused on 

using the traditional mesh-based FEM, which often face limitations when modelling the extreme 

plastic deformation occurring during particle impact. In comparison, meshless methods are proven 

to perform significantly better as they resolve the issue of mesh distortion in mesh-based methods 

Furthermore, majority of existing models are only able to model the impact and bonding processes 

and very few methods exist that can predict the bonding strength accurately. 
 

In the present work, a computational method is proposed for modeling bonding of powder particles 

in cold spray capable of predicting the adhesion strength. The method relies on a bonding model 

developed in previous research [1, 2] which is based on the commonly held view that bonding 

occurs due to large plastic strains occurring at extreme rates. This is achieved by introducing a 

strain-like history variable named bonding parameter and two material constants, the critical 

surface adhesion energy, and the critical surface adhesion energy rate. In this thesis, the bonding 

model is complemented with a semi-empirical evolution law for adhesion strength on bonding 

boundaries. The strength evolution model interacts with the bonding evolution model and is 

coupled with the bonding parameter. 
 

The model is implemented numerically within a material point method (MPM) in a way that 

effectively eliminates spurious mesh dependence and captures complex phenomena such as jetting. 

The adhesion strength model proposed in this study utilizes the direct bonding model results and 

fundamentals from our previous study [1, 2]. The adhesion strength model proposed here is then 

used to predict adhesion strength and study the case of single particle impacting a substrate. 
 

In doing so, the distribution of adhesion strength will be shown through the contact region. The 

model parameters are also discussed, and it will be shown that how the change of these parameters 

will affect the adhesion strength. In previous studies the average adhesion strength values were 

achieved from experiments. The values for the average adhesion strength will also be highlighted 

in the present numerical study. 
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The simulations were performed for pure Aluminum (99.7%) particles impacting Al substrate. The 

chosen material is similar to previous research works and studies. Further into the thesis the 

adhesion strength model will be discussed, and corresponding results will be discussed afterwards. 

According to the results obtained, the average adhesion strength for a single pure Al powder (14 

micro-meter diameter) impacting an Al substrate at 810 m/s (which is approximately the critical 

velocity) is predicted to be 42.16 MPa. The corresponding critical adhesion energy and energy rate 

used were 1500 𝐽/𝑚2 and 2 𝐽/𝑚2𝑠 (these will be discussed later in the thesis), which are also 

approximately near the calibrated values. Results are very encouraging and exhibit desirable 

agreement with known experimental data such as critical bonding velocity, adhesion strength, and 

deformed particle/substrate shape. 
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Chapter 1: Introduction 
 

1.1. Cold Spray Technology 
 

Cold Spray (CS) (also known as supersonic particle deposition) is an innovative Additive 

Manufacturing (AM) process that involves the deposition of metal, ceramics and/or composite 

powders onto substrate. As depicted in Figures 1.1 – unlike traditional AM techniques – CS is a 

solid-state process in which microparticles are speeded up, to reach supersonic speeds (Mach 2-3) 

[3] using a de Laval nozzle and a stream of compressed gas including helium or nitrogen. 

Compared to other AM methods, CS offers several advantages: 

1. Low heat input: Since CS does not involve melting the powder material, it can be used with 

temperature-sensitive materials that may be prone to distortion or chemical changes when 

exposed to high temperatures. This allows the use of a wide range of materials, including 

metals, ceramics, and composites. Additionally, there will be no intermetallic formed at 

the interface of coating and substrate.  

2. Dense and pure coatings: The high-velocity impact of the powder particles during cold 

spray promotes minimal porosity in the deposited coatings. This leads to coatings with 

excellent mechanical properties, such as high hardness and improved wear resistance. 

3. High Throughput: Cold spray achieves high material utilization rates, as most of the 

powder particles impact and adhere to the substrate. This results in minimal material waste 

and cost-effective production. 

4. Minimal thermal stress: As cold spray does not involve significant heating or cooling, it 

reduces the risk of thermal stress-induced deformation, making it suitable for additive 

manufacturing of large and sensitive parts. 

 

 

 

Figure 1.1 Schematic of Cold Spray System 
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When comparing CS to Thermal Spray both utilize similar coating materials. The primary 

limitation lies in the particle size of the powder that can be sprayed, with CS is capable of applying 

significantly finer particles, including nanocrystalline powders. One significant limitation of TS is 

that it necessitates high temperatures for effective bonding with the substrate, posing challenges 

and impossible to use in a sealed setting. Considering CS disadvantages, the process resolution is 

constrained by the size of the "spray spot," typically measuring several millimeters. Furthermore, 

the intense plastic deformation of the particles can result in the accumulation of residual stresses 

within the deposited material, potentially causing distortion, deformation, or the formation of 

cracks. 

Numerical simulation plays a crucial role in the understanding, optimization, and advancement of 

the cold spray (CS) process. It involves using computational models and simulations to predict and 

analyze the behavior of particles on impact during CS process. Following are some key reasons 

why numerical simulation is important for CS: 

1. Process optimization: Numerical simulations allow the study of different process 

parameters, such as gas velocity, temperature, particle size, and substrate material, to 

optimize the CS process. By simulating various scenarios, it can identify the optimal 

conditions for achieving desired coating properties, such as bonding strength, thickness, 

and porosity. This helps in reducing experimental trial and error, saving time, and 

resources. [4] 

2. Predicting coating microstructure: The microstructure of the deposited coating 

significantly influences its mechanical properties. Numerical simulations can predict and 

help in understanding how process parameters affect microstructural evolution, e.g., 

occurrence of dynamic recrystallization, and enables the design of coatings with desired 

mechanical and thermal properties. [5] 

3. Scale-up and process design: Numerical simulations are valuable for scaling up the CS 

process from laboratory-scale to industrial-scale applications. By simulating larger 

deposition volumes, researchers can assess the feasibility of scaling and identify potential 

challenges, such as gas flow distribution, particle entrainment, or pressure losses. This 

information guides the design of efficient CS systems and helps in ensuring successful 

implementation in production environments. [6] 

4. Cost and time savings: Experimental investigations in cold spray can be time-consuming, 

costly, and limited by the availability of materials and equipment. Specifically, the impact 

of particles, and corresponding deformation happens over a nano-to micro-seconds period 

and therefore hard to capture experimentally. Numerical simulations provide a cost-

effective and efficient alternative for exploring different process configurations, optimizing 

parameters, and predicting outcomes. This reduces the number of physical trials required, 

accelerates process development, and ultimately saves time and resources. [7] 

 

The adhesion strength of the deposited coating is a critical factor in determining its performance 

and durability. A reliable numerical model can help optimize process parameters to achieve the 

desired adhesion strength. The adhesion strength prediction model allows for the assessment of 
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different material combinations and their compatibility with the substrate. This helps in selecting 

the most suitable materials that will provide the desired adhesion strength for specific applications. 

Recent studies mainly focus on achieving bonding in CS, but being able to predict the adhesion 

strength in the case of bonding was not the main goal of the studies. This study focuses on 

proposing a numerical model capable of predicting the adhesion strength in bonding conditions. 

 

1.2. Thesis Motivation and Objectives 

In CS process and the coatings achieved from this technology, the importance of bonding 

was always noteworthy in previous research. The bonding phenomenon has always been on the 

issue of how and when it occurs [2, 3, 5, 6]. In our research group’s previous research [1, 2], similar 

studies on the bonding model were studied and analyzed using a novel particle-based method, 

known as the Material Point Method (MPM). In the mentioned study, the importance of bonding, 

the bonding phenomenon, and the methods for modeling the bonding  was discussed. However, 

the prediction of bonding strength was not addressed. Without a reliable numerical model, it 

becomes challenging to predict the adhesion strength of the deposited coatings. This can result in 

inconsistent coating quality, with variations in adhesion strength from one production run to 

another. Inadequate adhesion can lead to coating failures, such as delamination or premature wear, 

compromising the performance and reliability of the coated components. On the other hand, the 

ability to predict adhesion strength through numerical modeling provides a means of quality 

control during the CS process. By comparing the predicted adhesion strength with desired 

specifications, the quality of the deposited coatings can be assessed in real-time. This allows for 

the identification of potential issues or process deviations, enabling timely adjustments and 

ensuring consistent coating quality.  

This study goal is to develop a methodology for predicting the adhesion strength in CS 

bonding, addressing the research gap in numerical modelling of CS bonding. To achieve this goal, 

following objectives are pursued:  

• Establish a methodology for predicting adhesion strength using an energy 

parameter that includes strain/strain-rate, as the main predictor of adhesion, and 

stress/stress-rate as the main predictor of strength. 

• Develop a numerical framework, using MPM, for predicting the adhesion strength 

• Verify the developed framework 

• Implement the developed framework for predicting CS of pure Al powder (99.7%) 

particles on Al substrate adhesion strength 

 

1.3. Thesis Outline 

This thesis consists of six chapters. Chapter 1is on motivation, importance, goal, and 

objectives of this research. Chapter 2 gives a comprehensive review of previous studies. In the 

mentioned chapter, adhesion and its phenomena in CS are discussed and the importance of 

adhesion strength is highlighted. Chapter 3 provides the background of the numerical modeling of 

CS adopted in this research. The use of Material Point Method in this study and its validation will 
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be discussed. In Chapter 4 the direct bonding model and the proposed adhesion strength bonding 

model will be discussed in detail and the adhesion strength in the bonding phenomenon will be 

presented from both numerical and experimental viewpoints. In Chapter 5, the results of the 

developed numerical model for adhesion strength prediction will be presented, verified, and 

discussed. Finally, Chapter 6 presents conclusions from highlights of the presented work and 

explores potential future research directions. 
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Chapter 2: Literature Review 
 

In recent years many studies and observations have been made on the CS process and how process 

parameters in CS can affect the result of coatings (whether achieved or not). These studies were 

done utilizing both empirical and numerical approaches, but little study, if any, has been done on 

the prediction of the adhesion strength in CS. 

CS technology is applied in various fields, such as aerospace, automotive, and electronics [8, 9]. 

