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In cold spray, innovative coating process, powder particles are accelerated by a supersonic gas flow above
a certain critical velocity. Particles adhesion onto the substrate is influenced by particle impact velocity,
which can change dramatically depending on particle position from the core of the jet. In the present
work, an original experimental set-up was designed to discriminate the particles as a function of the
levels of velocity to investigate the influence of this parameter on adhesion. Particles at given positions
could therefore be observed using scanning electron microscope, which showed different morphologies
as a function of impact velocity. High pressure and temperature at the interface during impact were
calculated from numerical simulations using ABAQUS�. Transmission electron microscope analyses of
thin foils were carried out to investigate into resulting local interface phenomena. These were correlated
to particle impact velocity and corresponding adhesion strength which was obtained from LAser Shock
Adhesion Test.

Keywords adhesion, cold spray, high-velocity impact,
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1. Introduction

Cold-sprayed coatings can be achieved only when the
velocity of in-flight particles exceeds a certain critical
velocity (Ref 1, 2). Therefore, the velocity prior to
impinge on the substrate is the most important parameter
in cold spray (Ref 3). However, this in-flight velocity is not
uniform in the jet flow, particularly when particles go
through the shock wave area termed as the ‘‘bow shock’’
area (Ref 4). In this area, the smallest particles can be
decelerated dramatically or deflected away from the sub-
strate (Ref 5). This work focused therefore on particle
impact velocity.

A good coating-substrate adhesion is essential. How-
ever, to investigate into coating adhesion and cohesion,
the study of adhesion of elementary particles, namely
splats, onto the substrate is required.

Even though particle adhesion mechanisms have not
been yet elucidated, it can be assumed they are influenced

by particle impact velocity, which results from spraying
conditions (Ref 6, 7), particle diameter (Ref 8), and par-
ticle position from the center of the jet (Ref 9). Different
splat morphologies observed by scanning electron
microscopy (SEM) as a function of spraying conditions
and positions from the center of the particle jet are shown
in Fig. 1(a) for particles about 10 lm in diameter and in
Fig. 1(b) for particles about 60 lm in diameter.

In the present study, a method to discriminate the
particles as a function of velocity was developed to study
the influence of impact velocity on adhesion. The latter
could be measured from the exploiting of the laser shock
phenomenon. Laser shock-based processing could already
simulate experimentally cold spray (Ref 10) and could
quantify coating adhesion via LASAT (LAser Shock
Adhesion Test), as, for the latter, formerly shown at
ITSC 2002 (Ref 11). In this study, an original extension
of LASAT was developed to be applied to deposited
splats.

2. Spraying

2.1 Materials and Cold Spray

CGT Kinetic 3000-M facilities equipped with a ‘‘MOC’’
nozzle were used to cold spray. This circular nozzle
‘‘MOC’’ (CGT-GmbH) has an inner diameter of 6.6 mm,
an expansion ratio of 6.0, and a total length of 175 mm.
During sprayings, particles were accelerated using nitro-
gen (N2) gas. At a given pressure, e.g. 30 bar (3 MPa) in
the present work, particle velocity fairly increases with
temperature, e.g. about 10% from 400 to 600 �C typically.
Those conditions coupled with a discriminating set-up
allowed to select particle impact velocities and possibly
temperatures for particles before particle impinging.
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This study was carried out with pure aluminum sub-
strate and copper powders within two ranges of particle
size: 10 and 60 lm, respectively. This two-material reac-
tive system was kept to result in first layer bonding, which
corresponded to the first step to build-up a coating, with
physical-chemical interactions at the interface.

2.2 Particle Collecting System

The purpose of this study was to investigate the particle-
substrate interface as a function of particle impact velocity.
Due to noticeable variations of the velocity between the
center and the rim of the jet, i.e. of about 25% (Ref 9),

Fig. 1 Different splat morphologies observed by SEM as a function of spraying conditions and positions from the center of the particle
jet (a) for particles about 10 lm in diameter and (b) for particles about 60 lm in diameter
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discriminating particles could not result from a mere passing
of the gun above the substrate at a low powder rate, if so,
velocity overlapping would occur. Near the center of the
sprayed line, particles would come from the center and rim
of the jet (Fig. 2).

