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Abstract In this paper, deposition of polymer powders

was studied numerically for the cold-spray deposition

technique. In cold spray, a solid particle is impacted on a

substrate at high velocity. The deformation and heating

upon impact have been shown to be enough to result in

particle deposition and adhesion even without melting the

particle. Here, a systematic analysis of a single high-den-

sity polyethylene particle impacting a semi-infinite high-

density polyethylene substrate was carried out for initial

velocities ranging between 150 and 250 m/s using the

finite element analysis software ABAQUS Explicit. 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,

composition of the polyethylene particle, surface compo-

sition and the thickness of a polyethylene film on a hard

metal substrate. The effect of these parameter variations on

the particle impact dynamics were quantified by tracking

the particle temperature, deformation, plastic strain and

rebound kinetic energy. The trends observed through

variation of these parameters provided physical insight into

the experimentally observed window of deposition where

cold-sprayed particles are mostly likely to adhere to a

substrate.

Keywords ABAQUS Explicit � finite element analysis �
high-density polyethylene � high-velocity particle impact

Introduction

The high-speed impact of small particles on a substrate

can yield a variety of results depending on the particle

velocity, impact angle, the size and shape of the particle

and the particle and substrate materials involved. The

possible outcomes include peening or permanent inden-

tation of the substrate, erosion from the substrate, sub-

strate abrasion, adhesion of particle to the substrate or

material loss due to damage (Ref 1, 2). Depending on the

type of process and desired outcome, these effects can be

considered detrimental or beneficial. Due to the recent

advances and commercialization of a number of different

additive manufacturing processes, a large number of

experimental, numerical and theoretical studies have been

conducted to understand the impact process. Of particular

interest here is the process known as cold spray where

metal particles are accelerated to very high speeds and

impacted onto a metal substrate where they deform and

adhere all the while remaining in the solid state. The

cold-spray process has become popular in the aerospace

and other industries as a mechanism for repair and

reconditioning of metal parts (Ref 3). Although, with new

advances, this technique is finding other useful applica-

tions. When a solid metal particle impacts on metal

substrate with sufficient kinetic energy, large deformation

of the substrate may lead to an adiabatic shear instability

and the formation of a ‘jet’ at the deformed interface

between the particle and the substrate. This is because as

the impacted particle deforms, the temperature at the

interface will increase rapidly due to frictional heating

and extremely short timescale of the impact. If the

material softens at a higher rate compared to its rate of

strain hardening, it starts to flow and forms a jet (Ref 4-

6). The timescale for high-speed particle impact is of the
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order of a few hundred nanoseconds depending on the

particle material and the impact velocity. Unfortunately,

this is currently too short to be effectively examined by

experiments. Therefore, there is a need to study the cold-

spray impact process through numerical simulations. A

number of research groups have been developing

numerical models to address the phenomena during metal

particle impact for last decades. Recently, in numerical

analysis conducted by Yildirim et al. (Ref 1), the impact

of a copper particle on a copper substrate for the veloc-

ities ranging between 100 and 700 m/s was studied. The

use of the Lagrangian approach (with and without mate-

rial damage) and the arbitrary Lagrangian–Eulerian (ALE)

approach were investigated, and the Lagrangian approach

with material failure was found most effective in

describing the material behavior under high deformation

and preventing excessive distortion of the mesh. The

Lagrangian approach with material damage also allowed a

more realistic prediction of the deformed shape of an

impacted particle. A notable similarity in deformation

patterns was observed between impacts of 50 lm and

5 mm particles as smaller particles were found to behave

slightly stiffer than larger particles because of strain-rate

effects.

