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Abstract Surface metallization of polymeric materials

using cold spray technology has gained increasing attention

in the past decade. Experimental studies have evidenced

multiple challenges of this process regarding continuity

and homogeneity of the metallic deposits on polymer

substrates. Modeling and simulation tools could be very

helpful to assess the efficiency of different strategies sug-

gested for improved deposition at a considerably reduced

cost; nevertheless, the efforts to use numerical modeling in

this sector have been less successful. Here, we develop a

detailed finite element model for the cold spray deposition

of metal particles on polymeric substrates to shed light on

the underlying deposition mechanisms. The simulation

results are compared with the literature experiments to

establish the effectiveness of the proposed model. The

developed model is able to capture the key phenomena

involved in the deposition mechanism particularly the

particle and substrate mechanical interlocking and sub-

strate local melting. It is shown that a particle velocity

threshold value should be exceeded to achieve an effective

mechanical interlocking. The substate thermal domain and

melting as well as the effects of particle velocity and size

on deformation and particle anchorage are discussed.
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AH Adiabatic heating

ASI Adiabatic shear instability

BC Boundary condition

CEL Coupled Eulerian–Lagrangian

CS Cold spray

CTD Coupled temperature-displacement

FE Finite element

PEEK Polyether ether ketone

Symbols

A Elastic limit

B Hardening constant

C Strain rate constant

m Thermal exponent

n Hardening exponent

T Temperature

T0 Reference temperature

Tm Melting temperature

ep True plastic strain

_e Plastic strain rate

_e0 Plastic strain rate

r True stress

3D Three dimensional

Dp Particle’s diameter

Rp Particle’s radius

Tp Particle’s temperature

Vp Particle’s velocity

Vcr Critical velocity of particle for adhesion

Vint Critical velocity of the particle to be interlocked

mechanically
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Introduction

Cold gas dynamic spray or briefly cold spray (CS) is a

pioneering deposition technique that is primarily used to

produce relatively thick coatings of fine powder

(1 � 50lm) sprayed on the surface of materials. Solid

particles are accelerated to supersonic velocities

(300 � 1200 m=s) by the expansion of a pressurized and

heated gas (normally nitrogen or helium) in a converging-

diverging nozzle (Ref 1). The term ‘‘cold’’ refers to the

relatively low processing temperatures and the solid-state

nature of the process, especially when compared to other

thermal spray processes such as flame spray, electric arc

wire spray and plasma spray. This feature of CS discloses

interesting capabilities for materials sensitive to high

temperatures. In optimal conditions, the high-velocity

particles exiting from the nozzle impact the target surface

and bond to the substrate or the already deposited particles

as a result of adiabatic shear instability (ASI), which occurs

at the interface (Ref 2). CS is recognized as a versatile

process since, in addition to surface coatings, its use has

been expanded to structural repair applications and additive

manufacturing owing to high deposition rates, the possi-

bility of working at large scales and adequate mechanical

strength of its deposits (Ref 3, 4).

The ever-advancing material processing techniques have

recently discovered outstanding capabilities of CS tech-

nology in improving the functionality of products made of

plastics and polymer matrix composites by the deposition

of metallic surface coatings. As the name suggests, surface

metallization of polymers can expand their use or enhance

their performance by improving thermal and electrical

properties (Ref 5), wear and erosion resistance (Ref 6),

electromagnetic shielding (Ref 7) and lightning strike

protection (Ref 8). Frequently known as surface metal-

lization, different methods such as plating (Ref 9), physical

and chemical vapor deposition (Ref 10, 11), thermal spray

(Ref 12) and CS (Ref 13) have been used for producing

metallic coatings on plastics. Metallization using CS

unpacks several advantages compared to its counterparts

regarding processing costs, coating thickness, metal oxi-

dation, thermal degradation of the substrate and size

limitations.

