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A B S T R A C T

Impact mechanics of micron-scale, Al-6061 particles on sapphire and Al-6061 substrates were
investigated experimentally and through simulations. Particle impact experiments were carried
out by using the laser induced projectile impact test (LIPIT) and the coefficient of restitution
was evaluated for impact velocities in the range of 50–950 m/s. Bonding was observed only in
Al-on-Al impacts with impact velocities over 810 m/s. A continuum model of the impacts was
implemented by using commercially available finite element software. The bilinear Johnson–
Cook model was implemented to model the material flow effects in the ultra-high strain rate
(UHSR) regime. A cohesive zone model was used for the bonding along the particle–substrate
contact interface. Heat generation due to plasticity and friction, and material damage were also
included in the simulations. A quantitative measure of adiabatic shear instability (ASI) was
implemented into the modeling framework to search for material points that experience drop
of strength during loading. A small volume of the material internal to the particle was found
to experience ASI in Al-on-sapphire impacts, but this was not observed in Al-on-Al impacts.
However, if the flow rule is switched to one that neglects the effects of the UHSR-regime, ASI
can be predicted in regions of the particle where the finite element mesh deforms excessively.
It is recommended that any study searching for ASI in high-velocity impact simulations should
assess the mesh distortion carefully and use a flow rule that includes UHSR effects.

1. Introduction

Cold gas dynamic spray, commonly known as cold spray (CS), is an additive manufacturing technology which permits solid state
eposition of coatings and three-dimensional (3D) manufacturing of free form objects by using a wide group of materials (Moridi,
2017; Gartner, 2006; Fauchais et al., 2014; Bala et al., 2014; Moridi et al., 2014; Intrater, 2002; Villafuerte, 2005; Schmidt et al.,
009; Van Steenkiste et al., 1999). Cold spray was originally developed in the mid-1980s at the Institute of Theoretical and Applied
echanics of the Russian Academy of Science in Novosibirsk by Papyrin et al. (2006). In the cold spray process, micron scale particles
ith diameters typically under 100 μm are accelerated in a supersonic gas stream to velocities of 400–1200 m/s (Champagne et al.,
007; Klinkov et al., 2005; Papyrin and Blose, 2003). The resulting impact lasts 20–40 ns and causes deformations with ultra high
train rates (UHSR) that reach 106 to 108 s−1 where extreme physics of the material is expected (Meyers, 1994). Powder particles
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bond to the substrate or existing layers of the deposition if the kinetic energy of impact, plastic dissipation and work of adhesion
are in a range of favorable proportions.

The mechanism of bonding in cold spray deposition has attracted significant interest. It is widely acknowledged that a powder
article needs to reach a threshold velocity, commonly known as the critical velocity, to develop successful bond with the substrate
r existing deposit (Champagne et al., 2007, 2005; Assadi et al., 2003; Grujicic et al., 2003, 2004). There are two major causes
f bonding, namely metallic bonding along exposed clean metal surface (Assadi et al., 2003; Champagne et al., 2007; Grujicic
t al., 2004) and mechanical interlocking (Champagne et al., 2005; Grujicic et al., 2003). Early simulation work showed that
hen a powder particle impacts the surface above the critical impact velocity, material near the contact interface forms jetting
nduced by adiabatic shear instability (ASI); the intense plastic deformation from jetting exposes the intact metal underneath the
xide layers and metallic bond is formed thereafter (Assadi et al., 2003; Grujicic et al., 2004). More recently a new explanation
as proposed by Hassani-Gangaraj et al. (2018), Assadi et al. (2019), Hassani-Gangaraj et al. (2019) which states that the driving
echanism for jetting is the release of pressure/shock wave at the free surface on the periphery of contact interface, rather than ASI.
his explanation was reinforced by coupled-Eulerian–Lagrangian (CEL) simulations of impact (Hassani-Gangaraj et al., 2018). The
ritical velocity for a pure metal was estimated to be proportional to the material’s bulk speed of sound based upon the relationship
etween the shock wave’s propagation speed and velocity of the moving edge of the interface. The critical velocity thus predicted
as validated through experiments (Hassani-Gangaraj et al., 2018, 2019). Suresh et al. (2020) further validated this explanation

with quasi-coarse-grained-dynamics (QCGD) simulation of single particle impacts at mesoscale. They reported that for impact of
pure Al-on-Al the thermal boost-up zone for ASI was not observed while a temperature spike as well as the thermal softening effect
were present immediately following jet initiation at about 5 ns. It was also emphasized that the time-scale for ASI is around tens of
nanoseconds following impact while jetting usually occurs in a few nanoseconds following impact. This coincides with the pressure
shock wave release (Hassani-Gangaraj et al., 2018; Suresh et al., 2020), further questioning the necessity and even existence of ASI
in CS bonding process.

In cold spray particle impacts, severe plastic deformation occurs in a very short time. Lin et al. divided up the impact into three
stages: initial shock, peening and bonding and cooling stages (Lin et al., 2019). Strain hardening, strain-rate hardening and thermal
softening are the three dominating factors for flow stress behavior during these stages. Strain rates that are on the order of 106 - 108
s−1 are common during the first 30 ns following impact (Xie et al., 2017; Chen et al., 2018; Chen, 2020). Careful treatment of the
actors that influence the flow stress in this duration is essential to reveal the material and mechanistic mechanisms of high speed
article impacts.
Behavior in the high strain rate (HSR) regime (up to 104 s−1) has been investigated experimentally. Gray (2000), Kolsky (1949),

arding et al. (1960), Hauser (1966), Lindholm and Yeakley (1968), Rittel et al. (2002), Zhao et al. (1998), Huang et al. (2011),
hao (2011), and theoretically (Armstrong and Zerilli, 1994; Gao and Zhang, 2012; Johnson and Cook, 1983; Khan and Liang,
999, 2000; Preston et al., 2003; Voyiadjis and Abed, 2005). Numerical simulations are often used to reveal the extreme physics
uring cold spray particle impacts due to the difficulties of observing the impact process with experimental measures. Various
umerical methods are suitable for simulation the impact process, such as pure Lagrangian finite element method (FEM), smooth-
article-hydrodynamics (SPH) and coupled-Eulerian–Lagrangian (CEL) method (Fardan et al., 2021). Though, CEL is superior in
omputational accuracy, Lagrangian FEM is still the most popular method in modeling impact process which involves bonding
ehavior because of its advantage in contact interface tracking and ease of analyzing the results.
There are several existing constitutive models suitable for HSR and elevated temperature scenarios. Among the broad array of

hysically based HSR material models are Zerilli–Armstrong (ZA) model (Armstrong and Zerilli, 1994), Preston–Tonks–Wallace (PTW)
odel (Preston et al., 2003) and the Gao-Zhang (GZ) (Gao and Zhang, 2012) model. The Johnson–Cook (JC) model introduced in
983 is a widely used model due to its ease of implementation and relative accuracy (Johnson and Cook, 1983, 1985). This is a semi-
mpirical model which can be calibrated and implemented in numerical analyses. Instantaneous flow stress is expressed as a function
f plastic strain, strain rate and temperature, where the effects of work hardening, strain rate hardening and thermal softening are
epresented in three separate terms. The JC model is commonly utilized in analysis of HSR events such as machining, turning (Jaspers
nd Dautzenberg, 2002; Umbrello et al., 2007; Maurel-Pantel et al., 2012) and vehicular crash simulations (Mahadevan et al., 2000).
The linear version of JC model is not suitable for analysis of ultra high strain rate (UHSR) deformations such as cold spray impacts.

