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Abstract

When metallic microparticles impact substrates at high enough velocity, they bond cohesively. It has been
widely argued that this critical adhesion velocity is associated with the impact velocity required to induce
adiabatic shear instability. Here, we argue that the large interfacial strain needed to achieve bonding does
not necessarily require adiabatic shear instability to trigger. Instead, we suggest that the interaction of
strong pressure waves with the free surface at the particle edges—a natural dynamic effect of a
sufficiently rapid impact—can cause hydrodynamic plasticity that effects bonding, without requiring shear
instability. We proceed on this basis to postulate and confirm a proportionality between critical velocity
and the bulk speed of sound, which supports the viewpoint that shear instability is not the mechanism of

adhesion in cold spray.
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1. Introduction

Material build-up in cold spray revolves around the notion of impact-induced bonding of microparticles
at impact velocities that exceed a threshold, referred to as the “critical velocity” [1-4]. Adiabatic shear
instability [5—7], oxide layer break up [8], localized melting [9—-12], diffusion [13], interface amorphization
[14], and mechanical interlocking [15] are among the variety of mechanisms put forth to explain bonding.
These mechanisms, although partially supported by observational data, have not been directly proven to
underlie bonding yet, and are not mutually exclusive either; several of these could be relevant depending
upon conditions and materials involved. Nevertheless, with critical velocity being unique for a fixed set of
processing parameters and material [4-6], a predominant role of one single mechanism is expected. As
such, adiabatic shear instability is the prevailing mechanism of bonding asserted in the cold spray

literature [4-7,9,13,16-36].

The physical connection between adiabatic shear instability and bonding during cold spray often hangs
upon the phenomenon of jetting, the intense outward ejection of material at the interface between
particle and substrate. It is a commonly-held view in the field that adiabatic shear instability occurs on
impact, leading to jetting, and it is jetting [5,19,21,37] that leads to bonding through the intense strain it
produces at the interface, forming a coherent surface for bonding. The proposal of adiabatic shear
instability as the cause of bonding or jetting originated about 15 years ago based on finite element
simulations [5,6], and it has subsequently enjoyed support mainly from that same, simulation-based,
perspective [4,7,9,13,16,20,22,24,27,29-33,35]. There is, however, a lack of empirical or experimental
evidence to rigorously support the notion of adiabatic shear instability as the bonding mechanism. To the
best of our knowledge, adiabatic shear bands, manifested as physical signatures of adiabatic shear

instability, are rarely reported in cold sprayed particles, whereas they should be seen in each and every


https://doi.org/10.1016/j.actamat.2018.07.065

Mostafa Hassani-Gangaraj, David Veysset, Victor K. Champagne, Keith A. Nelson,
Christopher A. Schuh. Acta Materialia 158 (2018) 430-439
https://doi.org/10.1016/j.actamat.2018.07.065

of the broad range of metallic materials amenable to cold spray deposition if they were required to effect
bonding.

In an effort to approach the problem of critical velocity from a different perspective, we recently
experimentally resolved the instant of impact-bonding with micrometer scale and nanosecond level
spatiotemporal resolution [37,38]. Through in-situ observations we confirmed that impact-induced
bondingis indeed closely related to jetting, and localized fragmentation; as envisioned above, the extreme
strain associated with jetting is perceived to produce a clean intimate contact amenable to metallic
bonding at the interface. What is more, we reported direct measurements of critical velocity for the
rebound-to-bonding transition for four structural metals [37]. Our approach offers a significant departure
from prior works on this topic, and the quantitative nature of the results allows us a new view on the
guestion of adiabatic shear instability as a mechanism for jetting and bonding. It is the purpose of this
paper to revisit the nominally accepted view of adiabatic shear instability and question its viability as a
general mechanism for impact adhesion. In addition to reassessing the simulated-based origin of the
mechanism, we make use of our quantitative single-particle impact data to support an alternate view that

jetting and bonding are a hydrodynamic plastic effect.

