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ABSTRACT 

NUMERICAL SIMULATION OF HIGH VELOCITY IMPACT OF A 

SINGLE POLYMER PARTICLE DURING COLD SPRAY 

SEPTEMBER 2016 

SAGAR PANKAJ SHAH, B.E., K.J. SOMAIYA COLLEGE OF ENGINEERING 

M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 

Directed by: Professor Jonghyun Lee 

The cold spray process is an additive manufacturing technology primarily suited 

for ductile metals, and mainly utilized in coating surfaces, manufacturing of freeform parts 

and repair of damaged components. The process involves acceleration of solid micro-

particles in a supersonic gas flow and coating build-up by bonding upon high velocity 

impact onto a substrate. Coating deposition relies on the kinetic energy of the particles. 

The main objective of this study was to investigate the mechanics of polymer cold spray 

process and deformation behavior of polymers to improve technological implementation 

of the process.  

A finite element model was created to simulate metal particle impact for copper 

and aluminum. These results were compared to the numerical and experimental results 

found in the literature to validate the model. This model was then extended to cover a wide 

range of impact conditions, in order to reveal the governing mechanisms of particle impact 

and rebound during cold spray. 
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A systematic analysis of a single high-density polyethylene particle impacting on a 

semi-infinite high density polyethylene substrate was carried out for initial velocities 

ranging between 150m/s and 250m/s by using the finite element analysis software 

ABAQUS. A series of numerical simulations were performed to study the effect of a 

number of key parameters on the particle impact dynamics. These key parameters include: 

particle impact velocity, particle temperature, particle diameter, and particle density, 

composition of the polyethylene particle, surface composition and the thickness of a 

polyethylene film on a hard metal substrate. The effect of these parameter variations were 

quantified by tracking the particle temperature, deformation, plastic strain and rebound 

kinetic energy. The variation of these parameters helped define a window of deposition 

where the particle is mostly likely to adhere to the substrate. 
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Figure 1-1: The Cold Spray Process Setup. 

CHAPTER 1 

INTRODUCTION TO COLD SPRAY 

Cold Spraying or Gas Dynamic Cold Spraying (GDCS) is a coating technique that 

uses high speed particle impact over a substrate for deposition. This technique is useful for 

creating either metallic or polymeric coatings. Cold Spraying is very effective for corrosion 

resistant coatings, wear resistant coatings, dimensional restoration and repairs, anti-

microbial surface depositions [1]. Consequently, it has gained attention in aerospace, 

automobile manufacturing and chemical industries. 

 

 

 

 

 

 

 

In this process, the particles with size ranging from 5-70 µm in diameter are 

accelerated at high velocities, as high as MACH 3, by a high speed gas flow through a 

convergent-divergent de Laval nozzle. The impact of particle at such high velocities forms 

a coating due to extensive plastic deformation. The entire process occurs at temperatures 

below the melting point of the particle and the process is named cold spraying in contrast 

to conventional thermal spraying which takes advantage of melting of materials. 
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Although this process is being implemented extensively in many industries, the 

actual bonding mechanism is still unclear. One of the most recent and prevailing 

hypotheses describes the bonding is resulted from excessive plastic deformations [2]. The 

deformation disrupts the oxide film formed on the substrate and particle surface providing 

conformal contact owing to high local pressure leading to bonding [2]. The jetting disrupts 

the oxide film forming potential deposition sites on the substrate [3]. This hypothesis 

complies with the fact that a wide range of ductile materials have been deposited using cold 

spraying. If brittle materials (ceramics) are to be deposited, they need to be co-sprayed with 

ductile materials (metals or alloys) to ensure deposition [3]. It has been observed that 

deposition takes place at or beyond a certain velocity only called the critical velocity. The 

critical velocity depends on particle size, temperature and oxidation state of the particle 

and the substrate material [3]. This explains the need to define critical velocity to ensure 

high deposition efficiency.  

Another theory that describes the bonding mechanism is the adiabatic shear 

instability which occurs at the particle substrate interface at or beyond critical velocity [4-

6]. There has been extensive numerical and experimental research on the bonding 

mechanisms and deformation behavior. A number of different bonding mechanisms on the 

particle/substrate contact interface, induced by adiabatic shear instability have been 

proposed [4, 6-12]. When a particle travelling at or beyond the critical velocity, impacts on 

a substrate, a strong pressure field propagates spherically into the particle and substrate 

from the point of contact. As a result of the pressure gradient at the gap between the 

colliding surfaces, a shear load is generated and it accelerates the material laterally and 

causes localized shear straining. When the impact pressure and the respective deformations 
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are high enough, this shear straining leads to adiabatic shear instability where thermal 

softening is locally dominant over work strain and strain rate hardening, leading to a 

discontinuous jump in strain and temperature along with breakdown of flow stresses. This 

adiabatic shear instability phenomenon results in viscous flow of material in an outward 

flowing direction with temperatures close to melting temperature of the material [4-6].  

1.1 Types of Cold Spray Process 

Cold spraying processes can be described as high pressure and low pressure 

systems [13]. 

1.1.1 High Pressure System: Figure 1-2 shows a high pressure cold spraying 

configuration in which a gas stream and powder feeder stream are introduced into the inlet 

chamber of the nozzle. These systems utilize high pressure gases and have a dedicated 

compressor thus, often used in stationary cold spraying. As a result, the powder feeder 

should be capable of handling high gas pressure. Typically, helium and nitrogen gases are 

used at pressures above 1.5 MPa. These systems are generally used for spraying pure metal 

powders. 

 

 

 

 

 Figure 1-2: High Pressure Cold Spray system. 
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Figure 1-3: Low Pressure Cold Spray system. 

1.1.2 Low Pressure System: Figure 1-3 shows a system in which the powder stream is 

injected into the nozzle at a point where the gas has expanded to low pressure. Air at 

atmospheric pressure, drawn by the lower pressure nozzle injection point, is used for 

powder transport from the feeder. Since this system does not require a pressurized feeder, 

it is often used in portable cold spray systems and for spraying a mechanical mixture of 

metals and ceramic powders. The shocks due to the hammer effect of the impinging hard 

particles deform the deposited ductile particle thus requiring less input energy in the form 

of kinetic energy. Thus inclusion of ceramic components in the mixture provides high 

quality coatings with relatively low energy consumption. 

 

 

 

 

 

1.2 Benefits of Cold Spray Process over conventional Thermal Spray Process 

As compared to the conventional thermal spraying processes, cold spraying 

technique has the following advantages [14]: 

a. Operating temperatures are lower, no bulk melting is required thus no combustion fuels 

or gases are required. 

b. Easier to control phase transformation, retains composition/phases of initial particles. 

c. Much less oxidation and low defect coatings, improving conductivity and corrosion 

resistance. 
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d. Eliminates solidification stresses, enables thicker coatings. 

e. Lower heat input, thus reduces cooling requirements. 

 

1.3 Uniqueness of this research 

Cold spraying process shows excellent results when used for depositing ductile 

materials like copper and aluminum. Due to easily available properties for these materials, 

extensive research has been done involving copper and aluminum. These materials find 

many applications in aircraft, spacecraft, medical industry, automobiles etc. Recently, 

researchers have started focusing on Ti-6Al-4V alloy which is also an excellent material 

for cold spraying application due to its distinctive properties. It is light in weight, highly 

corrosion resistant and can withstand high temperatures. Despite all these merits, it is 

difficult to use Ti-6Al-4V for cold spraying due to its high cost, strength and toughness as 

compared to copper of aluminum.  

Polymers have a wide range of applications that far exceeds that of any other 

materials available. Polymers can pose as good substitutes for metal coatings because of 

their corrosion resistance, high coating strength and cheap availability. Despite these 

advantages, it is difficult working with polymers because the impact of polymer powder 

differs significantly from metals. There are no rules of thumb available for defining the 

initial conditions for polymer particle impact. The critical velocities and the temperatures 

to achieve adhesion are unknown.  

Another reason this research has not been pursued diligently is the complex 

response of a polymers when subjected to high strain rates. The process takes place at high 

speeds, deforming the material under very high strain rates, resulting in larger variations in 
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the behavior of the polymer with temperature and strain rate, making it even more difficult 

to obtain appropriate material data for any polymer at these conditions. Also, the built in 

material models in the finite element analysis software ABAQUS are not capable of 

completely outlining the material behavior and interpreting the temperature and strain rate 

dependent data. The material models available in ABAQUS fail to account for time 

dependent relaxation and creep and other phenomenon such as melting of material, chain 

interaction and bond entanglement. The concept of using polymers for cold spraying is still 

new and not much research has been done on it making this study so unique. 

1.4 Aim and Objectives 

The main purpose of this study is to simulate and investigate polymer impact. 

Originally, due to lack of appropriate data and the knowledge of material models for 

polymeric materials the study was conducted with copper as the base material. The copper 

model was used to compare the simulation results to those obtained from Yildirim et al. 

[15] and Li et al. [2] The impact of copper particle on aluminum substrate results were 

used to validate the model against experimental results [16]. The results obtained from the 

metal simulations were used to model polymer particle impact model. 

1.5 Specific Objectives 

a. The main purpose of this study is to develop a three dimensional model to predict the 

impact of a polymer particle onto a substrate. 

b. To perform a detailed parametric study to investigate the effect of various physical 

parameters on the impact dynamics. 

c. To develop a three dimensional model to effectively simulate the particle impact over 

an already deposited layer of polymer. 
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1.6 Arrangement of Thesis 

The material presented is divided into 7 chapters. The present chapter (Chapter 1) 

provides an introduction to the cold spraying process, its types and its advantages over 

conventional spray techniques; this chapter also summarizes the research motivation and 

objectives. 

