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Coating-substrate adhesion in cold spray is a paramount property, the mechanisms of which are not yet well
elucidated. To go into these mechanisms, due to the intrinsic characteristics of the cold spray process
(particle low-temperature and high velocity) direct observation and control of inflight particles and related
phenomena cannot be done easily. For this reason, an experimental simulation of the particle-substrate
reactions at the particle impingement was developed. This simulation is based on original flier impact
experiments from laser shock acceleration. Relevant interaction phenomena were featured and studied as
a function of shearing, plastic deformation, phase transformation primarily. These phenomena were shown
to be similar to those involved in cold spray. This was ascertained by the study of the Cu-Al metallurgically
reactive system using SEM, TEM, EPMA, and energy balance and diffusion calculations. This simulation
could also be used to feed finite element modeling of cold spray and laser shock flier impact.
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and wear, hydroxyapatite biomaterial, laser
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1. Introduction

One has no more to claim for a great potential of cold-
gas dynamic-spray, i.e., the so-called ‘‘cold spray,’’ as the
development of this spraying process can be considered as
undeniable (Ref 1). However, despite the actual craze for
cold spray, more than a flavor of mystery remains
regarding the mechanisms involved in this coating process,
primarily those related to (sprayed) particle-to-particle
and particle-to-substrate adhesion. Except for the evi-
dence of a critical particle velocity below which no adhe-
sion could occur (Ref 2, 3) and that of the influence of
particle and/or substrate plastic deformation (Ref 4, 5),
one may say there is still little to say definitely in the field,
due to needs in extensive research and development work.
Most relevant are those based on the establishing of

analogies between cold spray and either explosive welding
(Ref 6-10) or dynamic compaction (Ref 11-13) as far as
adhesion mechanisms are concerned. However, these
studies dealt with observation, interpretation, and mod-
eling of macroscopic solid-state phenomena such as the
ejection of solid material (Ref 6-10). A transient liquid
phase was sometimes predicted by modeling and/or as-
sumed but never evidenced by direct observation. An
exception is in a very recent work on cold spraying of zinc,
i.e., a low-temperature material (Ref 6).

The present work therefore developed an innovative
experimental simulation of particle-substrate simulation
of particle-substrate interactions in cold spray coupled
with thorough observation analysis of the corresponding
interfaces. Significant advances were expected from laser
shock flier impact experiments (Ref 14) for simulation and
from interface metallurgical study at a fine scale using
TEM for observation. The latter was already shown to be
efficient to study cold spraying mechanisms at interfaces,
e.g., oxidation (Ref 15).

The developed experimental simulation showed a high
flexibility due to the use of laser shocks as exhibited in a
pioneering work on laser shock cladding more than one
decade ago by Dubrujeaud and Jeandin (Ref 16). This
simulation was complemented by finite element (FE)
modeling of cold-sprayed particle impinging on a substrate.
These resulted in a discussion of interface phenomena in
the light of a parallel microstructural study and conse-
quently in setting criteria for cold spray coating adhesion.

2. Materials and Processes

The Cu-Al coating substrate system was selected for
the study due to a high metallurgical reactivity between Al
and Cu (Ref 17). The metallurgical state at the Cu-Al
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interface could therefore be assumed to signify the ‘‘story’’
of the two materials when cold spraying Cu onto Al. The
formation of intermetallics and the diffusion distance al-
lowed to assess the temperature and time interaction be-
tween the materials.

2.1 Laser Shock Flier Impact Experiments

Laser shock flier impact experiments consisted in high-
velocity cladding onto bulk Al, of a Cu foil, i.e., the flier,
the acceleration of which was given by a laser shock
(Fig. 1). The flier was made of a Cu foil (#CU000420 from
GOODFELLOW, UK) of 25 lm in thickness. Prior to the
laser shock, the flier was stuck to the steel sample holder
horizontally due to a mere thin layer of grease, which left
a distance to fly of 470 lm before reaching bulk Al (a
platelet of 2 mm in thickness). For the shock, a one-shot
laser beam from a QUANTEL PG28 Nd:YAG laser
operating at 20 J during 20 ns focused on the Cu foil in a
spot of 4 mm in diameter. A transparent medium to the
laser, i.e., water, was deposited at the surface of the
sample. It led to a confining of the shock on the sample
and increased the shock pressure and time so that the
beam-matter interaction was extended to 50 ns.