2. Adiabatic shear instability and jetting

We start by considering the role of adiabatic shear instability during a microparticle impact using the same
framework it originated from, i.e., Lagrangian finite element simulations. The most influential simulations
of particle impacts in cold spray are those based on a continuum description with constitutive behaviors
that are strain-, strain rate- and temperature-dependent. Under the extreme conditions of rate and
pressure relevant to supersonic particle impact, it is certainly the case that constitutive models are

guestionably relevant to true experimental conditions. However, the field’s mechanistic knowledge has
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been built on models such as the Johnson-Cook equation [39], that despite its shortcomings at very high
strain rates [40,41], is the typical constitutive equation most widely used in finite element simulations of
particle impact during cold spray [4-7,9,13,16,20,22,24,27,29-33,35]:

o =[A+Be}] [1 + Clné—p] [1 - <ﬂ>m] (1)
P éO Tmelt - Tref

Here the flow stress, g, is the product of three bracketed terms. The first bracketed term represents strain
hardening, with g, being the plastic strain, and A, B and n being material constants. The second bracketed
term represents strain rate hardening, with &, being the strain rate, C being a material constant and &,
being a reference strain rate. The third bracketed term represents thermal softening with T being the
temperature, Tper being melting temperature, m being a material constant, and T, being a reference
temperature; it is this last term which gives rise to adiabatic localization, making it critical to the discussion

of that mechanism.

The first and most important works on adiabatic strain instability in impact bonding are those of, first,
Assadi et al. [5] and, immediately afterwards, Grujicic et al. [6] , who implemented Eq. 1 in a Lagrangian
finite element model to simulate the behavior of a Cu particle impacting a Cu substrate at the critical
velocity. As a means of connecting with those classic works, we have implemented the same mechanics
in a similar Lagrangian finite element framework in order to duplicate their approach, and simulated the
behavior of a single Cu particle at 550 m/s, representing our directly measured critical velocity of Cu,

553+15 m/s, in Ref. [37]. More details of our finite element model are collected in Appendix A.

Figure 1a shows snapshots of a 10-um Cu particle impacting Cu at the critical velocity. Critically, this result
includes important contributions from all the three bracketed terms of the constitutive equation, i.e., with
competing hardening (first two strain and rate hardening terms) and softening behaviors (thermal
softening from the third term). As expected based on the work of refs. [5,6], incipient jetting is observed
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at the periphery of the particle. In fact, the lip forming at the particle edge is a similar size and shape seen

in the similar simulations of ref. [5], as shown by the comparison in Fig. 1a.

The beginning of jet formation seen in Fig. 1a has been interpreted in refs. [5,6] as being caused by heat
induced by severe and rapid plastic deformation (note that the strain here is as high as 4.5 in the forming
jet, and forms over 25 ns or less). This adiabatic heat is assumed to locally soften the material to the point
where it loses its load-bearing capacity, thus, jetting has been taken to occur as a result of adiabatic shear
instability [4—7,9,16—30,33-36]. Thus, the third bracketed term in the constitutive law of Eq. 1 is the key
term that physically supports an argument for adiabatic shear instability; it is the only term that provides

the material with the ability to soften.

A critical test of this mechanism, then, is to verify that jet or lip formation is suppressed if the material has
no softening capacity. We have excluded the thermal softening term from Eq. 1, and repeated the same
simulation in every other detail; we eliminated the material’s ability to thermally soften, and by extension
to experience an adiabatic shear instability. Fig. 1b shows snapshots of deformation for a material that
only hardens as it deforms. It is interesting to observe that jetting occurs in this latter case too, with the
results being almost identical in details of the strain distribution, the flattening of the particle, etc. We do
see that the jet region is slightly more extended in the former case where thermal softening contributes
to the deformation. Thus, thermal softening clearly can affect material deformation and failure, especially
in the jet region after it has begun to form. However, this comparative modeling result shows that thermal
softening, and by extension, adiabatic shear instability, is not fundamentally needed for jetting. We
therefore find the conclusion drawn in the original modeling work of Assadi et al. [5] and Grujicic et al.
[6], “bonding can be attributed to adiabatic shear instabilities which occur at the particle surface at or
beyond the critical velocity”, to be overstated, and we therefore now proceed to consider in more detail