In the first part of Chapter 2, a critical assessment of the relevant literature on metal 

cold spraying process is provided. The general features of cold spray process, a review of 

the previous numerical analyses related to the deformation characteristics of impacting 

particles and possible bonding mechanism suggested in literature are discussed. The second 

part systematically details the entire numerical method and the approach adapted based on 

the literature review; the results obtained are then validated against previous numerical and 

experimental work. 

In Chapter 3, the model discussed in the previous chapter is extended to simulate 

particle impact for polymers. Again, the first part presents an in-depth review of how 

polymeric materials behave under different loading condition and discuss the material 

models or numerical methods developed to predict the polymeric material behavior. The 

latter half of this chapter shows the changes made to the metal cold spray model and the 

material model used for simulating the cold spray of polymers.  

A series of numerical simulations were performed to study the effect of a number 

of key parameters on the particle impact dynamics in Chapter 4. These key parameters are 

discussed in this chapter; their effect are quantified and discussed. 

In Chapter 5, key findings from the current research are summarized. 
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Future research plans, that will help improve the understanding of the mechanics 

of cold spray of polymers by building upon the findings of current research, are discussed 

in Chapter 6.  

The references are mentioned at the end of the document. 
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CHAPTER 2 

MODELING AND VALIDATION OF METAL PARTICLE 

IMPACT 

2.1 Introduction 

As discussed in the previous chapter, there are certain phenomena that are difficult 

to investigate experimentally during the cold spraying of particles. Thus, there is a need to 

investigate the process by numerical (finite element) simulations. The finite element 

analysis software ABAQUS is employed. Most of the particle impact simulations are 

carried out using copper as the particle and substrate material owing to the ductile nature 

of copper. The general features of cold spray process, a review of the previous numerical 

analyses related to impact dynamics and metal cold spraying literatures are discussed in 

the first part of this chapter. Based on the literature review, the numerical approach adopted 

is discussed next, followed by the results and discussions. 

2.2 Literature Review 

The effect of incorporating material damage was investigated by Gao [3]. The 

results showed that simulations with material damage cope well with excessive element 

distortion and the resultant output is more reasonable than that obtained without material 

damage. In addition, the meshing size has less effect on the output with the material damage 

than without material damage. Although, particle size has little effect on the morphologies 

of the deformed particles, it has some effect on the failure of elements at contact interfaces. 

The critical velocity for particle deposition could be estimated given the appropriate 

material properties. The coefficient of friction also has a little effect on the plastic 
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deformation and the temperature rise when changed from 0 to 0.5 using material damage 

[3]. 

Zhang [17] considered the effect of initial temperature of the particle and substrate, 

and the particle velocity on the deposition coating. The results showed that as the in-flight 

particle temperature was increased, the coating became denser and micro hardness and 

bond strength increased. Effective bonding between the particle and the substrate is most 

likely to happen when the adiabatic shear instability occurs at the contact interface and an 

interface jet forms [4, 9, 10]. Therefore, particle velocity and preheating temperature are 

the key factors in the formation of a coating. When the particle velocity and preheating 

temperature are too low, the particle will fracture upon impact, so no adiabatic shear 

instability occurs and it results in poor deposition. On the other hand, if the particle velocity 

and preheating temperature are too high, the particle will deform excessively or erode the 

substrate and other deposited particles. If the substrate is less prone to plastic deformation, 

the particle might even splash during the impact, which also makes it difficult to obtain 

effective deposition. 

Later, Zhang established that the initial kinetic energy of the particle was the 

dominant factor in deposition behavior. Therefore, the effect of the initial temperature was 

not considered, and the substrate and particle temperatures were set to Ti = 298K [17]. 

The reported numerical results in literature have indicated that the flattening ratio of 

particles increase with the increase in particle impact velocity, which is comparable to the 

experimental results. Moreover, the temperature at localized contact interfaces rises 

remarkably due to the possible adiabatic shearing. Through numerical simulations in 

ABAQUS, Assadi et al. [4, 6, 10] found that the instability of adiabatic shear flow occurs 
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as particle velocity increases higher than a critical velocity. Therefore, they took this 

velocity as the actual critical velocity for particle deposition in cold spray. However, owing 

to the excessive distortion of elements at the local contact zones in simulation by the 

Lagrangian algorithm, this calculated critical velocity is much dependent on the meshing 

size [7, 18]. When Zhou et al. [12] used the Arbitrary Lagrangian Eulerian (ALE) method 

available in LS-DYNA to avoid the problems associated with the severe mesh distortion, 

no steep change of plastic strain or temperature was observed, which was used to indicate 

the onset of the shear instability by Assadi et al. [4, 6, 10]. Accordingly, it seemed that the 

steep change in plastic strain obtained by the Lagrangian method was attributed to the 

abnormal deformation of elements and could not be directly associated with the actual 

shear instability upon particle impacting.  

The most important aspect of cold spraying simulation with Lagrangian algorithm 

is possible excessive distortion of elements near the contact surfaces at high velocities. The 

solution to this in ABAQUS is the use of Arbitrary Lagrangian Eulerian (ALE) adaptive 

mesh controls, element distortion control and material damage. As reported by Assadi et 

al. [4], although ALE adaptive mesh control can cope with excessive element distortion at 

high impact velocities, frequent remeshing results in non-conserving energy variation of 

the output set, and unrealistic shape of the out-flowing jet at the interface. Likewise, 

distortion control with length ratio in the higher range (0.5 to 1) can give unreasonable 

shape of the deformed particle as also obtained using ALE adaptive meshing. Thus, similar 

to ALE mesh control, distortion control is not quite suitable for modelling cold spraying 

impact simulations [3]. 
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In addition, Schmidt et al. [6] also found the dependence of critical velocity on 

particle size by simulations using ABAQUS with the Lagrangian algorithm. It was 

established that for smaller dimensions, the occurrence of shear instabilities could be 

hindered by high cooling rates, higher strain rate and thus more profound strain rate 

hardening. Moreover, smaller particles experienced higher quench rates during powder 

production and showed intrinsically higher strength because of their finer microstructure. 

Thus smaller particles need higher critical velocity to initiate bonding. Although the 

experiments have shown the effect of particle size on critical velocity [8], their simulation 

results are believed to be unreasonable because recent studies have shown the effect of 

particle oxide films on critical velocity [7, 11, 19] which Schmidt et al. failed to consider. 

According to the fact that the powders of small sizes normally have higher oxygen 

concentrations than those of large sizes [11], it is expected that the oxide films on particle 

surfaces are the main factor influencing critical velocity besides the mechanical properties. 

However, these views need further experimental validation. 

2.3 Numerical Method 

As explained earlier, the time scale for investigating the impact of a particle is very 

small, of the order of 50-100ns, owing to high velocities. Thus, there is a need to simulate 

particle impact and study the impact dynamics by tracking the strains and the temperature 

induced. The model only predicts the deformation behavior during the impact, it does not 

capture the adhesion of particle. The numerical scheme is discussed below in detail 

2.3.1 Geometry 

To perform a parametric study and better understand the impact dynamics, a 3D 

model was used instead of 2D. To save computational time, a quarter particle was created 
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to impact on a quarter cylinder substrate. The particle diameter was set to D = 50µm and a 

substrate height and radius, 25 times that of particle radius were used. As explained later, 

a three dimensional deformable solid element was used to create the particle and the 

substrate. The computational domain was partitioned to conveniently mesh them so as to 

reduce computational time. 

2.3.2 Material 

Oxygen Free High Conductivity copper (OFHC) and aluminum were used to 

simulate metal particle impact. Copper was used to recreate the results and validate the 

developed model by comparing it with the literature. The impact of a copper particle on an 

aluminum substrate was also modeled, these results were compared to the results reported 

by King et al. [16]. 

2.3.3 Material Model 

The elastic response of the material was assumed to be linear and defined by the 

elastic modulus and the Poisson’s ratio. Thermal response was described by the specific 

heat and thermal conductivity. Material properties for elastic and thermal response at room 

temperature are show in Table 2.1 [3, 15]. 
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Plasticity 

Constants 

Damage 

Parameters 

Table 2-1: Material properties of Copper (OFHC) and Aluminum [3, 15]. [a] indicates temperature 

dependent properties. 

 

 

 

 

 

 

 

 

 

 

 

 

The plastic deformation of the material was modeled using Johnson-Cook plasticity 

model which accounts for strain hardening, strain rate hardening and thermal softening 

effects. The stresses were expressed according to Von Mises plasticity model, 

.
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Material 

Properties Copper Aluminum Unit 

Density[a] 8960 2700 kg/m3 

Elastic Modulus[a] 126 65.762 GPa 

Poisson's Ratio[a] 0.335 0.3  

A 90 148.361 MPa 

B 292 345.513 MPa 

n 0.31 0.183  

C 0.025 0.001  

m 1.09 0.859  

Melting Temp 1356 930 K 

Reference Temp 298 298 K 

d1 0.54 0.071  

d2 4.89 1.248  

d3 -3.03 -1.142  

d4 0.014 0.147  

d5 1.12 1.0  

Specific Heat[a] 383 920 J/kgK 

Thermal 

Conductivity[a] 401 220 W/mK 

Inelastic Heat 

Fraction[a] 0.9 0.9  

(2.1) 

(2.2) 
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where A, B, C, n and m are constants dependent on the material, 
p  is the equivalent plastic 

strain (PEEQ) which is the scalar measure of all the components of equivalent plastic strain 

equivalent to Mises stress, 
.
* is dimensionless effective plastic strain rate normalized with 

respect to reference strain rate (usually 1 s-1). *T is homologous temperature defined by 

equation (2) with mT  as melting point and rT  as reference or transition temperature define 

as the temperature at or below which there is no temperature dependence of yield stress 

(usually room temperature) [20]. 

