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The effect of cold spray temperature and substrate hardness on particle deformation and adhesion has
been studied, with particular emphasis on adiabatic shearing leading to melting. Copper particles were
cold sprayed onto commercial purity (CP) aluminum and alloy 7050-T7451, with stagnation temperatures
200, 400, and 600 °C. Deposition efficiency, assisted by particle embedding, increased with temperature
and was higher on the softer CP substrate. Crater surfaces, adhered particles, and interfaces were
characterized by scanning electron microscopy, focused ion beam, and transmission electron microscopy.
For comparison, the impact of 15 pm Cu particles was simulated using finite element modeling. A thin
layer of material on the substrate-side of the interface was predicted to reach melting point on both
substrates at higher impact velocities. Formation of a molten layer was found experimentally. At 600 °C,
the effect of substrate heating by the gas jet could not be ignored.

Keywords bonding, cold gas dynamic spraying, finite element
modeling, particle deformation

1. Introduction

1.1 Current Understanding of Cold Spray Bonding

As cold spray steadily gains popularity as a process for
depositing layers of material in the solid state by the high-
speed impact of microparticles, the question of under what
conditions bonding occurs is becoming increasingly
important (Ref 1). Two types of bonding can be identified:
particle-onto-substrate, which is necessary for the forma-
tion of an initial monolayer of particles and which deter-
mines the adhesive strength of the final coating on the
substrate; and particle-onto-particle, which allows a
thicker deposit to build up, and ultimately influences the
cohesive strength of the deposit. A particular advantage of
cold spray is its capacity to bond together dissimilar
materials. For example, metals with different crystal
structures and even metallic coatings on ceramic or poly-
mer substrate have been explored (Ref 2, 3). Also, com-
mon is the co-deposition of two or more materials, and
here, as in the single-material case, cohesive bonding is
critical (Ref 4). For continuing development of new
applications, and the improvement of existing ones, more
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study is required to ascertain, at a sub-particle level, the
nature of bonding in cold spray deposition.

Experimentally, it is known that there is a critical
velocity for particle adhesion, v., which has a character-
istic value for each different material, depending on its
particular thermophysical properties. For instance, for
copper impact onto copper, a v, of 570 m/s has been
measured (Ref 5). v, can be influenced by feedstock purity
and microstructure, and powder preheating. The choice of
substrate material, when different to that of the particle,
has been shown, both numerically and empirically, to also
affect v, (Ref 6, 7).

In the study of cold spray deformation mechanics, the
problem is often reduced to that of a single, spherical
particle impacting normally onto a flat surface. This is
representative of the numerous impacts that are required
to form a monolayer of one material onto another. The
geometry has not only a high degree of symmetry, which
lends itself to finite element modeling (FEM), but also
allows ready comparison with experiment (splat studies) if
spherical particles are used and the substrate is well pol-
ished. In splat studies, the substrate is exposed to limited
numbers of impacts by using a low-powder feed rate,
quick lateral movement of the nozzle past the substrate
(or substrate past the nozzle), or with the aid of a mask
(Ref 8). Isolated particles adhered to the surface may then
be chosen for study. In practical application the substrate,
depending on the chosen preparation technique and also
the impact of other particles during spray, has a certain
roughness, and the spray particles need not be spherical.

The supersonic impact of a cold spray microparticle
onto a surface is characterized by deformation at very high
strain rates (over 10’ s™', Ref 9). The time from first con-
tact to complete conversion of the particle kinetic energy
to internal energy, or so-called ‘“‘contact time,” ¢, is typi-
cally less than 100 ns. Strain, far from being evenly
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Fig. 1 Temperature and stress evolution within the interfacial
jet of a 25 pm Cu particle during impact onto Cu (Ref 11)

distributed, is concentrated in the shear zones at the
interface between particle and substrate, particularly at the
peripheral regions of the particle. Heat evolved due to
deformation results in thermal softening and in turn, fur-
ther localization of deformation. Consequently, adiabatic
shear instabilities develop at the interface. The material
there behaves in a viscous-like manner, creating a fast,
outward-moving “jet”” of material, with strain rates in the
order of 10° s~ (Ref 10). Studies using the FEM technique
agree on the following behavior. At a low-impact velocity
(i.e., below v,), strain, strain rate, and temperature at the
particle-substrate interface increase monotonically with
time over the entire contact period. However, for impact
simulated above v, (see Fig. 1) there is a further, sudden
increase in each of these variables as the shear instability
develops during the second-half of the contact period.
Furthermore, there are large fluctuations in stress, as it
drops to zero, the material losing shear strength. Interfacial
temperatures approach, or reach melting point.