the phenomenon of jet formation.
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without thermal softening
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Fig. 1. Lagrangian finite element simulation of a 10-um Cu particle impacting a Cu substrate at 550 m/s,
the critical velocity of Cu. von Mises Plastic strain distribution and snapshots of deformation until the end
of penetration are shown for a) a material with the thermal softening capability in the constitutive
equation and b) a material without the thermal softening capability, hence, without the ability to undergo
adiabatic shear instability. Jetting is observed in both cases. For comparison, the black and white image is
a scaled reproduction of the results for a Cu particle/substrate pair after impact at 600 m/s from ref. [5],
reproduced with permission from Elsevier.

Since jetting plays a critical role for bonding in cold spray, accurate quantitative knowledge of material
conditions in the jet region is certainly needed. For example, the present Lagrangian simulation shows
that von Mises strain in the jet region can be locally as high as 450%. It is a serious concern that this high
plastic strain occurs only in a few elements that undergo an extreme level of distortion (by a factor of as
much as 100), and this is a principal criticism of Lagrangian simulations of such a process, which do not

yield highly accurate estimates of strain, stress, or temperature in the jet region [42].

One approach to avoid such extreme distortion and thereby more accurately estimate the material
conditions that prevail in the forming jet, is to employ an Eulerian approach where material flows through

stationary elements [42]. The induced pressure in supersonic impact of metallic particles can greatly
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exceed the yield stress of the material. In such conditions, where the fractional deviations from stress
isotropy are small, solid materials behave hydrodynamically, conditions for which an Eulerian formulation
has proven more effective than a Lagrangian one [43]. And, since sliding cannot be accurately modeled
when two Eulerian objects come into contact [44—49], we use a coupled Eulerian-Lagrangian approach
[50-52], in which a Lagrangian substrate is used only to provide an appropriate platform for the

deformation of the Eulerian particle. Again, more details are provided in Appendix A.

Repeating the same simulation conditions in this new framework (for a Cu particle impacting a Cu
substrate at 550 m/s) yields the result shown in Fig. 2, where different element resolutions of the Eulerian
domain are compared. The Eulerian approach permits fragmentation and surface creation without
needing explicit interface-tracking, and can therefore capture jetting and material ejection when it is
mechanically favored [43]. It can be seen that the overall deformation of the bulk of the particle is not
highly mesh-dependent, whereas the material behavior in the jet region is. Our results suggest that a
mesh resolution of d/50 or finer (with d the particle diameter) is needed to capture jetting and
fragmentation at the critical velocity. In analogy with Fig. 1a vs. 1b, Figs. 2a and 2b also verify that actively
excluding thermal softening does not suppress jetting. The exclusion of softening results in slightly less
severe deformation in the jet, but in these more refined Eulerian simulations, too, jetting happens with

or without the material having thermal softening capacity.
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Fig. 2. Final deformation of a Cu particle impacting a Cu substrate at the critical velocity of Cu, 550 m/s,
for different Eulerian mesh resolutions a) with and b) without thermal softening capacity. Penetration
ends after 25 and 24 ns for a and b respectively. Although the bulk of the deformation can be captured
with a coarse d/20 resolution, resolutions finer than d/50 are needed to capture jetting and
fragmentation. Note that in the d/80 simulation the ejecta reach the edge of the simulation cell and
aggregate unphysically against the boundary there. However, the Lagrangian substrate does not interact
with the Eulerian boundary, so the alignment of the pile-up extent with this edge is coincidental.
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3. What causes jetting if not adiabatic shear instability?

The avoidance of mesh distortion in the Eulerian particle of Fig. 2 permits us to look in more detail at the
conditions that prevail in the jet region, provided we use the most relevant physical model for material
behavior. For all of the simulations that follow, we employ the full Johnson-Cook model, inclusive of
thermal softening, with the aim of better understanding the conditions in the forming jet. Figure 3 shows
snapshots of a Cu particle deforming as a result of impact at critical velocity, along with the pressure
distribution. Here we demonstrate relatively high pressures with red, intermediate pressures with yellow,
relatively high tensions with blue and intermediate tensions with cyan. In the early stages of impact, a
highly compressed state of matter (shock) is formed at the contact zone—from the impact center to the
contact edge—a region that is extremely small at first contact and which expands as the impact develops
and the particle flattens to create more interfacial area. The shock front remains attached to the
expanding edge of the particle at the early stage [53,54]. We have recorded a maximum pressure of ~14

GPa at this stage.