arious modifications to the JC model have been proposed to represent the strain rates that are greater than 104 𝑠−1. Tuazon et al.
odified the strain rate sensitivity term of the JC model with a logarithmic power-law by adding two material constants (Tuazon
t al., 2014), but in the low strain rate regime, the model presents fictitious stress. Chakrabarty et al. developed a modified version
aking into account the viscous drag effect by adding an extra term in the strain rate term and incorporated strain gradient plasticity
o address the vastly different deformation patterns inside the particle (Chakrabarty and Song, 2020). Other forms of modified
C model includes but are not limited to quadratic equation interpolation of static and dynamic experimental results (Huh and
ang, 2002), incorporation of thermally activated and viscous regimes (Couque et al., 2006) and incorporation of modified-Eyring
odel (Othman, 2015; Al-Juaid and Othman, 2016; El-Qoubaa and Othman, 2015). These modifications either present inaccurate
esults or involve too many additional material parameters that require calibration. An effective approach to express the strain rate
ardening in the UHSR regime is to use a piecewise linear (bilinear) form in the strain rate hardening term of the JC model (Lesuer
t al., 2001; Manes et al., 2013, 2011; Lemiale et al., 2014). This approach is relatively easy to implement without increasing the
umber of parameters and enables accurate impact simulations (Alizadeh, 2016; Chen et al., 2018; Chen, 2020).
Adiabatic shear instability is commonly observed in high strain rate, extreme plastic deformations (Yan et al., 2021). If the

ate of dissipation of the heat generated due to plastic deformation in such deformations is negligible, a localized band of material
2

eforms in adiabatic manner, where thermal softening dominates over hardening mechanisms, hence, triggers an instability. ASI
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usually happens in a two-dimensional manner which resembles a band, therefore, it is often referred to as adiabatic shear banding
(ASB). ASI is generally undesirable, in forming processes and shielding for ballistic impacts, but could be desirable in some scenarios
such as chip forming (Ye et al., 2017, 2018; Ye and Xue, 2019) during which it leads to damage accumulation and shear failure.
his unique phenomenon is also implemented in military applications where ASI helps maintain a sharp tip for ‘‘self-sharpening’’
rojectiles (Liu et al., 2020; Cheng et al., 2006, 2007). The micro-structure characteristics and evolution of materials under ASI have
een studied extensively. Due to the minimal work hardening they experience, metallic glasses are particularly susceptible to ASI; the
icro-structure characteristics correlated to ASI in metallic glasses are reported extensively by Jiang et al. (2018, 2019), Xue et al.
2019, 2021), Lu et al. (2018, 2021), Huang et al. (2017), Sun et al. (2019) and others (Khosravani et al., 2021; Zhao et al., 2017; Im
t al., 2018, 2020, 2021). Similarly, for nanocrystalline materials (Feng et al., 2017), the presence of ASI has been of great interest in
ecent years. Advanced characterization methods such as digital image correlation (DIC) have been employed to characterize in-situ
hear bands in various materials (Özdür et al., 2021; Özdür and Aydıner, 2022; Shafaghi et al., 2020; Üçel et al., 2019; Kapan
t al., 2017; Meredith, 2021). The roles of dislocation slip (Rousselier et al., 2017; Rousselier, 2021, 2022) and twinning, and the
alancing act between them in shear localization have been analyzed in depth (Habib et al., 2019; Chen et al., 2019; Edwards et al.,
019a, 2021, 2019b, 2017; Rousselier, 2022, 2021; Rousselier et al., 2017). Whether dynamic re-crystallization is a precursor to or
esult of localized shear bands is subject to contention. Also, factors influencing the width and spacing of shear bands are of great
nterest. As an extreme plastic deformation phenomenon, ASB is usually accompanied by high strain rates. Experimental techniques
uch as compression/torsional Split-Hopkinson-Bar (Bhagavathula et al., 2018, 2022; Zuanetti et al., 2022), Taylor bar tests are
ften utilized to study the physics involved in this material behavior.
Various criteria for ASI has been proposed in the past decades, where adiabatic deformation process is assumed such as

hose reported by Culver (1973), and Recht (1964). More involved criteria (Yan et al., 2021) usually take into consideration the
hermal/heat transfer aspect of the process, including those proposed by Bai (1982), Roessig and Mason (1999), Clifton et al. (1984)
nd Molinari (Molinari, 1985). The effect of initial defects such as material porosity is of great concern during high strain rate
oading, and in turn often influence the initiation of shear localization (Vishnu et al., 2022a; Marvi-Mashhadi et al., 2021; dos
antos et al., 2021; N’souglo et al., 2021; Vishnu et al., 2022b; Jacques and Rodríguez-Martínez, 2021; Vaz-Romero et al., 2017;
’souglo et al., 2018; Rodríguez-Martínez et al., 2017). For theoretical analysis of ASI/ASB, an accurate depiction of work hardening,
train rate hardening and thermal softening is of importance. Finite element methods are often employed to this end (Horn et al.,
018), both explicit and implicit methods have been utilized so far (Arriaga and Waisman, 2017; Pascon and Waisman, 2021b; You
t al., 2021; Berger-Vergiat and Waisman, 2017; Svolos et al., 2020; Pascon and Waisman, 2021a; Svolos et al., 2021; Berger-Vergiat
t al., 2019). Material response of metals such as Titanium, Aluminum alloys and steels at high strain rate have been investigated
xtensively by Fan et al. (2017), Zeng et al. (2020), Meng et al. (2018), Li et al. (2017), Zeng et al. (2019), Xiao et al. (2021)
nd Habib et al. (2019, 2017, 2021). Both experimental and theoretical analyses were utilized and reported by Ku et al. (2020), Ku
2020).
Constitutive modeling of Aluminum is of great interest, and various models have been proposed and tested to address Aluminum

lloys’ elastic/plastic (Ku et al., 2020; Kabirian et al., 2014; Iftikhar et al., 2021; Li et al., 2019; Cao et al., 2020; Liu et al., 2022;
i et al., 2021) and damage behavior (Gao et al., 2020; Ying et al., 2019, 2021; Rong et al., 2019; Hu et al., 2017). Among all
odels, Johnson–Cook (JC) model has been the most commonly used one due to its simplicity and ease of implementation in
umerical analysis and interpretation of hardening and softening factors. Various modifications to JC model have been proposed
urther addressing in-depth material behaviors such as strain rate sensitivity in a broad temperature range (Li et al., 2017). Although,
t has been a preconceived notion that ASI is the driving mechanism behind bonding during cold spray deposition, the very presence
nd nature of it is still up to debate (Yan et al., 2021; Hassani-Gangaraj et al., 2018). This paper aims to investigate the presence
f ASI during Al-6061 powder particle impacts.
To this end, an investigation into the material behavior during the high velocity impact of a single micron-scale, Al-6061 particle

s presented. Impacts on a hard sapphire and an Al-6061 surfaces are considered. In previous work, the authors have shown that
n Al-on-sapphire impacts, a small volume of the material loses its strength due to high temperatures associated with plastic work.
his behavior was deemed to be material instability (Chen et al., 2018). Here a mathematically and physically accurate material
nstability criterion from Roessig and Mason (1999) is used to assess material behavior for impacts on both types of surfaces. Results
rom Chen et al. (2018) are reassessed and new experiments and simulations are conducted for Al-on-Al impacts.

