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Abstract Impact of spherical particles onto a flat sapphire

surface was investigated in 50-950 m/s impact speed range

experimentally and theoretically. Material parameters of

the bilinear Johnson–Cook model were determined based

on comparison of deformed particle shapes from experi-

ment and simulation. Effects of high-strain-rate plastic

flow, heat generation due to plasticity, material damage,

interfacial friction and heat transfer were modeled. Four

distinct regions were identified inside the particle by ana-

lyzing temporal variation of material flow. A relatively

small volume of material near the impact zone becomes

unstable due to plasticity-induced heating, accompanied by

severe drop in the flow stress for impact velocity that

exceeds * 500 m/s. Outside of this region, flow stress is

reduced due to temperature effects without the instability.

Load carrying capacity of the material degrades and the

material expands horizontally leading to jetting. The

increase in overall plastic and frictional dissipation with

impact velocity was found to be inherently lower than the

increase in the kinetic energy at high speeds, leading to the

instability. This work introduces a novel method to

characterize HSR (109 s-1) material properties and also

explains coupling between HSR material behavior and

mechanics that lead to extreme deformation.

Keywords adiabatic shear instability � Al-6061 � cold
spray � high strain rate � Johnson–Cook model � material

instability � particle impact

List of symbols

A Static yield stress, MPa

Ac Contact area, m2

B Coefficient of strain hardening, MPa

c Specific heat, J/kg K

C Bilinear strain rate coefficient

D1 Height of deformed particle, m

D2 Diameter of deformed particle, m

Dp Diameter of particle, m

e Coefficient of restitution

E Elastic modulus, error between experiment and

simulation aspect ratios

Ek Kinetic energy of particle, J

Er Recovered strain energy, J

k Thermal conductivity, W/m K

m Index of thermal softening

mp Mass of particle, kg

n Index of strain-rate hardening

Re Experimental aspect ratio

Rs Simulated aspect ratio

T Temperature, K

T* Homologous temperature

Tm Melting temperature, K

TR Reference temperature, K

Up Energy dissipated due to plastic action, J

vi Impact velocity, m/s

vr Rebound velocity, m/s
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Wf Work done against friction, J

x Optimization variable vector

Greek letters

a Thermal expansion ratio, K-1

b Inelastic heat fraction

ef Failure shear strain

ep Equivalent plastic strain

_e0 Reference strain rate, s-1

_ec Critical reference strain rate, s-1

_ep Equivalent plastic strain rate, s-1

l Kinetic friction coefficient

m Poisson’s ratio

q Mass density, kg/m3

rY Yield (flow) stress, MPa

Subscripts

r Material properties at room temperature

Acronyms

CS Cold spray

FEA Finite element analysis

GZ Gao-Zhang

HSR High strain rate

JC Johnson–Cook

KHL Khan–Huang–Liang

LIPIT Laser-induced projectile impact test

PDMS Polydimethylsiloxane

PTW Preston–Tonk–Wallace

VA Voyiadjis–Abed

ZA Zerilli–Armstrong

Introduction

Cold particle gas spray, or cold spray (CS), is an additive

manufacturing technology which allows solid-state depo-

sition of coatings and three-dimensional manufacturing of

free form objects by using a metal and mixture of metal and

ceramic powders. In this technology, micron-scale particles

accelerate in a supersonic gas stream to velocities in the

range of 400-1200 m/s (Ref 1). The resulting impact lasts

20-40 ns and causes the strain rates to reach 108 s-1 where

extreme physics of the material would be expected (Ref 2).

Deformation mechanics of the particle is significantly

affected by the changes in the flow stress due to the strain

and strain-rate hardening and the thermal softening caused

by excessive plastic action in the material. Experimental

techniques such as the Split-Hopkinson pressure/tension bar

tests (SHPB/SHTB) (Ref 3-7) and the Split-Hopkinson

shear bar tests (Ref 8-11) are able to characterize the high-

strain-rate material behavior for strain rates up to 104 s-1,

and the theoretical aspects of HSR material behavior have

been investigated by many investigators (Ref 12-18). The

fundamental mechanisms involved in bonding of micron-

scale particles following high-velocity impacts are still not

thoroughly understood. Several hypotheses have been pro-

posed, among which the most popular are: (i) solid/liquid-

state atomic diffusion across the contact interface (Ref

19, 20), (ii) material mixing (Ref 21) and interfacial insta-

bility-induced mechanical interlocking/roll-ups (Ref 22-24)

and (iii) metallic adhesion under high pressure (Ref 19, 25-

30). The interface energy for bonded particles was shown to

be close to the grain boundary energy (Ref 31-33).