The contact edge outward velocity is initially higher than the shock wave velocity. However, it decreases
with time, enabling the pressure waves to detach from the particle’s edge (see 2.5 ns). At this stage the
high-pressure zone is immediately adjacent to the free surface where the pressure is necessarily zero. A
very large pressure gradient is, therefore, created in the immediate vicinity of the free surface. Material
subjected to this pressure gradient accelerates, releasing the pressure and undergoing a localized tension
to form a small incipient jet ‘lip’ (see 3.4 ns). In the meantime the pressure waves reach the top surface
of the particle and get released there, exposing a larger area on the top to a relatively higher tension, ~ 1

GPa.

These two pressure releases are different. The latter (at the top of the particle) is the result of the

interaction of pressure waves and free surface that are moving in opposite directions. Even though it

9
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produces a relatively larger tension, it gets immediately released; it lasts for less than a nanosecond. This
is the interaction that causes deceleration of the top of the particle. The former (at the edge of the
contact), on the other hand, is the result of the interaction of pressure waves and free surface that are
moving in the same direction. It produces a large degree of tension that can be as high as five times the
strength of Cu. This pressure release thus further accelerates material in the form of a jet, and it lasts
much longer. In fact, it lasts until the end of the deformation; see the jet region in cyan out until 25 ns in
Fig. 3. It is this state of hydrodynamic tension in the jet region that can lead to localized fragmentation in

a spall-like process [55,56] as observed in-situ in ref. [37].
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Fig. 3. Deformation and pressure distribution for a Cu particle impacting a Cu substrate at the critical
velocity, 550 m/s. The particle that is initially 200 nm away touches the substrate at 0.36 ns. The particle
fully penetrates the substrate after 25 ns. Red and yellow show relatively high and intermediate pressures.
Blue and cyan show relatively high and intermediate tension. Green, with 0£0.1 GPa pressures represents
either uncompressed material or the transition between tension and compression. Note the initial yield
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strength of Cu is ~0.1 GPa, and these simulations use all of the terms of the Johnson-Cook model, including
the softening term.

We thus argue that jetting occurs on the basis of a pressure release at the particle edge (Fig. 3), and
schematically summarize our modeling results in Fig. 4 where the three stages of jetting, from impact-
induced shock to shock detachment and to jet formation, are presented. Jetting happens whether or not
the material is capable of adiabatic softening (Fig. 2) because the hydrodynamic stresses are so high as to
easily exceed the flow strength of the material. To the extent that jetting is the critical phenomenon
enabling solid-state bonding, we argue that bonding does not require adiabatic shear instability and

hydrostatic pressure release can play its putative role instead.

lll. Jet Forms.

l. Attached Shock Il. Shock Detaches.
Particle
Shock Wave

Shock Wave

Shock Wave

Compression

Substrate Tension

Fig. 4. Schematic representation of jetting in cold spray: Stage I. Impact induces a shock wave. Stage II.
Shock detaches form the leading edge. Stage lll. Jet forms on the basis of pressure releases. Note: the

uniformity of the colors is not meant to suggest that pressure/tension is uniformly distributed.
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Based on the schematic representation in Fig. 4, one can estimate the time at which jetting is triggered by
estimating and equating the contact edge velocity (Ve) and the shock velocity. We make a first order

approximation of the contact edge velocity at the early stage of matched materials impact based on the
conservation of volume by V, = [V;(d — Vit)]/[4 %(d — % ], where V; is the impact velocity, d is the

particle diameter, and t is time. This equation is derived based on a geometrical relation between the
penetration, contact radius and particle dimeter and its differentiation with respect to time. We neglect
the deceleration of the interface at the early stage when the pressure and the inertial effects dominate
the deviatoric stresses, and take the interface velocity to be the interface velocity at the beginning of
contact in matched materials impact, i.e., Vi/2. Next, we can calculate the shock velocity in the early stage
of the matched materials impact using the Hugoniot relation [57], V; = Cy + s V;/2 where Cois the bulk

speed of sound, and s is a material constant empirically determined.