. Materials and methods

.1. Laser induced single particle impact experiments

Laser-induced projectile impact test (LIPIT) was used to study impact of micron scale Al-6061 particles on an Al-6061 substrate.
imilar experiments for the impact of Al-6061 particles on a sapphire was reported in Xie et al. (2017). In this set-up single Al-6061
articles are accelerated by a rapidly expanding PDMS film (Fig. 1a) to velocities in the range of 50–1200 m/s (Lee et al., 2012,
014; Chen et al., 2018). The flight history of the particles are captured by ultrafast stroboscopic imaging with ∼100 fs light pulses
𝜆 = 740 nm) (Chen et al., 2018). Impact and rebound velocities of the impinging particles are deduced from the captured frames
3

s shown in Fig. 1(b).



International Journal of Plasticity 166 (2023) 103630Q. Chen et al.

b

2

2

Fig. 1. (a) The 𝛼-LIPIT setup used in the experiments. Xie et al. (2017) (b) The collision and rebound of an Al-6061 particle with the sapphire substrate captured
y multiple exposure photography (Chen et al., 2018). Fig. 1 is printed with permission.

.2. Finite element simulations

Mechanics of particle impact was simulated by using the commercially available finite element software Abaqus-Explicit
022 (Anonymous, 2022). In the elastic regime, the material was modeled as linear elastic and isotropic. In the plastic regime,
isotropic hardening with strain, strain-rate and temperature dependent flow stress was used. Material damage was simulated by
using a shear damage model. The particle–substrate interface included, contact, friction and cohesion effects. Stability of the material
points (nodes) during deformation was monitored at each iteration step. Details of these material models are described in the next
sections.

Yildirim et al. (2011a) showed that the choice of modeling approach should be considered carefully for high velocity impact
simulations in order for the predicted shapes of the deformed particles to remain similar to the experimental observations. In
particular, they showed that an axisymmetric, Lagrangian model of the deformation process results in excessive deformation of the
elements; the predictions of the deformed shapes are not even remotely similar to experimentally observed ones; and excessively
deformed elements have near zero Jacobians which render the results unreliable. Following their recommendation, a 3D quarter
symmetric (Fig. 2), Lagrangian model with element removal capability was used in this work. The effects of element removal are
discussed in Appendix and Yildirim et al. (2011a), whereas successful implementation of this technique for high velocity impacts
are demonstrated in Chen et al. (2018), Alizadeh (2016), Chen (2020).

Fixed boundary conditions were assigned to the peripheral and bottom boundaries of the substrate, whereas the two lateral
surfaces were assigned symmetry boundary conditions. The effects of air-drag and body forces were neglected. Particle diameter
is assumed to be 19 μm for all cases. A dense mesh was assigned near the impact site, while the outer region of the substrate was
discretized with larger elements. A geometrical tie constraint was assigned between the dense and sparse mesh zones to ensure
conforming deflection. The element size in the particle and dense mesh zone in the substrate was set to be 1/25 of the particle
diameter 𝐷𝑝, while the element size of the sparse mesh zone was approximately 10 times larger. The size of the substrate was chosen
such that the reflected waves do not reach the impact site within the first 100 ns following impact. Thus the impact events were
simulated to ensure rebounding waves from the model boundaries would not interfere with the impact mechanics (Yildirim et al.,
2015; Alizadeh, 2016; Yildirim, 2013). A first order, 8-node continuum element C3D8RT (Anonymous, 2022) which uses reduced
4
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Fig. 2. Geometry of the quarter-symmetric model for single particle impact FEM simulation.

integration and capable of coupling thermal and solid state physics was adopted across the entire model. For the interaction between
the particle and the substrate, Abaqus’ built-in general contact was employed with a friction coefficient of 0.7. Coulomb friction
model was adopted for tangential behavior assuming the same coefficient of friction in all directions. During plastic deformation,
around 10% of plastic energy is spent on defect generation and the rest is dissipated in the form of heat generation (Meyers, 1994).
Therefore, the Taylor–Quinney coefficient (𝛽), which represents the ratio of plastic work converted to heat is assumed to be 0.9. Both
the particle and substrate were assumed to be at room temperature (293 K) initially which corresponds to the ambient temperature
of the experimental environment.

2.3. Material models and properties

Temperature dependent material properties of Al-6061, given in Table 1, were imported from the MPDB material database (Anon,
1998) and previous literature (Manes et al., 2011, 2013; Munro, 1997). An in-depth analysis of the effects of material temperature
dependency of Al-6061 was reported by Chen (2020). The bilinear-JC flow stress model was used in the following form (Chen et al.,
2018; Alizadeh, 2016),

𝜎𝑌 =
(

𝐴 + 𝐵𝜀𝑛𝑝
)(

1 + 𝐶 ln 𝜀̇𝑝
𝜀̇0

)(

1 −
(

𝑇−𝑇𝑅
𝑇𝑚−𝑇𝑅

)𝑚)
, (1)

nd

𝐶 =
{

𝐶1 and 𝜀̇0 = 1 if 𝜀̇𝑝 < 𝜀̇𝑐
𝐶2 and 𝜀̇0 = 𝜀̇𝑐 if 𝜀̇𝑝 > 𝜀̇𝑐

(2)

𝑌 is the flow stress, 𝐴, 𝐵, 𝐶1, 𝐶2, 𝑛, 𝑚, and 𝜀̇𝑐 are the empirically determined material parameters, 𝜀𝑝 is the equivalent plastic strain,
̇ 𝑝 is the equivalent strain rate, 𝜀̇0 is the reference strain rate, 𝑇𝑚 is the melting temperature of the material and 𝑇𝑅 is the reference
emperature. The effects of strain hardening, strain rate hardening and thermal softening are multiplied in this model. Parameters
f bilinear-JC model were calibrated for Al-6061 and reported by Xie et al. (2017) and Chen et al. (2018), Alizadeh (2016). For the
inear-JC model the constant 𝐶2 = 0 and the variable 𝜀̇𝑝 is irrelevant. The material properties for the two models are reported in
able 1.