Grujicic et al. (Ref 19) reported that the contribution

from the atomic-level inter-diffusion to bonding is likely to

be small, considering the duration and the dimensions of

the impact. They indicate metallic adhesion assisted by

adiabatic shear instability near or on the contact interface

to be the dominant bonding mechanism in the absence of

mechanical interlocking. Severe interface shear is thought

to clean the surfaces from oxides and other impurities

exposing clean metal that can form some type of adhesion

(Ref 19). Champagne et al. (Ref 21) reported that adiabatic

shear instability also promotes material mixing between

copper particle and aluminum substrate. Bonding due to

localized material melting and mechanical interlocking at

the interface as a result of adiabatic shear instability has

also been studied (Ref 24, 34-36). Wright et al. (Ref 37-40)

carried out a series of fundamental investigation on the

theory of adiabatic shear instability and localization. Based

on their works, Grujicic et al. (Ref 19) developed a one-

dimensional model to predict the onset velocity of adia-

batic shear localization and showed good correlation with

experiment and finite element analysis (FEA) results (Ref

19, 25). The two-dimensional axisymmetric geometry with

Lagrangian formulation, however, tends to overestimate

the deformation in the jetting region. Models that include

material failure have been considered in order to represent

the interface mechanics more realistically (Ref 41).

Xie et al. (Ref 42) conducted experiments that involve

impact of micron-scale Al-6061 particles with a sapphire

surface in room temperature by using a unique experi-

mental technique that allows the control of impact veloc-

ities in the range of 50-950 m/s. A HSR material model

was calibrated based on the experimental results and con-

tinuum simulations. In the present work, detailed analysis

of the HSR effects on material behavior and on deforma-

tion mechanics is presented.

Laser-Induced Single Particle Impact Experiments

Laser-induced projectile impact test (LIPIT), an experi-

mental technique that could accelerate micron-scale pow-

ders to supersonic velocity, was used in this work (Ref
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43, 44). The combined experimental and theoretical work

shows that the strain rates can reach 109 s-1 at the high end

of the velocity range (950 m/s) in impact of Al-6061 with a

sapphire surface (Ref 42). Barradas et al. (Ref 45) intro-

duced laser shock cladding of micron-scale metal plates

which showed the possibility of controllably accelerating

individual particles to high velocities. Later, impact of a

micron-scale particle onto substrates using similar laser

shock technology was reported (Ref 46-48). In this work,

particles are placed on a PDMS/Au/glass substrate. One

single particle is aimed at a time and accelerated toward a

sapphire substrate by the rapidly expanding PDMS film,

upon laser (k = 1,064 nm) ablation of the Au film. Ultra-

fast imaging via * 100 fs light pulses (k = 740 nm)

enables the recording of particle in flight. With this

method, Al particles can be accelerated to velocities well

over 1 km/s. The velocity of a particle is measured by

capturing its positions using the multiple exposure pho-

tography, as seen in Fig. 1. The individual exposures cor-

respond to consecutive probe pulses with a defined time

interval (for example, 302 ns in Fig. 1). Deceleration of the

particle due to air drag is negligible.

As one of the goals of this work is to calibrate the

material plasticity model for Al-6061 in the high-strain-rate

(HSR) regime, sapphire was chosen as the substrate

material. With the significantly higher stiffness of sapphire

than that of aluminum, complex substrate effects are

excluded from the analysis of HSR behavior of the particle.

The diameter of each particle was measured using an

optical microscope prior to the LIPIT experiment. The

particle diameters ranged from 14 to 25 lm. A total of 63

impacts were performed and corresponding impact and

rebound velocities were determined as described above. To

study the postmortem morphologies, several rebound par-

ticles were captured and characterized by scanning electron

microscope (SEM). The impact velocities in these experi-

ments varied in the range of 50-950 m/s.

Finite Element Simulations

The impact of a spherical, micron-scale Al-6061 with a flat

sapphire substrate was simulated by using the commer-

cially available finite element analysis (FEA) software

package ABAQUS/Explicit 6.13-2 (Ref 49). The explicit

time integration scheme (Ref 31, 49-51) was adopted due

to the highly complex and nonlinear interactions between

contact, large deformation and plasticity that occurs during

the impact process. The duration of simulation was set to

100 ns in order to ensure that the particle rebound is fully

captured in analysis. The effects of gravitational force were

ignored in this work.