The most important aspect during the simulation of cold spray particle impact is 

the possible excessive distortion of elements near contact surfaces, especially at a higher 

particle velocity. The main measurements to cope with this problem in ABAQUS include 

element distortion and material damage. Johnson-Cook damage model was put to use, 

which accounts for the effects of hydrostatic pressure, strain rate and temperature. The 

Johnson-Cook dynamic failure model is based on the value of the equivalent plastic strain 

at element integration points, where failure is assumed to occur when the damage 

parameter exceeds 1. The damage parameter,   is given by 

_

_

p

pf






 
 

 
 


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p
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q
 

     
        
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(2.3) 

(2.4) 
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where 
_

p  is an increment in the equivalent plastic strain.
_

pf  is the strain rate at failure 

which is expressed by the failure parameters d1 – d5 measured at or below transition 

temperature. Here, p is the pressure stress and q is the Mises stress. 

The material parameters are illustrated in the Table 2-1 [3, 15]. 

2.3.4 Step 

Initially, the impacting process was assumed to be an adiabatic process, heat 

transfer was not considered based on simple estimation that the time scale is very small for 

any heat transfer to take place. However, a study by Schmidt et al. [6] suggested that the 

heat conduction through the substrate should be considered in most cases. Both solution 

procedures, dynamic explicit and dynamic temperature explicit, were examined and 

applied to the model in this study. The dynamic temperature explicit procedure takes into 

effect the thermal degrees of freedom while dynamic explicit ignores these thermal degrees 

of freedom assuming adiabatic process. This leads to over prediction of stresses and 

temperatures. Thus dynamic-temperature-explicit procedure was preferred over dynamic-

explicit. Both procedures were applied, but results were found to be more realistic when 

dynamic temperature-explicit procedure. 

The computation time was decided to be 100ns for the entire impact process for 

metals. 

2.3.5 Contact Properties 

Contact and interaction properties have a crucial role to play in impact simulation. 

General contact was preferred over surface to surface contact to simulate impact conditions 

between the spherical particle and the substrate since it is faster than contact pair algorithm 

and is geared towards models with multiple elements and complex topologies.  
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General contact also permits defining contact between many or all regions of a 

model with a single interaction with very limited restrictions. Contact pairs on the other 

hand, need more careful and separate definition of the contact surface. It enforces a lot of 

restrictions on the type of surfaces involved. This type of contact is usually applied to 2D 

models. Also general contact considers the interior elements of the part for contact while 

this needs to be specified separately for contact pairs. 

Penalty contact, a suboption with general contact was used as it offers less stringent 

enforcement of contact constraints than the Kinematic Algorithm. It allows the treatment 

of more general types of contact. Kinematic contact, another suboption, works well in most 

cases but some problems with chattering contact would work more easily with penalty 

contact. Contact properties with Tangential behavior and Normal behavior were used. The 

default settings were accepted with coefficient of friction of 0.2 [2]. 

2.3.6 Initial and Boundary Conditions 

The particle and substrate were arranged together as show in Figure 2-1(a). A 

clearance of 5μm was given between the particle and substrate before impact. The bottom 

face of the substrate was fixed in all degrees of freedom; symmetric boundary conditions 

were applied on the vertical faces such that they were allowed to move only in the y-

direction as defined in Figure 2-1(a). 

The Predefined fields tool was used to describe the initial conditions, namely 

Velocity and Temperature. The particle velocity Ui was varied according to the material 

being used.  
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Also the particle and substrate temperatures, Ti and Ts were predefined using this tool. 

These values were changed to suit possible initial conditions under which the results were 

expected to be acceptable. 

 

 

 

2.3.7 Meshing and Element Type 

Mesh plays a major role in computation and influence on the resultant output 

significantly. Mesh resolution dependence was investigated by varying the number of 

elements along the particle diameter from 50 elements to 200 elements. The results 

improved when the mesh size was changed from 50 elements to 100 elements, but further 

increase in the number of elements just added to the computation time without any further 

improvement in the results. Therefore, mesh density of 100 elements along the particle 

diameter was used for all the cases. To ensure better convergence, the element sizes at the 

particle substrate interface were kept the same. For computational efficiency, the mesh 

density was reduced away from the impact area in the substrate as shown in Figure 2-1(b). 

Figure 2-1: (a) Computational domain and initial boundary conditions, (b) meshing arrangement 

(meshing resolution of 1/50 dp for a 50 µm particle). 

Impact Area (Area of Interest) 

Mesh Transition Region 

(a) (b) 
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Element type also affects the way each element in the mesh behaves during the 

simulation. An 8 node hexahedral explicit linear coupled temperature-displacement 

element (C3D8RT) was used for dynamic temperature-displacement explicit procedure 

while 3D stress element was used for dynamic explicit. Various combinations were 

experimented in addition to the element type were used such as element deletion, distortion 

control, reduced integration and hourglass control. It was found that distortion control was 

necessary for speeds higher than 500 m/s for copper. 

2.4 Results and Discussion – Model Validation 

The impact simulations of a copper particle on a copper substrate were carried out 

for two different particle velocities Ui = 500m/s and Ui = 700 m/s. Figure 2-2 shows the 

plastic equivalent strain (PEEQ) and the temperature profiles in the particle and substrate 

just before rebound. Both simulations terminated normally. The particle has a large amount 

of kinetic energy which is dissipated as plastic deformation and heat. Increasing the initial 

velocity by 40% (500m/s to 700m/s) results in 45% higher plastic strains. The increase in 

the strains is accompanied by 35% increase in temperatures which is evident in Figure 2-

2.  Maximum deformation is confined to the impact surfaces where most of the deformation 

is plastic. As the particle impact velocity is greater than the critical velocity, the material 

near the impact area is subjected to adiabatic shear instability. This instability is caused by 

large shear stresses on the surface in contact during impact which are large enough to 

accelerate the material laterally outwards. The lateral movement of the material causes the 

formation of the jet. The jet is that part of the material which is plastically deformed due 

to the pressure force generated during impact. The temperatures in these regions are high 

enough to cause localized melting of the particle and substrate material. Due to the 
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temperature rise, thermal softening effect dominates the strain rate hardening, thus the 

material flows forming a jet which is clearly visible in Figure 2-2. 

Figure 2-3 compares the results obtained from the current model to the work of 

Yildirim et al. [15]. The maximum plastic strains and temperature in the particle and 

substrate for a copper particle impact on copper substrate for initial velocity of Ui = 500m/s 

and Ui = 700m/s are shown. As it can be seen in Figure 2-3(a), maximum strains of 3.8 for 

particle velocity of 500m/s and 5.6 for particle velocity of 700m/s were obtained which are 

significantly higher when compared to the results in Figure 2-3(b). Thus, our results were 

scaled down to show the deleted elements and the scale was matched to the values of results 

obtained by Yildirim et al. The under prediction of strains and temperature in results 

obtained from Yildirim et al. can be attributed to the use of shear damage in addition to the 

ductile damage criterion (J-C damage model). Another reason for the difference in the 

results is due the number of elements deleted. It can be seen that many extensively 

deformed elements have been deleted due to the use of shear damage thus giving lower 

plastic strains. When these excessively deformed elements are deleted manually from the 

model by reducing the strains, the particle deformation is comparable.  

A similar trend has been observed with temperature distribution. While the 

temperature profiles at 500m/s are almost similar, those at 700m/s are over predicted. The 

non-colored part of the contour shows the over prediction of temperature. This can again 

be attributed to the number of deleted elements. Due to the use of shear damage, the non-

colored elements in Figure 2-3(c) are deleted reducing the temperature range. Although 

temperature profiles at 700m/s are on the higher side, those at 500m/s are comparable. 
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When these results are compared to that in Figure 2-4 [3], we see that the plastic 

strains at 500m/s are in the same range. The result in Figure 2-4 was obtained without the 

use of shear damage and are comparable to ours. This shows the use of shear damage 

doesn’t affect the result significantly, but only lowers the limit for element deletion giving 

lower strains. Thus, shear damage was not incorporated for our simulations. 

 

  

(d) 

(a) 

(c) 

(b) 

Figure 2-2: Equivalent plastic strain distribution (a) at 500 m/s, (b) at 700 m/s. Temperature 

distribution (c) at 500 m/s, (d) at 700 m/s for impact of Cu particle on Cu substrate. 
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  Figure 2-3: Equivalent plastic strain and temperature distribution (a), (c) Numerical results and (b), 

(d) Results obtained by Yildirim et al. for impact of Cu particle on Cu substrate. 
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Another important aspect to consider is the deformed shape of the particle. As the 

particle strikes the substrate, it deforms, creating a crater in the substrate. To make a 

comparison between the deformed shape of the particle and substrate, another model was 

created using the material properties given in Table 2-1. The model consisted of a copper 

particle, D = 50µm, striking an aluminum substrate at Ui = 500m/s. These results were 

compared to the experiments conducted by King et al. [16]. Figure 2-5 shows the 

comparison between the deformed particle shape which is an SEM image of the cross 

section of a copper particle sprayed onto an aluminum substrate and the results obtained 

from the simulation. There is a good resemblance between the deformed shape of the 

particle during impact performed experimentally and numerically. Thus, the model gives a 

reasonable prediction in terms of deformed shape of the particle, the formation of the crate 

in the substrate and jet formation. The developed model can predict the impact of a particle 

over a substrate with reasonable accuracy and the results obtained are reliable. This model 

can be extended to predict the polymer particle impact.  