To restore valuable metal components that have been damaged, traditional methods like arc 

welding, thermal spraying, and laser deposition are commonly employed. However, these 

conventional techniques often lead to significant flaws due to excessive heat and high 

temperatures. Examples of such defects include oxidation inclusions, thermal deformation, and 

cracking, which can greatly limit the effectiveness of the repairs. Additionally, certain delicate 

components with intricate shapes are impractical to repair using the aforementioned methods, 

resulting in their disposal and a substantial waste of resources and energy. In contrast, cold spray 

technology possesses a unique characteristic of solid-state deposition. This feature allows it to 

mitigate the defects associated with excessive heat and high temperatures. Consequently, cold 

spray technology holds considerable potential for use in the repair of aerospace, naval, and 

automotive components [8]. 

CS is used for a range of purposes, such as corrosion protection [10, 11]. Mohammad et al. [11] 

observed the corrosion fatigue of aluminum powder sprayed on AZ31B. The AZ31B alloy with 

cold sprayed Al coating resulted in significant protection from corrosion attack. The main factors 

of outstanding corrosion performance were identified as strong adhesion of the coating as well as 

the porosity of Al coating being very low. The tests were also performed in corrosive environment 

(3.5% NaCl) which significantly influenced the fatigue life of coated and non-coated samples of 

AZ31B. The fatigue life of both sample conditions decreased due to the fracture of oxide layer at 

the tip of the crack – low ultimate tensile strength of pure aluminum – caused by plasticity. 

Other uses of CS are in wear resistance [12], repair of damaged or worn-out components [13], and 

thermal barrier coatings [14]. Research and development in CS technology continues to explore 

new materials and process optimization techniques [15]. CS is a versatile coating deposition 

process with numerous applications across various industries. Its advantages, such as low-

temperature operation, high bond strength, and versatility in material selection, make it an 

attractive option for coating, repair, and surface modification needs. 

Considering a previous review study by Wenya Li. et. al. [16], the mechanisms behind the bonding 

and impact in CS at high particle velocity were analyzed from both numerical – in particular finite 

element method – and empirical aspects. The study stated that numerical simulations explore 

particle bonding and deformation reasonably as well as correspond to experimentally observed 

behavior. It was also mentioned that the numerical simulations offered various information during 

the impact process such as particle deformation morphology, material jetting, temperature, stress, 

and strain. 
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Considering the achieved information from numerical simulations in CS during impact, fewer 

studies delve into the observation of adhesion strength in bonding conditions. This Chapter 

consists of a review of previous studies and their applications on CS. The bonding phenomenon 

and the importance of having knowledge on the adhesion strength in the contact zone will be 

reviewed. 

 

2.1. Cold Spray Study and Application 

Over the past few years, it has been evident that cold gas spraying is a promising powder 

deposition method which utilizes kinetic energy, rather than thermal energy, from a particle 

deposited at a critical velocity to achieve a solid-state deposition. This process in cold spray 

ensures that undesirable thermal effects which might occur due to melting are eliminated and quick 

deposition is done at its highest efficiency. The coatings from the deposition indicate high strength 

and hardness. The coating also shows high bonding strength with the substrate which improves 

the cyclic performance of the coated part [17]. In a previous study by Ghelichi et al. [18] it was 

shown that the fatigue strength of CS treated parts was significantly increased (up to 30%) for 

coated parts. Al5051 specimens were used and were sprayed by Al7075 feedstock powder. The 

coated parts were stronger components and had much higher fatigue endurance, indicating higher 

bonding strength, in comparison to regular parts. 

The critical impact velocity of powders in cold spray identifies whether bonding has occurred or 

not and has a unique value for set of known processing and material parameters. The critical 

velocity is dependent on several factors such as particle size, oxide layer thickness, particle and 

substrate materials being paired, and impact temperature. Li et. al. [19] estimated the critical 

impact velocity of copper (Cu) both experimentally and theoretically. Their study results showed 

that the critical velocity changed with the oxygen content and particle temperature. The higher the 

particle temperature, the lower the critical velocity became. 

In CS, it is important to maintain the temperature below the melting point. There are two reasons 

for this matter: first, the deposition will occur at a high rate and more effectively, and second 

thermal defects will be eliminated [1]. It should be kept in mind that in modern CS it is not clear 

whether powder remains in solid state upon impact or not. Schoop [20] highlights that the particles 

and the substrate in case of not using a converging-diverging nozzle “welded together”. Not using 

a converging-diverging nozzle prevents the particles acceleration to the critical velocity and this 

shows that melting or partial melting was involved in impact. 

Although deposited coatings do not have an innate strength or hardness, they manifest bond 

strength with the substrate. This property can generally enhance the performance of the coated 

segments. The bonding strength (namely, adhesion strength) of sprayed materials is a crucial factor 

in the mechanical properties of the coating. Establishing a relationship between CS process 

parameters and the bonding strength enables optimizing the CS process and achieve desired 

properties. 
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Studies on resistant coating should also be mentioned, the CS impact process causes the effect of 

work-hardening on the material which induces residual stress and increases its fatigue strength 

[14]. The presence of residual stresses in the cold-sprayed coatings can affect their mechanical 

properties, such as adhesion, cohesion, and fatigue resistance. Residual stresses can also influence 

the performance and longevity of the coated component. Kelvin Loke [21] analyzed the residual 

stress of Al6061 powders at different angles from numerical approach. In comparison to empirical 

observations, the results achieved from numerical approach seemed similar, and it was observed 

that the bonding region decreased with the increase of spray angle. 

 

2.2. Cold Spray Bonding Theory 

For the oxide layer to be removed both the powder particles and the substrate should go 

under sever plastic deformation. CS utilizes contact pressure and kinetic energy (rather than 

thermal energy) for the breakage of the oxidation layer from the substrate. This process results in 

fresh metal-to-metal contact at the bonded interface. The high contact pressure will cause bonding 

to occur due to metallurgical bonding and mechanical interlocking [2]. Successful bonding 

normally requires critical velocity that might reach 800 m/s or more in many cases. All of the 

impact and bonding process occurs within nanoseconds, making it extremely difficult for 

experimental observation. Therefore, use of numerical modelling has been the for front of adhesion 

studies of CS bonding. 

Beside mechanisms such as oxide layer break-up [22], other mechanisms such as localized melting 

[23], and mechanical interlocking have been proposed as the underlying mechanisms of bonding 

phenomenon, none of these methods have been conclusively proven to explain bonding although 

they have been supported partially by experimental observations. Nonetheless, formation of an 

out-flow jet of materials in the contact zone is commonly believed to provide enough strain 

deformations for successful bonding to occur. Formation of the outward jet is often referred to as 

jetting and is considered to characterize successful bonding.  

Figure 2.1 shows a Scanning Electron Micrography (SEM) image of a gold particle impacting a 

gold substrate at 375 m/s [22]. Figure (a) represents the top view of the bonded particle. The 

formation of the outward material jet, namely the material jetting can be seen in periphery of the 

bonded area. White line in Figure (b) represents the top surface of the particle. The formation of 

the jet can be seen on the edges of the contact area. Figure (c) represents a magnified look at the 

contact region of the particle and the substrate. It can be seen that the contact area consists of both 

bonded regions caused by the metallic bonding, as well as non-bonded area, namely the gap. The 

observed contact region was also achieved in this thesis study and will be discussed in detail in the 

upcoming chapters. 
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Figure 1.1 SEM image of gold particle impacting gold substrate. Figure (a) shows the contact formation and 

material jetting from top view. Figure (b) represents the top surface of the particle with white line. Figure (c) shows 

a closer look at the contact region. [22] 

 

In earlier works, Assadi et al. [24], suggested Adiabatic Shear Instability (ASI) as the main cause 

of jetting at contact zones. It was mentioned that bonding occurs due solely to kinetic energy during 

impact, and successful bonding occurs if the particle velocity is above its critical value. This value 

was mentioned to be dependent on temperature and thermomechanical properties feedstock 

material. ASI was described as the adiabatic heating generated at the contacted zones softens the 

material, without melting, reducing its load bearing capacity. Consequently, the material in this 

region behaves like a fluid which results in material fragmentation and jetting. Figure 2.2 

represents the simulation impact of the particle utilizing Finite Element Method. The jetting 

formation of the copper particle impacting the copper substrate can be seen. The initial velocity of 

the particle is 600 m/s and the contours represent the temperature distribution. 
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Figure 2.2. Simulation of copper Particle impacting copper substrate. The initial velocity is 600 m/s. The arrows 

define velocity of surface nodes during impact.  

 

Figure 2.3 shows a three-dimensional simulation of  two gold particles impacting the gold substrate 

reported in [24]. The jetting formation was observed to be the cause of temperature and heat 

generated during impact. 

 

 

Figure 2.3. 3D simulation of two gold particles impacting gold substrate. Temperature contour and jetting can be 

seen in the outer region of the contact area. 
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In recent studies, it was discussed that adiabatic shear instability may not necessarily be needed to 

achieve bonding and observing jetting in the contact zones. It was argued that during bonding a 

large pressure gradient is created in the immediate vicinity of contact surface. The material subject 

to this pressure acts more like liquid and moves to release this pressure, and jetting occurs similar 

to a “hydrodynamic spall process.” [25]. It should be noted that these studies approach the 

observation of the bonding phenomena in CS from different perspectives, and the main reason for 

bonding is a matter of debate. 

Figure 2.4 represents a schematic of the jetting process during impact in CS [25]. The first stage 

shows the formation of shock upon impact of the powder particle and the substrate. The 

hydrodynamic pressure formed in the first stage is then detached from the leading edge of the 

particle and the substrate, which can be seen in stage 2. The last stage indicates the occurrence of 

material jetting due to pressure release from the free surface created in stage 2. The material jetting 

should reach a threshold value for bonding to occur. 

 

 

Figure 2.4 Schematic of material jetting in CS. Step 1 represents the shock wave caused by the impact. Stage 2 

creation of the free surface caused by shock detach. Stage 3 represents the jet formation due to pressure release 

[25] 

 

While previous works have proposed different explanations for the occurrence of jetting, they all 

support the theory that the extreme plastic deformations caused by jetting is the main physical 

phenomenon that characterizes bonding. 

 

2.3. Cold Spray Bonding Strength 

The mechanical properties of materials are improved within CS applications. This process 

is done in solid-state, and many studies show the improvement of fatigue strength of materials. As 

it was mentioned earlier in one the studies of Ghelichi et al [18] it was shown that the fatigue 

strength can increase by 30% when spraying layers of Al7075 powder on Al5052 specimens. This 
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study shows the influence of coatings on specimens, and how it increases the strength of the 

materials. The study points out the coating and substrate bond strength. Similar studies were also 

done on the strength of the powder deposition and the substrate which resulted in strength increase. 