Based on the pressure-release mechanism, jetting is possible when the edge velocity drops below the
shock velocity, i.e., Ve < V;. Setting the above expressions for these two velocities equal and solving thus
provides an estimate of the conditions where jetting can happen. While the parameters that go into such
an analysis can be varied over broad ranges, we can take the approach of physically bounding the
discussion using reasonable extreme values of the inputs. For example, given that the critical velocities
and particle diameters relevant to cold spray are in the range of 250-1000 m/s and 10-100 um [2] we can
evaluate bounds on Ve This is shown in Fig. 5, where we construct upper and lower bounds for V. by
applying 1000 m/s for V; and 10 pm for d, and 250 m/s for V; and 100 um for d, respectively. We also
construct upper and lower bounds for the shock wave velocity by constraining Cp, and s to reasonable
limiting values for metallic materials, i.e., using Cp = 6000 m/s, V;=1000 m/s, and s = 2, and C, = 3000

m/s, V=250 m/s, and s = 1 respectively.
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The crossover between these various bounds is shown by the overlapped shaded regions in Fig. 5; we
view the twice-shaded region as providing a plausible time range when the shock wave detaches from the
leading edge; solutions outside this region require input values beyond the reasonable limits described
above. More specifically, the shock wave detachment from the contact edge, as a result of which a jet
may form, has an upper bound time on the order of ~1 ns. Jetting is thus expect to occur in the very early
stages of deformation when compared to the typical contact time in cold spray, which considering the

above-mentioned bounding velocities and particle diameters, can be in the range of d/ V; = 10-400 ns.

From Lagrangian simulations in the literature, adiabatic shear localization was reported to occur 30 ns
after impact of a 10-um copper particle onto a copper substrate by Assadi et al. [5], after 12 ns for a 25-
um copper particle by Grujicic et al. [6], after 40 ns for a 25-um copper particle [7] and after ~20 ns for
Al6061 [29]. Thus, when Lagrangian simulations have identified jetting and attributed it to shear
localization, it usually occurs at later times of the order ~10-40 ns. Related recent microstructural
characterizations of adiabatic shear bands [58] also point toward the gradual character of that
phenomenon, suggesting that it can be described as a nucleation and growth failure mechanism that
evolves over a duration of time. Our results in Fig. 3, on the other hand, show that the pressure wave is
already interacting with the leading edge at 0.5 ns, and that material is already ejecting out to form an
incipient jetting lip at the snapshot taken at 2.5 ns, a time scale that matches the pressure-release basis

for jet formation in Fig. 5.
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Fig. 5. Upper and lower bound velocities for the particle contact edge and the pressure wave relevant to
cold spray conditions. Our analysis shows that the upper bound on time for the shock wave to detach
form the leading edge, a mechanism that can give rise to jetting, is on the order of ~1 ns in metallic

microparticle impact.

It is important to note that the material in the jet region, once it forms due to this hydrodynamic
mechanism, is experiencing a large amount of very rapid plastic deformation. Figure 6a shows the von
Mises plastic strain distribution as the particle deforms following impact at the critical velocity. Plastic
deformation is localized at the interface, and adiabatic temperature rise can (and does) result, as shown
in the accompanying snapshots of Fig. 6b. The temperature at the particle edge when the jet is about to
form is between 500 and 600 K. As a result of such temperature rise, the material can soften below its
original strength. However, in this particular simulation such strength loss is not found for any material

not ejected. In fact, stress conditions shown in Fig. 7 are far from the threshold expected to trigger