.4. Material damage model

Yildirim et al. showed that material failure can be expected in the excessively strained regions during particle impact
vents (Yildirim et al., 2011a). If an excessively distorted element is kept in the model, it will have erroneous load carrying
capacity; the minimum dimension (thickness, width or length) of the element will go to near zero values, resulting in a zero or
negative Jacobian. Extremely small element dimensions will reduce the stable time increment of the explicit solver to an infinitesimal
level triggering a numerical error that terminates the analysis. Removing elements that lose their load carrying capability from the
assembly helps to avoid singularities caused by excessively distorted elements (Keeler and Backofen, 1963; Marciniak and Kuczyński,
967). Therefore, in this study, a simplified version of shear-damage model was adopted to simulate material damage as a means
o mitigate the effects of excessive element distortion in the Lagrangian modeling approach. The criterion for initiation of damage
s described as follows:

∑
( )
5

𝜔 = 𝛥𝜀𝑝∕𝜀𝑓 = 1 (3)
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Table 1
Material properties of the particle and the substrate (Al-6061) at room temperature (293 K). Subscript 𝑟 denotes the property’s room temperature value. The
temperature dependence of these material properties is determined as described by Yildirim et al. (2011a). Parameters calibrated for the bilinear version of JC
odel are reported by Xie et al. (2017), Alizadeh (2016), Chen et al. (2018) Parameters for the linear version of the JC model are reported by Lesuer et al.
2001). Material properties for sapphire substrate are reported by Chen et al. (2018).
Particle and substrate (Al-6061) (Chen et al., 2018)

𝐸𝑟, Elastic modulus, GPa 69.11
𝜌𝑟, Mass density, kg/m3 2700
𝜈𝑟, Poisson’s ratio 0.331
𝛼𝑟, Coefficient of thermal expansion, K−1 2.23 × 10−5
𝑘𝑟, Thermal conductivity, W/m K 154
𝑐𝑟, Specific heat, J/kg K 1009
𝛽, Inelastic heat fraction (constant) 0.9

Substrate (Sapphire) (Chen et al., 2018)

𝐸, Elastic modulus, GPa 345
𝜌, Mass density, kg/m3 3980
𝜈, Poisson’s ratio 0.29
𝛼, Coefficient of thermal expansion, K−1 6.98 × 10−6
𝑘, Thermal conductivity, W/m K 23
𝑐, Specific heat, J/kg K 896

JC-model parameters for Al-6061
Bilinear (Alizadeh, 2016; Xie et al., 2017; Chen et al., 2018) Linear (Lesuer et al., 2001)

𝐴 (MPa) 270 324
𝐵 (MPa) 154.3 114
𝐶1 2 × 10−3 2 × 10−3
𝐶2 2.9 × 10−2 N/A
𝑚 1.42 1.34
𝑛 0.239 0.42
𝜀̇0 1 1
𝜀̇𝑐 597.2 N/A
𝑇𝑅 (K) 293 293

where 𝛥𝜀𝑝 is the increment of the equivalent plastic strain, 𝜀𝑓 is the failure shear strain, which can be a function of equivalent plastic
strain and stress triaxiality. Numerical experiments show that using a constant value of 𝜀𝑓 = 3 successfully predicts the deformed
Al-6061 particle shapes (Alizadeh, 2016; Chen et al., 2018; Chen, 2020). The damage parameter 𝜔 cumulatively increases as plastic
eformation progresses during impact, and after damage initiates the load carrying capacity of the material progressively degrades.
his process is modeled with a displacement or energy law (Li, 2001). However, in this study, the energy dissipation before full
aterial failure was assumed zero. Thus the material is completely damaged immediately following the onset of damage, leading
o removal of the corresponding element from the simulation. Material follows plastic flow rule up until an equivalent plastic strain
f 3 and immediately loses its load carrying capacity completely, thereafter.

.5. Cohesive zone modeling and calibration of cohesion parameter

The cohesive zone model (CZM) proposed by Needleman (Needleman, 1990) was used to model the bonding and detachment of
particle–substrate and/or particle–particle interfaces (Lin et al., 2019; Chen et al., 2018; Yildirim et al., 2011b, 2015; Yıldırım et al.,
2012). In CZM a traction–separation law governs the relationship between the cohesive traction, 𝜎, and interface separation, 𝛿 as
shown in Fig. 3. The area under the traction–separation curve represents the cohesion energy (critical strain energy release rate)
𝐺𝑐 of the interface. The interface behaves elastically when the interface separation is less than the critical separation (𝛿 < 𝛿𝑐). The
cohesive traction that corresponds to the critical separation is 𝜎𝑐 . When the interface separation is greater than critical (𝛿 > 𝛿𝑐), the
cohesive strength starts to degrade. The cohesive behavior is terminated once the failure separation 𝛿𝑓 is reached where the cohesive
traction becomes zero. If the loading is reduced in the range 𝛿𝑐 < 𝛿 < 𝛿𝑓 the unloading will follow a new route as demonstrated
by the red line in Fig. 3, but a portion of the cohesion energy 𝐺𝑐 will have been lost. In finite element simulations, this model is
implemented on the individual pairs of nodes. In impact simulations, breaking of the interfacial cohesion depends on the local energy
balance at each material point (Yildirim et al., 2011b, 2015; Yıldırım et al., 2012). If the local elastic rebound energy is greater than
the local cohesion energy 𝐺𝑐 then the material point can debond. If the entire interface experiences debonding then the particle
will rebound from the surface. Built-in surface based cohesive behavior of Abaqus is used adopted to simulate the cohesion between
particle and the substrate. All element surfaces in the particle and in the dense mesh zone of the substrate are activated for the
cohesive behavior in contact.

2.6. Material instability

Plastic deformation of metals is present in many highly dynamic scenarios, especially manufacturing processes and ballistic
6

impacts. Adiabatic shear band/localization may occur during plastic deformation due to high loading rates, geometry constraints
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Fig. 3. Traction–separation law adopted in cohesive zone modeling.

or both. Severe shear deformation is present within the adiabatic shear bands where local plastic heat accumulates drastically,
hence thermally softening the material, which in turn leads to a self-driven deformation mechanism (Roessig and Mason, 1999).
he process is adiabatic since the time frame of the phenomenon is very short and heat does not have sufficient time to be conducted
way. The width of adiabatic shear band is usually in the range of 10 to 100 μm (YL et al., 1992). Material undergoing ASI would
ollapse along the shear localization band. During such an event, the thermal softening is so drastic that it overcomes accompanying
train hardening and strain rate hardening (Wright and Batra, 1985).
In numerical simulations, Zener and Hollomon (1944) proposed a quantitative criteria for ASI, which states that a material point

ecomes unstable during loading, if the rate of change of the flow stress with respect to plastic strain is negative, i.e. 𝜕𝜎𝑌
𝜕𝜀𝑝

< 0, while the strain
rate, 𝜀𝑝, and the rate of change of strain rate, 𝜀𝑝, are non-negative. Considering the flow stress depends on the plastic strain, strain rate
and temperature, Roessig et al. presented a quantitative criteria for the occurrence of ASI as follows (Roessig and Mason, 1999):

(

𝜕𝜎𝑌
𝜕𝜀𝑝

)

𝑥̃
=
(

𝜕𝜎𝑌
𝜕𝜀𝑝

)

̇𝜀𝑝 ,𝑇
+
(

𝜕𝜎𝑌
𝜕𝜀𝑝

)

𝜀𝑝 ,𝑇

𝑑𝜀𝑝∕𝑑𝑡
𝑑𝜀𝑝∕𝑑𝑡

+
(

𝜕𝜎𝑌
𝜕𝑇

)

𝜀𝑝 , ̇𝜀𝑝

𝛽𝜎𝑌
𝜌𝑐𝑝

≤ 0 (4)

𝜀𝑝 ≥ 0 & 𝜀𝑝 ≥ 0 (5)

here 𝑥̃ is the specific location of the material point, 𝜎𝑌 is flow stress, 𝜀𝑝 is shear strain, 𝑇 is temperature, 𝜌 is mass density, 𝑐𝑝 is
specific heat and 𝛽 is the fraction of plastic work that turns into heat energy. The two constraints rule out the situation where the
criterion may be satisfied when the material is undergoing unloading.