All the previously mentioned experimental conditions
were determined through a preliminary study of the
influence of relevant parameters such as the flying dis-
tance, the foil thickness, the dimensions and geometry of
the various parts of the set-up, the laser beam energy
distribution, and so on. These conditions were optimized
to lead to a stabilized velocity of about 830 m s)1 (Fig. 2)
which was typical of conventional cold-sprayed Cu particle
velocity (Ref 18, 19). Foil velocity was measured by
Doppler laser interferometry using a Velocity Interfer-
ometer System for Any Reflector (VISAR by Valyn Int.,
Albuquerque, USA) in preliminary flier impact experi-
ments onto a material transparent to the VISAR laser
beam (at 532 nm), i.e., PMMA (Poly Methyl Methacry-
late) which replaced Al for this calibration (Fig. 2 insert).

2.2 Cold Spray

Commercial gas-atomized copper powder (MBC
METAL POWDER Cu, )22 + 5 lm) was cold-sprayed
onto mirror-polished Al substrates without any preheat-
ing. Conventional spraying conditions (Table 1) were
applied using Linde/CGT cold spray facilities in
Unterschleissheim/Germany (Kinetic 3000 M cold spray

system with MOC type nozzle). A series of coatings of
300 lm in thickness were obtained.

2.3 Microstructural Investigation

Specimens were studied by conventional optical
microscopy, by scanning electron microscopy (SEM) using
‘‘LEO 450VP’’ and high-resolution ‘‘ZEISS/GEMINI
DSM 982’’ microscopes, by electron probe micro-analysis
(EPMA) using a ‘‘CAMECA SX50’’ microprobe, and by
transmission electron microscopy (TEM) using a ‘‘TEC-
NAI F-20ST’’ microscope equipped with analytical sys-
tems. STEM-EDX profiles with a nanometric probe size
were performed to study interfaces. For this, thin foils
were prepared by a focused ion beam (FIB) technique at
FEI, Bristol/UK.

3. Laser Shock Flier Impact Experiments

3.1 Numerical Simulation of Dynamic Cladding

Three-dimensional calculations using ‘‘RADIOSS�’’
(licensed by ‘‘Mecalog,’’ Antony/France), i.e., an explicit
FE code in a Lagrangian coordinate mode were per-
formed. Foil and substrate material behaviors were de-
scribed by a ‘‘Johnson-Cook’’-typed Law to simulate the

Fig. 1 Schematic illustration of the experimental set-up for la-
ser shock flier impact experiments

Fig. 2 Typical foil velocity profile vs. time and related experi-
mental set-up (insert)

Table 1 Spraying conditions for cold-sprayed copper
onto Al

Process gas N2

Pressure, MPa 2.8
Flow rate, l min)1 1000
Temperature, �C 550
Carrier gas N2

Pressure, MPa 2.8
Flow rate, l min)1 90
Powder feed rate, g min)1 48
Spraying distance, mm 35
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temperature increase due to deformation as a function of
deformation rate. This modeling was considered as the
most suitable for dynamic cladding similarly to explosive
welding (Ref 20). The basic expression of the Law was:

req ¼ (Aþ Ben
p) 1þ C ln

_ep
_ep0

� �
1� T � Tinit

Tfus � Tinit

� �m� �

ðEq 1Þ

with the dynamic properties:

req Von Mises equivalent stress

A Yield stress (Ref 21)

B Hardening modulus (Ref 21)

ep (epo) Equivalent plastic deformation (initial value)

n Hardening exponent (Ref 21)

C and m Constants (Ref 21)

T (To) Temperature (initial value)

TFus Fusion temperature

Thorough preliminary studies on mesh size were
carried out, though it is not detailed here. A thickness of
200 lm, i.e., higher than that of the actual experiments
was tested in the modeling to increase the stress levels due
to cladding and to exhibit better the impact stages during
laser shock filer impact experiments. Calculations showed
first that the center of the foil—which corresponded to the
(laser shock) loading area—impinged on the substrate
ahead of the rim. This resulted in oblique shock waves
within the foil which led to tensile stresses at the foil-
substrate interface. These stresses were generated first at
the impact center, which provoked debonding of the foil
(Fig. 3).

3.2 Interface Microstructure

Except for central debonding, as predicted by model-
ing (see section 3.1), which can be considered as non-
relevant in this section, the Cu-Al interface obtained by

flier impact experiments showed two combined micro-
structural features. The one was morphological, the other
was metallurgical, Fig. 4. The morphological feature
consisted of a typical wavy profile, the wavelength of
which increased with the distance from the center of the
impact. In addition, the orientation of the wave oblique-
ness changed when passing through this same center to
result in a symmetrical profile. The metallurgical feature
consisted of the presence of intermetallics, the amount of
which was all the higher as approaching the center. The
profile wavelength and intermetallic content were there-
fore closely-linked parameters.