Li et al. (Ref 7) studied the mesh dependence and the

effect of particle size along with the use of material

damage. The results showed that the simulations with

material damage cope well with the element excessive

deformation, and the resultant output is more reasonable

than that obtained without material damage. The meshing

size was found to have little effect on the output; also the

particle size had very little effect on the morphologies of

the deformed particles. Zhou et al. (Ref 8) considered the

effect of initial temperature of the particle and substrate

and the particle velocity on the deposition coating. It was

found that as the in-flight temperature of the particle was

increased, the coating became denser and microhardness

and bond strength for metallic particles increased. The

particle velocity and temperature need to be within a

defined limit for adhesion to take place; the impact may

result in fracture of the particle upon impact for low

temperatures and velocities; however, the particle will

deform excessively for high velocities and temperatures.

Later, Zhou established that the initial kinetic energy of

the particle was the dominant factor in deposition, and

thus, the effect of initial temperature was not considered.

In this study, we will concentrate not on metal cold

spray, which is a well-studied topic, but on a novel cold-

spray process that utilizes polymer powders (Ref 9-12).

The impact of polymer powders differs significantly from

that of metals (Ref 12). As a result, much is unknown,

including what is a suitable range for the particle velocity

and can the rule of thumb settings used in metal cold sprays

be applied to polymer particles. Too small velocities would

not cause sufficient deformation or heating 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 the

substrate (Ref 13). Our approach is to study the impact

numerically which in conjunction with experiments can

help define a window of deposition and help physically

understand the experimental results.

In order to properly simulate the high-speed impact of

cold-spray process, polymer material properties at high

strain rates must be determined. Although the literature is

sparse in this area, efforts of Xu and Hutchings (Ref 12)

and Bush et al. (Ref 9) give interesting insights on the

polymer particle behavior. The results suggest that impact

velocities between 100 and 200 m/s are necessary to

deposit polymer particles on a polymer substrate. This

informed our choice of initial velocity of 200 m/s for a

50-lm 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 sub-

strate. Deposition onto hard aluminum substrates proved

difficult for almost all spray conditions; heating the alu-

minum substrate gave good deposition though. The initi-

ation 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.

(Ref 10) 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 adhe-

sion is possible (Ref 12).

In this study, the von Mises plasticity model with

temperature and strain-rate dependence was used. The

first part of the study describes in detail the formulation

of the finite element code and the various model param-

eters that were integrated into the code. In the second part

of the paper, a parametric study investigating the effect of

various physical properties and process parameters that

have on the mechanics of particle deformation is con-

ducted. The parameters studied include the impact

velocity, the initial particle temperature, the particle

diameter, the relative hardness between the particle and

substrate material and the thickness of an already depos-

ited layer of polymer material. Finally, we draw conclu-

sions from our data and relate the results back to the

experimental results in polymeric cold spray.

J Therm Spray Tech (2017) 26:970–984 971

123



Numerical Methods

Simulation Properties

The single particle impact for polymers and the defor-

mation characteristics were studied using the commer-

cially available finite element analysis software

ABAQUS/Explicit version 6.14 (Ref 14). The Lagrangian

approach was adopted to simulate the particle impact (Ref

1). A 3D model with quarter symmetry was generated;

due to lack of available material constants for the damage

model, simulations were carried without the damage

model. A 3D model was utilized rather than an axisym-

metric model so that simulations of multiple particle

impacts could be more easily performed in the future. The

particle and the substrate were set to room temperature

(Ti = 298 K) and were kept constant for all the cases

except when studying the effect of temperature. The

particle diameter was set to D = 50 lm for all simula-

tions except when the effect of particle diameter was

studied. Initial particle velocities between Ui = 150 and

250 m/s were investigated by assigning the initial velocity

to all the nodes of the particle. In order to ensure that the

reflecting waves from the bottom face and the far off faces

of the substrate reach the impact zone only after rebound

of the particle and thus have no effect on the rebound

characteristics of particle, the substrate was modeled as a

cylinder with radius and height 25 times larger than the

particle radius. 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 as

defined in Fig. 1(a).