In another study, S.I. Imbriglio [26] utilized CS process and laser-induced projectile impact test 

(LIPIT) to perform the deposition of Ti powder particles on Al2O3 substrate. The LIPIT is used 

for real-time observations of particle impact velocity. By using these two techniques they 

investigated the effect of substrate surface morphology on adhesion strength and particle velocity. 

It was observed that particles had weaker bonds relative to smoother surface of substrates.  

In a study by Rahmati et al [27], metallurgical bonding and mechanical anchoring affected by 

substrate surface morphology were investigated. The coating adhesion strength was measured for 

different substrate surfaces. Deposition of pure Aluminum was done on 300M steel substrate. The 

adhesion strength was around 31 MPa on polished substrates, and significantly decreased to about 

6.2 MPa for substrates with low roughness. 

In a study by Dina Goldbuam et. al. [28] different deposition condition was applied for spraying 

high yield strength Ti and Ti6Al4V. The effects of deposition velocity, gas temperature, powder 

size, and substrate temperature on the adhesion strength were analyzed. Utilizing a 

micromechanical test technique, the Ti and Ti6Al4V individual splats were sheared to measure 

their adhesion strength. It was observed that stronger adhesion strength was measured at high 

velocities (e.g., 1140 m/s) which were much higher than the critical velocity., and preheating the 

substrate to 400 C. The splat adhesion strength of Ti6Al4V was increased from 100 to 250 MPa 

with preheating the substrate. The deposition of Ti6Al4V feedstock powder on Ti6Al4V substrate 

was observed to be not uniform, and the measured adhesion strength was lower than Ti. 

The studies point out different important aspects of predicting the adhesion strength in CS process. 

A full understanding of the CS process and the studies and investigation on this process is yet to 

be achieved. These previous studies point out the importance of strength in coated materials. 

The bonding strength achieved through CS process depends on several factors, such as: 

• Particle velocity: Higher particle velocity results in greater kinetic energy upon impact 

which results in enhance bonding strength. 

• Particle material: The material composition of feedstock powder affects the bonding 

strength. CS is performed with a variety of materials, including metals, ceramics, and 

polymers. For optimal results, the particle material is compatible with substrate material. 

• Particle size and shape: The size and shape of particles influence the bonding strength. In 

general, smaller particles provide better bonding due to increased contact area and 

deformation upon impact. 

• Surface preparation: Proper surface preparation of the substrate is important for achieving 

higher bonding strength. The prepared surface should be clean, free from contaminants, 

and appropriately roughened for better bonding strength. 

• Process parameters: Various parameters such as gas temperature, pressure, stand-off 

distance, nozzle design, affect the bonding strength. Properly optimizing these parameters 
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for specific material combinations and applications is essential to achieve desired 

properties. 

A direct bonding model was proposed in a previous study in our research group that is capable of 

predicting the occurrence of bonding [1, 2]. However, this method is not able to predict the bonding 

strength. In the present research, the direct bonding model proposed in [1, 2] is extended to predict 

the adhesion strength in case of bonding during the process of pure Aluminum powder sprayed on 

Aluminum substrate. 

 

2.4. Bonding Strength Prediction 

The prediction of adhesion strength, considering the metallurgical bonding in CS is 

complicated and not straightforward [29]. The bonding mechanism is still being investigated and 

studied. A number of studies have mentioned that adiabatic shear instability is the mechanism 

behind metallurgical bonding [24]. Other studies have also discussed and argued that shock wave 

induced hydrodynamic creates metallurgical bonding [25]. On the other hand, there are studies 

that consider partial melting caused by localized oxide layer abolition on impact of the particles 

[22]. 

Numerical modeling has played a crucial role in investigating the impact of particles on substrates 

in the cold spray process. Study of the effects of impact velocity and particle diameter [30], 

material combinations [31], different spray angles [21], to name a few, has captured significant 

attention in various fields.  

Achieving accurate simulations of particle impact has been particularly challenging, especially 

when using Lagrangian, mesh-based finite element methods. For instance, an FE simulation 

presented in previous research [24] exhibits Von Mises strain values in the jet region which can 

reach as high as 400-800%. Such high strains, occurring in a deformation regime dominated by 

shear forces, can easily cause severe distortion of the simulation elements. Consequently, these 

high strain values can lead to significant errors in the finite element solution, potentially resulting 

in the termination of the simulation. 

Researchers have employed the Eulerian and Arbitrary Lagrangian Eulerian (ALE) methods. 

These approaches have proven effective in closely replicating experimental observations. 

However, the utilization of ALE methods introduces its own set of challenges. For instance, Li et. 

al. [32] observed unrealistic deformation of particles as speed increases. According to study [33] 

a comparison of the Lagrangian and ALE methods were made for high-speed impacts. Due to the 

implementation of mesh morphing in the ALE formulation, it allows us to mitigate the numerical 

challenges associated with highly distorted elements encountered in the traditional Lagrangian 

approach. It should be noted that above a certain critical velocity, not only the particle is highly 

deformed, but also it is embedded in the substrate which is in a flow state. This also creates mesh 

related challenges in the formulation used in the study. 

Meshless methods, namely, Smoothed Particle Hydrodynamics (SPH) have been used to study CS 

as well. However, it has been indicated that achieving similar results to mesh-based methods 
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necessitate significantly finer discretization’s, specifically a larger number of particles. However, 

this finer discretization comes at the expense of increased computational costs [34]. 

Another approach utilized for simulating cold spray is the application of Molecular Dynamics 

(MD) methods. Particularly, MD simulations have been employed to study microstructural 

phenomena that take place during particle-substrate impact, including the effects of defect 

formation, grain boundaries, and structural transformations [35]. 

The above-mentioned methods will be discussed in detail in Chapter 3. The keynote in these 

studies is to point out that in most previous studies, the bonding process has not been directly 

integrated into the numerical simulation. However, in our previous study [1, 2] from our research 

group the bonding process has been considered and developed within an in-house MPM code 

(further details will be provided in the next chapters). 

On the other hand, in the majority of these studies the calculation of the adhesion strength in 

bonding scenarios has not been investigated. The goal of this study is to propose a model which 

complements the direct bonding model proposed in study [1, 2], in order to predict the adhesion 

strength, while predicting the bonding occurrence. 

In the current study the Material Point Method – which will be discussed and investigated in the 

following chapter – is utilized to firstly investigate the bonding of a single particle impacting the 

substrate. The bonding model was previously proposed in a previous work [1, 2] and will be 

discussed in Chapter 4. Second, after investigating the occurrence of bonding in our simulation, 

the goal of this study which is the prediction of adhesion strength in case of bonding in CS will be 

investigated and analyzed. The adhesion strength model will be proposed and analyzed in the 

following Chapter 4. Process parameters and their effects on the model will be introduced and 

investigated. This work was done following a previous work [1] which proposed the direct bonding 

model. The current study will utilize the knowledge of the mentioned study to fulfill its goal. 
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Chapter 3: MPM Modeling of Cold Spray 
 

The major numerical simulation technique often used in solid mechanics applications is the finite 

element method (FEM) which includes discretizing an object into a finite number of smaller 

elements with a specific shape, typically triangles or quadrilaterals in 2D and tetrahedra or 

hexahedra in 3D. These elements form a mesh that approximates the geometry of the object. There 

are other methods developed based on these concepts that are used for various types of simulations. 

The important point is how the bodies are discretized and how different methods result in different 

behavior of the elements. In the following, these methods are first briefly reviewed in this Chapter 

and their advantages and disadvantages are discussed. The Material Point Method (MPM) used in 

the present thesis is then discussed in detail and its application to the simulation of particle impact 

in CS is explained. 

3.1. Modeling Techniques 

3.1.1. Lagrangian Methods 

In the Lagrangian method, it is known that the mesh will deform with the deformation of 

the material when applying load. A schematic of the mesh deformation in a Lagrangian finite 

element simulation is shown in Figure 2.4. As the mesh is attached to the material, it deforms with 

the deformation of the material. 

 

 

Figure 2.4. Distortion of the mesh alongside with the material in Lagrangian method [36] 

 

Several early studies of the CS impact process were performed using the Lagrangian finite element 

method. Bae et al. [37] investigated the effect of particle size in coatings, Yin et al. [38] considered 

the effects of the spray angle, and Hassani et al. [22] studied the effect of oxide layer on adhesion 

in CS. The material jetting caused by extreme plastic strains and deformations make the 

investigation and observation of the phenomenon difficult when using traditional mesh-based 

methods. This issue is caused since the material behaves similar to flowing fluid in contact region 
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The mesh distortion is an issue when performing simulation with large deformations using the 

Lagrangian finite element method. The sever distortion in the grids will result in issues such as 

inaccurate results or pre-mature termination of the simulation due to numerical issues such as 

negative element Jacobians [36]. In that case, it is deemed more suitable to utilize other approaches 

and methods. In the case of CS extreme strains and deformation occur and the Lagrangian method 

is arguably not suitable. 

 

3.1.2. Eulerian Methods 

The Eulerian method is typically used in fluid simulations and modeling, but it has been 

used in solid mechanics as well. The Eulerian method negates the issues of the Lagrangian method 

concerning mesh distortion. In the Eulerian method while the body deforms the grid will remain 

in its original position. Figure 2.5 shows a schematic of the results obtained using a Eulerian 

simulation. As seen, the material moves through the grid. As the grid does not experience any 

deformation, the issues of mesh distortion can be effectively avoided. 

 

 

Figure 2.5. Mesh remaining in its original position while the body deforms in Eulerian method [36] 

 

The Eulerian method is capable of modeling large deformations but in the case of our study and 

also in general, this method has its disadvantages which will be an issue for our study as well. 

Some of these problems include numerical dissipation of the variables with time, difficulty in 

enforcing boundary condition in contact problems (like the case of CS), and the high complexity 

and computational cost of tracking history variables (e.g., effective plastic strains) within the body. 