In the last two decades, the metallization of polymeric

materials using CS technology has been growingly inves-

tigated by several research groups and interesting devel-

opments have been reported. However, the progress is still

in its initial steps and further effort must be spent in this

field to bypass the obstacles in the efficient deposition of

coatings with favorable properties. A recent review by

Astarita et al. (Ref 14) on CS deposition of metallic coat-

ings on the polymeric substrates provides an immediate

state of the art. Understanding the overriding bonding

mechanisms and developing novel techniques to enable the

CS deposition on fiber-reinforced composites are examples

of the main challenges.

Contrary to the case of strong bonding formation in CS

between metallic materials where ASI is known to play a

key role (Ref 15), for polymers ASI has no effective part in

the bond formation of the first deposited layer, as the

substrate chemical nature is different from the metallic

particle. Therefore, the main bonding mechanism is

believed to be mechanical interlocking (Ref 16). In other

words, the harder particle is embedded or anchored in the

softer polymer.

The numerical study of particle deformation and bond-

ing phenomenon during deposition can bring significant

insight at reduced cost considering the challenges of

experimental investigation of such small size and time

scales. Also, process optimization complexities due to the

numerous material and processing parameters could be

overcome, to some extent, by simulation tools to reduce the

experimental effort. Several modeling techniques have

been successfully developed to model CS for the impact of

metallic particles on metallic substrates based on the finite

element (FE) method (Ref 17, 18). In the case of metal

deposition on polymer substrates, however, there are fewer

numerical studies available and the reported results are

often showing discrepancies with experiments highlighting

the complexity in modeling the bonding between impacting

metal particles to the polymer substrates. Małachowska

(Ref 19) conducted an FE analysis of particle impact to

study the bonding mechanism of copper and tin particles on

Polyamide 6. The model was built in the Lagrangian space

with a coupled thermal-structural analysis. Johnson–Cook

model was considered for the particle material, whereas an

elastic-viscoelastic-viscoplastic model primarily developed

for semi-crystalline polymers was implemented for the

substrate. The model resulted in surprisingly high stresses

and temperatures, especially near the interface. Besides,

after the particle rebound, the substrate deformation was

fully recovered due to its hyperelastic behavior, which did

not reflect the real situation of particle bonding. Bortolussi

(Ref 20) modeled copper particle impact on PEEK using a

2D axisymmetric model with a rigid non-deformable

spherical particle. The penetration depth of individual

particles into the PEEK substrate was compared with the

experimental data. The author concluded that the numerical

results overestimated the penetration depths; in addition, no

evidence for the interlocking was observed. Chen et al.

(Ref 21) developed a 2D axisymmetric Lagrangian FE

model to investigate the impact process and the deforma-

tion behavior of a spherical copper particle on a PEEK

substrate. In experiments, wrinkling and jetting phenomena

were observed on the polymer around the deposited single
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particles. This effect was more pronounced with an

increase in the gas pressure. The simulations indicated the

formation of a jet due to the severe plastic deformation of

the substrate. Although the observed jet in the simulations

did not cover the particle and did not show a real particle

embedment as it happened in the experiments, it was

concluded that the high-temperature jet softened and

formed the mechanical interlocking. Overall, reviewing the

available numerical models indicates multiple challenges

in capturing the real phenomenon occurring during particle

bonding on polymeric substrates. Mechanical interlocking

is to be a direct outcome of the FE analysis. In other words,

the models should be able to show the metal/polymer

interface interactions based on the viscoplastic flow of the

polymeric substrate (Ref 22). This contrasts with the

modeling of the metallurgical bonding, which is not

straightforward unless the bonding criteria are introduced

into the model. However, till now, no numerical approach

has been able to offer a clear description of mechanical

interlocking as the key mechanism responsible for the

metal particle to polymer substrate bonding and the effect

of main processing parameters on its extent.