A fully coupled thermal stress analysis was conducted

with eight-node reduced integration elements (C3D8RT)

which have both temperature and displacement degrees of

freedom. The effects of gravity were neglected. General

contact algorithm with the friction coefficient of 0.3 was

used for all the cases studied here.

Before discretizing the domain, mesh resolution

dependence was investigated by varying the number of

elements along the particle diameter from 50 elements to

200 elements. The mesh distribution was regular; no con-

vergence expression was employed during the study. The

mesh was fixed by selecting a value (ranging from 50

elements to 200 elements) for the number of elements

along the particle diameter at the start of the simulation and

was kept consistent throughout the simulation. This con-

vergence study was performed to strike a balance between

the mesh density and the improvement in the result by

manually varying the mesh density of the entire domain

before the start of the simulation. 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

two particle diameters away from the impact area in the

substrate as shown in Fig. 1(b).

Fig. 1 (a) Initial conditions used for the impact of high-density polyethylene particle on substrate are shown, and (b) computational domain

showing the mesh used in simulations (mesh resolution of 1/50D for a 50 lm particle) is shown
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Material Model

General Properties

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 shown in

Table 1 (Ref 15).

Plasticity Model

The plastic deformation in the material was modeled by

using isotropic material hardening. The flow stress of the

material was modeled by the von Mises plasticity model

(Ref 16). This model interprets yielding as a purely shear

deformation process which occurs when the effective shear

stress re reaches a critical value. This effective stress is

defined in terms of the principal stresses ri (i = 1, 2 or 3)

by

re ¼
1

2
r1 � r2ð Þ2þ r2 � r3ð Þ2þ r3 � r1ð Þ2

h i� �1=2

:

ðEq 1Þ

The von Mises criterion then relates re to the yield stress in

tension rT by

re ¼ rT: ðEq 2Þ

This criterion predicts that the tensile yield stress rT,
effective shear yield stress rS and compressive yield stress

rC are related by

rT ¼ rc ¼
ffiffiffi
3

p
rS: ðEq 3Þ

High-density polyethylene was used as both particle and

substrate material in most cases. Other cases for the para-

metric study used polycarbonate (PC), low-density poly-

ethylene (LDPE) and oxygen-free high conductivity

(OFHC) copper along with high-density polyethylene

(HDPE). The effect of strain and strain-rate hardening, and

thermal softening are shown in Fig. 2 as stress versus strain

plots for HDPE at various strain rates and temperatures

(Ref 17). Additional data for PC, LDPE and OFHC copper

can be found in Ref 1, 17, 18. These data points were

entered into ABAQUS as temperature and strain-rate-

dependent data.

As shown in Eq 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

(Ref 16). Because the von Mises criterion does not consider

hydrostatic stress, one will expect a slight loss in accuracy

in the prediction of particle deformation. However, even if

not fully quantitative, 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 (Ref 14).

Results and Discussion

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 tempera-

ture, particle size, particle impact velocity, 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 was quantified by

tracking particle temperature, deformation, plastic strain,

rebound velocity and kinetic energy, and the compression

ratio of the particle.

Effect of Particle Temperature

The final temperature of a metal particle after impact lar-

gely 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 that can greatly enhance adhesion which cannot

be achieved by van der Vaals forces alone (Ref 19). The

temperature of the polymer particle will also affect how the

material behaves during the impact and after rebound as the

elastic modulus and degree of plastic deformation are

strong functions of temperature as shown in Fig. 2. In

Fig. 3, the equivalent plastic strains and temperature pro-

files are compared for a series of initial particle tempera-

tures varying from Ti = 248 to 348 K. The substrate

temperature was held constant at Ts = 298 K for all cases.

Table 1 Other material properties for high-density polyethylene

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/kg K

(a) Temperature-dependent properties
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The particle velocity was held constant at Ui = 200 m/s as

shown in Fig. 3.

In the simulations, the particle is released 5 lm away

from the surface traveling 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

deforms the particle elastically and plastically. 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.