1.2 Interfacial Melting During Cold Spray Impact

The nature of bonding may be altered greatly if a small
volume of molten material forms at the interface. How-
ever, there is some disagreement on the possibility of this
occurring. Extensive modeling by Bae et al. (Ref 11)
showed that in the impact of 25 um particles at the critical
velocity for each system, interfacial temperatures either
reached the melting point or were very close. When dis-
similar materials were chosen such that one was softer
than the other, the softer component underwent greater
deformation, with the formation of a liquid layer. On the
other hand, Grujicic et al. (Ref 12) found that conditions
for melting were only met over a small fraction of the
interface, and that therefore melting does not play a key
role in bonding. In another experimental and computa-
tional study (Ref 13), melting was not found in copper
particle impact onto stainless steel, and it was concluded
that the formation of a jetlike ejection at the edge of the
crater was a requirement for bonding, but not melting.
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Alkhimov et al. (Ref 14) applied a one-dimensional
heat transfer model to the substrate/particle system, which
assumed that heat released due to plastic work was con-
centrated within small zone of known thickness, adjacent
to the interface. It was found that interfacial melting
occurred above a critical particle size, which was a func-
tion of particle velocity, the initial particle and substrate
temperatures, and thickness of the heat-release zone (e.g.,
12 pm for Al-on-Al impact at 300 K).

In addition to theoretical and computational predic-
tions, there exists a somewhat disparate body of experi-
mental evidence of interfacial melting in cold spray.
Table 1 attempts to summarize the results of a variety of
studies published in the open literature. Cold-sprayed
materials have ranged from those with low-melting points
such as Sn and Zn (232 and 420 °C, respectively), to Ti,
which melts at 1660 °C, well in excess of the temperatures
used in cold spray. The gas stagnation temperature used in
each study has been included in the table, since it is not
possible to rule out heating due to impingement of the gas
jet on the surface of the deposit during cold spray.

There are a variety of microstructural features that
have been interpreted as evidence of melting, and which
will be discussed individually here.

Most recognisable are ejecta from the impact events.
They are typically in the form of submicron, spherical
particles. Their diameters are smaller than those of the
powder particles themselves (Ref 7). Material in the
molten state reduces surface tension by assuming a
spherical shape. However, long streaks or splashes are also
possible (Ref 15). In splat studies, they emanate from
craters or around adhered particles, usually thrown a short
distance over the substrate surface. Spheroidized particles
have also been observed on coating surfaces (Ref 16).

In the observation of empty impact craters, it is often
possible to find signs of adhesive interaction between the
substrate and rebounding particle. Wu et al. (Ref 17), for
instance, showed small fragments of particle material,
which remained on the surface of a mild steel substrate
following impact by Al-12Si particles. They did not claim
that this constituted evidence of fusion. However, similar
features have been found in conjunction with other signs
of melting, such as in the impact of aluminum particles
onto a ceramic surface in Ref 7. Dimpled crater surfaces,
showing ductile failure, are due to local softening of the
surface layers of the substrate. Fracture surfaces of cold-
sprayed deposits often exhibit these features (Ref 18), but
on their own they do not necessarily imply melting.

In a number of studies, intermetallic phases have been
found at the interface. Naturally, this is only possible when
a combination of particle and substrate metals is chosen
such that an intermetallic phase exists. It has been pointed
out (Ref 19) that for intermetallic formation, the presence
of liquid is necessary because solid-state diffusion, even at
the melting point, is at least two orders of magnitude too
slow to account for layer formation within ¢z, < 100 ns.
Barradas et al. (Ref 19) found equiaxed intermetallic
grains, 400 nm in size at cold spray copper-aluminum
interfaces, while Guetta et al. (Ref 8, 20) observed inter-
metallic layers over 500 nm-thick. Wank et al. (Ref 21)

Volume 19(3) March 2010—621

pamaInay Jead




referred to submicron-sized particles in their investigation
of zinc-based coatings onto aluminum- and magnesium-
alloy substrates. Using a sensitive synchrotron XRD
technique, Bolesta et al. (Ref 22) detected a 20-50 nm
NizAl layer beneath a cold spray aluminum coating on a
nickel substrate.