Here, we focus on the deposition behavior of particles

on the polymeric substrate as the key factor for a successful

coating since it provides the base layer for the coating’s

growth and establishes the adhesion strength. A detailed

numerical model is developed to study the deformation

behavior of a single-particle impact deposition. A system

of a copper particle and a polyether ether ketone (PEEK)

substrate is selected since it has attained substantial con-

sideration in the literature with enriched experimental

results, well suited for comparing with the numerical

simulations. The numerical model was based on the cou-

pled Eulerian–Lagrangian (CEL) frame, which has shown a

great potential for the simulations of CS in solid mechanics

and has not been utilized in the numerical modeling of

polymer metallization by CS so far. Through the estab-

lished model, the deformation features induced by CS were

examined in detail and were discussed in comparison to the

experimental observations from several literature studies.

Finally, the effects of particle velocity and size on

mechanical interlocking, and substrate melting were ana-

lyzed. The developed model sheds light on the deposition

mechanisms of metal powders sprayed on polymeric sub-

strates and the apparent bonding mechanisms responsible

for the coating’s implementation.

Modeling

The FE software Abaqus/Explicit 2019 was used to build-

up the models and run the simulations. CEL model was

considered to bypass severe element distortion issues in the

soft polymeric substrate that arises in pure Lagrangian

analysis and to enable tracing the interface between the

particle and the substrate which is challenging in a pure

Eulerian analysis (Ref 23). Thus, the particle was modeled

as a deformable Lagrangian section and the substrate as an

Eulerian section. A three-dimensional (3D) model (see

Fig. 1) was built up since Abaqus/Explicit does not allow

Eulerian elements in 2D models. The substrate was con-

sidered as a cylinder, and the particle was modeled as a

sphere offering the possibility to exploit the symmetry of

the problem and model only a quarter of the domain,

reducing the computational cost. The length and height of

the substrate were kept equal to ten times the particle’s

radius to avoid the influence of boundaries on the stress–

strain fields generated upon impact. Particle size was

selected to be 20 lm unless specified in the text.

The effect of the thermal domain was considered by

adopting two different procedures, namely adiabatic heat-

ing (AH) and coupled temperature-displacement (CTD). In

the AH analysis, it was possible to apply the nonreflecting

outflow boundary condition (BC) to the bottom and side

faces of the substrate. This type of BC is suggested for

problems in which the region of interest is small in size

compared to the surrounding medium and acts very simi-

larly to infinite elements by minimizing the reflection of

dilatational and shear wave energy back into the FE mesh

(Ref 24). In the CTD analysis, nonreflecting outflow BC is

no more applicable. So, the displacement of the bottom and

the outer side faces of the substrate were restrained. The

AH analysis is expected to offer a better view of the

mechanical interlocking due to the absence of residual

vibrations in the substrate, while the CTD analysis provides

the possibility to investigate the thermal domain of the

substrate more properly. Symmetric BC was applied to the

symmetry faces of the substrate and the particle, in both

cases.

Friction and plasticity-induced heating were integrated

into the model. The tangential behavior was defined by a

friction coefficient assuming a general contact procedure.

A friction coefficient value of 0.35 was assigned to the

whole model including the interface between the copper

particle and PEEK substrate (Ref 25, 26). The particle

impact direction was considered normal to the substrate.

The velocity of the particle and the temperatures of the

substrate and particle were imposed as initial conditions.

The initial substrate temperature was set to 25 �C. In the

AH analysis, the particle and substrate were meshed using

8-node C3D8R and EC3D8R elements with reduced inte-

gration and hourglass control, respectively. In the CTD

analysis, temperature degree of freedom was added to the

elements, and thus, C3D8RT and EC3D8RT elements were

used for the particle and substrate, respectively. Element

size in the deformation zone was refined to 1/50th
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particle’s diameter to minimize mesh dependency of the

results while maintaining an affordable computational cost.

A Johnson–Cook plasticity model (Ref 27) defined in Eq

1 was utilized for both the particle and substrate materials

to replicate the effects of large strains, ultra-high strain

rates and thermal softening encountered in CS:

r ¼ Aþ Benp

h i
1 þ Cln

_e
_e0

� �� �
1 � T � T0

Tm � T0

� �
ðEq 1Þ

where r, ep, _e and T are true stress, true plastic strain,

plastic strain rate and temperature variables, respectively.