Figure 2-4: Equivalent plastic strain distribution obtained at 500 m/s by Li et al. 2009. 
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Figure 2-5: Deformed shaped as obtained (a) from simulations, (b) from experiments by King et 

al. for impact of copper particle on an aluminum substrate at 500 m/s. 

 

(a) (b) 
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2.5 Conclusions 

Metal cold spray is a well-studied topic and a lot of research has been dedicated to 

it. This process has plenty of industrial applications. In the past, metal cold spray has been 

studied numerically and experimentally. In the first part of this chapter, a detailed review 

of the metal cold spray process, the numerical scheme employed in the literature and the 

bonding mechanisms were discussed. Based on the literature review, the numerical 

approach employed in this study was discussed in detail. The step by step numerical 

modelling was described for impact of a copper particle on a copper substrate at two 

different initial particle velocity. The results obtained were then compared to the numerical 

and experimental results in the literature. 

The results showed great resemblance to the numerical work done by Yildirim et 

al. [15] and Li et al. [3]. The under prediction of strains and temperature in results obtained 

by Yildirim et al. was because of the use of shear damage in addition to the ductile damage 

for copper particle impact. When further investigated, it was found that shear damage only 

lowered the threshold for element deletion. Also, when the results were compared to work 

done by Li et al., similar results were obtained, even without the use of shear damage. 

Thus, shear damage was not incorporated in the current model.  

The results obtained in this study were also compared to the experimental results 

from King et al. [16]. The final deformed shape is a great way to compare the results and 

to understand if the model predicts the impact dynamics accurately in addition to the 

numerical simulations. The deformed shape from the simulations was compared to an 

actual impact of a copper particle on an aluminum substrate at identical initial conditions. 

Aluminum being the softer of the two material, the copper particle formed a deep crater 
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into the aluminum substrate. The formation of jet was also evident suggesting the onset of 

adiabatic shear instability.  

Thus, the current model predicts the impact of metal particles during cold spray 

deposition accurately and can be further extended to predict the impact of polymeric 

particles.  
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CHAPTER 3  

MODELING OF HIGH VELOCITY IMPACT OF POLYMER 

PARTICLES 

3.1 Introduction 

In the previous chapter, metal particle impact was studied and successfully 

simulated. The results were in good agreement with the literature. In this chapter, we will 

extend the model to simulate polymer particle impact. The impact of polymer powders 

differs significantly from that of metals. The first part of this chapter presents an in-depth 

review of how polymeric materials behave under different loading conditions and the 

material models developed to predict this behavior are discussed. The numerical approach 

adopted for simulating the polymer particle impact and how it differs from metal impact is 

discussed in the second part. 

3.2 Literature Review 

One of the major issues with cold spraying of polymers is the clogging of the nozzle 

walls due to the preheated particles. The throat of the nozzle is the most affected. Also a 

suitable range for the gas stream velocity is unknown which would mean too small 

velocities would not cause sufficient deformation in the particle to ensure adhesion. On the 

other end, extreme velocities would induce large stresses on the target, large enough to 

overcome adhesion and strip the particles right off from the substrate [21]. An efficient 

approach would be to study the impact numerically and define a window of deposition 

before carrying out the process experimentally. 

However, due to the lack of sufficient data of polymer material properties at high 

strain rates, it is challenging to accurately predict the behaviors of polymer particles upon 
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high-speed impact numerically. Recently, efforts have been made by researchers to 

understand the high rate and high temperature material behaviors of polymers. Colak et al. 

[22] studied the complexity of mechanical behavior of polymers and laid the basis for a 

constitutive model that enveloped the deformation behavior of polymers. The nonlinear 

rate sensitivity, unloading behavior, multiple creep and strain at zero stress were 

successfully modelled using the modified viscoplasticity theory based on overstress for 

polymeric materials. Ho and Krempl [23, 24] modified the viscoplasticity theory based on 

the overstress model to account for high strain rate behavior of polymers. The high impact 

resistance of polymers was investigated by Frank and Brockman [25]. They developed a 

set of unified constitutive equations that combine the nonlinear viscoelasticity and 

viscoplasticity, captured most of the time dependent, nonlinear response observed for 

polymers, including: rate-dependent and pressure dependent modulus and yield, decreasing 

modulus and increasing relaxation rate with increasing deformation, permanent 

deformation beyond yield; and strain hardening at high elongation. The time-dependent 

response of polymers was investigated by Kim et al. [26] by formulating a recursive-

iterative algorithm for the combined Schapery viscoelastic model with stress dependent 

material properties and the Perzyna viscoplastic model based on an overstress function 

responses of polymers for small deformation gradient problems. The efforts of Xu and 

Hutchings [27] give interesting insights on the polymer particle behavior. The results 

suggested that smaller particles experienced greater acceleration and achieved higher final 

velocities than the larger particles for the same air pressure. The particle size considered in 

this study were 150μm and 250μm. These particles, due to their larger diameters, 

experienced velocities in the range of 135m/s and 120m/s respectively. This would justify 
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the use of initial velocity of 200m/s for a 50μm particle in the current study. Although 

significant melting was not observed during impact, some thermal effects might occur 

aiding interdiffusion and bonding between the plastically deformed particle and the 

substrate. Deposition onto hard aluminum substrates proved difficult for almost all spray 

conditions; heating the aluminum substrate gave good deposition though. The initiation of 

the deposition on a hard aluminum substrate represented a critical step thus requiring a thin 

melted layer of polymer on the aluminum substrate before the low temperature impact 

deposition occurred. Ravi et al. [28] successfully cold sprayed ultra-high molecular weight 

polyethylene-nano-ceramic composite on polypropylene and aluminum. Working from 

these advances, it is now possible to model the high-speed impact of polymeric particles 

on hard and soft substrate and better understand the conditions under which adhesion is 

possible [27].  

In this study, the von Mises plasticity model with temperature and strain-rate 

dependence was used. The following part of the chapter describes in detail the formulation 

of the finite element code and the various model parameters that were integrated into the 

code. This is followed by a parametric study which is conducted in the next chapter to 

understand the impact dynamics of polymer particle impact. 

3.3 Numerical Method 

3.3.1 Materials 

High density polyethylene was used as both particle and substrate material in most 

cases. Other cases for the parametric study used polycarbonate (PC), low density 

polyethylene (LDPE) and oxygen free high conductivity (OFHC) copper along with high 

density polyethylene (HDPE). The effect of strain and strain rate hardening and thermal 
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softening are shown in Figure 3-1 as stress versus strain plots for HDPE at various strain 

rates and temperatures [29]. Additional data for PC, LDPE and OFHC copper can be found 

in [15, 29, 30]. These data points were entered into Abaqus as temperature and strain rate 

dependent data.   

3.3.2 Material Model 

The elastic response of the material was assumed to be linear and defined by the 

elastic modulus and the Poisson’s ratio. Thermal response was described by the specific 

heat and thermal conductivity. Material properties for elastic and thermal response at room 

temperature are show in Table 3-1 [31]. 

The plastic deformation of the material was modeled by using isotropic material 

hardening. The flow stress of the material was modeled by the von Mises plasticity model 

[32]. This model interprets yielding as a purely shear deformation process which occurs 

when the effective shear stress e  reaches a critical value. This effective stress is defined 

in terms of the principal stresses i  (i = 1, 2 or 3) by 

     
1

2
2 2 2

1 2 2 3 3 1

1
- - -
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The von Mises criterion then relates e  to the yield stress in tension T  by 

e T 
 

 

 

(3.1) 

(3.2) 
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Table 3-1: Other material properties for High Density Polyethylene. [a] indicates temperature dependent 

properties. 

 

 

 

 

 

 

 

This criterion predicts that the tensile yield stress T , effective shear yield stress 

s and compressive yield stress c  were related by  

3T c S   
 

As shown by Equation 3.3, the classic von Mises Elastic Plastic Model relates the 

effective stress to yield stress in tension. However, studies have shown that when 

considering additional stress states such as shear and compression simultaneously, yielding 

can be sensitive to the hydrostatic component of stress in addition to the shear component 

[32]. Because the von Mises criterion does not consider hydrostatic stress, therefore, one 

will lose accuracy in the prediction of particle deformation. However, the von Mises model 

is known to give satisfactory insight into how parameter variation can affect the 

deformation mechanics and is used in impact dynamic simulations [33]. The computation 

time for the entire process was set to 500ns. 

Properties Value Unit 

Density[a] 960 kg/m3 

Elastic Modulus[a] 0.7 GPa 

Poisson's Ratio[a] 0.42  

Thermal Conductivity[a] 0.47 W/mK 

Inelastic Heat Fraction 0.9  

Specific Heat[a] 1900 J/kgK 

(3.3) 
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Figure 3-1: Material properties of high density polyethylene used as input into the von Mises model to 

simulate the particle impact. The data includes: (a) stress versus strain at a constant temperature of Ti = 

298K and strain rates varying from (__ .. __)  = 0.0001s-1, (__ __)   = 0.01s-1, (……..)   = 100s-1, (____)   

= 2460s-1 and (b) stress versus strain at a constant strain rate of   = 0.01s-1 and temperatures varying 

from (__ . __) Ti = 198K, (……..) Ti = 233K, (__ __) Ti = 293K, (__ .. __) Ti = 323K, (____) Ti = 373K. 

 

 

 

 

3.4 Conclusions 

In this chapter, the uncertainty with polymeric material behavior was explained. 