A sample without velocity overlapping could be
obtained by keeping the gun and the substrate stationary.
A specific set-up made of a mask was designed (Fig. 3).
Only the mask could move horizontally. During this
experiment, particles were sprayed onto the mask except
when the slit, the gun, and the substrate were aligned.

The standoff distance between the mask and the nozzle
exit was chosen as 37 mm. Substrates were positioned
8 mm below the mask. The latter had a traverse speed of
250 mm s�1. This velocity narrowly depended on the
powder feed rate, 0.5 rotation per minute, in order to
obtain discriminated particles onto the substrate. A rect-
angular slit was machined (15 mm of length, 1.5 mm of
width, and 1 mm of thickness). Nevertheless, some
experiments are in process to well understand the influ-
ence of the mask on particle impact velocity. Indeed,
different sizes and shapes of slit are compared to detect
different morphologies for impacted particles.

To facilitate the location of the particles in a cross
section, a circular groove was machined before spraying.
When knowing that of a particle on the chord, it was easy

to determine the corresponding polar coordinates from
the center of the jet (Fig. 4).

3. Observation

3.1 Scanning electron microscopy

SEM observation was carried out for several particles
of the same diameter approximately but at different
positions in the jet, which the corresponding cross sections
were obtained by mechanical polishing. This allowed to
detect differences in the morphology between particles
from the center and from the rim of the jet. Final defor-
mation, particle coverage, material ‘‘jettin�’’ and debond-
ing at the interface highly depended on impact velocity
(Fig. 5).

Even though the detection of such a difference was
possible as a function of the particle position in the jet, i.e.
as a function of particle impact velocity, SEM observation
was not enough to understand adhesion mechanisms at the
impact. Deformation and temperature modeling was
therefore developed to study impact effects. In addition,
observation at a lower scale was carried out to exhibit
phenomena governing adhesion, using transmission elec-
tron microscopy (TEM).

Fig. 2 Schematic illustration of velocity overlapping

Fig. 3 Sketch of the discriminating set-up
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3.2 Transmission electron microscopy

Physico-chemical mechanisms which occurred during
impact had to be studied through TEM of entire splats.
Analyses of thin foils obtained from focused ion beam
(FIB) processing were carried out to investigate into local
interface phenomena. Two copper particles, from the

smaller range of particle size (10 lm), sprayed at 30 bar
(3 MPa) and 600 �C onto an aluminum substrate, were
observed. The first particle was a large particle (20 lm in
diameter) located near the rim (Fig. 6a), whereas the
second particle was a small particle (10 lm in diameter)
located near the center of the jet (Fig. 6b). FIB sections

Fig. 5 Different splat morphologies observed by SEM

Fig. 4 Cross-sectional view of a sample used in the discriminating set-up (inset: perspective view of a typical sample)
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were observed using a Technai 20ST TEM-STEM equip-
ped with an EADX EDX detector.

In both cases, particles penetrated the substrate deeply,
which provoked a material jet. In addition, an aluminum
layer could be detected under the tungsten protective
layer (used at the FIB stage), at the splat-air interface.
Ejected material overlaid the particle as a thin molten
film subjected to very high temperature gradients. This

quenched film maintained the particle and promoted
adhesion. Near the top of the particle, the presence of this
amorphous Al-O-based phase and the presence of a
preferential gallium ion implantation (used at the FIB
stage) in this area indicated either a local transient melting
or a large deformation of this amorphous phase in a solid
state (Fig. 7).

Moreover, during the impact, grains were highly
deformed and shear instabilities could be observed near
the interface in both cases. If debonding could occur only
for the smallest particle (Fig. 6b), for both particle sizes,
large diffusion areas, i.e. above 500 nm of thickness, were
observed at the interface. These areas corresponded to
those predicted by simulation in which the maximum of
temperature was reached (cf. Sect 4.1). In this layer, two
nano-crystallized phases were detected and identified as
Al2Cu and Al4Cu9 from Fourier transform analysis of
high-resolution TEM images and from chemical compo-
sition analysis, respectively (Fig. 8a and 9a). Even if the
thickness of these reaction-diffusion layers was similar for
the two particles, the largest particle presented the widest
nano-crystallized area. Near the bottom of the particle, a
thick diffusion layer (above 600 nm) could be noticed in
both cases (Fig. 9b). Because of highly dynamic conditions
during impact, to put forward a conclusion about melting
all along the interface was difficult at this stage of the
work. A dramatic influence of contact pressure might
occur, so that 80 ns was an extremely short interaction
time but might be enough to allow a diffusion above
several hundreds nanometres, especially near the bottom
of the particle.