A, B, n, C, _e0, T0 and Tm are material constants. Material

properties of the copper particle and the PEEK substrate

used in the CEL model are provided in Table 1 (Ref

28, 29). For PEEK, the model constants C and m were

recalibrated for the strain rates higher than 100 s-1 using

the available data in the literature (Ref 30, 31) to capture a

more genuine plasticity behavior at extremely high strain

rates induced by CS (Fig. S1). A VUHARD subroutine was

used to implement the new bilinear Johnson–Cook plas-

ticity model. Although the Johnson–Cook model was not

fully able to capture the viscoplasticity of PEEK, especially

at high temperatures, it was the only available immediate

approximation regarding the complexities of characterizing

the viscoplastic behavior of PEEK at extremely high strain

rates and temperatures encountered in CS. The specific heat

capacity of the PEEK increases to several times its value at

room temperature, and thus, this parameter was considered

to be a function of temperature adapted from (Ref 32).

Young’s modulus of PEEK increases vs. plastic strain and

strain rate, while it decreases vs. temperature (Ref 30, 33).

However, for the sake of simplicity, a single value was

used in these analyses.

Results and Discussion

Evaluating the Main Deformation Indexes

As a first step, the results from an initial benchmark for the

selection and verification of the analysis types are given in

this section. The focus is on the local deformation, strain

and temperature fields, which are the most interesting

indexes here.

Figure 2 depicts the deformation contours during the

impact of a 20 lm copper particle on the PEEK substrate at

a particle’s velocity (Vp) of 400 m/s and a particle’s

Fig. 1 Model geometry and

mesh details (Rp: particle

radius)

Table 1 Material properties of the copper particle and PEEK

substrate

Property Copper PEEK

Density, kg=m
3 8960 1300

Young’s modulus, GPa 124 3.5

Poisson’s ratio 0.34 0.40

Thermal conductivity, W/m �C 386 0.25

Specific heat, J/kg �C 383 Variable, see text.

Elastic limit, A, MPa 90 132

Hardening constant, B, Mpa 292 10

Hardening exponent, n 0.31 1.2

Strain rate constant, C 0.025 0.029 ( _e\100 s�1)

0.0834 ( _e� 100 s�1)

Reference strain rate, _e0, s-1 1.0 0.001 ( _e\100 s�1)

1.0 ( _e� 100 s�1)

Thermal exponent,m 1.09 0.634

Melting temperature, Tm, �C 1083 341

Reference temperature, T0, �C 25 23

Inelastic heat fraction 0.9 0.9
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temperature (Tp) of 150 �C at different time intervals

obtained from the AH (Fig. 2a) and CTD (Fig. 2b) analy-

ses. Regardless of the analysis type, the analyses show that

the particle penetrates the substrate and leaves a crater after

rebounding. As regards the deformation behavior of the

substrate and the particle including the crater shape and

depth, and particle deformation, both approaches lead to

almost identical data. Figure 2(c) depicts the crater depth,

defined as the distance between the lowest point in the

center of the crater and the base undeformed surface. There

is a negligible distinction between the two analyses. For

both cases, it is observed that at 50 ns, the particle is in the

course of penetration and at around 100 ns, the particle

reaches its maximum penetration. At 150 ns and later at

200 ns, the particle is in the phase of a rebound and at

300 ns, and it has fully detached from the substrate. The

maximum penetration point delineates the transition from

particle penetration to particle rebound. Generally in CS

the impacting particle rebounds due to its momentum in

case there is no chemical, metallurgical or sufficient

mechanical bonding formed during the impact. The find-

ings in the literature show that the dominant bonding

mechanism in CS of metallic particles onto polymers is

mechanical interlocking (Ref 16). Based on this, it was

assumed that chemical bonding did not play a role and thus

was not included in the modeling.