Signs of fluid-like behavior at the interface have been
noted, manifest in the sort of wavy interfaces that are also
found in explosive welding due to Kelvin-Helmholtz
instability (Ref 23). Thus in cold spray, interfacial waves
and ripple effects (Ref 19, 24, 25) roll-ups and vortices
(Ref 21) have been reported on a micron-scale. While
fluid-like flow can occur without melting, it has been
commonly found in conjunction with the appearance of
intermetallics, and may assist the latter through turbulent
mixing of the two metals (Ref 21).

In other work, a 3-nm amorphous layer was found at the
interface (Ref 26). It was proposed that it had formed by
rapid quenching from the melt, and perhaps stabilized by
alloying due to diffusion across the interface. Guetta et al.
(Ref 20) observed an amorphous Al-O phase at the inter-
face between a copper particle and aluminum substrate.
Similarly, a partially amorphous layer consisting of a mix-
ture of iron and titanium oxides has also been found at the
interface between a titanium particle and steel substrate
(Ref 27). There was no mention of how the oxide layers
compared with those existing on the surfaces before spray.
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Evidence of melting
phases 6-CuAl, and CuyAly. Also, Al-CuAl, eutectic region
Spheroidized particulate ejecta and signs of adhesive interaction

phases found, in some places layers were 20 nm thick,
Spheroidized Al particulate ejecta

in others, CuAl, grains were 400 nm in size
Detection of NizAl. Estimated interfacial layer

MgZn, and MgsZn,Al, and Mg;,Zn;,Als
Formation of amorphous layer, 3 nm-thick
Melting of substrate—details not given

amorphous regions
Ductile failure, dimples

thickness 20-50 nm
>500 nm-thick diffusion layer containing intermetallic

or-AlCuy, M,-AlCu, and 6-CuAl,
Spheroidized particulates, recrystallised grains,
Submicron and nanosized precipitates at interface:

Spheroidized particulates

Ejecta

1.3 Current Investigation

Type of investigation

In this study, a combined computational/empirical
approach is applied to the problem of bonding at copper-
aluminum interfaces. FEM provided an estimation of the
at-rest morphologies of the deformed particle and sub-
strate, and the temperatures evolved at the interface.
While this assisted interpretation of the experimental
data, the latter provided validation of the accuracy of the
model.

Three different experimental approaches were taken:

of coating-substrate interface

FIB/TEM study of single-particle
interface with substrate

Splat studies

Splat studies
SEM of deposit surface

SEM observation of deposit
fracture surfaces

interface
Splat studies

interface
TEM studies of interface

TEM studies of coating/substrate
SEM

Grazing incidence XRD analysis
TEM of deposit cross section,

TEM of coating-substrate

SEM, TEM

Stagnation
temperature, °C

550

Not given

600

350

600

320, 410

520-620

~300

Not given

250

300, 400
Room temperature

® A quantitative analysis of the fraction of adhered
particles, which included the effect of different vari-
ables; spray temperature and substrate.

e Characterization of the failure surface formed due to
brief contact between the impacting and rebounding
particle with the substrate. Signs of melting and
adhesive interaction were of particular interest.

® Cross-sectional investigation of deformed particles
and the particle-substrate interface by focused ion
beam/secondary electron microscopy (FIB/SEM) and
transmission electron microscopy (TEM).

Material system
Ti-6Al-4V, NiCoCrAlTaY

Al-10%Sn onto 304

and Mg AZ91
Al onto Al/Ni onto Al6061-T6

stainless steel
Al onto Sn

Ti-6Al1-4V
Zn and Zn5Al onto Al 7022

Various; Al2319, Al12Si, Ti,

Cu onto Al
Al onto Ni
Cu onto Al
Al onto PZT
Cu onto Al
Zn

2. Experimental Methods

In order to investigate the effect of substrate proper-
ties, particularly hardness, on bonding, copper particles
were sprayed onto two different aluminum alloys; a
commercial purity (CP) aluminum and alloy 7050-T7451