Time (ns)
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autocatalytic localization. Thus, with the present results on Cu, we do not rule out the possibility of
adiabatic shear instability occurring as a result (but not a cause) of jet formation, especially for materials
with much lower thermal diffusivities than that of Cu. We can thus reconcile the expectation that impact
should indeed lead to significant temperature rise (it does) with the fact that this need not lead to
adiabatic shear instability (it need not); jetting will happen independently due to the hydrodynamic

pressure release mechanism.
) 0
a Plastic

Strain

5ns | 10 ns

298 400 500 600

Temperature, K

350 450 550,

— . ]

i
Ar,ﬁ]
x

o

Fig. 6. Temporal and spatial evolution of a) von Mises plastic strain and b) temperature as a Cu particle
impacting a Cu substrate deforms at the critical velocity. These simulations use the full Johnson-Cook
model, inclusive of the thermal softening term. Note again that in the later frames of these sequences
the ejected jet material is unphysically piled against the edge of the Eulerian simulation cell and should
be disregarded.
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Fig. 7. Temporal and spatial evolution of Mises stress (instantaneous flow stress) normalized by the initial
flow stress as a Cu particle impacting a Cu substrate deforms at the critical velocity. Note that these

simulations involve the full Johnson-Cook model, including the thermal softening term.

As final note in this section, we observe that an analogy between jetting in cold spray and jetting in other
areas such as explosive welding [59,60], micro-droplet impact [53,54], shaped charges [61,62], and
asteroid strikes [63,64] is plausible (see Fig. 8 a-d). Among these, explosive welding is in principal very
similar to cold spray, as solid-state bonding results in both cases after jetting sets on [65,66]. In all the
areas of research in Fig. 8, jetting has been documented, discussed, and understood as hydrodynamic
phenomenon related to pressure release after impact. Whereas the importance of hydrodynamic effects
is underrepresented in the field of cold spray— except for a few works, ref. [67] for instance—from the
above analogy, it is reasonable to consider that material jetting in cold spray (Fig. 8e), too, can occur on

the basis of pressure release rather than on the basis of adiabatic shear instability.
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Fig. 8 Jetting and material ejection during impact of converging geometries in different fields from a)
droplet impact, to b) explosion welding, to c) shaped-charges, to d) meteorite impact are discussed as a
hydrodynamic phenomenon. The same can explain jetting in e) microparticle impact. Images are taken
form refs [37,61,68-70] , reproduced with permission from Elsevier, Springer Nature, and John Wiley and
Sons.

4. Mechanistic Argument

Our finite element model suggests that pressure release is the origin of jetting in microparticle impact.
Increasing impact velocity results in higher impact-induced pressures which in-turn results in higher
reflected tensions. When the transient state of hydrodynamic tension exceeds the material dynamic
strength, a process of spall occurs. Given the geometry at the contact, this would be observed as an
unstable ejection of material in form of a jet and subsequent fragments. While this argument justifies the
existence of a threshold velocity for jetting, a knowledge of the induced tension and the dynamic strength
would be required in order to estimate the threshold impact velocity for such localized unstable jetting.
In what follows we develop a first-order approximation of the critical velocity for jetting by estimating and
equating the two. First, it is reasonable to assume that the amplitude of the induced tension after pressure

release is proportional to its source, i.e., the impact-induced pressure:

2

1 %
P‘=k><§(pC0Vi+sp21) )

with P being the amplitude of the induced tension, p the density, Co the bulk speed of sound, V;impact
velocity, and s a material constant. The parameter k captures the assumed proportionality between

impact pressure and induced tension.

Second, inspired by the observation of discernible isolated ejecta in our in-situ experiments [37], as a first
step, we propose that spall strength [55,56] can reasonably represent material strength against shock-

induced localized fragmentation in microparticle impact. From first principles, spall strength is
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proportional to the bulk modulus for pure metals. The proportionality constant is, generally, a function of

temperature and strain rate:

P=axB(T,é)xB=axf(T)Xh(é)XB (3)

Where B is the bulk modulus, and f(T) and h(&€) are coefficients that represent the temperature and
strain rate dependency of the spall strength. We note that the latter function can also be approximated
as a function of size, g(d), given that the cold spray critical velocity is on the order of ~100 m/s. a is a
constant that can be estimated from models such as Orowan’s sinusoidal interatomic potential [71] or
the Morse potential [55], or fitted to spall strength measurements of pure metals [72]; the latter approach

suggests a best-fit value of ~1/150 [72].