Figure 3(a) and (b) shows the contours of the plastic

strain and temperature after particle rebound for the AH

and the CTD analyses developed with the same processing

parameters. Since the Eulerian domain is used for the

Fig. 2 Deformation contours of the substrate during the impact of the particle with Tp ¼ 150 �C and Vp ¼ 400 m=s: (a) adiabatic heating

analysis (b) coupled temperature-displacement analysis (c) crater depth as a function of deposition time.
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substrate, the volume-averaged plastic strain and mass-

averaged temperature variables are provided as outputs

from the simulations. It is noted that no material erosion

model was used in the current simulations and the volume

of the crater was compensated by the elastic deformation of

the surrounding large body as well as the semi-infinite BCs

on the substrate outer faces. Contrary to deformation, the

magnitude and distribution of the plastic strain and tem-

perature are quite different in the two analyses although the

discrepancy for the temperature distribution is less notable.

Significantly higher plastic strain in the AH analysis might

be correlated with the nature of the process; i.e., the adi-

abaticity or the limitation in the heat transfer leads to more

plastic deformability of the substrate with the resultant

higher magnitudes of plastic strain. For further clarifica-

tion, the thermal cycle in the substrate is studied at three

different time steps, as shown in Fig. 4. It is noted that in

the AH analysis, the maximum temperature induced in the

substrate is limited to the melting point (341 �C) set in the

Johnson–Cook constitutive law. Therefore, after 50 ns

(Fig. 4a), the maximum temperature in AH analysis already

reached the melting point of the PEEK. As regards the

same time step in CTD analysis (Fig. 4b), the maximum

temperature exceeds the PEEK melting point. The exami-

nations at different time intervals revealed that the region

with a temperature higher than the melting point of PEEK

is very limited in size with respect to the crater size.

Temperatures higher than the melting point are marked as

light gray in the color contour spectrum (Fig. 4b). Another

observation that can be drawn from the comparison

between Fig. 4(a) and (b) is that irrespective of the melted

regions, the temperature distribution below the melting

point is quite similar in the two analyses.

Comparison of the simulations revealed no noticeable

divergence between the two analysis types regarding

deformation and crater features. Since this study is mainly

focused on the deformation behavior, the authors believe

that the AH analysis with the incorporation of damping BC

would be more successful in the description of the

mechanical interlocks. Besides, due to the absence of

temperature degree of freedom, the computational cost is

reduced in AH analysis. Thus, the next set of simulations

for investigating the deformation features and interlocking

phenomena was mainly done based on the AH analysis.

However, as the CTD analysis seemed to provide a more

realistic temperature field also in terms of local melting and

probably also the plastic strain field, the melting behavior

of the PEEK during the deposition was studied using the

CTD analysis.

Effect of Vp on the Deformation Features

This section describes the effect of Vp on the features of the

crater as well as the deformation behavior of the substrate.

The variation of crater depth as a function of Vp ranging

from 300 to 575 m/s at long deposition times is shown in

Fig. 5. At the velocity of 300 m/s, the crater depth is almost

half the particle’s diameter (Dp ¼ 20lm) but exceeds

beyond this value at velocities higher than 500 m/s. A

linear increase in crater depth is detected within the

Fig. 3 Contours of volume-

averaged equivalent plastic

strain and mass-averaged

temperature of the substrate in

�C after a complete rebound of

the particle with Tp ¼ 150 �C
and Vp ¼ 400 m=s: (a) adiabatic

analysis (b) coupled

temperature-displacement

analysis
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investigated velocity range. As stated in the previous sec-

tion, it is noticed that the analysis type (AH or CTD) has a

negligible effect on the final crater depth, independently

from the impact velocity.

Figure 6(a) shows the final stabilized situation of a

single-particle deposition (either fully detached or

anchored particle) at sufficiently long times. Here, the

quarter model is mirrored to provide a clearer visualization

of the deformation state. When the velocity is as low as

300 m/s, the particle kinetic energy is not sufficient to form

a deep crater. As the velocity is increased, the penetration

depth and the crater depth of the particle are increased, as

well. At 400 m/s, an interaction zone is left around the

perimeter of the crater at the surface. This interaction zone

is formed during the particle rebound, causing a thin layer

of the substrate very close to the particle/substrate contact

region to be extruded upwards by particle displacement.