In addition, it has been shown that Eulerian methods require significantly finer meshes to achieve 

similar levels of accuracy as the Lagrangian methods. These challenges lead to increased 

computational costs and make Eulerian methods less desirable.  

 

3.1.3. Particle-based Methods 

The above-mentioned methods and techniques are not ideal standalone and impose 

limitations when used in study of extreme strains and deformations. Another family of methods is 
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the particle-based methods which usually combines both the advantages of the Lagrangian method 

and the Eulerian method. One of the early particle-based methods was the Smoothed Particle 

Hydrodynamics (SPH). This method discretizes the body into a finite number of particles rather 

than 3D elements. The discretized particles carry all properties of the body. The SPH method lacks 

the use of grid in its computations. In Figure 2.6 an example of a wavy fluid simulated using SPH 

is shown. 

 

 

Figure 2.6. Model of a fluid with the use of SPH [39] 

 

The method lacking in mesh will result in particles moving without experiencing mesh distortion 

which is seen in traditional Lagrangian method. 

The use of SPH in CS process modeling has shown good results, but the method is not without 

disadvantages. Among these issues is the high computational cost of the SPH [36] compared to 

Lagrangian and Eulerian methods. Furthermore, SPH suffers from the so-called tensile instability 

issue which implies that particles use physical connection when they are subject to tensile stress. 

As a result, the simulation becomes unstable so that reliable results cannot be obtained. Even if a 

solution can be obtained, the tensile instability can lead to over-prediction of the jetting 

phenomenon [36]. In that case, the particles that fragment away from the main domain due to 

tensile instability cannot be distinguished from the actual jetting region. 

Another meshless method that is proven effective in simulations of CS process is the Material 

Point Method (MPM) which is the method used in this thesis as mentioned previously. This 

method is explained in detail in the following. 

 

3.2. Material Point Method 

In traditional continuum-based FEM, each body’s behavior is described by a series of 

material-specific constitutive equations following a set of governing equations as well. In MPM 
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these governing equations are based on conservation law for momentum mass, and energy. The 

behavior of these equations is similar to those in traditional mesh-based FEM.  

In Material Point Method instead of using the total Lagrangian approach, in which the 

measurements of stress and strain are done with respect to the initial coordinates, the updated 

Lagrangian approach is used [36]. In the updated Lagrangian approach the measurements are done 

based on the current configuration using Cauchy stress and rate of deformation. In addition, MPM 

may be considered as a hybrid Lagrangian-Eulerian method in that each step of the simulation 

consists of a Lagrangian step and a Eulerian step. The following section will briefly describe MPM. 

 

3.2.1. MPM Overview 

The Material Point Method (MPM) [36] is used and implemented in the study of this thesis. 

MPM is a particle-based method, similar to SPH, in which it incorporates the advantages of both 

Lagrangian and Eulerian methods. MPM discretizes the bodies into a finite number of material 

points. Each of these material points carries the stresses, strains, momentum, energy, and all other 

thermomechanical properties. As it was mentioned earlier the discretization being particles rather 

than elements will negate the Lagrangian method issue being mesh distortion. Additionally, the 

constitutive equations will be solved at each material point, and they carry all information, which 

will result in avoiding the issue of numerical dissipation from the Eulerian method. 

The simulations in this thesis were modelled with MPM. It consists of a single particle of a pure 

Aluminum powder impacting a cylinder (substrate) with the same material. Figure 3.1 represents 

a 2D schematic of the powder particle before impacting the substrate.  

The grid lines represent the computational mesh which discretizes the simulation domain into 

smaller elements, and the dots represent the body discretization from particle-based method. These 

material points contain all unknowns such as position, momentum, and other material properties. 

The background cells are used for the calculation and interpolation of these unknown values within 

the material point and are considered to be hexahedron shapes comprising 8 nodes and 6 sides in 

the 3D analysis. Figure 2.3. shows the shape of the element. As mentioned, these elements serve 

to interpolate values at each material point by using the element shape functions.  
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Figure 3.1. Discretization of MPM. the lines represent the background grid, and the dots represent the material 

 

The difference between MPM and SPH is their interpolations in their solutions. SPH is a mesh-

less method which utilizes a weighting function known as the SPH kernel. In MPM a 

computational grid is used and shape functions similar to traditional mesh-based FEM are used. 

The MPM is used with an explicit time integration scheme. Different explicit algorithms exist in 

MPM implementation, including the-Stress-First (USF), Update-Stress-Last (USL), and Modified 

Update-Stress-Last (MUSL) schemes [27], The MUSL is proven to have better stability properties 

and is utilized in this work. The overall process in one step of the MUSL algorithm is schematically 

shown in Figure 3.2. Each explicit step consists of a Lagrangian step and a Eulerian step. Given 

the stresses, and strains at all particles, the Lagrangian step starts by forming the equilibrium 

equations at the grid nodes. Note that the material points serve in fact as spatial integration points. 

The grid is therefore used to integrate the equilibrium equations to obtain the gradient and 

divergence terms (namely, forces and momentums) at the grid nodes. In fact, the material point 

data and values will be mapped on their corresponding grid nodes. The nodal velocities and 

displacements are then obtained by solving the equilibrium equation at the grid nodes. This will 

give velocities and displacements of the background grid. The Eulerian step then starts by mapping 

back the velocities and displacements onto the material points. This will update particles 

displacement, velocity, and momentum. Once the particle positions and velocities are updated, the 

constitutive equations are solved at each particle to update their stresses, strains, and other history 

variables. At the end of the process, the grid will be reset back to its original position while the 

material points remain in their deformed position.  This two-step process is repeated at every 

explicit time step until the simulation is complete. Figure 3.2 [36] represents a schematic for the 

MPM algorithm. 

 



19 
 

 

Figure 3.2 Schematic of MPM algorithm. Stage a) material point mass and momentum being mapped on the nodes. 

Stage b) New nodal forces and momentum being calculated based on material point values. Stage c) updating 

material point velocity and position with the nodal values Stage d) The reset of background grid and storing 

material point values [36] 

The following section presents formulation and implementation details of the MPM. 

 

3.2.2 Numerical Implementation of MPM 

The numerical implementation of MPM was developed by Zhang et al [36]. The present 

work was done by utilizing the MPM code developed in [36] as a starting point for further 

implementation of the particle bonding model. 

The adhesion strength prediction model presented in this work as well as the direct bonding model 

proposed in the previous work [1, 2] were numerically implemented within the MPM code. The 

adhesion strength model and the bonding model will be discussed in Chapter 4. The numerical 

implementation of the MPM algorithm is presented in the following. 

The initial values of mass and momentum are mapped from material points to the computational 

grid. This process is done through shape functions identical to traditional FEM. The following 

equations are the mapped mass and momentum. 𝐼 represents the grid node, 𝑝 represents the 

material point and 𝑖 in momentum represents the direction. 

𝑚𝐼 = ∑ 𝑚𝑝𝜙𝐼𝑝

𝑛𝑝

𝑝=1

 (3.1) 
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(𝑚𝑉)𝑖𝐼 = ∑ 𝑚𝑝𝑉𝑖𝑝

𝑛𝑝

𝑝=1

𝜙𝐼𝑝 (3.2) 

 

In the above, 𝑛𝑝 is the number of material points in the domain and 𝜙𝐼 is the finite element shape 

function (similar to FEM) associated with grid node 𝐼. Furthermore, 𝑚𝑝 is the mass of particle 𝑝 

and 𝑉𝑖𝑝 is the 𝑖’th component of the velocity of particle p. The internal and external forces vectors 

are calculated as, 

𝑓𝐼
𝑖𝑛𝑡 = − ∑ ∇𝜙𝐼(𝒙𝑝)𝝈(𝒙𝑝)

𝑛

𝑝=1

𝑣𝑝 (3.3) 

 

𝑓𝐼
𝑒𝑥𝑡 = ∑ 𝜙𝐼(𝒙𝑝)𝑏𝑚𝑝

𝑛

𝑝=1

 (3.4) 

 

where 𝝈 contains Cauchy stress values from the previous time step,∇𝜙𝐼 is the gradient of shape 

functions at node 𝐼, 𝑣𝑝 is the volume of particle 𝑝, and 𝒃 is the vector of body forces per unit mass. 

The discrete equation of motion is used to calculate nodal accelerations based on the internal and 

external forces at each node as 

𝑚𝐼�̈�𝐼 = 𝑓𝐼
𝑒𝑥𝑡 − 𝑓𝐼

𝑖𝑛𝑡 (3.5) 

 

Equation (3.5) will be integrated explicitly in time. For each time equation (3.5) will be solved for 

the first phase being the Lagrangian phase, in which the particles are attached to the grid. The 

Eulerian phase following the Lagrangian phase will reset the grid back into its original position.  

With known grid acceleration, the grid momenta can be calculated based on the grid node 

velocities obtained from the time integration of the nodal accelerations. The grid node momentum 

values will be calculated and used to detect whether two bodies will come in contact with each 

other and if contact force is needed or not [1]. The details of contact algorithm are not presented 

in the present thesis for brevity of presentation. One can find extensive details in [36]. Here, it 

suffices to say that, in general, contact is detected when the particles of the two bodies are near the 

same grid node. The present work will predict the adhesion strength of the two bodies in contact 

in the case of bonding. Details of the model as well as the calculation bonding strength will be 

discussed Later in Chapter 4. 

The simulation continues by updating the material points velocities positions the updated nodal 

values. The following equation shows the update of each material point velocity and position. 

𝑉𝑖𝑝
𝑘+1/2

− 𝑉
𝑖𝑝

𝑘−
1
2 = ∑

𝑓𝑖𝐼
𝑘𝜙𝐼𝑝

𝑘

𝑚𝐼
𝑘

8

𝐼=1

Δ𝑡𝑘 (3.6) 
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𝑥𝑖𝑝
𝑘+1/2

− 𝑥
𝑖𝑝

𝑘−
1
2 = ∑

𝜌
𝑖𝐼

𝑘+
1
2𝜙𝐼𝑝

𝑘

𝑚𝐼
𝑘 Δ𝑡𝑘+

1
2

8

𝐼=1

 (3.7) 

As shown in the RHS summations the number of nodes for each cell containing the material points 

is 8, namely, a regular grid of 8 noded elements is used. In addition, 𝑘  represents the time step.  