The work from various literatures was investigated and their attempt to predict the polymer 

material behavior numerically was given attention. Also, the results by Xu and Hutchings 

[27] pointed out the smaller particles tend to act stiffer and suggested an initial particle 

velocity of 200m/s based on the particle diameter. The work of Ravi et al. [28] pointed out 

the problem of achieving adhesion of a polymer particle on a hard metal substrate. Ravi et 

al. also suggested that adhesion was easier for a particle impacting on an already deposited 

layer of soft polymer material.  

Moving forward with these advances, it made sense to investigate the single particle 

impact during cold spray numerically.  The numerical approach for polymer particle impact 

was discussed in this chapter. The impact of a single polyethylene particle on a semi-

infinite polyethylene substrate was carried using the von Mises plasticity model using the 
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strain rate and temperature dependent data shown in Figure 3-1. The Lagrangian approach 

was adopted; 3D quarter symmetry model was generated. The bottom face of the substrate 

was fixed in all degrees of freedom while symmetric boundary conditions were applied on 

the vertical faces such that, they were allowed to move only in the y-direction. A fully 

coupled thermal stress analysis was conducted with 8 node reduced integration element. 

Mesh resolution dependence was investigated and mesh density of 100 elements across a 

50μm diameter particle was employed. The initial particle velocity, Ui = 200m/s was kept 

constant for all cases expect when studying the effect of particle velocity. Similarly, the 

particle and substrate temperature were set to room temperature (Ti = 298K) for all cases 

expect when investigating the effect of initial particle temperature. The particle diameter 

was set to D = 50µm for all simulations except when the effect of particle diameter was 

studied. To understand the impact dynamics and polymer material behavior under various 

conditions, a parametric study is conducted in the following chapter. The parameters varied 

and the results obtained are discussed in detail. 
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CHAPTER 4  

PARAMETRIC STUDY 

4.1 Introduction 

In the previous chapter, the numerical modeling of polymer particle impact was 

discussed in detail. The polymer particle behavior is very complex and requires further 

understanding. High level of sophistication is required to completely describe the polymer 

particle behavior. The von Mises model is known to give satisfactory results and thus it 

makes sense to employ the von Mises plasticity model to understand how various physical 

parameters affect the impact dynamics rather than trying to describe the material behavior 

[33]. 

A series of numerical simulations were performed in order to study how a number 

of key parameters affect the particle impact dynamics and the ability of the particle to 

adhere to the substrate. These parameters include particle temperature, particle size, 

particle impact velocity, and particle density, composition of the polymer particle, surface 

composition and the thickness of a polymer film on a hard metal substrate. The effect of 

parameter variation on impact dynamics were quantified by tracking particle temperature, 

deformation, plastic strain and rebound kinetic energy. 

4.2 Effect of Particle Temperature 

The final temperature of a metal particle after impact largely depends on the initial 

velocity and initial temperature. In the case of polymer particles, a large temperature spike 

on impact can induce local melting and polymer chain interaction and entanglement 

between the particle and substrate which can greatly enhance adhesion beyond van der 

Waals forces alone [34]. The temperature of the polymer particle will also affect how the 
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material behaves during the impact and after rebound as the elasticity modulus and plastic 

deformation are strong functions of temperature as seen previously. In Figure 4-1, the 

equivalent plastic strains and temperature profiles are compared for a series of initial 

particle temperatures varying from Ti = 248K to Ti = 348K. The substrate temperature was 

held constant at Ts = 298K for all cases. The particle velocity was held constant at Ui = 

200m/s as shown in Figure 4-1.  

In the simulations, the particle is released 5μm away from the surface travelling at 

the impact velocity. The initial contact occurs along the vertical axis at the bottom of the 

particle. A large pressure is produced at impact and it elastically and plastically deforms 

the particle. The elastic deformation results in energy stored in the particle which is 

recovered following the impact resulting in a finite rebound velocity Ur, and rebound 

kinetic energy, KEr = 1/2mpUr
2. We will utilize the rebound kinetic energy trends with 

parameter variations to better understand particle adhesion. The plastic deformation of the 

particle results in non-recoverable particle substrate deformation and a rise in temperature 

at the particle and substrate interface. Plastic deformation will be analyzed by plotting 

maximum strain values in the particle and substrate, as well as the compression ratio of the 

particles, Cr = (D-Df)/D, where D is the initial diameter of the particle and Df is the final 

compressed height of the particle. In the sections that follow we will present figures 

showing contours of both plastic equivalent strain and temperature for both the particles 

and substrate after impact. In the simulations, adhesion is not accounted for so the particles 

always rebound after impact. The images are a few time steps after rebound. We will also 

present graphs showing trends in strain, temperature, rebound velocity and kinetic energy 

as well as compression ratio with varying input parameters. 
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(1) 

(2) 

As shown in Figure 4-1(a) and graphs in Figure 4-2(a), the localized maximum 

strain induced in the particle are almost identical. When compared to the low temperature 

case (248K), the particle as a whole is subjected to larger average plastic strains with 

increasing temperature. The opposite trends are observed in the substrate. This is likely 

because increase in initial temperature results in the softening of the material as seen in 

Figure 3-1(b) which in turn leads to larger average strains throughout the particle rather 

than a highly localized strain at the particle substrate interface. Small spikes of high 

temperatures are observed in the particle near the edge of the impact zone, but most of the 

temperature rise in the particle can be attributed to the increase in the initial particle 

temperature. As seen from Figure 4-2(c), the rebound velocity and the rebound kinetic 

energy of the particle were reduced by 20% as the temperature was increased from 248K 

to 348K. These results suggest that the increase in particle temperature and its resulting 

softening might prove beneficial for particle adhesion even without accounting for the 

increase in chain mobility and entanglement during impact. 

To better understand whether the particles will likely adhere to the surface, we can 

compare the rebound kinetic energy, KEr directly to the work of adhesion which is defined 

as  

( )PS P S PSW A      

where A is the contact surface area between the particle and the substrate, P is the surface 

tension of the particle, S  is the surface tension of the substrate and PS  is the interfacial 

tension between the particle and the substrate [35], which can be estimated as  

2PS P S P S        
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The resulting work of adhesion becomes 

2PS P SW A    

For HDPE, 2PS PW A  where P  = 35.7 mN/m [36]. For the impact shown in 

Figure 4-1, PSW   0.9nJ. This is very small when compared to the rebound KE shown in 

Figure 4-2. Thus we are missing some addition physics that needs to be accounted and 

better modeling approach is needed. 

4.3 Effect of Initial Particle Velocity 

The initial particle velocity or the initial kinetic energy is known to play a 

significant role in cold spray particle deposition. Adhesion is known to take place only if 

the initial particle velocity is larger than or equal to a certain velocity known as the Critical 

velocity which is different for different materials and condition. As, not much research has 

been dedicated to cold spraying of polymers, there is no thumb rule available as far as the 

critical velocity is concerned. Thus, the impact of a 50μm HDPE particle was simulated at 

particle velocities ranging between 150m/s and 250m/s. The particle and substrate 

temperatures were kept constant at 298K. 

The equivalent plastic strain (PEEQ) and the maximum temperature distribution in 

the particle and the substrate just after the rebound of the particle for initial particle 

velocities of Ui = 150m/s to Ui = 250m/s are shown in Figure 4-3. For the range of velocities 

tested, the plastic deformation and the temperature of the material were found to increase 

with increasing particle velocity. It is evident from Figure 4-3, the equivalent plastic strains 

increased by almost 300% for a 100m/s increase in initial velocity of the particle. The 

highest deformations were confined to volumes at the particle substrate interface resulting 

in a significant increase of the temperature in these regions from Tmax = 305K at 150m/s to 

(3) 
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Tmax = 320K at 250m/s. As the particle velocity was increased, the particle formed an 

increasing deep crater into the substrate. In order to quantify the particle deformation, the 

compression ratio or the flattening ratio is defined as the ratio of the change in particle 

diameter to the initial particle diameter, Cr = (D-Df)/D. The compression ratio was found 

to increase from Cr = 0.15 to Cr = 0.25 with increasing particle velocity suggesting higher 

average strains in the particles with higher impact velocity. The model does not account 

for material melting due to temperature rise. Therefore, the energy that should have been 

utilized for the phase change appears in the form of large temperature spikes at the particle 

substrate interface where the melting is assumed to take place. Given the high speeds and 

the impact duration which can last less than 100ns, neglecting melting which can take 

seconds or minutes, may be a reasonable assumption. No visible jetting is observed for 

velocities as high as 250m/s. Further increase in the particle velocity causes excessive mesh 

distortion leading to convergence problems and thus were not included. 

4.4 Effect of Particle Diameter 

In previous numerical studies, mechanics of metal particle impact has been shown 

to strongly depend on the ratio of the kinetic energy per unit volume of the particle to the 

plastic strain energy density [15, 37]. This non-dimensional parameter is expressed as 

ρUi
2/σY where ρ and Ui are particle density and velocity respectively and σY is the 

substrate’s dynamic yield strength. Thus, from the above relation, the results are expected 

to be independent of the particle diameter if the material behavior is rate independent and 

the gravitational effects are negligible. Since we are dealing with micron-sized bodies, the 

gravitational effects can be considered negligible. However, as we can see from the Figure 
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3-1(a), the material behavior is highly rate dependent and thus the effect of particle size 

needs to be investigated.  