Presence of ASI in high velocity impact of micron scale metal particles with metal substrates has been predicted in finite element
simulations by several authors (Assadi et al., 2003; Chen et al., 2018; Champagne et al., 2005; Grujicic et al., 2004). In these
works, the temperature history of certain, critical material points has been monitored. These impact simulations show a sudden
rise in temperature during impact. As the only source of heating in these simulations is due to plastic action in the material, this
temperature rise has been reported as the indication of ASI. In what follows we use the ASI criteria given in Eqs. (4) and (5) to
ssess whether continuum level simulations predict ASI in impact of Al-6061 particles on Al-6061 substrates (Al-on-Al) and Al-6061
articles on sapphire substrates (Al-on-sapphire).

. Results and discussion

.1. Rebound and cohesion of particles

The global energy dissipation in high velocity impact experiments are assessed by using the coefficient of restitution (𝑒) of the
articles. Experimentally, 𝑒 is defined as the ratio of the rebound velocity 𝑉𝑟 to the impact velocity 𝑒 = 𝑉𝑟∕𝑉𝑖 determined by image
nalysis of the 𝛼-LIPIT experiments. Numerically, the rebound velocity is calculated by averaging the component of the velocity
ector normal to the substrate at three different points (north pole, south pole and center) of the particle.
Fig. 4(a) shows 𝑒 as a function of impact velocity, 𝑒 = 𝑒(𝑉𝑖), for Al-on-sapphire impacts. These results have been reported by Xie

t al. (2017) and repeated here for comparison. In this case we see that 𝑒 decreases monotonically until 500 m/s and remains
mall and non-zero until the highest tested velocity value of 950 m/s. This behavior is attributed to increasing levels of plastic
issipation in the particle (Yildirim et al., 2017). No bonding between the sapphire substrate and the Aluminum particles was
observed. Simulations (𝐺𝑐 = 0) show very reasonable prediction of 𝑒 as function of impact velocity.

The 𝑒 values for Al-on-Al impacts are shown in Fig. 4(b). In this case we observe that 𝑒 decreases monotonically until impact
velocity of 400 m/s. Thereafter, 𝑒 is reduced at a slower rate, due to increased plastic dissipation, until it abruptly becomes zero
near the impact velocities of 810–820 m/s, indicating that the particle bonds to the substrate.
7
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Fig. 4. Comparison of the experimentally measured and simulated coefficient of restitution as a function of impact velocity for (a) Al-on-sapphire (Chen et al.,
2018) and (b) Al-on-Al impact. In part (a) the cohesion energy was not considered. In part (b) the effects of using zero cohesion energy and 𝐺𝑐 = 0.5 J/m2 are
presented. Fig. 4(a) is printed with permission.

Fig. 5. Al-on-Al impacts: (a) The rebound instance of the north (top) and south (bottom) poles of the particle for different impact velocities. (b) The level of
plastic energy dissipated in the particle during the rebound phase for different impact velocities.

In order to simulate the observed cohesion behavior, eight different cohesion energy values, ranging from 0 to 6 J/m2 were
tested, while keeping the cohesive strength constant at 𝜎𝑐 = 300 MPa which is chosen according to tensile strength of Al-6061.
Among the computed 𝑒 behavior at different cohesion energy levels, 𝐺𝑐 = 0.5 J/m2 demonstrates the best match to experimental
results. A more in-depth investigation of the cohesion parameters was reported by Chen (Chen, 2020).

The coefficient of restitution as a function of impact velocity (𝑉𝑖) is an indication of the degree of plastic deformation in the
system. The 𝑒(𝑉𝑖) relationship can be separated into the following four regimes based on the material response: elastic deformation
(ED), elastic–plastic deformation (EPD), finite-plastic deformation (FPD) and deeply-plastic deformation (DPD) (Yildirim et al.,
2017). The particle behaves purely elastically in the ED regime. In the EPD and FPD regimes, increasingly larger fraction of the
particle volume experiences plastic deformation during impact, and in the DPD regime the entire particle is plastically deformed.
By using the parameters given in Table 1 it can be shown that the ED-to-EPD transition occurs at the impact velocity of 0.078 m/s.
The FPD-to-DPD transition depends on the magnitude of the dynamic yield stress. For example, this transition occurs at the impact
velocity of 241 m/s for yield stress value of 270 MPa and 341 m/s for 540 MPa (Yildirim et al., 2017).

Yildirim et al. attributed the non-monotonic dependence of 𝑒 on 𝑉𝑖 as shown in Fig. 4 to the changes in plastic dissipation
characteristics of the particle (Yildirim et al., 2017). The rebound instant of a material point is defined as the moment when the
velocity of that point is reversed. The rebound instants of the north and south poles of the particle are plotted in Fig. 5(a). This
8
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Fig. 6. Al-on-Al impacts: Contact area and cohesion energy evolution during Al-6061 on Al-6061 impacts (a) Effect of cohesion energy (𝐺𝑐 = 0.5 J/m2) on
the evolution of contact area with 800 m/s impact. (b) Maximum contact area with and without cohesion as a function of impact velocity. Note that contact
area is a secondary variable in finite element analysis, and therefore it involves a larger uncertainty. The non-smooth variations in contact area with cohesion
is attributed to the numerical error related to contact area calculations. Nevertheless, the contact area with cohesion is generally larger.