The optimal size of particles at the highest velocity is
claimed to be below 10 lm (Ref 4). The largest particle
impinged on the substrate with a lower velocity, all the

Fig. 6 STEM HAADF pictures of (a) 20 lm and (b) 10 lm
copper splats onto aluminum

Fig. 7 STEM HAADF view of the amorphous layer (inset: magnified)
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more as this particle was located near the rim. Conse-
quently, a better adhesion for the smallest particle could
be expected. However, due to the numerous diffusion
areas, a higher adhesion might exist for the largest

particle. In this case, in contrast to what might be
expected, the higher velocity impact would not neces-
sarily correspond to a higher adhesion. An optimum for
the impact velocity would therefore result in the best
adhesion. For this reason, the development of a suitable
adhesion test, i.e. applied to small objects such as splats,
was needed.

4. Numerical Simulation

4.1 Particle Impact Modeling

Using numerical simulations, macroscopic parameters
such as impact velocity or impact temperature could be
related to microscopic parameters such as local tempera-
ture, tangential velocity, or contact pressure at the inter-
face. Numerical simulations of particle impact were
developed to understand which phenomena occurred
during deceleration and to determine very local areas to
be observed by TEM. A correlation between microscopic
parameters and nanoscale observation could therefore be
established.

The two complementary approaches, i.e. simulation
and observation, therefore allowed to correlate macro-
scopic parameters such as impact velocity or impact tem-
perature to nano-scaled phenomena such as melting or
nanocrystallization.

Particle deformation at the impact was studied using
Abaqus� finite element code in the explicit version 6.5.1
(Ref 12). This two-dimensional axisymmetric analysis was
suitable for the studying of strain hardening, thermal
softening, heating due to friction and plastic/viscous
dissipation.

In this simulation model of particle impact, thermal
diffusion through each material was taken into account.
However, thermal diffusion through the interface was not
considered because adiabatic heating for particle and
substrate was assumed (Ref 13). The raise of temperature
in materials was mainly due to dissipation into heat of
90% of the stored energy by plastic strain. The ‘‘Johnson-
Cook’’ plasticity model was used with standard parame-
ters which were taken from Ref 14, 15, then slightly
modified: A = 130 MPa, B = 160 MPa, C = 0.015, n = 0.34
and m = 1 for pure aluminum, and A = 90 MPa, B =
292 MPa, C = 0.025, n = 0.31 and m = 1.09 for copper.
Analyses were performed using axisymmetric models with
4-node elements, adaptive meshing near the contact
area which permitted particle-substrate separation after
contact.

Two impact conditions were selected to carry out this
analysis, i.e. 200 and 430 m s�1. Initial temperatures for
the particle (20 lm in diameter) and the substrate were
assumed to be 40 and 60 �C, respectively. Using the
particle collecting set-up, the substrate was slightly
heated by the gas flow till stationary conditions were
reached.

The results for high-impact velocity and low-impact
velocity were compared to feature involved mechanisms
and to determine what would lead to a good adhesion.

Fig. 8 Microstructure of the splat/substrate interface and
Fourier transform analysis of corresponding high-resolution
images
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Local temperature and contact pressure at the interface
increased dramatically as a function of velocity impact
(Fig. 10). Because diffusion was led by these two param-
eters, better diffusion for high-velocity impact could be
predicted. The highest temperatures were numerically
located in a larger area for high-velocity impact, which
promoted a larger diffusion. Consequently, a better
reaction/diffusion could take place for high-velocity
impact, which resulted in a higher adhesion. Moreover,
material jettin� and particle overlay from the substrate was
observed only for high-velocity impact. This overlaying
could hold the particle even though debonding occurred.
In simulation, debonding was observed because the
simulations were not suitable for describing melting and
diffusion.