In order to study the effect of HDPE particle size, impact of particles with diameter 

of 50µm, 250µm and 500µm were simulated on an HDPE substrate for an initial particle 

velocity of Ui = 200m/s. The contours of plastic deformation and temperature distribution 

in the particle and substrate are shown in Figure 4-5. Although the particle diameter is 

increased by a factor of 10 and the impact kinetic energy by 1000, little change in the strain 

field or the temperature profile is observed with increasing particle size. In Figure 4-6(d), 

the compression ratio Cr which can be viewed as average deformation of the particle is 

plotted as a function of the particle size. A monotonic growth in the compression ratio is 

observed with increasing particle size even as both the maximum temperatures and strains 

were found to demonstrate a maximum for the middle sized particle tested as shown in 

Figure 4-6(c) and 4-6(d). Smaller particles tend to act stiffer than larger particles due to the 

higher strain rates and thus higher dynamic yield strength they encounter during impact.  

Thus, our simulations clearly show that it is easier to deform larger particles upon impact. 

Adhesion, however, is a different story. The rebound velocity and the corresponding 

rebound kinetic energy are plotted in Figure 4-6(c) for varying particle diameter. The 

rebound particle velocity was found to reduce with particle size due to increase in the 

average strain observed in the compression ratio. The rebound kinetic energy increases 

with particle size due to the increase in the mass of the particle. If the particle rebound KE 

is normalized by the particle mass, the data in Figure 4-6 show that more of the incoming 

KE is dissipated as thermal energy during impact due to the plastic deformation of the 

particle. Unfortunately, even as more energy is dissipated for larger diameter particles, the 
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(a) 

(b) 

rebound KE still grows like the mass or KE ∝ D3 while the work of adhesion grows with 

WPS ∝ D2. As a result, unless the rate dependent material properties result in a kinetic 

energy that grows slower than D2, smaller particles will always be expected to adhere more 

strongly on impact. 

 Ti = 248K Ti = 298K Ti = 348K Legend 

 

 
   

 

 Ti = 248K Ti = 298K Ti = 348K Legend 

 

    

      

 

  

Figure 4-1: Simulation results of the final deformed state of a high density polyethylene particle 

impacting on a high density polyethylene substrate at a temperature Ts = 298K with an initial 

velocity Ui = 200m/s. The particles shown have an initial temperature Ti = 248K, 298K and 348K. 

Data for (a) plastic deformation (PEEQ) and (b) temperature are shown. 
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Figure 4-2: Data showing the effect of initial particle temperature on: (a) maximum plastic deformation 

(PEEQ) in the () particle and () substrate, (b) maximum temperature in the () particle and () substrate, 

(c) () rebound velocity of the particle after impact and () rebound kinetic energy of the particle after 

impact, (d) () the compression ratio Cr of the particle. The simulations were carried on with an initial 

velocity of Ui = 200m/s and initial temperature Ti = 248K, 298K and 348K. 
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(b) 

(a)  Ui = 150m/s Ui = 200m/s Ui = 250m/s Legend 

 

    
 Ui = 150m/s Ui = 200m/s Ui = 250m/s Legend 

 
 

    
      

  
Figure 4-3: Simulation results of the final deformed state of a 50μm diameter high density polyethylene 

particle impacting on a high density polyethylene substrate at an initial temperature Ti = 298K. The 

particles shown have an initial velocity Ui = 150m/s, 200m/s and 250m/s. Data for (a) plastic deformation 

(PEEQ) and (b) temperature are shown. 
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Figure 4-4: Data showing the effect of initial particle velocity on: (a) maximum plastic deformation (PEEQ) in 

the () particle and () substrate; (b) maximum temperature in the () particle and () substrate, (c) () 

rebound velocity of the particle after impact and () rebound kinetic energy of the particle after impact and (d) 

() compression ratio Cr of the particle. The simulations were carried on with an initial velocity of Ui = 150m/s, 

200m/s, 250m/s and initial temperature Ti = 298K for 50μm particle diameter. 
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(a) 

(b) 

 

 D = 50µm D = 250µm D = 500µm Legend 

 

    

 D = 50µm D = 250µm D = 500µm Legend 

 

    

 

 

 

 

 

Figure 4-5: Simulation results showing the final deformed state of high density polyethylene particle 

impacting on a high density polyethylene substrate at Ui = 200m/s and initial temperature Ti = 298K with 

particle diameter D varying from D = 50µm to D = 500µm. In (a) the plastic deformation (PEEQ) and 

(b) the temperature variation is shown. 
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Figure 4-6: Data showing the effect of particle diameter D on: (a) maximum plastic deformation 

(PEEQ) in the () particle and () substrate, (b) maximum temperature in the () particle and () 

substrate, (c) () rebound velocity of the particle after impact and () rebound kinetic energy of the 

particle after impact, (d) () compression ratio, Cr of the particle. The simulations were carried on with 

an initial velocity of Ui = 200m/s and initial temperature Ti = 298K. 

(d) 
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4.5 Effect of Particle Density 

There are a number of applications where cold spray deposition of composite can 

be advantageous. For example, polymer particles loaded with copper nanoparticles would 

create an antibacterial coating due to the antimicrobial properties exhibited by copper [28, 

38]. Alternatively, carbon nanotubes could be used to create a reinforced coating. The 

loading of the nanoparticle at low concentrations will have little effect on the material 

properties. As a first approximation, we will track the effect of nanoparticle addition as an 

increase in the particle density only while keeping all other properties same. As mentioned 

in the previous section, the dynamics of particle impact are largely governed by non-

dimensional parameter ρUi
2/σY. As a result, increasing the density of the particle is 

equivalent to increasing the particle velocity or reducing the yield stress. In these 

simulations we will investigate the effect of density on particle deformation upon impact. 

HDPE particles loaded with copper nanoparticles were simulated by increasing the 

density of the particle to correspond to a fixed nanoparticle concentration. The density of 

the simulated particles was calculated to increase from 960kg/m3, 1004kg/m3, 1490kg/m3 

to 2905kg/m3 as the percentage (by weight) of the copper nanoparticles was increased from 

0%, 5%, 40% to 75% as shown in Figure 4-7 for composite particle impact on an unloaded 

HDPE substrate at Ui = 200m/s. For comparison, the pure HDPE (0% nanoparticle) impact 

at these same conditions is shown Figure 4-3. Increasing the density results in a larger 

impact kinetic energy for the particle. The percentage increase in density from unloaded 

HDPE to 75% copper nanoparticles by weight increases the KE by 300% and is equivalent 

to increasing the impact velocity by 175%. As shown in Figure 4-7, increasing the density 

results in significantly higher strains and temperatures. The dense particle forms a deep 
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crater in the substrate. The strain in the particle was found to increase by over 50% as the 

concentration of nanoparticles was increased from 0% to 75%. Interestingly, over the same 

range, the temperature increase in the particle was found to go down even as the peak 

temperatures increased substantially along the highly deformed impact surface. With large 

particle density, the deformation is shifted from the particle to the substrate with strains 

increasing from 0.5 to 1.75. Temperatures in the substrate also go up. In addition, the shape 

at impact shows more substantial changes and the start of jetting. The rebound velocity and 

the rebound kinetic energy are shown in Figure 4-8(c) against the percentage of copper. 

The strong increase in particle and substrate deformation leads to a reduction in the rebound 

velocity with increasing particle density. Most of the initial kinetic energy appears as 

plastic deformation and temperature rise in the substrate which causes reduction in the 

rebound characteristics of the particle. Although the rebound kinetic energy reduces with 

the increase in the density as shown in Figure 4-8(c), the drop is not enough when compared 

to the work of adhesion mentioned in previous section. 

As mentioned earlier, increasing the particle density is equivalent to increasing the 

initial velocity of the particle. To confirm this, an additional case was simulated where a 

particle loaded with 40% copper nanoparticles impact on an unloaded substrate at 160m/s. 

These values were calculated by keeping ρUi
2

 = constant and using the first case (5% Cu 

at 200m/s) for comparison. As seen in Figure 4-7, the plastic strain profiles are identical 

for 5% Cu particle impact at 200m/s and 40% Cu particle impact at 160m/s. Although the 

strains induced in the particle are similar, the temperature in 40% Cu particle at 160m/s is 

less because the total initial kinetic energy input to the particle is less when compared to 
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(a) 

(b) 

the 200m/s case. Thus, it can be seen that same strains are obtained when the ratio ρUi
2 is 

kept constant. 

 

 5% Cu 40% Cu 
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(200m/s) 

75% Cu Legend 

 

 
    

 5% Cu 40% Cu 

(160m/s) 
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 Figure 4-7: Simulation results showing the final deformed state of a high density polyethylene copper 

composite particle on high density polyethylene substrate with initial velocity Ui = 200m/s unless 

specified and initial temperature Ti = 298K with percentage weight of copper varying from 5% copper 

to 75% copper by weight. (a) The plastic deformation (PEEQ) and (b) the temperature distribution is 

shown. 
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Figure 4-8: Data showing the effect of copper nanoparticle loading of high density polyethylene particle 

on: (a) maximum plastic deformation (PEEQ) in the () particle and () substrate, (b) temperature in the 

() particle and () substrate, (c) () rebound velocity of the particle after impact and () rebound kinetic 

energy of the particle after impact and (d) () compression ratio Cr of the particle. The simulations were 

carried on with an initial velocity of Ui = 200m/s and initial temperature Ti = 298K. 
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4.6 Effect of Substrate Material Hardness 

As described earlier, the effectiveness of adhesion of the particle depends on the 

difference between the rebound kinetic energy and the work of adhesion, Wps between the 

particle and the substrate. The work of adhesion is a direct function of the contact surface 

area, A between the particle and the substrate and also the surface tension ( P  and S )  of 

the particle and substrate material. Changing the particle or the substrate can affect the 

surface tension. Additionally, the contact area is directly related to the relative hardness 

between the particle and the substrate. Thus, depending on how hard the substrate is 

compared to the particle, the surface area generated during the impact will change. The 

larger the deformation, the larger the work of adhesion and the less elastic strain energy 

stored in the particle and the substrate returning to the particle as rebound energy. 