Since the current work utilizes MUSL, the grid node momentums are recalculated from the updated 

values of material points velocity. These values will then be used to calculate strain and vorticity 

increments for each material point at each time step. 

The strain and vorticity increments will then be used to update the stress of each material point to 

be used in the next time step. At the end of the time step the Eulerian phase will reset the grid back 

into its original position. Figure 3.3 shows the MPM algorithm flow chart. This works 

implementation has been highlighted in the “orange” box. 
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Each material point mass and momentum 

are mapped to the grid nodes and 

boundary condition is imposed at nodes 

Calculate nodal forces and integrate 

nodal momentum equations 

Check if contact is satisfied at every node 

(Contact detection). Apply contact force at 

nodes where contact is detected 

If bodies are in proximity and bonding 

condition is satisfied (Chapter 4) 

bonding has occurred 

Calculate the adhesion strength of each 

material point based on the proposed 

equation (Chapter 4) 

Update particle position and velocity 

based on nodal velocity and acceleration 

Recalculate nodal momentum from 

updated particle values; reimpose 

boundary conditions 

Calculate particle strain and vorticity 

increments from velocity and gradients. 

Update particle density and stress 

Reset grid to initial positions; 

maintain new material point positions 

and properties 

Figure 3.3 Flow chart of MPM algorithm and this 

works implementation within it 
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3.2.3 Numerical Considerations 

One consideration in this study is the use linear Mie-Gruneisen equation of state as 

described in Zhang et al [36]. This equation was utilized for determining the internal energy and 

pressure within each material point.  

It should also be noted that adiabatic heating was considered as well. The feedstock material should 

be at room temperature, but in CS process there is a noticeable temperature change, and it should 

be considered in numerical modeling [36]. In simulation the output is not relying only on particle 

temperature. The ratio of the temperature should be between the particle temperature, the 

reference, and the melting temperature. 

Extreme deformation in the jetting region of CS proposes challenges in the normal vector 

calculation. This is done since the powder particles are traveling at supersonic speeds. The detail 

of the calculation and the algorithm of the normal vector is discussed in study [1].The current study 

utilizes this knowledge for its purposes. 

Another note that should be highlighted is considering an infinite or semi-infinite media to have a 

better particle resolution within the particle and decrease the computational cost. The Viscous 

damping boundary method described by Ross was used to have a finite media act similar to infinite 

media [36]. 

 

3.3 Constitutive Models 

In simulations and modeling of microparticles and their impact it is essential to have an 

accurate description of the material behavior. This is mostly important for conditions such as CS 

which we are dealing with extreme strains and strain rates and impacts at supersonic speed. The 

following sections present two of these constitutive models. 

 

3.3.1 Johnson-Cook Strength Model 

The Johnson-Cook (JC) [40] model has been used in most constitutive models in CS 

simulations. On the other hand, the JC model has some downsides at high strain rates.  

The JC model might face issues at high strains and also some notes were considered that JC has 

very small strain rate dependence at high temperatures [41] 

All in all, this constative model is not suitable for this study and using this model might cause 

inaccuracies and issues. The following model is used in this study. 

3.3.2. Preston-Tonks-Wallace Strength Model 

The Preston-Tonks-Wallace (PTW) can model plastic deformation with consideration of 

strain rate and thermal effects. Its development allows it to be used in extreme shock regime. The 

values of strain rates can be greater than 107𝑠−1. Previous studies have shown advantages of the 

PTW model over the JC model in numerical simulation of particle impact in CS. 
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Due to the benefits of the PTW model on JC model, the current study uses the MPM code by 

Zhang et al [36] with the addition of PTW strength model in the original MPM code. The flow 

stress within each material point is calculated with the use of this model [36]. 

 

3.3. Verification of MPM code 

Before getting into Chapter 4 and discussing bonding and adhesion strength in CS; the MPM 

implementation is first verified against existing theoretical solution. To do so, the in-house MPM 

code was modified and changed to meet the conditions of a classic study of a plane-strain response 

of a thick hollow cylinder subjected to uniform dynamic pressure [42]. 

In general, the MPM code functions are based on nine different Fortran90 source files, which 

function parallel with each other while reading the input file. The present verification allowed the 

study and investigation of these subroutines in a systematic way and effectively. 

The study analyzed and obtained the displacement of the cylinder through its thickness using 

elastodynamic solution. 

Figure 3.4 represents a mesh representing a quarter of the symmetrical cylinder subjected to 

dynamic pressure (red arrows). The pressure is as follows. 

𝑃(𝑡) = 𝑃0(1 − 𝑒−𝑐0𝑡)  

where 𝑃0 and 𝑐0 are constant values of 20 MPa and 10 𝑠−1 [42] The inner radius was set to 𝑅𝑖 =

1250 𝑚𝑚 and the outer radius 𝑅𝑜 = 1500 𝑚𝑚. 

The cylinder defined in the mentioned application was modeled, and the boundary conditions were 

applied in the input file of the in-house MPM code The uniform pressure on the inner layer and 

the conditions for applying the pressure were implemented within the source file. (i.e. 

“particle.f90” file being one of the source files was modified for the implementation of pressure 

on the inner layer.) 

For the visualization of the cylinder mentioned, which was shown in Figure 3.4, the GMesh 

software was used. It should be mentioned that GMesh only provides a tool for discretizing bodies 

and is used here only for visualization purposes. The cylinders’ grid cell size was set to 𝐷𝐶𝑒𝑙𝑙 =
3 𝑚𝑚, and the particle spacing was set to 𝑑𝑝 = 1.5𝑚𝑚. 

More important, the results obtained from the in-house MPM code, more specifically, for the 

visualization of this studies goal being the prediction of the adhesion strength in case on bonding 

in CS (from Chapter 4 until the end of the thesis) the ParaView software is used. 
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Figure 3.4. Schematic of a quarter of the Cylinder subjected to dynamic pressure. Red arrows represent the 

pressure 

The mentioned equation and the cylinder modeling were done using the MPM code. As shown in 

Figure 3.4 the quarter of the cylinder was modeled and the dynamic pressure was applied to the 

cylinder. 

Figure 3.5 shows the plot of the results obtained from the MPM code and the mentioned study 

[42]. It can be seen that the results are reasonably near each other. It should be noted that the root 

mean square (RMS) calculated for the displacements achieved in study [42] is about 0.1058, and 

the RMS calculated utilizing the results obtained from in-house MPM code is about 0.1088. These 

values are reasonably close to each other, indicative of the accuracy of the results obtained 

numerically using the MPM code. 

It should be mentioned that the discretization value and sensitivity influenced the results. Six tests 

with different discretization levels were performed, and it showed that the smallest discretized 

value test (which is presented in Figure 3.5) had closest values to the previous study. Also, the 

overall solution quality remained the same for different discretization considered. 
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Figure 3.5 Radial displacement through the cylinders thickness. Results compared between MPM study and 

elastodynamic solution in study [42] 

 

Considering that the discretization level also was a parameter influencing the results, which led to 

six tests being performed to achieve a reasonably close result to study [42], it should be noted that 

the computational efficiency of tests performed were also high and the computational cost of 

performing these tests were reasonable. 
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Chapter 4: Adhesion Strength Bonding Model 
 

As mentioned earlier, many studies have been done on the effects of process parameters on the 

adhesion strength, microstructural evolution, mechanical properties, and fracture behavior of 

materials in CS [43, 44, 45, 46]. These studies point out the importance of the observation of the 

bonding phenomenon, and how the process of impact is affected by certain parameters. In the 

following section the bonding model proposed in studies [1, 2] will be discussed. 

In section 4.2 the adhesion strength prediction utilizing works [1, 2] will be thoroughly discussed. 

The affecting process parameters will be mentioned and both observations of numerical and 

experimental studies on the prediction of adhesion strength will be discussed. 

 

4.1. Direct Bonding Model 

In studies [1, 2] the implementation of the direct bonding model introduces a new history 

variable known as the bonding parameter (𝐷𝑏𝑜𝑛𝑑) on the contact boundaries. Its value determines 

if bonding has occurred in the contact region or not. 

In this study we will not get into the details of evolution of the bonding parameter, but in short, 

the first implementation of the bonding parameter used the surface strain and strain rate to calculate 

increments of ΔD at each time step [1]. This was further changed into using the surface energy and 

energy rate to calculate 𝛥𝐷𝑏𝑜𝑛𝑑, the increment of bonding parameter at each step. This change was 

done due to the results of several sensitivity analyses tests [1, 2]. 

This study utilizes the latter model of the energy-based direct bonding model [1, 2]. The direct 

bonding model used in this study consists of two material constants, first being the critical adhesion 

energy 𝐺𝑐, and second the critical adhesion energy rate �̇�𝑐. 

It should be mentioned that the implementation of the proposed direct bonding model in fact had 

been tested and analyzed with experimental observations [47]. Figure 4.1 represents the numerical 

study of the single particle impact of pure Al using MPM and considering the direct bonding 

model. It can be seen in the case of impact and occurrence of bonding, both numerical and 

experimental observations are very similar in the material jetting phenomena. The material jetting 

phenomena can be seen in the numerical result since the grid size and the particle spacing size are 

very small. 

The following section will discuss further the direct bonding model utilizing the adhesion energy 

rather than using strain. 
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Figure 4.1 The LHS figures represent the numerical study and the RHS figures [47] represent the experimental 

observations. The top row shows the comparison of both observations before impact. The bottom row shows the 

comparison of both observations. It can be seen that the material jetting caused by the bonding phenomenon can be 

observed in both observations 

 

4.1.1. Energy-based Bonding Model 

As it was mentioned earlier, the latter model utilizes energy rather than strain to incorporate 

stress values as well for strength calculations. The bonding parameter (𝐷𝑏𝑜𝑛𝑑) value determines 

whether bonding has occurred in the contact region in a specific material point (𝒙𝑝) or not. Figure 
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4.1 represents the impact of a single particle, and a brief description of how bonding parameter 

determines bonding. 

The energy-based bonding model is comprised of two material constants. The critical surface 

adhesion energy 𝐺𝑐, and the critical surface adhesion energy rate �̇�𝑐. 

The rate of 𝐷𝑏𝑜𝑛𝑑 value is considered to be more than zero for material points within the bonding 

region. Figure 4.2 describes the relation as well. It can be seen that for material points (𝒙𝑝) in the 

contact region (𝑆), the value of �̇� is more than zero. 