Fig. 2 Material properties of high-density polyethylene used as input

into the von Mises model to simulate the particle impact. The data

include (a) stress vs. strain at a constant temperature of Ti = 298 K

and strain rates varying from (dashed double dotted line)
_e = 0.0001 s-1, (dashed line) _e = 0.01 s-1, (dotted line)

_e = 100 s-1, (solid line) _e = 2460 s-1 and (b) stress vs. strain at a

constant strain rate of _e = 0.01 s-1 and temperatures varying from

(dashed single dotted line) Ti = 198 K, (dotted line) Ti = 233 K,

(dashed line) Ti = 293 K, (dashed double dotted line) Ti = 323 K,

(solid line) Ti = 373 K

Fig. 3 Simulation results of the

final deformed state of a 50 lm
diameter high-density

polyethylene particle impacting

on a high-density polyethylene

substrate at a temperature

Ts = 298 K with an initial

velocity Ui = 200 m/s. The

particles shown have an initial

temperature Ti = 248, 298 and

348 K. Data for (a) plastic

deformation (PEEQ) and

(b) temperature are shown
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The plastic deformation of the particle results in non-re-

coverable 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 com-

pression ratio of the particles, Cr = (Di - Df)/Di, where Di

is the initial diameter of the particle and Df is the final

compressed height of the particle. In the sections that fol-

low, we will present figures showing contours of both

plastic equivalent strain and temperature for both the par-

ticles and substrate after impact. In the simulations, adhe-

sion is not accounted for so the particles will 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.

As shown in Fig. 3(a) and graphs in Fig. 4(a), the

localized maximum strains induced in the particle at

various initial temperatures were almost identical. How-

ever, when compared to the low-temperature case,

Ti = 248 K, the particle as a whole was subjected to larger

average plastic strains with increasing temperature. This

can be seen as an increase in the compression ratio with

initial particle temperature in Fig. 4(d) from Cr = 0.19 to

0.23. The opposite trends were observed in the substrate as

shown in Fig. 4(a). This is likely because the temperature

and material properties of the substrate are fixed at

Ts = 298 K. As a result, an increase in initial temperature

of the particle results in the relevant softening of the par-

ticle compared to the substrate as shown in Fig. 2 which in

turn leads to larger average strains throughout the particle

with increasing particle temperature at the expense of the

highly localized strain at the particle substrate interface.

Small spikes of high temperatures were observed in the

particle near the edge of the impact zone where the shear

deformation is maximum; however, most of the

Fig. 4 Data showing the effect of initial particle temperature on:

(a) maximum plastic deformation (PEEQ) in the (filled square)

particle and (filled circle) substrate, (b) maximum temperature in the

(filled square) particle and (filled circle) substrate, (c) (filled triangle)

rebound velocity of the particle after impact and (filled diamond)

rebound kinetic energy of the particle after impact, (d) (filled square)

the compression ratio Cr of the particle. The simulations were carried

on with an initial velocity of Ui = 200 m/s and initial temperature

Ti = 248, 298 and 348 K for 50 lm particle diameter
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temperature rise in the particle observed in Fig. 3(b) and

4(b) can be attributed to the increase in the initial particle

temperature. As shown in Fig. 4(c), the rebound velocity

and the rebound kinetic energy of the particle were reduced

by 14 and 21%, respectively, as the temperature was

increased from 248 to 348 K. 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 entan-

glement during impact that will most likely enhance

adhesion as the temperature rises.