Equating (2) and (3) yields a quadratic equation for the threshold impact velocity, V., required to trigger
material ejection and fragmentation. Of the two roots of this equation, one is negative and non-physical.

The positive root gives a first order approximation of the critical velocity:

[+ 5 Ds@ _

B _2af(Dg(d [B

. 5 - 5 (4)

. L e 1 . B
This expression linearly relates the critical impact velocity to the bulk speed of sound, Cy, = \/%, for pure

metals; note that the phenomenon is not predicted to be governed by heat transfer or thermal softening
as in the shear localization mechanism, but is instead governed by elastic properties, which control the

timescale of shock/pressure propagation in the material. As noted above, it is a tacit assumption in the

19


https://doi.org/10.1016/j.actamat.2018.07.065

Mostafa Hassani-Gangaraj, David Veysset, Victor K. Champagne, Keith A. Nelson,
Christopher A. Schuh. Acta Materialia 158 (2018) 430-439
https://doi.org/10.1016/j.actamat.2018.07.065

field (which we continue to make here) that such jetting and the attendant large interfacial strain it
involves produce a clean metallic contact capable of bonding, and thus that V. is effectively equal to the
critical velocity for cold spray bonding. Thus, Eq. (4) is taken as a prediction of critical adhesion velocity,
and now provides a crucial test that can differentiate between the present proposal and the adiabatic
shear localization mechanism widely discussed in the literature: the hydrodynamic mechanism expects

linear dependence on the speed of sound.

Since a and s are constants, we can verify the proposed proportionality between the critical velocity and
the bulk speed of sound by fixing temperature and particle size and measuring the critical velocity. To do
so, we revisit our real-time measurements of critical velocity for 10-15 um particles of Al, Cu, Ni, and Zn
at room temperature from Ref. [37]. Those metals’ critical velocities are presented as a function of their
respective bulk speeds of sound in Fig. 9, and lie convincingly on a linear trend-line that intersects the

origin, exactly as expected from Eq. 4.

Considering the range of physical, thermal and mechanical properties that are spanned by these different
metals, we find this alignment to be noteworthy. Note, for instance, that these points are arranged in a
fashion that is non-monotonic with respect to the metals’ melting temperatures (Zn < Al < Cu < Ni), shear
strengths or moduli (Al < Zn < Cu < Ni), densities (Al < Zn < Ni < Cu), etc. Although many mechanisms have
been advanced to explain impact induced adhesion, the experimental collapse of these four very different
metals onto a single trendline associated with their bulk speed of sound is a strong indicator that the
pressure wave, and its interaction with the particle edge, is a dominant factor in jet formation and

bonding.
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Fig. 9. In-situ measurements of critical velocity when plotted versus bulk speed of sound confirms the
proportionality suggested by Eq. 4. The slope for ~10-um particles impacting matched material
substrates at room temperature is 0.15. Critical velocities were taken from ref. [37].

5. Conclusions and Outlook

This paper suggests that in a process of microparticle impact, such as in cold spray, adhesion is not
fundamentally connected to a process of shear localization, as widely believed in the literature. By
revisiting the same modeling framework previously used in the literature to support the prominent role
of adiabatic shear instability in jet formation, we show that adiabatic softening is not needed to see the
onset of jetting. Specifically, we removed the thermal softening capacity of material from the constitutive

behavior and yet observed jetting at the critical velocity.

Instead, we propose that jetting in cold spray is formed as a result of strong pressure waves interacting

with the expanding edge of the particle; material in the jet region is prone to localized fragmentation
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under a spall-like process. A survey of other hydrodynamic processes such as liquid droplet impact,
shaped-charge jetting, and explosion welding provided a variety of analogous situations in which
hydrodynamic jetting occurs. The hydrodynamic jetting mechanism is primarily a pressure-driven
phenomenon, and led us to develop physical support for a proportionality between the cold spray critical
velocity and the bulk speed of sound. We verified this proportionality with our direct measurements of
the critical velocity. These results provide a new mechanistic view for the process of impact-jetting and

adhesion in cold spray.