Table 1 Empirical evidence for interfacial melting during cold spray

Barradas et al. (Ref 19)
Bolesta et al. (Ref 22)
Guetta et al. (Ref 8, 20)
King et al. (Ref 7)
King et al. (Ref 7)

Li et al. (Ref 16)

Li et al. (Ref 18)

Ning et al. (Ref 15)
Vlcek et al. (Ref 53)
Wank et al. (Ref 21)
Xiong et al. (Ref 26)
Zhang et al. (Ref 54)

Reference
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(Al-5.75Zn-2.06Mg-2.06Cu-0.08Fe-0.05Si-0.12Zr). The 7050
alloy was chosen for its high strength in comparison with
CP aluminum, the homogeneity of its microstructure and
low concentration of intermetallic particles. The fine
substrate microstructure minimized variation in the
deformation and bonding behavior of the copper particles
with impact location. Both substrates were prepared prior
to cold spray by polishing with 1 um diamond suspension,
and cleaning with ethanol. The copper powder had an
approximately spherical morphology. Laser particle size
analysis using a Malvern Mastersizer X, showed that the
average particle diameter (dso) was 15.2 pm, with 10% of
particles below d;p=9.8 um and 10% above dgy=22.7 pm
(Ref 7). A CGT Kinetiks® 3000 cold spray system was
used with N, accelerant gas and an upstream pressure of
25 bar to spray Cu particles onto the substrates, at a
standoff distance of 20 mm and traverse speed 0.05 m/s.

Three stagnation temperatures were chosen; 7= 200,
400, and 600 °C. The amount of substrate heating due to
impingement of the gas jet was measured using an Agema
Thermovision 570 Infrared Camera. The camera had a
320 x 240 pixel uncooled microbolometer with a spectral
range of 7.5-13 pm and measurement accuracy of £2%. It
was equipped with a 24° x 18° lens. Images were analysed
using the Irwin Research 2.01 software package. CP alu-
minum material was used with the surface ground using
120-grit SiC paper to reduce reflectivity and create a
constant, reproducible emissivity, which was measured to
be 0.43.

The effect of T, on particle velocity is shown in the
right-hand column of Table 2, which gives the velocity, v,
of a 15-um copper particle at the nozzle exit. Particle
velocity was calculated using a one-dimensional isentropic
model. This method has been commonly used to predict
particle velocities in cold spray (Ref 28-30) so will be only
briefly explained here. It has shown to give a good
approximation to values measured experimentally
(Ref 31). Particle travel is along the nozzle axis, and gas
flow there is assumed to be unaffected by the boundary
layer at the nozzle wall. According to isentropic theory,
the Mach number, M, can be determined at any location in
a shock-free, supersonic nozzle from the ratio of nozzle
area at that point, A, to the throat area A*, as per the
area-Mach relation (Eq 1) (Ref 32).

2 _ (y+1)/(v=1)
AV_ 112 () v=1, |
A* M?ly+1 2

where v is the specific heat ratio.

(Eq 1)

Table 2 Cold spray experimental plan

Experiment Stagnation 15 pm particle v,
no. temperature, °C Substrate (calculated), m/s
1 600 CP Al 6.6 x 10?
2 600 Al 7050 6.6 x 10°
3 400 CP Al 6.2 x 10?
4 400 Al 7050 6.2 x 10°
5 200 CP Al 5.5 x 10?
6 200 Al 7050 5.5 x 10?
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Other local properties of the gas phase—temperature,
pressure, density, and velocity—are simple functions of M,
v, and the stagnation conditions (Ref 32). The dependence
of viscosity on local temperature was determined using
Sutherland’s formula (Ref 33).

For a spherical particle of diameter d, and density py,
particle acceleration was calculated according to Eq 2,
which is derived from Newton’s second law and the
expression for drag force on the particle (Ref 28).

%:3Cng(v —v )2
At~ Adep, Ve

(Eq 2)

where v, is the particle velocity, p, and v, are the gas
density and velocity, respectively, and Cp is the drag
coefficient. Cp was calculated according to the correla-
tions derived by Henderson (Ref 34).

Using a time step of 5 x 10° s during the early stages
of particle acceleration (v, < 80 m/s) and 3 x 1077 s
thereafter, the gas conditions at the current particle loca-
tion were calculated, then Av, was obtained from Eq 2,
followed by the new particle location for the next time
interval. This process was repeated until the particle
reached the nozzle exit.