 

 

Figure 4.2 Two bodies (𝐵1and 𝐵2) are represented. The impact of the particle (𝐵1) on the substrate (𝐵2) can be 

seen in the RHS figure. Considering the red arc being the contact region (𝑆) (In case of occurrence of boning), the 

�̇� value is more than zero for material points in the contact region 

 

The evolution of the bonding parameter for the at each material point on the bonding boundary is 

as follows. 

𝐷(𝑥𝑝) = ∑ ∆𝐷(𝒙𝑝)

𝑡1,𝑡2,…

 (4.2) 

The ∆𝐷(𝒙𝑝) is as follows. 

∆𝐷(𝒙𝑝) =
∆𝐺𝑠(𝒙𝑝)

𝐺𝑏𝑜𝑛𝑑
  (4.3) 

 

The 𝐺𝑏𝑜𝑛𝑑 in relation (4.4) is dependent on 𝐺𝑐 and �̇�𝑐. The relation is as follows. 

𝐺𝑏𝑜𝑛𝑑 = 𝐺𝑐 (1 − 𝑙𝑛
∆𝐺𝑠(𝒙𝑝)

�̇�𝑐∆𝑡
)  (4.4) 

 

The ∆𝐺𝑠(𝒙𝑝) represents the increment of the adhesion energy at each material point at each time 

step. The relation for ∆𝐺𝑠(𝒙𝑝) is also as follows. 

(4.1) 
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∆𝐺𝑠(𝒙𝑝) = 𝜎𝑣𝑚(𝒙𝑝) ∙ ∆𝜀𝑝(𝒙𝑝)  (4.5) 

 

The 𝜎𝑣𝑚(𝒙𝑝) is the von Mises stress and ∆𝜺𝑝(𝒙𝑝) is the increment of the effective plastic strain. 

It was shown in [2] that the evolution of the bonding parameter is dependent on spatial 

discretization unless some proper remedies are applied. In this case the bonding parameter 

increment approaches zero in a limit of mesh refinement. To counter the mesh dependence, a 

regularization approach similar to what is typically used damage/fracture mechanics is utilized. 

Recall that bonding may be considered to be a similar but opposite process to damage/ fracture. 

With this being said, the 𝐺𝑐 and �̇�𝑐 are replaced by their regularized values. 

𝐺𝑐
′ =

𝐺𝑐

ℎ𝑠
,      �̇�𝑐

′ =
�̇�𝑐

ℎ𝑠
  (4.6) 

 

The new values are obtained by including a measure of the mesh size ℎ𝑠 in the relation. It was 

shown that [2] with including these regularized values the evolution of the bonding parameter 

remained consistent with different discretization levels. 

 

4.1.2. Calibration of the Energy-based Bonding Model 
Logistic regression was performed in order to determine combinations of critical surface 

adhesion energy and critical surface adhesion energy rate that leads to bonding of a particle for a 

given impact velocity. This allows finding a pair of model constants for which the velocity that 

leads to bonding matches the experimentally measured critical velocities. This set is taken to be 

the calibrated model constants.  

Numerical simulations were conducted in [1, 2] to calibrate the model based on the approach 

described above. The following notes should be mentioned. 

• Two single particle powder sizes were considered (14 micro-meter and 30 micro-meter). 

Experimental measurements were performed in [21]. The material was pure Al.  

• For the 14 micro-meter powder particle, the critical velocity measured is 810 m/s. 

• For the 30 micro-meter powder particle, the critical velocity measured was 770 m/s. 

• Grid cell and Particle spacing values are 0.7 micro-meter and 0.175 micro-meter 

respectively. 

• 375 different combinations of 𝐺𝑐 and �̇�𝑐 (375 tests) were considered to obtain the logistic 

regression plot. 

The single splat tests were performed for 99.7% weight Aluminum powder with different 

combinations of 𝐺𝑐 and �̇�𝑐. In the logistic regression plot obtained, each combination of the critical 

surface adhesion energy and energy rate would show whether bonding occurs when the powder is 

impacting the substrate at its critical velocity. 
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Figure 4.3 represents the results of the energy-based bonding model calibration. As it can be seen 

in the two plots (red, representing the 14 micro-meter powder size and blue, representing the 30 

micro-meter powder size), the intersection point being Data 1 shows that the combination of 𝐺𝑐 

and �̇�𝑐 for both powder sizes will result in bond initiation. 

It should be noted that the combinations of 𝐺𝑐 and �̇�𝑐 which are below the corresponding plot 

(bonding/decision boundary) will result in a bonded state whereas the combinations of 𝐺𝑐 and �̇�𝑐 

which are above the plot will result in a non-bonded state. 

The intersection point value of 𝐺𝑐 and �̇�𝑐 obtained from this calibration (Data 1) will later be used 

to predict the adhesion strength of this test. Other combinations which will result in bonding will 

also be observed and be studied for the adhesion strength prediction. 

 

 

Figure 4.3 Logistic regression plot obtained for two particle powder sizes. 375 tests (different combinations of 

critical surface adhesion energy and energy rate) were performed to obtain the different combinations and observe 

whether it results in bonding or not on impact in critical velocity. Combinations below the plot are resulted in 

bonded and combinations above the plot are considered non-bonded. 
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All test results discussed in this study consider the same values of DCell and Particle spacing 

mentioned earlier and in Figure 4.3. The following section will discuss the adhesion strength 

prediction. 

4.2. Adhesion Strength Prediction in CS 

This section will discuss how the adhesion strength model was proposed and how it utilizes 

the energy-based bonding model to predict the adhesion strength in occurrence of bonding. In other 

words, the energy-driven boding model will be enhanced to be capable of predicting the adhesion 

strength at bonded zones as well 

The following sections will discuss adhesion strength calculations and studies from numerical and 

experimental point of view. The implementation of this study’s proposed prediction relation will 

be shown and discussed. 

 

4.2.1. Adhesion Strength Prediction (Numerical Aspect) 

Most studies on adhesion strength calculations are done through experiments and tests, 

which require a lot of time for testing numbers of tests to analyze the effect of different process 

parameters on the adhesion strength of CS process on impact. Utilizing numerical studies will help 

this issue and will facilitate the number of different tests we can perform. 

In a review study [48], different methods of numerical modeling were performed and analyzed. 

This study modeled particle impact. Deformation mechanism, prediction of critical velocity, and 

residual stress in areas of interest were studied. 

Study [49] utilized Molecular Dynamics (MD) to study the bonding mechanisms and interlockings 

in copper/copper system. It was suggested that local melting at the interface led to adhesive 

bonding. It was also discussed that based on their observation the bonding mechanisms was a 

combination of metallurgical, mechanical and grain boundary interlocking at the interface. 

In study [29] a semi-empirical equation was proposed to calculate the adhesion strength as a 

function of rate of increase of the gradient of the temperature (namely, �̈� =
𝑑2𝑇

𝑑𝑡2
). The study [29] 

performed numerical modeling as well as experiments. Their numerical modeling was setup in 

ABAQUS/explicit software. The proposed semi-empirical equation function behavior served as a 

basis for this study’s proposed relation for prediction the adhesion strength. In our case, the 

empirical evolution function is dependent on the bonding parameter (𝐷𝑏𝑜𝑛𝑑). The model will be 

discussed in detail in Section 4.3. 

 

4.2.2. Experimental aspects in prediction of adhesion strength 

As mentioned in the previous section, study [29] observed SEM images of single-particle 

impact. In different conditions in which the results would be bonded particles, these SEM images 

consisted of two distinct regions. Figure 4.4 represents a single particle of Ti-6Al-4V impact at 

velocity of 730 m/s. The first region is a circular shape in the form of an outer ring. This region is 

where contact was observed. The adhesion strength was also calculated with a strength value. The 
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second region is the mid-section known as the south pole which its temperature is relatively low, 

and no bonding was predicted in this region. This will also be observed in the results of this study 

which the south pole did not predict any adhesion strength. 

 

 

Figure 4.4 Bonding region for a single particle of Ti-6Al-4V impact at 730 m/s. The SEM image shows that 60% of 

the contact area is bonded [29]. 

 

Study [50] also observed similar results. As it can be seen in Figure 4.5, the south pole (red box) 

is observed to be the nonbonded region while the ring (green box) is the bonded region. 

 

Figure 4.5 Bonding region of Al-6061 deposition. The bonded and nonbonded areas can be seen in the green and 

red box respectively [50] 

 

Study [44] considered factors affecting the bond strength of Al powders in CS. The study focused 

on studying other materials in CS such as ceramics for substrate. The influence of substrate 

material, substate temperature, and particle size were investigated. Another study [51] investigated 

the effect of coating thickness on the adhesion strength and residual strength. A powder formed on 
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the chemical composition of IN 718 was sprayed on IN 718 substate.  It was observed that the 

adhesion strength of coated areas would decrease with the increase of coating thickness.  

 

4.3. Adhesion Strength Numerical Implementation 

As it was mentioned earlier with observing and investigating the sigmoid behavior of the 

semi-empirical equation [29] this study proposes the following relation (4.7) for the prediction of 

the adhesion strength. This relation complements the current energy-based model proposed in 

study [1, 2]. The adhesion strength evolves based on the following relation. 

𝜎 = 𝜎𝑐

1

1 + 𝑒−𝐾(𝐷𝑏𝑜𝑛𝑑−𝜅)
  (4.7) 

  

In the above equation 𝜎 represents the bonding strength predicted at a material point. The material 

constants, 𝜎𝑐 is the maximum bonding strength achievable at a material point. 𝐷𝑏𝑜𝑛𝑑 represents 

the bonding parameter proposed in study [1, 2]. 𝜅 is the threshold for 𝐷𝑏𝑜𝑛𝑑 at which the adhesion 

strength build-up triggers. 𝐾 is the tuning parameter and shows how quickly the adhesion strength 

builds up at a material point. (Namely, the rate at which the function goes from 0 to 𝜎𝑐). 