With Eq. 4 capturing the essential materials-physics aspects of critical velocity in impact-induced bonding,
we foresee that it can be extended to more complicated forms to include e.g. specific size effects, particle
temperature effects, native oxide thickness effects, impact angle effects, and materials strength effects,
as our proposed mechanistic picture is likely to need adaptation to address all these. While we leave the
detailed extension of Eq. 4 to future studies, we note that the simplest version of it in the form of a
proportionality to the bulk speed of sound, is useful to emphasize the nature of impact jetting and critical

velocity as being fundamentally pressure driven.
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Appendix A: Finite Element Models

Lagrangian Model

Using ABAQUS 6.14-3 [73], we developed an axisymmetric coupled thermo-mechanical dynamic explicit
model to simulate the high-velocity-impact behavior of a 10-um Cu particle onto a Cu substrate. We chose
Cu since it is the popular material of choice in numerical studies of cold spray impacts. We modeled the

substrates to be the cross section of a cylinder with 100-um diameter and 50-um height (Fig. Ala).

We used 4-node thermally coupled axisymmetric quadrilateral, bilinear displacement and temperature
elements with reduced integration and hourglass control to discretize the particle and the substrate. We
used a d/30 mesh resolution to have our simulations as similar as possible to what is typically seen in prior
literature. Interface contact elements were introduced using the penalty algorithm with a Coulomb
friction coefficient of 0.2. The substrate’s bottom was constrained against all degrees of freedom, and the
initial temperature of the particle and the substrate was set to 298 K. The initial particle velocity of the
particle was set to 550 m/s, which is the directly measured critical velocity of a 10-um Cu particle when

impacting a Cu substrate.

Coupled Eulerian- Lagrangian Model

We also developed a three dimensional coupled thermo-mechanical dynamic explicit model to simulate
the high-velocity-impact behavior of a 10-um Cu particle onto a Cu substrate. We considered the Eulerian
domain to be a stationary cuboid of 10x10x18 um?3 in order to represent possible positions of the particle
material’s flow. A scalar parameter, namely volume fraction, was assigned to each element such that the
model represents a quarter-sphere at the beginning of the analysis (Fig. Alb). As the material flows
through the Eulerian elements, the local volume fraction is computed and the material boundary is

updated. 8-node thermally coupled linear Eulerian brick elements with reduced integration and hourglass
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control were used to discretize the Eulerian domain. We considered the substrate to be a quarter cylinder
of the same material as the particle, with 80 um diameter and 40 um height. We discretized the substrate
using Lagrangian elements. Normal velocities were set to zero for all six faces of the Eulerian domain to
prevent material loss. We applied a symmetry boundary condition to the substrate lateral faces (normal
displacement was set to zero), and constrained the substrate bottom against all degrees of freedom. The
initial temperature of the particle and the substrate was set to 298 K. The initial particle velocity was set

to 550 m/s which is our directly measured critical velocity of a Cu particle when impacting a Cu substrate.

Material Behavior

To capture the elastic and plastic response of Cu we used the Mie-Griineisen equation of state [57] and
the Johnson-Cook equation [39] in our coupled thermomechanical simulations. Table A1 summarizes the

physical, thermal, and mechanical parameters [39,57,74] for Cu used in the simulations.
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Fig. Al. Finite element model of a) Lagrangian particle impacting Lagrangian substrate and b) Eulerian
particle impacting Lagrangian substrate. Particle diameter in both models is 10 um.

Table Al. Physical, thermal and mechanical parameters of Cu used in the simulation.

Density (kg/m3) 8960
Specific heat (J/kg K) 384.6
Melting temperature (K) 1357
Heat of Fusion (kJ/kg) 208.7
Conductivity (W/m K) 401
Shear Modulus (GPa) 48
Poisson's ratio 0.34
Bulk Modulus (GPa) 140
Co (m/s) 3952.8
S 1.49
Grineisen Parameter 2.01
A (MPa) 90
B (MPa) 292
n 0.31
C 0.025
m 1.09
& (s 1
Tres (K) 298
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