To study the effect of substrate hardness, four different substrate material were 

chosen: LDPE, HDPE, PC and OFHC copper. In each case, an HDPE particle was used to 

impact the substrate with an impact velocity of Ui = 200m/s.  

As it can be observed from Figure 4.7, as the substrate modulus increases from E = 

0.3GPa to E = 1.26GPa with the substrate changing from LDPE to HDPE (seen in Figure 

4-3) to PC and finally Cu, the particle tends to spread laterally while simultaneously the 

depth of the crater in the substrate reduces. HDPE/HDPE case has minimum temperature 

and plastic strain, thus maximum rebound kinetic energy and velocity. As seen from the 

graphs in Figure 4-10, the plastic deformation and temperature distribution in the particle 

increases as the substrate strength increases and opposite trend is observed in the substrate. 

It can be seen that for HDPE/HPDE case, maximum rebound kinetic energy is observed 

because the strains in the particle and substrate are similar resulting in maximum elastic 
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stored energy. With mismatch in modulus, the strain is disproportionately distributed to the 

softer particle/substrate. The result is more plastic deformation in the softer of the two 

elements and more energy dissipation. Thus the like on like deposition is the most difficult 

to achieve. This phenomenon is also evident in the work done by Trenton P Bush [39]. 

4.7 Effect of Substrate Coating Thickness 

As explained in the previous section, the substrate properties can have significant 

effect on the rebound characteristics of the particle. Experiments have shown that 

deposition on a cold metal substrate is challenging even though the modulus mismatch 

reduces the rebound kinetic energy. To take advantage of the mismatch while also allowing 

for polymer entanglement and bonding, in this section, we investigate the effect of an 

existing layer of coating on the deformed shape of the particle and the rebound 

characteristics. For this case, an HDPE particle is used to impact on a hard copper substrate 

with a thin coating of HDPE with the same material properties as the impacting particle. 

The coating thickness was varied from 2.5µm to 250µm coating. Beyond 100µm the results 

were equivalent to an infinitely thick HDPE film/substrate.  

The particle shape after impact along with the contours of the plastic deformation 

and temperature distribution in the particle and the coating are shown in Figure 4-11. For 

comparison, the value for HDPE particle impact on copper substrate can be found in Figure 

4-10 and have been included in Figure 4-12 for comparison. The effect of coating thickness 

on particle rebound velocity and rebound kinetic energy can be studied from Figure 4-

12(c). Although the plastic strains in the particle and substrate are half with a 2.5µm coating 

when compared to impact on pure Cu substrate, a 15% reduction in the rebound velocity 

is observed. While for 5µm to 20µm coating a similar rebound velocity compared to pure 
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Cu was observed. For thicknesses beyond 20µm, increase of the rebound velocity towards 

the result for pure HDPE was found. This reduction in the velocity can be attributed to the 

large deformations in the particle and plastic deformations produced in the thin film coating 

as seen in Figure 4-11. The particle, upon impact tries to deform the thin coating thus using 

up most of its initial kinetic energy. This energy appears in the form of plastic deformation 

and the temperature rise in the particle and the coating. For a coating thickness less than 

20µm, the particle with a velocity of 200m/s has enough energy to deform almost the entire 

thickness of the coating plastically. The hard copper substrate beneath the coating further 

amplifies the plastic deformation of the coating by 3 times as compared to HDPE/HDPE 

case, thus generating a large shear stress in the coating during impact. Once the thickness 

becomes more than 20µm, the effect of the underlying Cu substrate is minimized. Thus 

having a very thin coating of the softer of similar material improves deposition on a hard 

substrate. This could be useful for practical applications where a thin coating can be added 

to aid adhesion for the succeeding layers. The current model can be used as the first step 

for multiple particle impacts where the first particle adhesion is hard and it gets easier once 

an initial coating has formed. 
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(b) 

(a) 

 LDPE PC Cu Legend 

 

 

 
 

 

 LDPE PC Cu Legend 

 

 

 
 

 

 Figure 4-9: Simulation results showing the final deformed state of a high density polyethylene particle on 

a low density polyethylene (LDPE) substrate, polycarbonate substrate and Cu substrate with initial velocity 

Ui = 200m/s and initial temperature Ti = 298K. (a) The plastic deformation (PEEQ) and (b) the temperature 

distribution is shown. 
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Figure 4-10: Data showing the effect of substrate hardness on: (a) maximum plastic deformation (PEEQ) 

in the () particle and () substrate; (b) maximum temperature in the () particle and () substrate, (c) 

() rebound velocity of the particle after impact and () rebound kinetic energy of the particle after 

impact and (d) () compression ratio Cr of the particle. The simulations were carried on with an initial 

velocity of Ui = 200m/s and initial temperature Ti = 298K. 
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(a) 

(b) 

  

 

 t = 2.5µm t = 20µm t = 100µm Legend 

 

 
  

 

 t = 2.5µm t = 20µm t = 100µm Legend 

 

 
  

 

Figure 4-11: Simulation results showing the final deformed state of high density polyethylene particle 

impact on a copper substrate with a coating thickness t = 2.5µm, t = 20µm and t = 100µm with initial 

velocity Ui = 200m/s and initial temperature Ti = 298K. (a) Particle deformation (PEEQ) and (b) the 

temperature distribution is shown. 
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Figure 4-12: Data showing the effect of thickness of high density polyethylene coating on copper 

substrate on: (a) plastic deformation (PEEQ) in the () particle and () coating, (b) temperature in the 

() particle and () coating, (c) () rebound velocity of the particle after impact and () rebound 

kinetic energy of the particle after impact and (d) () compression ratio, Cr of the particle after impact. 

The simulations were carried on with an initial velocity of Ui = 200m/s and initial temperature Ti = 298K. 
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4.8 Conclusions 

The initial temperature of the particle was found to play a significant role during 

particle impact. The increase in the initial temperature resulted in high overall deformation 

of the particle. The maximum strains were found to be the same for all entire temperature 

range but the average strain in the particle, which was considered in terms of the 

compression ratio of the particle, Cr increased with temperature. At the same time, the 

strains in the substrate did not show any significant changes due to the temperature rise of 

the particle except for the highest particle temperature where the strains in the substrate 

dropped because the particle was not hard enough to deform the substrate. The rebound 

characteristics of the particle also diminished with increasing temperature which suggested 

that softening of the particle material could prove useful for bonding. 

The effect of the particle size was investigated by simulating the particle impact for 

three different particle diameters. The larger particles were found to deform easily due to 

the fact the smaller particles encounter higher strain rates and higher dynamic yield strength 

thus affect stiffer. It was discussed that although larger particles tend to have higher 

deformation, the rebound kinetic energy with which the larger particles leave the substrate 

is always higher mainly due to higher mass. Thus, smaller particles are expected to adhere 

more strongly on impact. 

The damage parameter ρUi
2/σY which is independent of the particle size, was found 

effective in quantifying the effect of density of the particle during impact. The increase in 

density was also approximated as loading of the copper nanoparticles. An increase in the 

particle density was found to reduce the deformation in the particle while forming a deeper 

crater into the substrate. Highest deformations were observed in the substrate with 
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increasing particle density. Using the damage parameter above, it was also discussed that 

increasing the density was equivalent to increasing the particle velocity or the initial kinetic 

energy. This case was also simulated; the hypothesis was proved to be true. 

The hardness of the substrate played an important role for adhesion of the particle. 

The harder substrate deformed the particle more resulting in a higher surface area for 

adhesion. Different materials for substrate were selected and impact for HDPE particle in 

LDPE, PC and Cu were simulated. It was observed that adhesion was least likely when the 

mismatch between the particle and substrate material was the least (same material). The 

higher the mismatch, the more part of the particle or substrate deforms plastically thus 

giving away the least amount of energy to the particle to rebound.  

To take advantage of the mismatch and also to allow polymeric chain entanglement 

and bonding, the effect of an already deposited layer of HDPE material on a hard Cu 

substrate was studied. The thickness of the coating was varied over a range. It was found 

that the presence of a thin film aided in bonding of the particle. The particle with sufficient 

energy deformed the film plastically. In addition, the hard Cu substrate beneath further 

amplified the deformation in the film and the particle thus giving away the least possible 

energy to the particle to rebound. 
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CHAPTER 5  

SUMMARY AND CONCLUSIONS 

In this thesis, a numerical investigation of the high velocity impact of a micron-

scale polymeric particles are presented. The major goal of this work has been to investigate 

the impact dynamics of a single particle impact and the various physical parameters that 

affect the impact. To this end, the finite element method has been used and the following 

physical parameters have been considered: initial particle temperature, particle size, the 

particle density, relative hardness of the particle compared to the substrate and the effect 

of an already deposited layer thickness. A velocity range from 150m/s-250m/s have been 

considered and the effect of the above mentioned process parameters on the outcome of 

the impact have been characterized by tracking the particle temperature, deformation, 

plastic strain and rebound kinetic energy. 

Earlier, a great deal of emphasis has been given to metal particle impact, especially 

copper, aluminum and titanium alloy. These materials, due to their ductile behavior and 

relatively low strength, are greatly preferred for cold spraying application. Abundant 

research material is available for impacts of copper and aluminum materials and the 

applications are numerous. In this work, importance is given to a novel cold spray process 

that utilizes polymer powder. Copper and aluminum were used initially to validate our 

model against the numerical and experimental results in the literature. Later, numerical 

analysis for polymer particles was studied in detail for various impact velocities. It was 

shown that, as the impact velocity increases, the particle experiences more severe 

deformation and penetrates more into the substrate, accompanied with significant 



www.manaraa.com

 
 

60 

temperature rise at the particle-substrate interface. The largest recorded deformation and 

temperature spikes were found around the particle-substrate interface. 