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

WPS ¼ ðcP þ cS � cPSÞA; ðEq 4Þ

where A is the contact surface area between the particle and

the substrate, cP is the surface tension of the particle, cS is

the surface tension of the substrate and cPS is the interfacial
tension between the particle and the substrate (Ref 20). The

interfacial tension between the particle and the substrate

can be estimated as

cPS ¼ cP þ cS � 2
ffiffiffiffiffiffiffiffiffi
cPcS

p
: ðEq 5Þ

The resulting work of adhesion becomes

WPS ¼ 2A
ffiffiffiffiffiffiffiffiffi
cPcS

p
: ðEq 6Þ

For impact of HDPE particle on HDPE substrate,

WPS = 2AcP where cP = 35.7 mN/m (Ref 21). For the

impact shown in Fig. 3, WPS = 0.9 nJ. When compared

against the rebound kinetic energy, KEr shown in Fig. 4,

the work of adhesion is two orders of magnitude too small

to result in particle adhesion. Clearly, additional physics is

needed to fully predict adhesion.

Effect of Initial Particle Velocity

As mentioned earlier, the impact behavior of the particle

largely depends on the initial kinetic energy, thus the initial

particle velocity. To understand the effect of the initial of

particle velocity, the particle was impacted with initial

velocity between Ui = 150 and 250 m/s. The equivalent

plastic strain (PEEQ) and the maximum temperature dis-

tribution in the particle and the substrate just after the

rebound of the particle for initial particle velocities of

Ui = 150 to 250 m/s are shown in Fig. 5. For the range of

velocities tested, the plastic deformation and the tempera-

ture of the material were found to increase with increasing

particle velocity. It is evident from Fig. 5 that the

Fig. 5 Simulation results of the

final deformed state of a 50 lm
diameter high-density

polyethylene particle impacting

on a high-density polyethylene

substrate at an initial

temperature Ti = 298 K. The

particles shown have an initial

velocity Ui = 150, 200 and

250 m/s. Data for (a) plastic

deformation (PEEQ) and

(b) temperature are shown
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equivalent plastic strains increased by almost 300% for a

100 m/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 in the temperature in these regions from

Tmax = 305 K at 150 m/s to Tmax = 320 K at 250 m/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 =

(Di - Df)/Di. The compression ratio was found to increase

from Cr = 0.15 to 0.25 with increasing particle velocity

suggesting higher average strains in the particles with

higher impact velocity as shown in Fig. 6(d). 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 temper-

ature 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\100 ns, neglecting

melting which can take seconds or minutes may be a rea-

sonable assumption. No visible jetting is observed for

velocities as high as 250 m/s. Further increase in the par-

ticle velocity causes excessive mesh distortion leading to

convergence problems and thus was not included.

Effect of Particle Size

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 (Ref 1, 22). This non-dimen-

sional parameter is expressed as qUi
2/rY, where q and Ui

are particle density and velocity, respectively, and rY 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

Fig. 6 Data showing the effect of initial particle velocity on:

(a) maximum plastic deformation (PEEQ) in the (filled square)

particle and (filled circle) substrate, (b) maximum temperature in the

(filled square) particle and (filled circle) substrate, (c) (filled triangle)

rebound velocity of the particle after impact and (filled diamond)

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

square) compression ratio Cr of the particle. The simulations were

carried on with an initial velocity of Ui = 150, 200, 250 m/s and

initial temperature Ti = 298 K for 50 lm particle diameter
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independent and the gravitational effects are negligible.

Since we are dealing with micron-sized bodies, the gravi-

tational effects can be considered negligible. However, as

shown in Fig. 2(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 50, 250 and 500 lm
was simulated on an HDPE substrate for an initial particle

velocity of Ui = 200 m/s. The contours of plastic defor-

mation and temperature distribution in the particle and

substrate are shown in Fig. 7. Although the particle

diameter was increased by a factor of 10 and the impact

kinetic energy by 1000, little change in the strain field or

the temperature profile was observed with increasing

particle size. In Fig. 8(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 of 15% was observed

with increasing particle size even as both the maximum

temperatures and strains were found to demonstrate very

little change as shown in Fig. 8(c) and (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, was found to trend very