Debonding at the center of the impact (Fig. 4f) can be
explained by the tensile stress phenomena, which was
simulated in section 3.1.

WDS (Wavelength Dispersive Spectrometry) using
E.P.M.A. (Fig. 4g) showed g2-AlCu and h-Al2Cu inter-
metallics. However, Al-Al2Cu eutectic phase should exist
but could not be detected due to a size and/or a content
which did not meet the resolution of EPMA. In absence of
information in the literature about the dynamic formation
of (Al, Cu) intermetallics, the equilibrium diagram was
used as a reference for metallurgical interpretations in this
study.

4. Modeling of High-Velocity Impact
in Cold Spray

Plastic deformation and related temperature increase
of Cu and Al in cold spray were studied from a simulation
of aspherical particle impinging on a flat substrate. FE
calculations using ‘‘RADIOSS�’’ with the same assump-
tions and approach to the model as those already de-
scribed in section 3.1 were carried out. The meshing was
made of prismatic and parallelepipedic cells for the par-
ticle and the substrate, respectively. The particle velocity,
particle diameter, and thickness of the substrate were
800 m s)1, 15 lm and 2 mm respectively. Cooling and

Fig. 3 Evolution of pressure at the flier impact, compression in dark gray (red in color printing) at the rim, tensile in light gray (blue in
color printing) at the center
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thermal conduction could not be studied from this simu-
lation which assumed adiabatic conditions (Fig. 5).

Calculations led to the determining of the interaction
time between Cu and Al, which was found to be equal to
20 ns. At this time from the first contact between Cu and
Al, the Cu particle rebounded from the substrate, which
defined the interaction time as established conventionally.
Incidentally, the rebound was not due to shock wave
reflection from neither the particle surface nor the sub-
strate as shown in a parallel modeling study (Ref 22). This
could be assumed to result from oblique shock waves
which could generate tensile stresses, as shown in section
3.1.

As for temperature, numerical simulation showed that
melting of Al, Cu, and Cu2O could occur. There melting
temperature are 660, 1083 and 1230 �C respectively. The
alumina (Al2O3) could not melt for its melting tempera-
ture is about 2320 K. Moreover, temperature was all the
higher as the material underwent the greater friction (i.e.,
primarily at the periphery of the Cu particle and Al sub-
strate) and greater deformation (at the bottom of the
impact area for the Al substrate) (Fig. 6). The center of
the impact area of the substrate is, however, heated for a
longer period than the periphery of the impact zone.

One may note that the trefoil-like distribution of tem-
perature and the asymmetry resulted from numerical

artifacts due to the use of parallelepipeds for meshing and
to meshing mismatch during the collision, which, however,
had no influence on the above-mentioned conclusions.

5. Cold-Sprayed Particle-Substrate
Interface Microstructure

Interface general shape resulted from plastic deforma-
tion of Cu and Al and was in keeping with modeling
results (see section 4 and Fig. 7).

Cu-Al interface showed a2-AlCu4, g2-AlCu, and
h-Al2Cu intermetallic phases, the amount and distribution
of which depended on the location at the interface. Three
types of interfaces could be determined (Fig. 8). The first
type showed, a2, g2, and h phases successively. No Al-
Al2Cu eutectic phase could be achieved. Al2Cu crystal-
lized in equiaxed nanograins of about 400 nm in average
size. The second type was characterized by very fine AlCu
and large Al-Al2Cu eutectic areas and, as in type 1, AlCu4

and Al2Cu. The third type exhibited the same intermet-
allics that could form layers of 20 nm in thickness typi-
cally. Moreover, whatever the type of interface, oxygen (in
a content of less than 15 wt.%), as a marker for diffusion,
was detected through the whole interface width.

Fig. 4 Cross-section SEM micrographs of a 25 mm Cu foil onto Al after a laser shock flier experiment and typical WDS x-ray profiles
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Type 1, which corresponded to the highest Cu-Al
interaction, i.e., the largest diffusion depth, was located at
the bottom of the particle impingement valley. This was in
agreement with results from modeling (see section 4)
which showed the higher substrate temperature in this
region. The subsequent discussion (in section 6) will revert
to this aspect.

6. Discussion

Both cold spray and laser shock flier impact experi-
ments led to a coating-substrate interface which exhib-
ited more or less intermetallic compounds of various
types depending on the location along the interface.
These formed from a liquid phase since modeling of
particle impinging showed that temperature could rise
above melting temperature at the Cu-Al interface (see
section 4).