A quarter symmetric model (Fig. 2) was used in order to

reduce the computational cost, by taking into account the

axisymmetric nature of the geometry. The outer and bot-

tom boundaries of the substrate were fixed, and symmetry

boundary conditions were applied on the two lateral, flat

Fig. 1 The collision and rebound of an Al-6061 particle with the

sapphire substrate is captured by multiple exposure photography Fig. 2 Geometry of the axisymmetric model
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surfaces shown in Fig. 2. The substrate was partitioned to

two zones: a central dense mesh region where the impact

takes place and a surrounding sparse mesh region where

extreme material behavior is not expected. The two distinct

mesh zones of the substrate were connected by the mesh tie

constraints which make all the degrees of freedom from

both sides of the interface conform to each other

throughout the entire simulation. The height and radius of

the substrate were both 12.5 times of the particle diameter,

whereas the central region was in a cubic shape with its

side length being 2.5 times of the particle diameter. These

parameters were examined to ensure that the waves

reflecting from the boundaries will not interfere with the

contact and rebound behavior (Ref 25). A series of mesh

convergence tests showed that a reasonable element size

for the particle in the dense mesh region is Dp/25. In the

sparse mesh region, the element size was chosen roughly

10 times larger than that of the dense mesh region.

The general contact algorithm was used for modeling

the contact and the interaction between the particle and the

substrate. For the normal behavior, hard contact was

specified as a pressure–overclosure relationship, which

minimizes the penetration of the particle surface into the

substrate surface. In the tangential direction, the classic

Coulomb friction model was employed where the interface

can transmit shear stresses up to a certain magnitude before

the two contacting surfaces start sliding with respect to

each other. It was assumed that the friction coefficient is

identical in all directions. Heat can be generated from

kinetic friction of contacting surfaces, and the energy is

evenly distributed between the two contacting bodies. Heat

can also be generated due to plastic action in the material.

In this work, it was assumed that 90% of the plastic strain

energy turns into heat. Therefore, the inelastic heat fraction

b was set to 0.9. This effect serves as an internal heat

source in the model. Initial temperatures of the substrate

and the particle were set to the initial temperature of the

experiments (293 K). The element type used for all bodies

in this simulation was C3D8RT (Ref 49) which is a first-

order, 3D continuum element with eight nodes and a single

integration point. To tackle the excessive unrealistic ele-

ment distortion that comes with reduced integration,

enhanced hourglass control (Ref 52) was adopted. This

element allows coupled simulation of displacements and

temperature effects on the continuum, and the heat

conduction.

Material properties of Al-6061 and sapphire, reported in

Table 1 and Fig. 3, were taken from the MPDB material

database (Ref 53) and the literature (Ref 54-56). The

material properties of Al-6061 depend on temperature as

shown in Fig. 3, with reference temperatures provided in

Table 1 (Ref 50). Note that variation of the mass density of

Al-6061 with temperature, and the temperature effects on

sapphire material properties were not considered in this

work.

Also, due to the large deformation involved, it is nec-

essary to describe the progressive damage and failure for

the material; therefore, element deletion (Ref 57, 58) was

adopted. The criterion for damage initiation is met when

w ¼
P

Dep=ef ¼ 1 (Ref 41), where Dep is an increment of

the equivalent plastic strain, ef is the failure shear strain.

The damage parameter w increases monotonically as

Table 1 Material properties

Particle (Al-6061)

Er, Elastic modulus, GPa 69.11

q, Mass density, kg/m3 2700

mr, Poisson’s ratio 0.331

ar, Thermal expansion ratio, K-1 2.23 9 10-5

kr, Thermal conductivity, W/m K 154

cr, Specific heat, J/kg K 1009

b, Inelastic heat fraction 0.9

Tm, Melting temperature, K 925

TR, Reference temperature, K 293

ef, Failure shear strain 3

l, Kinetic friction coefficient 0.3

Substrate (sapphire)

E, Elastic modulus, GPa 345

q, Mass density, kg/m3 3980

m, Poisson’s ratio 0.29

a, Thermal expansion ratio, K-1 6.98 9 10-6

k, Thermal conductivity, W/m K 23

c, Specific heat, J/kg K 896

Subscript ‘‘r’’ in the particle section refers to room temperature, and

the corresponding property is temperature dependent. All other

quantities without subscript are constant

Fig. 3 Temperature-dependent material properties of Al-6061, nor-

malized with respect to room temperature values
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plastic deformation progresses during impact. After dam-

age initiation, the load carrying capacity of the material

degrades progressively.