differently. The rebound velocity and the corresponding

rebound kinetic energy are plotted in Fig. 8(c) for varying

particle diameter. The rebound particle velocity was

found to reduce with increasing particle size due to

increase in the average strain observed in the compression

ratio. The rebound kinetic energy was found to increase

with particle size due to the increase in the mass of the

particle. If the particle rebound kinetic energy KEr is

normalized by the particle mass, the data in Fig. 8 would

demonstrate that more of the incoming kinetic energy is

dissipated as thermal energy during impact of larger

particles due to the larger plastic deformation of the

particle. Unfortunately, even as more kinetic energy was

dissipated for larger diameter particles, the rebound

kinetic energy KEr will grow like the mass of the particle

or its volume KE � D3, while the work of adhesion will

grow with the cross-sectional area, WPS � D2. As a result,

Fig. 7 Simulation results

showing the final deformed state

of high-density polyethylene

particle impacting on a high-

density polyethylene substrate

at Ui = 200 m/s and initial

temperature Ti = 298 K with

particle diameter D varying

from D = 50 to 500 lm. In (a),

the plastic deformation (PEEQ)

and (b) the temperature

variation is shown
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unless the rate-dependent material properties result in a

rebound kinetic energy that grows slower than D2, smaller

particles will always be expected to adhere more strongly

on impact.

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 (cP
and cS) 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 materials were chosen: LDPE, HDPE, PC and

OFHC copper. In each case, a 50-lm-diameter HDPE

particle was used to impact the substrate with an impact

velocity of Ui = 200 m/s.

As the substrate was changed from LDPE to HDPE to

PC and finally to copper, the modulus was increased from

E = 0.3 to 1.26 GPa. It can be observed from Fig. 9 that

with increasing substrate modulus, the particle tended to

Fig. 8 Data showing the effect of particle diameter D on: (a) max-

imum plastic deformation (PEEQ) in the (filled square) particle and

(filled circle) substrate, (b) maximum temperature in the (filled

square) particle and (filled circle) substrate, (c) (filled triangle)

rebound velocity of the particle after impact and (filled diamond)

rebound kinetic energy of the particle after impact, (d) (filled square)

compression ratio, Cr of the particle. The simulations were carried on

with an initial velocity of Ui = 200 m/s and initial temperature

Ti = 298 K
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spread laterally, while simultaneously, the depth of the

crater in the substrate was reduced. Interestingly, the

HDPE/HDPE case resulted in the minimum temperature

and plastic strain while producing the maximum rebound

kinetic energy and velocity. 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.

As seen from the results presented in Fig. 10, the plastic

deformation and temperature distribution in the particle

increased as the substrate modulus increased, while the

opposite trend was observed in the substrate. For impact on

copper substrate, a compression ratio of Cr = 0.3 was

observed with no plastic deformation of the substrate. For a

substrate with a lower modulus than the particle, HDPE/

LDPE case, the particle barely deformed, Cr = 0.05, while

the substrate experienced a large plastic deformation with

PEEQ = 3. Thus, from the standpoint of rebound kinetic

energy only, the like-on-like deposition is the most difficult

to achieve. This phenomenon has also been observed

experimentally by Bush et al. (Ref 9). Additional effects

like local polymer melting and entanglement which could

enhance adhesion are not accounted for here. Thus, even

though the particle experiences great deformation and local

heating during impact on copper, it may not adhere as

easily as on the polycarbonate for example.

Effect of Substrate Coating Thickness

As explained in the previous section, the substrate prop-

erties can have significant effect on the rebound charac-

teristics 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 (Ref 12). This is because deposition onto a non-

polymeric substrate must rely on the work of adhesion

alone without the benefit of polymer entanglement. In order

to work around this problem, one could imagine applying a

precoating of polymer to a metal surface prior to cold-spray

deposition. This approach will take advantage of the mis-

match in modulus while also allowing for polymer entan-

glement 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 2.5 to 250 lm coating. Beyond

100 lm, 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 is shown in Fig. 11. For

Fig. 9 Simulation results

showing the final deformed state

of a 50 lm diameter high-

density polyethylene particle on

a low-density polyethylene

(LDPE) substrate, high-density

polyethylene (HDPE) substrate,

polycarbonate (PC) substrate

and Cu substrate with initial

velocity Ui = 200 m/s and

initial temperature Ti = 298 K.