This is due to the very soft and rubbery nature of the

thermoplastic PEEK at temperatures higher than its glass

transition temperature (145 �C) (Ref 34). At higher

velocities, this phenomenon is more pronounced, and more

substrate material is extruded since the particle travel dis-

tance during rebound has increased due to a greater pene-

tration depth. At 500 m/s, the extruded material is torn off

the substrate, but at 535 m/s, there is a weak link between

the more continuous extruded material and the substrate.

Most probably in practice, it will be washed away with the

impact of the subsequent particles on the substrate. As the

Vp increases further to 550 m/s or 575 m/s, the extruded

material grows in thickness and hinders the particle from

exiting the crater. This condition shows a real embedment

of the particle in the substrate, which could be considered

as a mechanical interlock. It is noted that this lateral

extrusion of the crater surface edges is a phenomenon

different from conventional material jetting commonly

observed in the CS of metallic substrates. Indeed, the

PEEK material ejection occurs in the particle rebound

phase and not during particle initial impact and penetration.

The proposed model is able to justify a number of

observations reported in experimental trials for the

Fig. 4 Temperature distribution during the deposition of the particle with Tp = 150 �C and Vp ¼ 400 m=s using (a) adiabatic heat analysis and

(b) coupled temperature-displacement analysis

Fig. 5 Variation of the final crater depth as a function of particle

velocity
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metallization of polymeric surfaces. The existence of

empty craters after the deposition has been reported by

research papers that performed the so-called ‘‘single-par-

ticle impact’’ deposition experiments of copper particles on

PEEK (Ref 20, 35), performed either at high CS gun travel

speeds or using a low powder feeding rate. Bortolussi (Ref

20) provided a relatively broad view of the surface after

such a deposition test, as shown in Fig. 6(b). The average

particle size matches well with the current study, and the

average Vp is reported to be 560 m/s, with a relatively wide

distribution of Vp from about 400 to 1000 m/s. Many

empty craters are observed on the surface, displaying the

situation that some fraction of the sprayed particles

rebounded and detached from the substrate. It can be

suggested that similar to the numerical effect perceived in

Fig. 6(a), a single particle, even after a deep penetration

into the substrate, is not able to remain anchored if its

velocity is below a certain Vp. However, at higher veloci-

ties, an embedment mechanism such as material extrusion

is activated, which brakes the particle during the bounce. It

is noted that due to the nature of the CS process, there exist

statistically a relatively wide range of particle size and a

Fig. 6 (a) Final stabilized deformation contours of the substrate and a

20 lm particle with Tp = 150 �C and different particle velocities

showing either full detachment or anchorage of the particle; back-

scattered electron micrographs of the sprayed PEEK surface after a

single copper particle impact test derived from references (b)

Tp = * 200 �C, Vp ¼ 560 m=s (Ref 20) and (c) Tp = * 155 �C,

Vp ¼ 530 m=s (Ref 35)
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corresponding range of Vp, such that some particles could

satisfy the embedment requirements and remain attached in

the single-particle deposition test.

It could be seen in Fig. 6(a) that at sufficiently high

velocities ([ 550 m/s), the extruded substrate material

appears as a thin layer. This layer might be folded down

during the subsequent cooling or by the pressure exerted

from the CS gas flow and even partially cover the particle

at the perimeter. Similar features are observed in the

experiments (Ref 20, 35), as provided in Fig. 6(b) and (c).

Particularly, the formation of an interaction zone is

reported around the copper particle embedded into PEEK,

as depicted in Fig. 6(c). Although the image is a back-

scattered electron micrograph and more reliable results

could be inferred from secondary electron images, we

envisage that the interaction zone could be formed by a

similar extrusion phenomenon observed in the numerical

simulations during the rebound phase. It is interesting to

note the good agreement between the numerical and

experimental results regarding the process parameters

(Tp = * 200 �C, Vp = 590 m/s (Ref 20) and Tp =

* 155 �C, Vp = 530 m/s (Ref 35)), which could be

considered as a quantitative validation of the proposed

model.