Material Model for High-Strain-Rate Plastic
Deformation

Mechanics of this high deformation impact problem is

dominated by the plastic flow of the material. There are

numerous material models for high-strain-rate material

deformation including the models by Johnson and Cook

(JC) (Ref 14, 59), Zerilli and Armstrong (ZA) (Ref 12, 60),

Voyiadjis and Abed (VA) (Ref 18), Preston–Tonk–Wallace

(PTW) (Ref 17), Khan–Huang–Liang (KHL) (Ref

15, 16, 61) and Gao and Zhang (GZ) (Ref 13). In general,

these models involve numerous material constants that

need to be determined empirically. Rahmati et al. com-

pared all six material models above in simulations of the

cold spray process (Ref 62). They showed that the jetting

phenomenon commonly observed in cold spray experi-

ments was predicted with JC and PTW models. They

reported that VA, the modified KHL and ZA models did

not predict the flow stress over a wide range of strains and

strain rates, whereas the GZ model overestimated the flow

stress for copper and was unable to predict the critical

velocity of particle bonding with substrate. The JC model

involves fewer material constants than the PTW model,

with abundant material constants reported in the literature

for many materials. However, this model underestimates

the flow stress at very high strain rates. Manes et al.

reported that the JC model underestimates the flow stress

for strain rates that are greater than 1000 s-1 for Al-6061

(Ref 54, 55). Their work shows that experimental data on

flow stress can be represented well by using a bilinear

strain rate coefficient C. The bilinear JC flow stress model

was presented in the following form,

rY¼ Aþ Benp

� �
1þ C ln

_ep
_e0

� �

1� T � TR

Tm � TR

� �m� �

;

with C ¼ C1 and _e0 ¼ 1 if _ep\ _ec
C2 and _e0 ¼ _ec if _ep [ _ec

�

ðEq 1Þ

where rY is the flow stress, A, B, C, n and m are the

empirically determined material parameters, ep is the

equivalent plastic strain, _ep is the equivalent strain rate, _e0
is the reference strain rate, Tm is the melting temperature of

the material and TR is the reference temperature. The three

terms in brackets represent the effects of strain hardening,

strain-rate hardening and thermal softening, respectively.

In particular, the coefficient C and the reference strain rate

_e0 control the strain-rate hardening behavior. Experiments

show that the flow stress, rY; increases drastically with

logarithmic strain rate, ln _ep= _e0
� �

; above a critical strain

rate _ec. Lesuer et al. (Ref 63) attributed the change in the

strain rate coefficient to two internal, sequential processes:

the cutting or bypassing of obstacles by dislocations; and

the drag on moving dislocations by phonons or electrons.

In other words, different rates represent the deformation

mechanisms associated with discrete obstacles or drag. The

bilinear form of the JC model, therefore, involves two

constants, C1 and C2, and the critical reference strain rate,

_ec. A user subroutine (UMAT) that reflects the bilinear

strain rate coefficient, C, behavior was prepared using

Abaqus/Explicit simulations of impact.

Material Parameters for the Bilinear JC Model

Figure 4 shows the particle profiles measured from the

SEM images of the deformed particles for 180, 290, 420,

530, 660 and 700 m/s impact speeds. The experimental

aspect ratio of the deformed particles Re, defined as shown

in Fig. 4a, was assessed from the experiments. The simu-

lated aspect ratio, Rs, was determined from the simulation

results. The error E between the measured and simulated

aspect ratio was defined as follows (Ref 50),

E xð Þ ¼ Re � Rsð Þ2

R2
e

� 100 ðEq 2Þ

The error is a function of the optimization variable

vector x = {A, B, C1, C2, m, n, _ec} which contains the six

parameters of the bilinear JC plasticity model (Ref 50). The

vector x which minimizes the error for a given impact

velocity was found iteratively, by using a modified form of

the method of the steepest descent (Ref 64, 65). The

optimized material properties for each case are presented in

Table 2. The deformed shapes and simulation results are

compared in Fig. 4. Simulation results show very good

match with the experiments in terms of post-impact particle

shape.