(a) The plastic deformation

(PEEQ) and (b) the temperature

distribution are shown
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comparison, the value for HDPE particle impact on copper

substrate is shown in Fig. 10 and is included in Fig. 12 for

comparison. The effect of coating thickness on particle

rebound velocity and rebound kinetic energy is shown in

Fig. 12(c). Although the maximum plastic strains in the

particle and substrate with a thin 2.5 lm HDPE coating

were half as much as impacts on pure Cu substrate, the

compression ratio of the particle only changed by a few

percent and due to the plastic deformation of the substrate;

a 15% reduction in the rebound velocity was observed. For

5-20 lm-thick coatings, a rebound velocity comparable to

pure copper was observed. For thicknesses beyond 20 lm,

an increase in the rebound velocity toward 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

shown in Fig. 11. Enormous shear stresses and deformation

were introduced into the thin film upon impact. This energy

was dissipated in the form of a temperature rise due to

plastic deformation in the particle and the coating. Higher

deformation leads to increased temperatures, more polymer

mobility and more entanglement between the polymer in

the substrate and the polymer in the particle. A thin layer of

polymer is often needed especially on inorganic substrates

to improve deposition because without that thin layer

polymer entanglement is not possible and one must rely on

the work of adhesion alone. As shown in ‘‘Effect of Particle

Temperature’’ section, work of adhesion does not appear to

be large enough in most cases to achieve deposition. For a

coating thickness\20 lm, the particle with a velocity of

200 m/s had enough energy to plastically deform the entire

thickness of the coating. The hard copper substrate beneath

the coating further amplifies the plastic deformation of the

coating by three times compared to infinitely thick HDPE/

Fig. 10 Data showing the effect of substrate hardness on: (a) max-

imum plastic deformation (PEEQ) in the (filled square) particle and

(filled circle) substrate, (b) maximum temperature in the (filled

square) particle and (filled circle) substrate, (c) (filled triangle)

rebound velocity of the particle after impact and (filled diamond)

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

square) compression ratio Cr of the particle. The simulations were

carried on with an initial velocity of Ui = 200 m/s and initial

temperature Ti = 298 K for 50 lm particle diameter
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HDPE case, thus generating a large shear stress in the

coating during impact. Once the thickness becomes more

than 20 lm, the effect of the underlying Cu substrate

reduces. Thus, it is clear that having a very thin coating of

the softer or similar material will improve deposition on a

hard non-polymer substrate. This could be useful for prac-

tical applications where a thin coating can be added to aid

adhesion for the succeeding layers. The current model can

also be used as the first step for multiple particle impacts

where this first particle adhesion may be challenging, but

will likely become easier once an initial coating has formed.

Summary and Conclusions

In the study presented here, the impact of a single poly-

ethylene particle on a variety of polymeric and inorganic

substrates was carried out using the von Mises plasticity

model with strain-rate and temperature-dependent material

properties data obtained from the literature (Ref 15). The

impact of a 50 lm diameter particle was studied over a

wide range of impact temperatures, impact velocities,

diameter and onto a range of substrates with different

material properties to better understand the impact

dynamics of polymeric particles.

In the simulations presented here, as the particle

impacted the substrate, a large pressure was produced at

the impact location which deformed the particle both

elastically and plastically. The elastic deformations were

stored as recoverable elastic energy which was recovered

following the impact in a finite rebound velocity and

rebound kinetic energy. The plastic deformation dissipated

energy causing the temperature to rise and the rebound

velocity to drop. The result of the impact on the particle

and substrate was analyzed by plotting the maximum

plastic strains and the temperature profiles as a function of

changing initial conditions and particle/substrate compo-

sition. The average deformation in the particle was also

presented in terms of the compression ratio.