Fig. 7. (a) Al-on-sapphire impacts: The four material points (P1–P4) were chosen from the four regions of the particle that experience different levels of damage
and flow stress behavior (Chen et al., 2018). (b) Al-on-Al impacts: Locations of the representative material points inside the particle and substrate. P5 and P6
are the two points where the most extreme material behavior is observed inside the particle, and P7 and P8 are the two points where the most extreme material
behavior is observed inside the substrate. P9 is the characteristic point analyzed in Al-on-Al impact simulation with classic JC model. Fig. 7(a) is printed with
permission.

shows that in the velocity range of ∼ 100− ∼ 700 m∕s, the south pole of the particle starts to rebound while the north pole is still
moving towards the substrate. The gap between the rebound instants closes with increasing impact velocity, indicating the particle’s
top and bottom poles start to rebound at the same instant and move with the same speed afterwards. The plastic energy dissipation
in the particle during the rebound phase is computed and plotted as a function of impact velocity in Fig. 5(b). This energy reaches
a peak near the velocity of 400 m/s, which is very close to where coefficient of restitution begins to plateau in Fig. 4. Near this
velocity the particle starts to dissipate less plastic energy during rebound phase as its deformation becomes increasingly severe. This
velocity point is also close to the beginning of the DPD regime.
9
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Fig. 8. Al-on-Al impacts, points P1–P4: Evolution of the particle profile during the first 24 ns of Al-6061 on Al-6061 impact with intervals of 2.4 ns. The impact
is along the negative Y direction with a velocity of 800 m/s. The particle profiles are aligned at their respective south poles for ease of reading. The particle
profiles seem to intersect at a common point, but close inspection reveals that they do not. This coincidence is irrelevant to the kinematics of the particle.
The bottom edges of the particles are hidden in these figures to avoid crowding. The markers represent the location of each material point relative to the
corresponding profile over the impact duration. The markers are color-coded to reflect the instantaneous yield stress and the direction of the material points’
trajectories are marked with arrow in each figure. (a) P1, (b) P2, (c) P3, (d) P4.

Fig. 4(b) shows a difference in the predicted coefficient of restitution for cases with and without cohesion. This difference is small
for small velocities and grows after 𝑉𝑖 = 200 m/s. This difference is attributed to the extra work that the system has to perform
when the cohesion is included in the simulations. Fig. 6(a) shows the results of cohesion on the contact area during impact. The
contact area grows as the impingement of the particle progresses and reaches its maximum at around 17 ns, followed by a quick
rebound around 25 ns. The case with cohesion has a slightly larger contact area and the interactions of the two bodies last slightly
longer. Therefore, when cohesion is introduced into the solution more energy is spent to form larger contacts, and more energy is
dissipated. This ultimately results in lower rebound velocity or 𝑒 as reported in Fig. 4(b). The maximum contact area is plotted for
different impact velocities in Fig. 6(b). The maximum contact area increases almost linearly as a function of impact velocity with
or without cohesion, but the contact area with cohesion is slightly larger, as expected.
10
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Fig. 9. Al-on-Al impacts, points P5–P8: Evolution of the particle and substrate crater profiles during the first 24 ns of Al-6061 on Al-6061 impact with intervals
of 2.4 ns. The impact is along the negative Y direction with a velocity of 800 m/s. The particle profiles as shown in (a) & (b) are aligned at the bottom pole
of the particle, while substrate crater profiles are not aligned and reflect their actual location as shown in (c) & (d). The markers represent the location of
each material point relative to the corresponding profile over the impact duration. The markers are color-coded to reflect the instantaneous yield stress and the
direction of the material points’ trajectories are marked with arrow in each figure. (a) P5, (b) P6, (c) P7, (d) P8.

Chen et al. (2018) investigated the potential for ASI in Al-on-sapphire impact experiments reported by Xie et al. (2017). They used
finite element simulations to monitor history of the flow stress, temperature, strain and strain rate of all material points (element
nodes) in the particles during impact (Chen et al., 2018). This analysis showed that there is a relatively small region in a spherical
article where the flow stress vanishes precipitously during impact. Based on these predictions, it was concluded that the material
n regions-1 and −2 of the particle shown in Fig. 7(a) experiences adiabatic shear instability.
In this work, displacement histories of the same four representative material points, P1–P4 are also followed for Al-on-Al impacts

as shown in Fig. 8,1 and four additional points, P5–P8, are plotted in Fig. 9. These four points were chosen by monitoring the stress
histories of all the material points (nodes) in the particle and the substrate. Points P5 and P6 are the two points where the most
extreme material behavior is observed inside the particle, and P7 and P8 are the counterparts for the substrate. It is revealed that
all four points P5–P8 end up near the jetting lip as shown in Fig. 9. Figs. 8 and 9 also show the yield stress histories of these points.
This shows that the yield stress varies between 270 and 500 MPa during deformation, but no evidence of reduction in flow stress is
observed in Fig. 8. Compared to the Al-on-Sapphire impacts presented by Chen et al. (2018), deformation of the same four points
is considerably less severe, and unlike the Al-on-sapphire cases, the points P2 and P3 do not move into the contact interface.

Evolution of the equivalent plastic strain 𝜖𝑝 and hydrostatic pressure (𝑝) in the first 25 ns after impact are plotted in Figs. 10
and 11 for an impact velocity of 900 m/s. The movement of the lines that define the elements indicate the flow of material during

1 Close-up of Figs. 8 and 9 show that the particle profiles that appear to intersect at a common point in fact do not and this appearance is only coincidental.
11
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Fig. 10. Evolution of the equivalent plastic strain in the first 25 ns, for Al-on-Al impact at 𝑉𝑖 = 900 m/s. (a) 2.4 ns, (b) 4.8 ns, (c) 9.6 ns, (d) 14.4 ns, (e)
9.2 ns, (f) 25.2 ns.

his impact: material near the south pole of the particle experiences compression; and, the material in the outer edges of the contact
rea experiences increasing amounts of shear. The maximum plastic strain is also accumulated in this region. These results draw
nteresting parallels with the experimental observations of Evans et al. (2019) who observed evidence of metallurgical bonding and
ynamic crystallization in the outer periphery of the contact interface where the shear strains appear to be high, and no evidence
f bonding in the south pole.
Upon impact a compressive (𝑝 > 0) shock wave propagates both into the particle and substrate from the contact interface, and the

ower portion of the particle and the top of impact crater are entirely in a compressive state (Fig. 11). At around 10 ns, the pressure
round the jetting tip starts to transition from compressive to tensile (𝑝 < 0). During the next 12 ns, the hydrostatic pressure in the
hose regions becomes tensile. A similar phenomenon is observed for Al-on-Sapphire impact considerably earlier, around 7–10 ns
not shown). The jetting observed in the outer periphery of the contact region at these high velocities appears to be the result of
he material flow that come from within the particle, but interestingly it is also accompanied with a tensile hydrostatic pressure
s highlighted by Hassani-Gangaraj et al. (2018). As it will be shown later in this paper, material instability is not required for it
o flow in the interface in the manner shown in Figs. 10 and 11. Material flow within a particle and a substrate was extensively
nvestigated by Yildirim et al. (2017) who made similar observations.

.2. Comparative evaluation of ASI in Al-on-Al and Al-on-sapphire impacts

To gain further insight into evolution of flow stress in Al-on-Al impacts, the temporal change of equivalent plastic strain 𝜀𝑝,
train rate 𝜀̇𝑝, temperature 𝑇 and the instantaneous yield stress 𝜎𝑌 of all the material points in the model are monitored for a broad
ange (0 < 𝑉𝑖 < 900 m∕s) of impact velocities. Since the particle rebounds or bonds with the substrate within 30 ns, only the first
0 ns of the impact are analyzed. The effects of these variables are presented according to their influence on the flow stress as
epresented in Eq. (1). The time histories of strain hardening (1 + 𝐵∕𝐴𝜀𝑛𝑝), strain rate hardening (1 + 𝐶 ln 𝜀̇𝑝∕𝜀̇0) and temperature
oftening (1 −

(

𝑇−𝑇𝑅
𝑇𝑚−𝑇𝑅

)𝑚
) terms of the JC-model are computed for all material points.