Material Instability During Impact Process

Rebound Behavior

In general, the rebound behavior of a particle can be

summarized in the coefficient of restitution, e, which is

commonly defined as the square root of the ratio between

the non-rotational kinetic energies of rebound and impact,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mpv2r =mpv

2
i

p
: The coefficient of restitution can also be

represented as e ¼ vr=vi without loss of generality, in case

no material is lost during impact. Figure 5a shows the
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measured and computed values of the coefficient of resti-

tution as a function of impact velocity for the micron-scale

Al-6061 particles impacting the sapphire surface. Note that

particle size does not have a significant effect on the

coefficient of restitution as a function of impact velocity.

This is expected as coefficient of restitution is a function of

parameter v2i =2rY (Ref 66, 67). In fact, Fig. 6 shows that

the post-impact particle profiles are independent of particle

Fig. 4 Comparison of

postmortem particle

morphologies from experiment

and simulation. Simulation

results with deformed particle

shapes measured from SEM

images by using MATLAB’s

Image Processing Toolbox.

(a) vi = 175 m/s,

Dp = 18.95 lm, (b) vi = 286 m/

s, Dp = 22.60 lm,

(c) vi = 416 m/s

Dp = 22.50 lm, (d) vi = 530 m/

s, Dp = 20.90 lm,

(e) vi = 663 m/s,

Dp = 17.95 lm, (f) vi = 699 m/

s, Dp = 21.60 lm

Table 2 Experiment

parameters and optimized

bilinear JC parameters

Case # Dp, lm Vi, m/s A B C1 C2 m n _ec

Initial values (Ref 54) 270 154.3 0.002 0.1301 1.34 0.2215 597.2

1 18.95 175 270 154.3 0.002 0.027 1.74 0.2215 597.2

2 22.60 286 270 154.3 0.002 0.011 1.44 0.2215 597.2

3 22.50 416 270 154.3 0.002 0.027 1.34 0.2400 597.2

4 20.90 530 270 154.3 0.002 0.055 1.34 0.2215 597.2

5 17.95 663 270 154.3 0.002 0.027 1.34 0.2600 597.2

6 21.60 699 270 154.3 0.002 0.027 1.34 0.2700 597.2

Average 270 154.3 0.002 0.029 1.42 0.239 597.2
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size for 14-25 lm within the velocity range of 200-800 m/

s.

Close inspection of Fig. 5a also reveals three distinct

regimes in the impact velocity ranges of 0-500 m/s,

500-850 m/s and 850-950 m/s. The plastic energy Up

increases nearly in proportion to the kinetic energy Ek of

the particle in the relatively low impact velocity regime,

until approximately 450 m/s (Fig. 5b). The maximum

contact area Ac also increases similarly in the same velocity

regime (Fig. 5c). However, very distinct changes in the

variation of Ac and Up occur near 450 and 500 m/s,

respectively. Significant horizontal spreading and jetting of

the particle is observed in the simulation and experiments

for impact velocities greater than 500 m/s (Fig. 4 and inset

of Fig. 5a). These figures show that the ‘‘jetted’’ regions of

the particle are not in contact with the substrate when the

contact area is at its maximum; therefore, the contact radius

and hence contact area do not change significantly with

further increase in impact velocity. The recovered elastic

strain energy of the system begins to increase sharply near

the same transition point, and thus the coefficient of

restitution experiences the first transition observed in

Fig. 5a. Note that the frictional energy dissipation in the

contact interface has a minor role in this process.

The abrupt change in the plastic dissipation and the

observed spreading beyond vi = 500 m/s is indicative of a

transition of the flow behavior of the material. This can be

observed clearly by following the deformation path and

material properties of the material points of the particle

during impact. Figure 7 shows the deformation and flow

stress histories of four points with 2-ns intervals for a

particle impacting with 800 m/s. All of the material points

are initially internal and belong to different regions iden-

tified later in the paper.

As the particle deforms, all four material points are

displaced toward the substrate. Point P1 experiences

greatest amount of damage (ep [ 3) and is removed from

Fig. 5 (a) Coefficient of restitution as a function of impact velocity

from both experimental and simulation results. Deformed particle

morphologies at the moment of maximum contact for four cases are

included. The red dashed lines indicate the contact interface.