Therefore, a better mechanical adhesion could be
expected for experiments. Consequently, in contrast to
low-velocity impact, a high-velocity impact led to large
areas of high diffusion which was coupled with high global
adhesion.

To corroborate simulations, the calculated final defor-
mation was compared to that observed by TEM actually
(Fig. 11). Except for debonding in simulations, as
explained above, the final deformation was shown to be

fairly the same. Simulations were also compared to nano-
scaled TEM observation (cf. Sect 3.2). The highest
temperatures were numerically located where the nano-
crystallized phases were detected by TEM. Moreover, the
calculated temperature near the bottom of the particle was
above 150 �C and the contact pressure exceeded 2.5 GPa.
Consequently, a large solid-state diffusion could be
promoted in this area. This might be correlated to the
several hundred nanometres diffusion area detected by
TEM. The melting temperature was not reached in sim-
ulations even though an amorphous Al-O-based phase
was detected by TEM. Therefore, heating by plastic
deformation was not high enough to melt aluminum.
Other phenomena, not taken into account in the afore-
mentioned model, might promote the rise of temperature
at the interface, leading to melting. Consequently, the
calculated temperature might be underestimated.

This first validation allowed to use impact simulations
as a powerful tool for comparison. However, due to
a certain number of rather unknown parameters in
Abaqus�, the use of modeling as a quantitative tool could
result only from prior calibrating with impact velocity.

Impact simulations consisted of a paramount step
before the modeling of LASAT tensile testing. A given

Fig. 9 Chemical composition analysis of (a) nano-crystallized phases and (b) the diffusion layer at the bottom of the particle, measured
by EDX along lines depicted on the STEM Dark Field
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impact velocity corresponded to a given final deformation.
Because tensile testing was sensitive to shapes, it was
essential to carry out modeling after impact simulations.

4.2 Tensile Test Modeling

The knowledge of elementary splat adhesion is claimed
to be the key point to understand that of the whole
coating. If several techniques were available to quantify
adhesion of a coating, none of them could be adapted
to small objects such as splats, except for LASAT. The
latter was therefore developed. Applied to coatings,
one-dimensional effects in LASAT resulted in a good

understanding of interface adhesion (Ref 11). However,
the sole traction generated by the combination of one-
dimensional and two-dimensional effects (Ref 15),
described in Fig. 12, was high enough to debond splats, as
shown by numerical simulations (Fig. 13).

Therefore, particle adhesion level could be determined
using a specifically developed set-up. The sample, the top
of which surface showed splats, was placed in front of a
polymer plane. The upstream laser shock resulted in the
debonding of splats, which were collected at the polymer
surface (Fig. 14).

For splats, in contrast to the one-dimensional method
(Ref 16-18), laser interferometry resulted in measuring the
substrate top surface velocity. This was used to calibrate
LASATesting numerical simulations before the corre-
sponding traction at interface was calculated.

Because splat debonding highly depended on traction
at the interface, the latter was decreased by modifying the
laser beam intensity. When the traction was low enough,
splats no longer debonded. The level of adhesion was
therefore reached.

Consequently, from the coupling of experiments with
numerical simulation, the level of adhesion for a class of
splats, i.e. for a given velocity, could be determined.

However, the measuring of the level of adhesion for
discriminated particles as a function of velocity was of
paramount interest to understand the influence of nano-
scaled parameters on adhesion. Therefore, using the par-
ticle collecting set-up, it was possible to determine the
level of traction for every class of particles in the jet.
Impact velocity was considered as constant in an area of
500 9 500 lm2, which defined a given class of splats
(Fig. 15).