The impact of a single polyethylene particle on a semi-infinite polyethylene 

substrate was carried using the von Mises plasticity model using the strain rate and 

temperature dependent data shown in Figure 3-1. The Lagrangian approach was adopted; 

3D quarter symmetry model was generated. The bottom face of the substrate was fixed in 

all degrees of freedom while symmetric boundary conditions were applied on the vertical 

faces such that, they were allowed to move only in the y-direction. A fully coupled thermal 

stress analysis was conducted with 8 node reduced integration element. Mesh resolution 

dependence was investigated and mesh density of 100 elements across a 50μm diameter 

particle was employed. The initial particle velocity, Ui = 200m/s was kept constant for all 

cases expect when studying the effect of particle velocity. Similarly, the particle and 

substrate temperature were set to room temperature (Ti = 298K) for all cases expect when 

investigating the effect of initial particle temperature. The particle diameter was set to D = 

50µm for all simulations except when the effect of particle diameter was studied.  

In the simulations presented earlier, the particle was allowed to impact the 

substrate, the initial contact occurring along the vertical axis at the bottom of the particle.  

Due to high impact velocities, large pressure was produced and it deformed the particle 

elastically and plastically. The elastic deformations were stored as recoverable elastic 

energy which was recovered following the impact in a finite rebound velocity Ur, and 

rebound kinetic energy, KEr = 1/2mpUr
2. The plastic deformation and the temperatures in 

the particle and substrate were analyzed by plotting the maximum plastic equivalent strains 

(PEEQ) and the temperature profiles. The average deformation in the particle was 
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presented in terms of the compression ratio Cr. The figures with the plastic deformation 

and temperature contours were presented followed by the graphs with the trends in 

maximum strain, temperature, rebound velocity and the rebound kinetic energy, and the 

compression ratio with varying input parameters.  

The effect of initial particle temperature was studied while varying the initial 

temperature of the particle from Ti = 248K to Ti = 348K and keeping the substrate 

temperature Ts = 298K. The localized strains induced in the particle at various initial 

temperatures were almost identical. However, the particle as a whole was subjected to 

larger average strains with increasing temperature which was evident from the compression 

ratio Cr while the deformation in the substrate decreased with increasing particle 

temperature. Also a drop of 14% in the rebound velocity and 21% in the rebound kinetic 

energy was observed. Thus, increasing the particle temperature and its resulting softening 

would prove beneficial for particle adhesion. The initial kinetic energy or the initial particle 

velocity tends to play a great role in adhesion of the particle and thus its effect was studied 

by varying the particle velocity from Ui = 150m/s to Ui = 250m/s. Increasing the initial 

velocity greatly increasing the plastic deformation the particle is subjected to. Similar 

trends were observed with temperature. However, the rebound velocity and the rebound 

kinetic energy increased with the increasing initial velocity due to the fact that the current 

model does not account for melting of the particle. Thus the part of the initial kinetic energy 

which should have been used for melting of the particle appears in the form of rebound 

velocity. Due to highly strain rate dependent behavior of polymers, the effect of particle 

size needed to be investigated. The particle diameter was varied from D = 50μm to D = 

500μm and keeping the particle velocity Ui = 200m/s and temperature Ti = 298K. Particle 
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diameter did not affect the particle deformation or temperature profiles significantly. 

However, a monotonic growth in the compression ratio Cr was observed which indicated 

the larger particle deformed easily. But from adhesion point of view, because the kinetic 

energy grows like the mass of the particle or its volume, KE ∝ D3, while the work of 

adhesion grows with the cross sectional area, WPS ∝ D2, it was found that small particles 

will always be expected to adhere more strongly on impact. 

Cold spraying of composite materials was found to have plenty of applications. 

Thus to see the effect of addition of copper nanoparticles, the density of the particle was 

increasing keeping all other properties same as a first approximation. The particle density 

was varied from 960kg/m3, 1004kg/m3, 1490kg/m3 to 2905kg/m3 as the percentage by 

weight the copper nanoparticles was increased from 0%, 5%, 40% to 75% and the impacts 

were studied at particle velocity Ui = 200m/s and temperature Ti = 298K. Increasing the 

particle density resulted in a larger initial particle kinetic energy thus inducing significantly 

higher strains and temperatures. Although the strains in the particle increased by 50% over 

the increase in density by 75% by weight of copper, the temperatures recorded decreased 

as the density increased. As the particle became denser, more deformation was observed in 

the substrate followed by higher temperatures compared to the particle forming a deep 

crater into the substrate. Although the rebound kinetic energy increased with particle 

density, owing to the larger plastic deformation experienced by the particle and the 

substrate, the rebound velocity was found to decrease. Another interesting result found was 

that increase in particle density is equivalent to increase in the initial particle velocity. This 

was investigated by simulating the impact of a 40% copper nanoparticle loaded HDPE 

particle at Ui = 160m/s and comparing the results to the impact of a 5% copper nanoparticle 
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loaded HDPE particle at Ui = 200m/s. The results obtained showed striking similarity in 

terms of the deformed shape, strains induced and the temperature rise. 

The substrate material plays an important role when it comes to adhesion of the 

particle because the relative hardness of the substrate is an important factor to consider. 

The effect of substrate hardness was studied by impacting an HDPE particle on four 

different substrate materials: LDPE, HDPE, PC and Copper at Ui = 200m/s. The substrate 

strength increased from E = 0.3GPa to E = 1.26GPa as the material was changed from 

LDPE to HDPE to PC and finally to Copper. It was found that best results were obtained 

when there was a mismatch between the particle and substrate material strength. For 

example, the HDPE/HDPE case resulted in the minimum plastic strains and temperature 

thus resulting in highest recorded rebound velocity and energy. Any other case, for example 

HDPE/LDPE case, the particle deformed the substrate forming a deep crater and the strains 

and temperature recorded were high in the substrate accompanied with a drop in the 

rebound velocity and energy of the particle while for HDPE/PC, the particle deformed with 

very little deformation in the substrate. The temperatures in the particle were high due to 

large plastic deformations. The rebound velocity was also found to be less than that 

compared to the HDPE/HDPE case. Thus a mismatch in the modulus proves beneficial for 

adhesion. 

The effect of having a modulus mismatch was further exploited by simulating the 

impact of an HDPE particle on a hard copper substrate with a thin HDPE film. The 

simulations were carried with an HDPE particle impacting the copper substrate with a thin 

film and varying the film thickness from t = 2.5µm to t = 250µm. Although the plastic 

strains in the particle and substrate for a 2.5µm thin film were only 50% when compared 
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to no film (impact on copper substrate), the rebound velocity was found to reduce by 15%. 

This reduction was due to the large deformations in the particle and the plastic 

deformations produced in the thin film coating which led to development of enormous 

shear stress. Thus, most of the particle energy was dissipated in the form of plastic 

deformation and temperature rise in the particle and the thin film. This effect diminished 

as the coating thickness approached t = 20µm, beyond t = 20µm the particle behaved as if 

impacting on an infinite HDPE substrate. Thus, having a very thin coating of a softer or 

similar material will improve deposition on a hard non-polymer substrate. 

Although these results give satisfactory insight about the impact dynamics of 

polymers and the various factors affecting the impact behavior, the current model still lacks 

to account for many phenomena such as melting of the material, adhesion of the particle to 

the substrate and polymer chain interactions and entanglements between the particle and 

the substrate. More accurate models that can account for these phenomena and give better 

predictions for polymer particle impact are needed and this study can be further extended 

with more sophisticated modeling approach. 
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CHAPTER 6 

FUTURE WORKS 

In the current work, the metal particle impact model has been created and validated 

against the numerical and experimental results found in the literature. A novel cold spray 

technique for polymers has been investigated and a single polyethylene particle impact has 

been simulated. The effect of velocity and temperature of the impacting particle have been 

discussed by treating them independently from one another. In order to understand the 

impact dynamics of polymeric particles and how polymers behave under different loading 

conditions, a number of numerical simulations were carried where the process parameters 

mentioned earlier were varied. Current work can be extended in a number of ways as 

recommended below. 

In the current work, the von Mises plasticity model was used to predict the behavior 

of polymeric materials. Although this model is known to give satisfactory results, the 

polymeric material behavior is not accurately predicted at higher strain rates or high 

temperature. The effect of hydrostatic forces is not accounted for in this model. Also, the 

time dependent creep and relaxation behavior, and other phenomenon that are exhibited by 

the polymers is not accounted in this study. It the future, the current model can be extended 

to develop a better material model which can predict the polymer material behavior with 

greater accuracy. 

The cold spray process consists of coating build-up by sequential impact, 

deformation and bond of many particles. Therefore, formation and properties of a deposited 

layer are not affected by the impact behavior on a single particle, but also by subsequent 

impact events. One such case was simulated earlier where a single particle impact on an 
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already deposited layer of similar material. This case, although a good approximation for 

multiple particle impact, neglects the surface roughness, the deformation, the temperature 

rise and the stresses contained in the particle before the next particle impact. Therefore, the 

current model can be extended to simulate multiple particle impacts. 

The current model approximates the loading of polymer particles with copper 

nanoparticles simply as increase in the density of the particle. The interaction of the 

nanoparticles with the carries particle is a subject of future study. Also, how this 

phenomenon can be simulated to predict the polymer particle carrying nanoparticles 

impacting onto a substrate can be done by extending the current model. 
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