(b) Evolution of energy components in the system with respect to

impact velocity. (c) Evolution of maximum contact area and contact

duration with respect to impact velocity

Fig. 6 Effects of the original particle diameter (14-25 um) on the

post-impact shape of the particles. Profiles are normalized with

respect to original particle diameters. (a) 200 m/s, (b) 500 m/s,

(c) 800 m/s
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analysis within 8 ns. Points P2 and P3, which are initially

internal to the particle, experience excessive amount of

shear, where P2 finishes by contacting the substrate and P3

ends up near the tip of the jet region. Note that all three

material points experience an initial increase in their flow

stress followed by a noticeable drop. The material point P4,

which was initially farthest from the substrate, experiences

the least amount of displacement relative to the particle,

but nevertheless it too experiences substantial increase in

the flow stress.

The equivalent plastic strain ep, strain rate _ep, tempera-

ture T and the flow stress rY of all the material points (i.e.,

mesh points in the analysis) were monitored as functions of

impact duration and impact velocity (50-950 m/s). Note

that rebound typically occurs within 30 ns after impact.

Therefore, only the first 30 ns is shown in the following

plots. These variables were investigated in terms of their

effects on the flow stress according to Eq 1. Therefore, the

strain hardening term 1þ B=Aenp

� �
, the strain-rate hard-

ening term 1þ C ln _ep= _e0
� �

and the temperature depen-

dence term 1� T�mð Þ; with T� ¼ T � TRð Þ= Tm � TRð Þ; are
plotted in Fig. 8-10, respectively.

For all four points, accumulation of plastic strain ep is

relatively low for impact velocities that are slower than

200 m/s. For P1, the plastic strain rises to a value around

ep ¼ 2:5 or 1þ B=Aenp ¼ 1:71
� �

when impact velocity is

vi * 470 m/s and stays almost constant thereafter. With

increasing impact velocity, the plastic strain accumulates to

3 1þ B=Aenp ¼ 1:74
� �

quickly and the material point (P1)

is considered failed and eliminated from the calculation.

This phenomenon is predicted for P2 around an impact

velocity of 800 m/s. It is seen in Fig. 11 that between

500 m/s and 950 m/s of impact velocity, a little over 10%

of the material experiences failure due to material insta-

bility. No material failure is predicted for P3 and P4. The

number of elements removed due to material instability

introduces an increasing uncertainty to the predicted results

with increasing impact velocity. The effects of this should

be addressed in future work.

In general, the temperature rise (T - TR) in all four

investigated points ranges from 0-300 deg. C. Note that an

increase in T is reflected as a decrease in the variable

1� T�mð Þ, and the range 0-300 deg. C corresponds to

1-0.65 in terms of this variable. The material points P1 and

P2 experience faster temperature rise than P3 and P4 due to

rapid accumulation of plastic strain. As 90% of the plastic

strain energy Up is converted to heat, material temperature

Fig. 7 Temporal evolution of

the particle profile with intervals

of 2 ns. The impact velocity of

800 m/s is along the negative Y

direction. Each marker

represents the material point’s

location at a different time,

whereas its color indicates the

contemporary yield stress.

(a) Point P1, (b) point P2,

(c) point P3, (d) point P4
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rises 300 deg. C above room temperature within the first

few nanoseconds following the impact. This effect gets

worse for the particle at higher impact speeds. Points P3

and P4 experience this effect too, but as the plastic strain is

not as drastically increased at these, points, the precipitous

drop of the softening term is not predicted.

The strain rates of points P1 and P2 rise to the order of

109 s-1, within the first 5 ns following the initiation of

contact. The strain rates of 109, 108 and 107 correspond to

1þ C ln _ep= _e0
� �

¼ 1:43; 1:36 and 1:29, respectively. The

peak strain rates of P3 and P4 are much less prominent

when plotted in the same scale as P1.

The flow stress depends on highly coupled phenomena

related to strain and strain-rate hardening, and thermal

softening. The plastic strain ep increases very rapidly due to
the high strain rate _ep at P1 and P2 for vi values faster than

500 and 800 m/s, respectively. This results in rapid

increase in local temperature. On the other hand, the local

flow stress rY displays a rapid increase followed by a rapid

drop. For example, at P1, Fig. 8a, 9a, 10a and 12a show

that the strain and strain-rate hardening effects are not

attenuating when the drop in yield stress is observed, while

the value of the thermal softening term is rapidly

decreasing. It is therefore reasonable to state that the

thermal softening effect is outweighing the strain and

strain-rate hardening effects, and a material instability

develops at this material point. While the flow stress drop

dominated by thermal softening is also observed at material

points P2, P3 and P4, its effect on the flow stress is lower.