These variables are plotted in Fig. 12 for points P5–P8 for an impact velocity of 800 m/s. As mentioned above, the points that
how the most thermal softening are P5 and P6 in the particle and P7 and P8 in the substrate. Note that points P1–P4, demonstrate
egligible decrease in flow stress due to thermal softening. For Al-on-Al impacts, thermal softening effect is much less prominent
12
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Fig. 11. Al-on-Al impact: Evolution of hydrostatic pressure inside the particle and substrate during the first 26.4 ns in a 900 m/s impact. (a) 2.4 ns, (b) 4.8 ns,
(c) 9.6 ns, (d) 14.4 ns, (e) 19.2 ns, (f) 25.2 ns.

when compared to that of Al-on-sapphire impact cases. Details are omitted here due to space constraints, but can be found in Chen
(2020).

Fig. 12 also shows that the flow stress increases very rapidly in the first 5–6 ns after impact and gradually drops until the particles
ebound. The fluctuations seen in flow stress and the strain rate hardening term after ∼ 25 ns are due to the internal wave reflections
fter the particle rebounds. Noting how the yield stress and strain rate hardening overlap in the first few ns following impact, it
an be stated that the rapid rise in the flow stress is initially dominated by strain rate hardening. As the strain rate hardening
ontribution is reduced, the strain hardening contribution kicks in and thus the yield stress continues to increase for up to 5 ns.
ote that strain hardening continues up to 15 ns after initial impact. While these terms show a rapid increase, thermal softening
lso becomes prominent. Nevertheless, this term settles to a finite trend, and unlike the Al-on-sapphire impacts (Chen et al., 2018),
o evidence of significant reduction in yield stress is predicted.
Time histories of the flow stress, strain hardening, strain rate hardening and thermal softening terms in Al-on-Al impacts for

oint P5 are plotted in Fig. 13 for a wide range of impact velocities. The instantaneous yield stress shown in Fig. 13(a) drops at
mpact velocities higher than 700 m/s, after the initial increase due to impact loading. The rate of flow stress drop is approximately
0 MPa/ns which is much lower than that from corresponding Al-on-sapphire impact cases (Chen et al., 2018; Xie et al., 2017;
hen, 2020). Figs. 13(b)–13(d) show that this material point experiences work hardening and strain rate strengthening, but at the
ame time relatively high thermal softening, resulting in the overall drop in the yield stress observed in Fig. 13(a). Point P6 in the
article behaves in a similar way and points P7 and P8 in the substrate demonstrate even lower rate of drop in the flow stress.
ime history plots similar to Fig. 13(a) for Points P6–P8 are omitted for space considerations, but can be found in Chen (2020). By
nalyzing all the nodes in the Al-particle and the Al-substrate, no drastic drop of the instantaneous yield stress, no sudden increase
f the equivalent plastic strain or temperature are observed within the velocity range of 50 to 950 m/s.

.3. Evaluation of the ASI criteria

The ASI criteria defined in Eqs. (4) and (5) is evaluated for Al-on-sapphire (950 m/s) and Al-on-Al impacts (950 m/s). The
evolution of the flow stress, 𝜎𝑌 , strain-rate 𝜀̇𝑝, temperature, 𝑇 , and rate of change of temperature, 𝑇̇ , with strain 𝜀𝑝 are shown for P1
and P5 in Fig. 14. Note that points P1 and P5 are chosen as they experience the highest level of deformation in Al-on-sapphire and
13
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Fig. 12. Evolution of the normalized yield stress (𝜎̄ = 𝜎/𝐴, i.e. yield stress normalized against 𝐴) and the each one of the physical terms that contribute to
C-model plotted in the first 30 ns, for Al-on-Al impact at 𝑉𝑖 = 800 m/s. The four material points with most extreme material behaviors are shown, (a) P5, (b)
6, (c) P7, (d) P8.

l-on-Al impacts, respectively. Fig. 14(a) shows that at this material point the flow stress starts to drop around an 𝜀𝑝 = 0.4 while the
train rate remains constant. This shows that the material strength is dropping while the material is still being loaded as described
y Chen et al. (2018). Therefore, we conclude that the quantitative criterion for ASI is met at material point P1. Recall that Chen
t al. similarly predicted adiabatic shear instability at point P1 by inspecting time history of flow stress and temperature (Chen
t al., 2018; Chen, 2020). In Al-on-sapphire impacts there are other material points that experience ASI according to the criterion
resented in equations Eqs. (4) and (5), but they are not shown here for space considerations. Fig. 14(b) shows the corresponding
emperature and rate of change of temperature change at P1. The temperature is on the rise throughout the entire process and
emaining well below the melting point of the material. Rate of temperature rise continually increases and reaches up to 140 K/ns
t a strain level of 1.5 after which it drops.
For Al-on-Al impacts, the flow stress, strain rate, temperature and rate of change of temperature are plotted as functions of

quivalent plastic strain for point P5 in Figs. 14(c) and 14(d). This material point experiences some drop in the flow stress as
he plastic strain accumulates. However, the strain rate is always on a decreasing trend when flow stress decreases. Therefore, we
onclude that point P5 does not experience adiabatic shear instability, but it is rather being gradually unloaded. This conclusion is
14
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Fig. 13. Flow stress and three terms contributing to JC-model of P5 as functions of time and velocity. (a) flow stress, (b) strain hardening, (c) strain rate
hardening, (d) thermal softening. Impact velocities are varied between 50–950 m/s with intervals of 10 m/s.

consistent with the results discussed for Figs. 12 and 13. The temperature at P5 rises to 250 deg. C. And, the rate of temperature
increase rise up to 150 K/ns. While this rate is higher than that in Al-on-sapphire impact cases it starts to decrease at an equivalent
plastic strain level of 0.5; indicating that the severe loading in the material ends sooner for Al-on-Al impacts. None of the material
points in Al-on-Al impacts satisfy the ASI criterion in Eqs. (4) and (5)