Analogous to the well-known critical velocity concept

for the deposition of metals on metallic substrates (Ref 36),

this numerical approach is able to identify the minimum

interlocking velocity (Vint) that has been proposed for metal

impact on polymer, below which there is no effective

mechanical interlocking of sprayed powders with the sub-

strate (Ref 37). Specifically, regarding the case of copper

particles on PEEK substrate, it does not seem probable to

effectively embed a copper particle with Vp lower than

500-550 m/s into the PEEK. However, it should be noted

that continuous bombardment of the substrate by the lower

Vp may bring about other situations than the single-particle

deposition tests including the tamping effect of subsequent

particles, the effect of substrate roughness and morphology.

A similar condition is reflected in (Ref 37), with the remark

that continuous CS of copper particles with an average size

of 29 lm at velocities as low as 225 m/s did not produce a

coating, i.e., deposition efficiency (DE) was close to zero,

but individual particle anchorage could be achieved.

‘‘Drilled’’ craters as deep as three times the average particle

size filled with particles observed on the cross-section

might have been created by previously rebounded particles,

which facilitated the trapping and interlocking of subse-

quent impacting particles. This condition will impart a

serious damage to the polymer surface and will probably

result in a more ragged interface between the substrate and

the coating.

Within the gas stream of the CS, it can be argued that

finer particles obtain a higher velocity since it would be

more difficult to accelerate larger particles. Thus, fine

powders are more successful in passing the minimum

interlocking velocity. Gillet et al. (Ref 38) deposited fine

(d50 ¼ 10:3 lm), medium (d50 ¼ 23:2lm) and coarse

(d50 ¼ 37:9lm) copper powders using CS on a neat layer

of PEEK fabricated on carbon fiber-reinforced polymer

surface. Using the fine powder, it was possible to build up a

thick coating with a DE (� 28%) noticeably higher com-

pared to other powder sizes, for which no successful

deposition was achieved, and only isolated small aggre-

gates were produced on the surface. The average in-flight

particle velocity was reported to be around 400 m/s with a

range of 200-550 m/s for the coarse and medium powders.

Thus, the fine powder, with more particle fraction of high

velocities, was successful in passing the Vint. requirement

and developed the initial bond coating more successfully

providing a stable basis for the build-up of the coating.

Although material extrusion during the bounce is sug-

gested as an anchorage mechanism, it cannot be claimed as

the only one because the formation of a relatively high

density of empty craters as well as the gap below the

anchored particle (Fig. 6a) discloses a new situation which

demands considering other probable anchorage mecha-

nisms. The gap was formed as a result of particle rebound

and its stabilization at levels higher than the crater depth;

i.e., the compressive forces applied by the adjacent poly-

mer blocked the particle and did not allow it to drop down

to the crater root. The formation of this gap has not been

fully studied in the previous experimental investigations

and requires future attention. However, we assume that the

gap can be covered by the impact of the subsequent par-

ticles based on the experimental observations of continuous

deposition or by the subsequent thermal contraction of the

particle which may drive the particle down under its weight

to fill the gap. Another reported anchorage mechanism is

that wrinkles can be formed on the substrate around the

deposited particle, especially when the substrate is pre-

heated by being exposed to the processing gas (Ref 21),

which was not included in the numerical simulations of the

current study.

Effect of Dp on Vint

It is interesting to investigate the effect of Dp variability on

the deformations and Vint. Figure 7 shows the final state of

impacted particles with Dp of 10, 20 and 30 lm after a long

time (1 ls) at the Vp of 535 m/s and the Tp of 150 �C . A

full 360� image is provided, and the fully torn sections of

the substrate are removed to make the visual representation

more clear. It is found that the particle anchorage is

achieved at this velocity with different particle sizes. With

the larger particle size of 30 lm, however, the anchorage

seemed to be less, as a larger fraction of the particle
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remained outside of the PEEK and a small increase in the