The aluminum oxide initially at the surface of the
substrate may have dehydrate with the temperature in-
crease at the interface. This could promote the Cu bond-
ing to the ceramics. The alumina layer could have also
cracked due to the mechanical effect of the particle im-
pact, leaving the Cu and the Al in direct contact for liquid
interdiffusion. As a consequence, the oxygen observed at
the interface after impact (see section 5) may be explained
by diffusion of the oxygen initially at the surface of the Cu
powder and/or of the Al substrate.

Melting could also occur during laser shock flier
experiments as ascertained by a rather rough analytical
approach to the conversion of the kinetic energy to heat
(computer modeling was not needed). In this approach, it
was assumed that 90% of the total energy was used for
deformation (Ref 20, 23) and that 80% of the latter re-
sulted in heat (Ref 9, 23). Assuming also that a certain
substrate and flier volume only underwent deformation
and temperature increase, the kinetic-to-heat energy
expression was:

Fig. 5 Simulation of Cu particle (B 15 lm, v = 800 m s)1) impingement on Al

Fig. 6 Field of temperature at the end of the interaction, (a) for Cu (bottom view), (b) for Al (top view)
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ð0:9� 0:8Þ 1
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¼ qAl
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þ qCu

MCu
VCu

ZT

T0

CCu
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F

2
64

3
75

ðEq 2Þ

where:

mpart Incident Cu particle mass

vpart Incident Cu particle velocity

VAl Al volume involved in the transfer

VCu Cu volume involved in the transfer

q Density (2832)0.45 T for Al and 9191)0.89 T for
Cu, in kg m)3)

M Molar mass (26.98 for Al and 63.54 for Cu in g
mol)1)

CP Molar heat capacity at a given pressure (as a func-
tion of temperature, from (Ref 24))

LF Molar fusion latent heat (13,020 for Al and 10,470
for Cu, in J mol)1 (Ref 24))

T Temperature

For a 25 lm thick foil at a velocity of 830 m s)1 (i.e., the
experimental conditions, see section 2.1), assuming the
heat over 1 mm in thickness in both Al and Cu (Fig. 4d, e),
temperature was calculated to reach about 5200 K from
the Eq. 2. Even though this value might differ from the
actual temperature due to starting assumptions, the order
of magnitude of the result led to the conclusion that local
energy was enough to provoke melting.

When therefore considering liquid-state diffusion in
actual cold spray, the diffusion coefficient, D, could be
determined using the ‘‘Stokes-Einstein-Sutherland’’
model (Ref 25, 26) for Cu atoms diffusing in liquid Al
expressed by (Ref 27):

D ¼ kT
6prgðT Þ ðEq 3Þ

where:

k Boltzmann�s constant

T Temperature

r Diffusion particle radius (2.10)10 m for Cu (Ref 26, 27))

g Solvent (Al) viscosity

This led to a diffusion coefficient of about 10)8 m2 s)1

at 1500 K. From the Fick�s Law (Ref 28), in which

ddiff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D � tDiff

p
; ðEq 4Þ

the diffusion distance, ddiff, was inferred to be therefore
about 15 nm, since tdiff was known to be equal to 20 ns
from the modeling study (see section 4).

This calculated diffusion distance did correspond to the
width of the intermetallic area, which was observed
experimentally (see section 5). This ascertained the for-
mation of the intermetallic compounds through transient
melting at the coating-substrate interface. Transient
melting was therefore featured as a major mechanism
which might govern interface properties in cold-sprayed
materials. As a striking example of this, one may say that
intermetallics can be beneficial to cold-sprayed coating-
substrate adhesion due to a sort of spot welding effect at
the interface but detrimental to plasma-sprayed coating-
substrate adhesion due to conventional hard-phase
embrittlement effect (Ref 29).

Incidentally, assuming solid-state diffusion only in cold
spray would have led to a diffusion distance of 0.15 nm,
which was not at all in agreement with observation.

A similar approach to liquid-phase diffusion and re-
lated calculations were carried out for laser flier experi-
ments. These led to a diffusion distance that
underestimated the typical experimental width of about
2 lm (see section 3.2) due to the neglecting of the influ-
ence of pressure (Ref 30). However, this result was con-
sidered to be significant enough to ascertain a transient
melting mechanism since solid-state assumption would
have been all the more excluded as the calculated distance
was much lower.