3.4. The appropriate material model for UHSR deformations

Material response in high velocity impact of metal particles involves many coupled, physical phenomena. There is general
agreement that strain rate in such impacts reaches well into the ultra high strain rate (UHSR) regime. In this regime drag on
moving dislocations by phonons or electrons dominate the material behavior (Lesuer et al., 2001) and result in enhanced strain-rate
hardening, compared to the regime where thermally activated dislocation motion dominates the strain-rate hardening. Therefore,
it is important for the flow stress model to accommodate the extended-hardening in the UHSR regime. The material parameters
of the empirical bilinear-JC model presented in Eqs. (1) and (2), have been tuned for high velocity impacts and should respond
properly at the UHSR. The linear-JC model does not accommodate UHSR and results in considerably softer material response.
Fig. 17 shows a comparison of the flow stress predictions with the linear and bilinear versions of the JC-model against experimental
measurements. The flow stress is presented as its ratio against corresponding static yield stress. The experimental measurements are
adopted from Manes et al. (2011) and Lesuer et al. (1999). Note that the bilinear JC model values are lower than the experimental
esults, because the measurements were from Split-Hopkinson Pressure bar test, but the bilinear JC model was calibrated based on Al-
n-sapphire single particle impacts (Xie et al., 2017; Chen et al., 2018). The material parameters provided in Table 1 for these models
are taken from (Lesuer et al., 2001) and Xie et al. (2017), Chen et al. (2018), respectively. This shows that beyond the threshold strain
rate the linear-JC model significantly underestimates the flow stress. It has been reported that linear-JC model presents difficulty
in accurately predicting particle deformation in Al-on-sapphire impacts (Alizadeh, 2016), particle flattens excessively due to the
underestimation of yield stress by linear-JC model.

Here we compare the two approaches by conducting Al-on-Al particle impacts using the JC-model in its bilinear and linear forms.
The average strain rate histories during impact are plotted by using both forms of the JC models in Fig. 18, in order to assess the
15
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Fig. 14. Variation of the flow stress, strain rate, temperature and rate of temperature with respect to equivalent plastic strain at material point P1 for
Al-on-sapphire (for 𝑉𝑖 = 950 m/s) impact and material point 5 for Al-on-Al impacts with (for 𝑉𝑖 = 950 m/s).

strain rate variation in the particle. Note that most dynamic action with the high strain rates subside after 30 n/s. The internal
wave reflections after bonding are captured in the strain rate regime of 0–597.2 𝑠−1. Both models predict that the largest volume
of the material is in the strain rate regime where 𝜖̇𝑝 > 107, during the initial impact period. It is also observed that the particle is
compressed more and spreads wider with the linear-JC model as shown in Fig. 19.

The bilinear Johnson–Cook plasticity model was adopted for the analysis presented in the previous sections,. However if the
plasticity model is switched back from the bilinear-JC model to the linear-JC model (Lesuer et al., 2001) which generally makes the
material behave softer, evidence of a classical adiabatic shear instability (Assadi et al., 2003; Grujicic et al., 2004) can be spotted in
several material points inside the particle, especially in the high-shear zone. Fig. 15 shows a comparison of the strain rate history
of point P9 for the Al-on-Al impact at 930 m/s.

An obvious jump in temperature around 21 ns is observed for P9 located in the high shear zone as described in Fig. 7(b). At
the same time, the flow stress of P9 drastically decreases and plastic strain quickly accumulates. This phenomenon is similar to
what Assadi et al. (2003) and Grujicic et al. (2004) have reported in their previous works, defined as adiabatic shear instability.
Additionally, the equivalent plastic strain evolution for P9 is shown in Fig. 16. For velocities towards the higher end of the spectrum,
i.e. near 900 m/s, the drastic jump of accumulation of plastic strain can be found in the cases with the linear-JC model, while such
16

behavior is not present with the bilinear-JC model. As a matter of fact, with an exhaustive search, with the bilinear-JC model, there is



International Journal of Plasticity 166 (2023) 103630Q. Chen et al.

p

n
d
m
t

Fig. 15. Various physical variables of P9 as described in Fig. 7(b) during Al-6061 on Al-6061 impact, impact velocity is 930 m/s. The linear version of JC
lasticity model was adopted. (a) temperature history, (b) temperature and rate of temperature change and (c) flow stress and strain rate, (d) JC terms values.

o material point in the particle or substrate that demonstrates such behavior. Therefore, the presence of adiabatic shear instability
uring Al-6061 on Al-6061 impact is possibly an artifact due to the selection of material model. Moreover, with the linear-JC
odel, excessive element distortion occurs in the elements where material instability is observed, raising further questions about
he presence of material instability. More details about post-deformation element quality are provided in Chen (2020).

4. Summary and conclusions

Impact of micron-scale Al-6061 particles on Al-6061 and sapphire substrates is analyzed. Simulation results reveal no evidence
of ASI in Al-on-Al impacts unlike the Al-on-sapphire impacts (Chen et al., 2018). This conclusion is further confirmed by using
a quantitative ASI criterion and checking each material point in the particle and the substrate. For the Al-on-Al system, using an
inappropriate plasticity model leads to excessive element distortion that in turn leads to prediction of ASI as a numerical artifact.
While flow stress reduction and localized plastic deformation might be contributing factors to interfacial bonding in the physical
17

world, occurrence of ASI cannot be reliably claimed for this material system.
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b

a

Fig. 16. Evolution of equivalent plastic strain for the entire velocity spectrum for P9 during Al-6061 on Al-6061 impact, (a) with linear-JC model, (b) with
ilinear-JC model.

Fig. 17. Comparison of the flow stress predicted by the linear and bilinear Johnson–Cook model as a function of plastic strain rate. Experimental measurements
re adapted from Manes et al. (2011) and Lesuer et al. (1999).

Fig. 18. Volume percentage of various strain rate ranges, variation with time during Al-on-Al impacts at 930 m/s. Computed by using (a) the linear version
and (b) the bilinear versions of the JC model.
18
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Fig. 19. Comparison of the deformed shapes of the particle computed by using (a) the linear version and (b) the bilinear versions of the JC model, for Al-on-Al
impacts at 930 m/s. Linear JC predicts more prominent flattening post-impact.
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Appendix. Effects of element removal on the results

Elements whose accumulated plastic strain exceeds the limiting strain value (𝜖𝑓 ) are removed from analysis as described in
Section 2.4. Fig. A.20 shows that up 11% of the mass is removed in Al-on-sapphire impacts due to elements reaching this limiting
criterion. Element removal starts near the impact velocity of 500 m/s and reaches its peak around 900 m/s. In Al-on-sapphire
impacts ASI is predicted even though elements are removed from analysis. It is reasonable to assume that if the element removal
had not been used, more elements could have experienced ASI. But, as stated in Section 2.2, Lagrangian model without element
removal results in an unreliable solution.

For Al-on-Al impacts, mass loss due to element removal starts around impact velocity of 900 m/s and remains below 2% at
950 m/s. ASI is not predicted by the model in the entire range of impact velocities (50–950 m/s). Figs. 14,14(c) & 14(d) show the
variation of flow stress with plastic strain for point P5. This is the material point that shows the highest level of plastic strain in
the particle in Al-on-Al cases. Even though the total accumulated plastic strain is greater than 2.5 no evidence of ASI is seen at this
point. However, we cannot exclude the possibility of ASI occurring in the elements that had been removed, had they been allowed
to remain in the analysis. Nevertheless, in the velocity range of 0–900 m/s, in which no elements are removed from analysis, ASI
is not detected in this computational framework.
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Fig. A.20. Mass loss due to material failure and element removal in Al-on-sapphire and Al-on-Al impact simulations.
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