Vp could increase the amount of material extrusion and

guarantee a stronger bond. The 10 and 30 lm particles

were detached from the substrate and did not remain

anchored with a Vp ¼ 500 m=s, very similar to a 20 lm

particle (Fig. 5a), but the relevant contours were not

included here for brevity. Thus, it can be suggested that the

particle anchorage for different particle sizes in the studied

range could be attained with a particle impact velocity of

� 535 � 550 m=s. Keeping the other variables constants, it

is deduced that the particle size has a minor effect on the

mechanical interlocking, as long as the impact velocity is

high enough to guarantee particle partial penetration into

the substrate. Although the kinetic energy increases with an

increase in Dp, the velocity plays a more pronounced role

as the energy is proportional to the square power of the

velocity.

Substrate Melting

The numerical investigations in this study confirm the

occurrence of limited substrate superficial melting inside

the crater (Fig. 8). The results indicate that with increasing,

more substrate material will be prone to melting. Figure 8

shows the temperature field of the substrate in the inter-

mediate stages of the particle impact at a Vp of 550 m/s

and Tp of 150 �C. The gray areas in the colored contour

show regions with a temperature above the melting point of

the substrate. With an increase in Vp, the size of the melted

zone increases to some extent. This is mainly because the

extent of the deformation increases with increasing veloc-

ity; thus, more plastic energy is dissipated through heat

generation. The melted zone is very limited in depth and

size with respect to the crater dimension. An increase in

substrate temperature over room temperature would often

occur during conventional CS at high exposure times, but it

cannot be relevant for the single-particle impact tests where

the gun travel speed is set fairly high.

Evidence of partial substrate melting is mentioned in the

literature. For instance, Che et al. (Ref 35) discovered some

traces of melted PEEK in the empty craters after particle

rebound at an average Vp of 505 m/s and Tp of 110 �C.

However, whether superficial melting of the substrate

could or should be considered as an underlying or aiding

mechanism in the particle embedment is still not clear. The

melted polymer can act as a glue to grab and decelerate the

particle and contribute to the mechanical interlocking.

Conclusion

This study was devised to numerically investigate the ini-

tial bond formation in the metallization of polymeric

materials by cold spray. Single-particle impact simulations

were conducted on a copper particle-PEEK substrate sys-

tem using a coupled Eulerian–Lagrangian frame; various

deformation indexes were compared and discussed against

experimental observations from multiple reference studies,

Fig. 7 Deformation contours

showing the final state of the Cu

particle with varying sizes of

10, 20 and 30 lm sprayed at a

Vp ¼ 535 m=s and Tp = 150 �C

Fig. 8 Temperature contours of

the substrate with Vp ¼
550 m=s and Tp = 150 �C at

impact times of (a) 50 ns and

(b) 170 ns. The gray areas in the

colored image depict melting
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using the same material combination and range of spray

parameters. The effects of particle velocity and size on the

impact behavior and bond formation were examined. The

following conclusions are drawn:

• The developed coupled Eulerian–Lagrangian model

was successfully exploited in bypassing the numerical

issues of element distortion in the soft polymeric

substrate and hence provided a realistic deformation

behavior of the polymer.

• The proposed model was found efficient in capturing

the mechanical interlocking of the impacting particle

and the substrate, and in predicting the required

parametric conditions for the particle-to-substrate

bonding. This numerical approach can be useful to

practically select and optimize the experimental param-

eters of cold spray to deposit metallic powder on

polymeric surfaces, as well as on composites with the

polymeric matrix.

• The numerical simulations were able to demonstrate

that the particle velocity must be higher than a critical

value for an effective particle anchorage, as reported in

experimental tests; the threshold value can be estimated

using this model.

• The numerical model confirmed the occurrence of

substrate melting during the particle impact at suffi-

ciently large velocities, in line with previous experi-

mental observations. The melted zone was superficial

and relatively small with respect to the crater size, and

the increase in the particle velocity caused growth of

the melt extent.

Supplementary Data

Fig. S1 depicts the bilinear calibration of PEEK yield stress

vs. strain rate and temperature.
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