Laser shock flier experiments resulted in laser shock
cladding which can be discussed in an analogy with con-
ventional explosive welding. The process is based on a
high-velocity locally oblique impact where the velocity of
the collision part (vC) can be expressed as a function of the
collision angle, b, and the velocity of the foil, vF, by the
following equation (Fig. 9).

vC ¼
vF

tan b
ðEq 5Þ

The various interface interaction phenomena involved in
laser flier experiments can be exhibited in a collision
(angle, velocity) diagram which had been designed for-
merly for conventional explosive welding (Fig. 10) (Ref
31). This diagram showed the predominance areas for
welding with melting and/or wave formation.

Fig. 7 Cross-section SEM micrograph of cold-sprayed Cu onto
Al (after ‘‘Keller’’ etching)
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The impact center of the flier corresponds to high an-
gles and high velocities related to interface melting and
formation of intermetallic compounds. On the other hand,

at the foil rims, i.e., for lower angles but higher velocities,
waves do exist but result from solid-state deformation only
without therefore any intermetallic. Intermediate areas
show waves the frequency of which is all the higher as the
liquid phase amount is higher (i.e., when approaching the
impact center).

Cold spray, due to the spherical shape of the particle
corresponds to higher collision angles compared to laser
shock cladding of a foil. Particle-substrate interaction in
cold spray is therefore similar to that of a foil at the center
of the impact in a laser flier experiment (Fig. 10). Basi-
cally, there is no generation of waves even though some
small waves could be observed locally at cold-sprayed
interfaces (Fig. 11). However, these were not numerous
and attributed to local deformation instabilities.

Fig. 9 Impact area configuration in the cladding of a foil

Fig. 8 TEM micrographs of cold spray Cu-Al interfaces and corresponding x-ray profiles. General view (bright field image) and 3 types
of interfaces (HAADF-High Angle Annular Dark Field images)
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7. Conclusion

Coating-substrate interface was shown to involve
complex morphological and metallurgical phenomena
which can be claimed to govern macroscopic properties,
primarily coating-substrate adhesion. These phenomena
could be featured through deliberate selection of a reac-
tive coating-substrate system, i.e., copper-aluminum, for
the study. Using this system, intermetallics, i.e., AlCu4,
Al4Cu9, AlCu, Al2Cu, and Al-Al2Cu eutectics, were
exhibited to act as suitable and efficient markers of basic
mechanisms involved in cold spray. The most prominent
of these mechanisms was that of transient melting at the
coating-substrate interface which formed from the cold-
sprayed particle impact. Transient melting was ascertained
by liquid-state diffusion calculations in an approach to the
achievement of intermetallics combined to the modeling
of the particle impinging on the substrate.

Relationships between the amount, nature and distri-
bution of intermetallics and interface morphology and,
one may assume, strength were established. These

resulted from a thorough TEM investigation into inter-
faces combined to the development of an innovative
experimental simulation of the cladding/ impinging of a
material onto a substrate. This simulation was based on
the use of controlled laser shock acceleration of a foil
which could simulate a cold-sprayed particle, in so-called
‘‘laser shock flier impact experiments.’’ The work dem-
onstrated the feasibility of reproducing metallurgical and
morphological interface mechanisms involved in cold
spray through this experimental simulation. These mech-
anisms were discussed in the light of those in one may
term a parent process for cold spray and laser-shock
cladding, i.e., explosive welding. Key strengths of the laser
shock-based experimental simulation rest on the magnifi-
cation and control of the material phenomena in addition
to a low cost and high reproducibility. This simulation can
be therefore expected to become a powerful tool for
optimizing processing conditions in cold spray.

Above-mentioned conclusions featured the role of
local phenomena, which suggests the actual existence of a
narrow window for processing conditions for some mate-
rials (which could be given as a function of collision
velocity and angle). One may therefore also expect for the
developed simulation to be a tool to study the extension of
cold spray to materials other than those conventionally
said to be suitable for the process, e.g., ductile materials.
Since local phenomena were shown to play a major role,
future work should deal with the development of local
testing of mechanical properties. First steps towards this
were made in the same framework with the development
of Laser Shock Adhesion Testing (LASAT) (Ref 32).

Acknowledgments

This work was supported by French Ministry of Edu-
cation and Research (MENRT), which is gratefully
acknowledged. The authors would like to thank Mr. G.
Barbezat from SULZER METCO (Wohlen, Suisse), Mrs.
F. Le Strat from GIE REGIENOV (Guyancourt,France),
Mrs. B. Dumont from KME/TREFIMETAUX (Sérifon-
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