Figure 4.5 represents the sigmoid behavior of adhesion strength function 𝜎 in relation to the 

bonding parameter 𝐷𝑏𝑜𝑛𝑑. The change of the function’s builds up with the change of the tuning 

parameter (𝐾) value is also shown in figure 4.5. It should be noted that the value of the input of 

this relation which is the bonding parameter (𝐷𝑏𝑜𝑛𝑑) will not achieve the high values presented in 

figure 4.5. Most of the observations from the simulations showed that the values remained under 

10. 
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Figure 4.5 Adhesion strength model prediction output (𝜎) in relation to the bonding parameter (𝐷𝑏𝑜𝑛𝑑) [1, 2]. 

Change of adhesion strength build up with the change of the tuning parameter (𝐾)  

 

The implementation of this relation is done in the method mentioned in Chapter 3 which was 

MPM. This method consists of two phases in each time step. The first phase being the Lagrangian 

phase in which the particles are attached to the grid. The velocity and the position are updated 

based on solutions achieved from equation 3.5 in Chapter 3. The second phase, being the Eulerian 

phase, will reset the grid back to its original position while the material points remain in their 

updated form. The information stored in the material points will be mapped onto the new grid 

nodes of the next time step. This will allow the initiation of the solution for the next time step. The 

stresses are updated within each time step with the use of the Modified Update Stress Last (MUSL) 

scheme.  

The bonding and the prediction of the adhesion strength is included with assigning each material 

point in the boundary surface of the particle-substrate model with one bonding parameter (𝐷𝑏𝑜𝑛𝑑) 

and one adhesion strength parameter (𝜎). The particles’ bonding parameter is mapped to the grid 

nodes similar to other information such as velocity and acceleration.  
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Chapter 5: Numerical Results and Discussion 
 

This chapter will discuss the results obtained from the implementation of the adhesion strength 

prediction method presented in the previous Chapter. This chapter is discussed in two sections. 

The first section will discuss the relation implemented in the MPM code and the values defined 

for the parameters will also be presented. The predicted adhesion strength distribution and the 

values obtained will be shown. The average adhesion strength obtained from the impact is also 

presented. The second section will discuss the sensitivity of the presented relation in this study for 

predicting the adhesion strength in relation to 𝐺𝑐 and �̇�𝑐 and will show how the change in these 

values (considering that the combination maintains in the bonding region discussed in Chapter 4) 

will affect the predicted adhesion strength and the distribution achieved on impact. 

Before discussing the results obtained from the simulations, some key notes are presented and 

should be considered. 

The simulations in this study were performed considering that the single powder particle and the 

substrate are both from 99.7% pure Al. For achieving Figure 4.3 both diameters of 14 and 30 

micro-meter were considered for the single powder particle but considering that the aim of this 

study is to predict the adhesion strength in occurrence of bonding (combinations of 𝐺𝑐 and �̇�𝑐 in 

bonding region) the results shown in this chapter are for the 14 micro-meter diameter. Therefore, 

the critical impact velocity is also considered to be 810 m/s. 

The presented results, considering the adhesion strength prediction relation (presented in relation 

1) consider two trials values for the parameters of the bonding strength model equation (4.7). Note 

that to obtain the true calibrated value of 𝜎𝑐 for a specific material several experimental tests should 

be performed. Similarly, for obtaining the exact value of 𝜅  the model needs to be calibrated against 

experimental data. Designing and conducting such experiments are beyond the scope of this thesis. 

Thus, trial values were assumed for the model parameters as 𝜎𝑐 =180 MPa and 𝜅 = 0.85. This 

assumption will be discussed in Chapter 6. 

 

5.1. Adhesion Strength Prediction Results 

The presented result for this section is considering the calibrated value for 𝐺𝑐 and �̇�𝑐 

achieved from the 375 tests presented in Chapter 4. The results previously shown in Figure 4.3 are 

repeated again in Figure 5.1 for easier reference. The calibrated combination of the mentioned 

parameters can be seen in the intersection point of the two curves obtained for the two particle 

diameters. The calibrated �̇�𝑐 and 𝐺𝑐 values obtained are 2.271 𝐽/𝑚2𝑠 and 1503.74 𝐽/𝑚2, 

respectively. 
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Figure 5.1 Logistic Regression plot discussed in Figure 4.3 

 

Consider the  adhesion strength prediction model of equation  (5.1) (which is the same equation as 

the previously presented equation (4.7)). This equation is used to predict the adhesion strength 

when  bonding occurs due to particle impact. Thus, a combination of 𝐺𝑐 and �̇�𝑐 close and below 

to the bonding boundary of the particles is considered. The calibrated values of 𝐺𝑐 and �̇�𝑐 on the 

calibration plot are not used since for those values bonding has just barely happened and so can 

cause issues in the numerical simulation. The combination considered for �̇�𝑐 and 𝐺𝑐, considering 

that it should also maintain in the bonding region as well as close to the contact point, is 2.00 

𝐽/𝑚2𝑠 and 1500 𝐽/𝑚2. This combination will ensure the bonding occurrence and also the results 

achieved were promising considering the combination being near the calibrated point. It should be 

noted that several other combinations have also been tested and will be discussed further into this 

chapter. 

Recall that the bonding strength mode is given by 

𝜎 = 𝜎𝑐

1

1 + 𝑒−𝐾(𝐷−𝜅)
  (5.1) 

  

The assumed values of the parameters in relation (5.1) are 𝜎𝑐 =180 MPa and 𝜅 = 0.85 as 

mentioned previously. Furthermore, the tuning value 𝐾 is considered to be 1 since the rate seemed 
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to be more effective in comparison to other values. The bonding parameter 𝐷𝑏𝑜𝑛𝑑 is known as the 

input. As it was discussed in Chapter 4, the value of 𝐷𝑏𝑜𝑛𝑑 achieved for each material point will 

show whether bonding has occurred or not. The bonding strength model only applies to material 

points at which bonding is achieved.  

The following section will show and discuss the predicted adhesion strength considering the 

mentioned values and parameters. 

 

5.1.1. Adhesion Strength Distribution 

Figure 5.2 shows the predicted adhesion strength obtained using �̇�𝑐 = 2.00 𝐽/𝑚2𝑠 and 

𝐺𝑐 = 1500 𝐽/𝑚2. Results shown correspond to 𝑡 = 5 𝑚𝑠 after impact. As can be seen, the 

adhesion strength is predicted on the outer layer of material points representing the particle’s 

surface. Figure 5.3 shows a detailed view of the distribution of the predicted adhesion strengths 

shown in Figure 5.2. Note that the adhesion strength is only meaningful for particles that are 

predicted to be bonding by the bonding prediction model (see Section 5.2). Therefore, material 

points that are not bonded are excluded from both Figures 5.2 and 5.3.  Recall that the bonded 

particles have a value of bonding parameter greater than 1. 

 

 

Figure 5.2 The predicted adhesion strength distribution of the impact of a 14 micro-meter Al powder on an Al 

substrate at 810 m/s. The 𝐺𝑐 and �̇�𝑐 considered were 2.00 𝐽/𝑚2𝑠 and 1500 𝐽/𝑚2 respectively. The adhesion 

strength distribution results vary from 59 to 130 MPa. The average adhesion strength is 42.16 MPa. 
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Figure 5.3 The predicted adhesion strength distribution in detail. (The result is figure 5.1 in detail) 

 

As seen in both Figures 5.2 and Figure 5.3, the predicted adhesion strength values for each material 

point in presented. In a qualitative comparison with the experimental observations shown  in Figure 

4.4, it can be seen that in the south pole no value for the adhesion strength was predicted which 

shows that no bonding has occurred in that region. The outer layer which adhesion strength was 

predicted reaches about the leading edge of the particle and substrate which material jetting occurs 

in bonding. The predicted values for the predicted adhesion strength in this case varied from 59 to 

130 MPa in the contact region. 

The following section will discuss the average adhesion strength calculation of the results obtained 

and will discuss the achieved value for the above conditions. The other values in other conditions 

considered in the sensitivity analysis section are presented in the same section) 

 

5.1.2. Average Adhesion Strength 

The calculation of the average adhesion strength was also implemented in the MPM code. 

The calculation considers the sum of all bonded material points’ adhesion strength multiplied by 

their mass, all divided by the sum of all bonded material points masses. The calculation was done 
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parallel to defining the bonded material points. A brief calculation of the adhesion strength can be 

seen below. 

𝜎𝑎𝑣𝑔 =
∑ (𝜎𝑖 ∗ 𝑚𝑖)

𝑛(𝑏𝑜𝑛𝑑𝑒𝑑)
𝑖=1

∑ 𝑚𝑖
𝑛(𝑏𝑜𝑛𝑑𝑒𝑑)
𝑖=1

 

Considering the condition of the result obtained in section 5.1.1, the predicted average adhesion 

strength was calculated 42.16 MPa. 

Considering study [27] which calculated the adhesion strength to be 31 MPa the calculated 

adhesion strength from the proposed relation is very promising considering that trials values are 

used for 𝜎𝑐 and 𝜅, and the combination of the parameter being near the calibrated 𝐺𝑐 and �̇�𝑐 values 

The following section will discuss the sensitivity analysis of the prediction model. 

 

5.2. Sensitivity Analysis 

The purpose of this section is to analyze and study the effect of different combinations of 

𝐺𝑐 and �̇�𝑐 on the predicted adhesion strength on impact. To do so, each of the parameters were 

kept fixed while varying the other one to isolate its impact on the simulation results. It was made 

sure that all combinations considered lead to results that remained in the bonded region. 

Figure 5.4 shows the calibration plot along with the combinations of model parameters used in the 

sensitivity analysis marked as red points. Note that the chosen combinations are in the bonded 

region. The values for both the critical adhesion energy and the critical adhesion energy rate vary 

between 1000 to 1750 and 0.5 to 5.4 respectively. Table 5.1 summarizes the combinations chosen 

for 𝐺𝑐 and �̇�𝑐 taken from Figure 5.4. In the following,  results obtained  using the above-mentioned 

combinations of model parameters will be discussed. 
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Figure 5.4 Logistic regression plot of critical adhesion energy rate and critical adhesion energy. Red point are 

combinations of 𝐺𝑐 and �̇�𝑐 in the bonded region The nearest red point to the calibrated value is 1500 and 2 

respectively. The result of this combination was discussed in the previous section. 