The effect of initial particle temperature was studied

while varying the initial temperature of the particle from

Ti = 248 to 348 K and keeping the substrate temperature

Ts = 298 K. The localized strains induced in the particle at

various initial temperatures were almost identical. How-

ever, the particle as a whole was subjected to larger aver-

age strains with increasing temperature. This was most

evident in the compression ratio, Cr. As the particle tem-

perature was increased, the plastic deformation in the

substrate decreased. This increased plastic deformation

resulted in a drop of 14% in the rebound velocity and 21%

Fig. 11 Simulation results

showing the final deformed state

of a 50 lm diameter high-

density polyethylene particle

impact on a copper substrate

with a coating thickness

t = 2.5, 20 and 100 lm with

initial velocity Ui = 200 m/s

and initial temperature

Ti = 298 K. (a) Particle

deformation (PEEQ) and (b) the

temperature distribution are

shown
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in the rebound kinetic energy with increasing temperature of

the particles. Thus, increasing the particle temperature and

its resulting softening would prove beneficial for particle

adhesion. The initial particle velocity was found experi-

mentally to play a great role in adhesion of the particle (Ref

12). Thus, the effect of particle velocity was studied by

varying the impact velocity from Ui = 150 to 250 m/s.

Increasing the initial particle velocity was found to greatly

increase the plastic deformation in the particle. However,

the rebound velocity and the rebound kinetic energy

increased with the increasing initial velocity. Due to highly

strain-rate-dependent behavior of polymers, the effect of

particle size was also investigated. The particle diameter

was varied fromD = 50 to 500 lm and keeping the particle

velocity Ui = 200 m/s and temperature Ti = 298 K. Parti-

cle diameter did not affect the particle deformation, tem-

perature profiles or rebound velocity significantly. However,

a monotonic growth in the compression ratio Cr was

observed which indicated that the larger particle deformed

easily. That being said, although rebound velocity was not

found to change, the kinetic energy was found to grow like

the mass of the particle or its volume, KE �D3. With regard

to the particle adhesion, this is a negative result because the

work of adhesion grows with the contact area between the

particle and the substrate, WPS � D2. As a result, smaller

particles should always be expected to adhere more strongly

than larger particles upon impact.

The substrate material was found to play 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. The substrate

strength increased from E = 0.3 to 1.26 GPa as the

Fig. 12 Data showing the effect of thickness of high-density

polyethylene coating on copper substrate on: (a) plastic deformation

(PEEQ) in the (filled square) particle and (filled circle) coating,

(b) temperature in the (filled square) particle and (filled circle)

coating, (c) (filled triangle) rebound velocity of the particle after

impact and (filled diamond) rebound kinetic energy of the particle

after impact and (d) (filled square) compression ratio, Cr of the

particle after impact. The simulations were carried on with an initial

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

50 lm particle diameter
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material was changed from LDPE to HDPE to PC and

finally to copper. It was found that the best results were

obtained when there was a mismatch between the particle

and substrate material strength, resulting in either large

plastic deformation in the particle for harder substrates or

the substrates for softer substrates. Thus, a mismatch in the

modulus proved to be beneficial for particle 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 sim-

ulations were carried with an HDPE particle impacting the

copper substrate with a thin film and varying the film

thickness from t = 2.5 to 250 lm. Although the plastic

strains in the particle and substrate for a 2.5 lm thin film

were only 50% when compared 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 the development of enor-

mous shear stresses. Thus, most of the particle energy was

dissipated in the form of plastic deformation and temper-

ature rise in the particle and the thin film. This effect

diminished as the coating thickness approached

t = 20 lm, beyond t = 20 lm 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 advanced models that can

account for these phenomena and give better predictions

for polymer particle impact are still needed if quantitative

predictions of experimental results are to be achieved.
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