The aforementioned experimental protocol to debond
copper splats with further numerical simulation of the
corresponding tensile interfacial stress was applied to
particles with 60 lm mean diameter that were cold
sprayed on aluminum at 3 MPa and 400 �C. The LASAT
was carried with a laser pulse of 25 ns that irradiated a
spot area of 4 mm in diameter on the substrate side for
three different laser intensities (5.8, 2.2, and 0.5 GW/cm2,
respectively). On the side on which isolated splats were
deposited and then laser shocked, the optical observation
was carried out near the center of the particle jet that was
also aligned with the center of the laser spot. A circular
counting area with a 1500 lm diameter was considered to
examine the laser shocked zones. In Fig. 16, top views of
the as-sprayed areas and corresponding zones after laser
shock are given for the three laser intensities. Further-
more, corresponding interfacial tensile stresses calculated
in case of a 60 lm particle diameter are also indicated for
each laser intensity. It was obvious that copper splats that
have underwent the higher selected laser intensity were all
debonded and removed from the substrate exhibiting new
empty craters. On the reverse, in case of the lowest laser
intensity, copper splats were all remaining adherent after
LASAT. This observation showed that LASAT could be
suitable to determine a sharp adhesion threshold for a
given distribution of isolated splats. Moreover, it has been
shown that only a proportion of copper splats could be

Fig. 10 Temperature of simulated impact for initial velocities of
(a) 200 m s�1 and (b) 430 m s�1
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debonded when one intermediate laser intensity (2.2 GW/
cm2) was applied. This evidenced that the distribution of
splats could exhibit a range of adhesion level depending
on individual characteristics like actual particle size and
radial position in the jet and corresponding impact
velocity. Therefore, further discriminating approach for
the LASAT method applied to cold spray splats could be
applied to determine the particular adhesion level of each
single splat. Experiments are ongoing to assess the influ-
ence of splat position from the center of the laser spot on
the interfacial tensile stress. Individual level of adhesion

would therefore be accurately correlated to impact
velocity.

5. Conclusion

The purpose of this study was to investigate the
mechanisms of adhesion which could result from cold-
sprayed particle impact. Because mechanisms depended
on impact velocity, a method to discriminate particles as a
function of impact velocity was developed.

TEM observation and numerical simulation showed
the mechanical and physico-chemical mechanisms of
adhesion which occurred. Mechanical adhesion resulted
from both solid material jettin� which kept the particle in
the substrate and molten material jettin� which overlaid
the particle and improved adhesion. Phyico-chemical
adhesion mainly resulted in large diffusion areas located
at the interface except near the bottom of the splat.
High-contact pressure and high temperature at the
interface improved adhesion by promoting diffusion,
nano-crystallization and, possibly, local transient melting.
A more thorough investigation has to be done to focus
on some melting areas at the interface. Moreover, large
reaction-diffusion areas which could be observed by
TEM were located where numerical simulation predicted
high temperature and high contact pressure. Conse-
quently, through TEM observation and simulation, nano-
scaled phenomena were correlated to macroscopic
parameters such as impact velocity.

Fig. 11 Final deformation of a copper particle from TEM (left) and calculation (right)

Fig. 12 Schematic illustration of two-dimensional shock wave
propagation
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Provided they were calibrated from the comparison
between calculated and observed final deformation and
from measurement of particle impact velocity, numerical
simulations would be a powerful tool to determinate
quantitatively key parameters such as temperature at the
splat-substrate interface. In this study, simulations were
validated only from final deformation. This allowed to
determine qualitatively which nano-scaled phenomena
could occur for different velocities. The measuring of
particle impact velocity for every particle, which is cur-
rently in process, is carry out as a function of diameter and
position in the jet.

The development of an original extension of LASA-
Testing resulted in the possibility to debond splats and
calculate the corresponding traction at the substrate/splat

interface. Consequently, when coupling experiments with
numerical simulations, the level of adhesion for a class
of splats, i.e. for a given velocity impact, could be
determined.

As a whole, this work contributed to a fairly innovative
multi-scale approach to cold spray, which claims that splat
adhesion is a major intrinsic factor to characterize the
process. Splat adhesion can be used as

(i) a calibrating factor prior to actual cold spray,

(ii) a property relevant to coating-substrate interface
phenomena, and

(iii) an elementary characteristic to feed micro-to-macro
models of overall coating build-up and properties.

Fig. 13 Two-dimensional LASAT simulation (inset: magnifica-
tion and calculation of the level of traction generated at the
interface)

Fig. 14 Schematic illustration of LASATesting set-up for splats

Fig. 15 SEM top view of elementary splats onto an aluminum
substrate
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