The particle can be demarcated into four characteristic

regions of material behavior as shown in Fig. 13. All of the

material points in the regions marked 1-4, from which the

analyzed points were selected, behave in a very similar

way to points P1-P4 in terms of flow stress development.

That is, the material instability is anticipated in region-1

and region-2 for impact velocities faster than * 500 m/s

and* 800 m/s, respectively, while in region-3 and region-

4 this phenomenon is not predicted. In region-3, which

encircles region-2, yield stress drop caused by thermal

softening is observed as well; however, the rate of such

drop is much lower when compared to those in region-1

and region-2. In the rest of the particle, which lies beyond

region-3, the trend of flow stress of material closely

resembles the pattern of strain rate term in JC plasticity

model. Finally, the horizontal spreading and jetting of the

particle observed in the experiments above 500 m/s in

Fig. 4 and 5 are attributed to the occurrence of material

instability in region-1 and region-2.

Fig. 8 Normalized value of strain hardening term in JC model of

each point as a function of time and velocity, shown as line and

contour plots where blank area in the contour plots signifies that this

material point belongs to an extremely distorted element and has

therefore been removed from simulation. (a) Point P1, (b) point P2,

(c) point P3, (d) point P4
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Fig. 9 Value of strain-rate hardening term in JC model of each point

as a function of time and velocity, shown as line and contour plots

where blank area in the contour plots signifies that this material point

belongs to an extremely distorted element and has therefore been

removed from simulation. (a) Point P1, (b) point P2, (c) point P3,

(d) point P4

Fig. 10 Value of thermal softening term in JC model of each point as

a function of time and velocity, shown as line and contour plots where

blank area in the contour plots signifies that this material point

belongs to an extremely distorted element and has therefore been

removed from simulation. (a) Point P1, (b) point P2, (c) point P3,

(d) point P4
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Summary and Conclusions

In this work, a bilinear JC plasticity model for Al-6061 was

introduced based on the results of impact experiments of

micron-scale spherical particles with a sapphire surface.

Laser-induced projectile impact test (LIPIT) was used to

test impact of individual spherical particles (14-25 lm) in

the velocity range of 50-950 m/s. A modified version of the

steepest descent method was employed to find the material

parameters of the JC plasticity model based on comparison

of deformed and computed particle shapes. The increases

in the plastic and frictional dissipation energies with impact

velocity were found to be inherently lower than the

increase in the kinetic energy. This was found to lead to

instability and an evident transition in the rebound behavior

when the impact velocity is * 500 m/s. Distinct material

behaviors were identified at four different locations inside

the particle by analyzing the temporal variation of the

variables that contribute to the flow stress of the particle. In

a small region of the particle, dramatic yield stress drop

due to thermal softening is spotted; this is the material

instability. As a result, the local load carrying capacity of

the material degrades drastically and leads to the rapid

horizontal expanding and jetting of the particle for impact

velocities greater than 500 m/s.

Impact investigated in this work is expected to be more

severe than a typical CS application due to the rigidity of

Fig. 12 Flow stress of each point as a function of time and velocity,

shown as line and contour plots where blank area in the contour plots

signifies that this material point belongs to an extremely distorted

element and has therefore been removed from simulation. (a) Point

P1, (b) point P2, (c) point P3, (d) point P4

Fig. 11 Mass loss due to element deletion as a function of impact

velocity. Mass loss due to element deletion starts at the velocity of

500 m/s and reaches its maximum around 12% of original mass at the

highest velocity, i.e., 900 m/s. The location of the elements that were

removed is shown in Fig. 13. In region-1, element deletion was

observed at impact velocities as low as 500 m/s, while in region-2,

element deletion is observed only at velocities higher than 500 m/s
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the substrate. To provide accurate predictions for alu-

minum on aluminum or other identical material impacts,

experiments with softer substrates should be conducted.

Nevertheless, this work advances the knowledge on mate-

rial instability at high strain rates and is expected to be a

useful guide for interpretation of future experimental and

theoretical studies.
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