 

Table 5.1 The combinations of 𝐺𝑐 and �̇�𝑐 which were considered as red points in figure 5.3 
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Figure 5.5 and Figure 5.6 show the results obtained for using �̇�𝑐 = 0.5 and 𝐺𝑐 = 1750. The 

parameters mentioned are the first row of table 5.1. It can be seen that little to no regions of non-

bonded area were obtained. The average adhesion strength was about 132.9 MPa, which is very 

high for CS process and the range of the experimental results do not reach this value. In this case, 

the adhesion strength values varied from 54 MPa to 180 MPa in contact region. 

 

 

Figure 5.5 Impact of an Al single powder particle onto Al substrate. Combination of 𝐺𝑐 and �̇�𝑐 being 1750 𝐽/𝑚2 

and 0.5 𝐽/𝑚2𝑠 respectively 
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Figure 5.6 Distribution of adhesion strength (Figure 5.4 contact region) 

Next, the combination on the second, third, and forth rows of table 5.1 are considered and tested. 

Figure 5.7, 5.8, and 5.9 represent the results obtained for �̇�𝑐 = 1 with different values of 𝐺𝑐 = 

1000, 1250, and 1500. From these results, the non-bonded region is observed in the south pole but 

the results are  different for each case. The key conclusion obtained from these tests is the fact that 

the changes in 𝐺𝑐 had little effect on the adhesion strength values. The change is also little in the 

obsereved contact region and distribution of adhesion strengths. 

 

 

Figure 5.7 Distribution of adhesion strength in contact region. Combination of 𝐺𝑐 and �̇�𝑐 being 1000 𝐽/𝑚2 and 1 

𝐽/𝑚2𝑠 respectively 
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Figure 5.8 Distribution of adhesion strength in contact region. Combination of 𝐺𝑐 and �̇�𝑐 being 1250 𝐽/𝑚2 and 1 

𝐽/𝑚2𝑠 respectively 

 

Figure 5.9 Distribution of adhesion strength in contact region. Combination of 𝐺𝑐 and �̇�𝑐 being 1500 𝐽/𝑚2 and 1 

𝐽/𝑚2𝑠 respectively 

The average adhesion strength achieved for the above 3 combinations were also 107.6 MPa, 103.3 

MPa, and 99.86 MPa, respectively. The change of adhesion strength is little with the change of 𝐺𝑐. 

On the other hand, comparing the results shown in 5.7, 5.8 and 5.9 with the results shown in Figure 

5.6 indicates the prediction of the model changes drastically so that a non-bonded area can emerges 
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in the results when �̇�𝑐 increases from 0.5 to 1. For this set of model parameters combinations, the 

adhesion strength values varied from 54 MPa to 170 MPa on the bonded surface. 

Figures 5.10, 5.11, and 5.12 represent the results obtained with �̇�𝑐 = 2 and different values of 

𝐺𝑐 = 1000, 1250, and 1500. These correspond to the 5th, 6th, and 7th row of table 5.1. Note that the 

combination �̇�𝑐 = 2  and 𝐺𝑐 = 1500 was also discussed in the previous section. This combination 

was considered to be a close point to the calibrated �̇�𝑐 and 𝐺𝑐 values. It can be seen that the non-

bonded area has begun to expand with the increase of �̇�𝑐, and little changes can be seen with the 

changes of 𝐺𝑐. 

 

 

Figure 5.10 Distribution of adhesion strength in contact region. Combination of 𝐺𝑐 and �̇�𝑐 being 1000 𝐽/𝑚2 and 2 

𝐽/𝑚2𝑠 respectively 
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Figure 5.11 Distribution of adhesion strength in contact region. Combination of 𝐺𝑐 and �̇�𝑐 being 1250 𝐽/𝑚2 and 2 

𝐽/𝑚2𝑠 respectively 

 

Figure 5.12 Distribution of adhesion strength in contact region. Combination of 𝐺𝑐 and �̇�𝑐 being 1500 𝐽/𝑚2 and 2 

𝐽/𝑚2𝑠 respectively 
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The average adhesion strength calculated for these 3 sets of tests was 66.39 MPa, 50. 15 MPa, and 

42.16 MPa, respectively. The non-bonded area has increased in comparison to �̇�𝑐 = 1. 

Figure 5.13 shows the results obtained with �̇�𝑐 = 3.5 and 𝐺𝑐 = 1000. It can be seen that the non-

bonded region is growing with the increase of �̇�𝑐. Also the averge adhesion strength achieved was 

36.47 MPa for this condition. 

 

 

Figure 5.13 Distribution of adhesion strength in contact region. Combination of 𝐺𝑐 and �̇�𝑐 being 1000 𝐽/𝑚2 and 3.5 

𝐽/𝑚2𝑠 respectively 

 

In Figure 5.14 the �̇�𝑐 value has further increased to 4.5 while maintaining 𝐺𝑐 at 1000. The non-

bonded area has increased extremly and can also be observed in the outer layer where bonding 

occures. The bonded area is relatively small and average adhesion strengh achieved was 13.41 

MPa.  
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Figure 5.14 Distribution of adhesion strength in contact region. Combination of 𝐺𝑐 and �̇�𝑐 being 1000 𝐽/𝑚2 and 4.5 

𝐽/𝑚2𝑠 respectively 
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Chapter 6: Conclusions and Future Work 
 

This chapter will discuss the results obtained from chapter 5. The predicted adhesion strength as 

well as parameters influencing it are discussed. At the end of the chapter future works and further 

studies are mentioned. 

6.1. Conclusions 

First the dependence of the predicted adhesion strength on the bonding parameter 𝐷𝑏𝑜𝑛𝑑 is 

demonstrated in Figures 6.1 and 6.2. These two examples were taken from the results shown in 

Chapter 5. Figure 6.1 shows this correlation for �̇�𝑐 and 𝐺𝑐 value being 4.5 J/m2s and 1000 J/m2 

respectively. Figure 6.2 shows this correlation for �̇�𝑐 and 𝐺𝑐 value being 0.5 J/m2s and 1000 J/m2 

respectively. 
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Figure 6.1 Quantitative comparison of the bonding parameter 𝐷 distribution with the adhesion strength prediction 

distribution. (�̇�𝑐 and 𝐺𝑐 value being 4.5 𝐽/𝑚2𝑠 and 1000 𝐽/𝑚2 respectively) 
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Figure 6.2 Quantitative comparison of the bonding parameter 𝐷 distribution with the adhesion strength prediction 

distribution (�̇�𝑐 and 𝐺𝑐 value being 0.5 𝐽/𝑚2𝑠 and 1000 𝐽/𝑚2 respectively) 

 

It is observed that the variation of the predicted adhesion strength is consistent with the variation 

of the bonding parameters. The regions with minimum and maximum values of adhesion strength 

correspond to the regions with minimum and maximum values of bonding parameter. 

Figure 6.3 shows the average adhesion strength achieved from all the tests in relation to the critical 

adhesion energy rate. As it was discussed earlier, since the increase of the critical adhesion energy 

resulted in increase of the non-bonded region in the contact area, the values for the average 

adhesion strength decrease with increasing the value of �̇�𝑐.  

On the other hand, Figure 6.4 illustrates the relationship between the predicted adhesion strength 

and the critical adhesion energy, with a fixed value of the critical adhesion energy rate set at 1. It 

is observed that the predicted adhesion strength remains nearly unchanged with the variation of 

the critical adhesion energy. 

The above results demonstrate that the rate of critical adhesion energy has a more significant 

impact on the predicted adhesion strength compared to critical adhesion energy. This implies that 

small variations or fluctuations in the rate of the critical adhesion energy can lead to significant 

differences in the predicted adhesion strength. 
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Figure 6.3 The predicted average adhesion strength plot for all 9 tests vs the critical adhesion energy rate 

 

 

Figure 6.4 Predicted average adhesion strength vs critical adhesion energy, considering the critical adhesion 

energy rate set to 1 
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These tests show the effect of the change in materials properties can result in different values of 

bonding and in result the adhesion strength. Numerical study makes it much easier to observe these 

changes and analyze them in comparison to experimental studies. The numerical framework 

presented proves a reliable approach to analyzing the strength of bonding in particle impact in cold 

spray. 

 

6.2. Future Work 

As it was mentioned in chapter 5, 𝜅 and 𝜎𝑐 values were considered as trial values since the 

model should be calibrated. The 𝜎𝑐 value can be achieved by performing several adhesion tests 

and having an average value of the adhesion strength of the coating. Then the true value along 

with 𝜅 should also be obtained from calibrating the adhesion strength prediction model. 

During the study of this thesis several tests were performed with one of the members of our 

research group. The attempt for single splat tests were made utilizing several relations from 

previous studies which correlated the pressure and temperature of the CS system with the particle 

velocity exiting the nozzle. The distance of the nozzle and the substrate was also studied to have 

optimal results of single splat tests. The attempted tests and the results obtained are yet to be 

concluded and achieved. In case of achieving the required coating of a single particle splat, an 

adhesion test can be performed to obtain the average adhesion strength. 

In the previous study of our research group, the calibration formulation was developed and utilized 

in their study. Utilizing the tests conducted and studied in the above paragraph the parameters of 

the proposed relation for the prediction of the adhesion strength can be calculated (true values of 

𝜅 and 𝜎𝑐 cand be obtained). The adhesion strength can then be calculated based on the estimated 

true values of the mentioned parameters. 

Performing multiple particle impact simulations can resemble real world cases. The simulations 

performed for the study of this thesis can be performed utilizing several powder particles, as well 

as larger substrate to observe the bonding behavior of multi particle impacts. The material jetting 

of particles impacting the substrate and each other can be observed and analyzed. The adhesion 

strength can also be calculated and compared to single splat condition. 

Different geometries can be considered while performing the simulations. An ideal shape can be 

considered for the prediction of the adhesion strength. The simulations of this study considered 

spherical particles and the jetting occurred at the periphery of the contact area which in the case of 

spherical particles is in circle form. Particles with other geometries can be considered and the 

deformation of the particle as well as the quality of the bonding can be analyzed and studied. 

The current study can predict the bonding region, and how bonding shapes when particles impact 

the substrate. As it was mentioned earlier in the thesis, the south pole region was predicted and 

experimentally shown to be the nonbonded region, and the outer rim was considered to be the 

bonded region. The occurrence of the south pole has not been discussed considering numerical 

approach in the current study which can be further analyzed in future works. 
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