In practice, particles moving along a trajectory away
from the nozzle axis tend to experience less acceleration.
The precise effect of angular trajectory on velocity could
not be determined without higher-dimensional modeling
of the flow field. Observation of the bonded particles
revealed that a significant proportion appeared to have
impacted at an angle not exactly perpendicular to the
surface. Furthermore, isentropic theory does not allow any
consideration of the behavior of the particles outside the
domain of the nozzle, and in the free jet there may be
some additional acceleration, followed by deceleration of
the particles through the bow shock at the substrate sur-
face. Thus, the velocity of particle impingement onto the
substrate, v;, is not equal to v.. Computational fluid
dynamic (CFD) modeling of cold spray of copper (Ref 35)
has shown that particle acceleration in the free jet is
generally small compared with that inside the nozzle,
while the effect of bow shock deceleration is only
noticeable for the smallest, micron-sized particles (i.e.,
those with the lowest inertia). Most importantly, while
modeling yields a single value of v; for a given particle
size, dj, in the experimental observation of individual
sprayed particles some variation in-flight behavior must be
borne in mind.

Thick coatings (>3 mm) were produced using all of the
experimental conditions (nos. 1-6) listed in Table 2. Each
sample was then cross-sectioned, and the coating-substrate
interface investigated by optical microscopy (OM).

For splat studies, experiments 1-6 in Table 2 were
performed again, but this time, a reduced powder feed
rate was used, and the nozzle was moved past the sub-
strate in a single swipe so that only a limited number of
particles were deposited. Each sample surface was then
examined using an XT Nova NanoLab 200 dual beam FIB/
SEM. The FIB/SEM instrument included a field emission
source and in-lens SE detector for high-resolution imaging
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and an EDX system. Isolated impacts could be observed,
and in the case of two samples sprayed at 600 °C
(nos. 1 and 2), rectangular trenches were milled into the
embedded Cu particles using the Ga* beam, to produce
cross sections. The morphology and internal microstruc-
ture of the particles and surrounding substrate were then
examined in situ. The depth of penetration was compared
with that predicted under similar impact conditions by
FEM.

A foil for TEM of the Cu-CP Al interface was prepared
in the FIB/SEM. The H-bar technique was employed,
which has been described in detail elsewhere (Ref 36, 37).
TEM was performed using a Philips CM30 operating with
a LaBg electron source at 200 kV and an FEI Tecnai™ G?
F20, with a field emission source at 200 kV.

Particle impacts were simulated by a nonlinear, transient
finite element model using the commercial finite-element
package, ABAQUS 6.7-2. Since the particle bonding pro-
cess involves short dynamic response times and large
deformations, the explicit time integration algorithm
(Ref 38) was chosen. A fully coupled thermal-stress anal-
ysis was performed to obtain an accurate thermomechani-
cal response under high strain rate deformation conditions.
Figure 2 shows the FE model constructed for the present
work. Four-node bilinear axi-symmetric quadrilateral mesh
elements with reduced integration and hourglass control
(CAX4R) from the ABAQUS element library were used,
and a surface-to-surface penalty contact algorithm with
balanced contact pair formulation (Ref 38) was applied
between particle and substrate. Refinement of the mesh at
the impacting interfaces was subsequently performed for
more accurate computations. Arbitrary Lagrangian-
Eulerian (ALE) adaptive remeshing (Ref 38) was also
performed to avoid mathematical truncation errors due to
severely distorted elements.

The Johnson-Cook plasticity model (Ref 39), given by
Eq 3, was employed to describe the rate and temperature

it b
! uJ'HHI]l N
|

Fig. 2 Finite element model for particle/substrate impact sim-
ulation (Ref 11)
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dependence of material behavior during plastic deforma-
tion. The equivalent flow stress, o, is expressed as:
o= |4+ Be] [l—i—Cln(z—z)][l —(T)"), (Eq 3)
where ¢, and £, are the equivalent plastic strain and strain
rate, respectively, and &, is the normalizing reference
strain rate. Parameters A, B, C, n, and m are material-
specific parameters; A is the yield stress, B and n represent
the effects of strain hardening, C is the effect of strain-rate
hardening, and m is a thermal-softening term. 7% is the
homologous temperature.

The Johnson-Cook parameters and other physical
properties for the materials used in the simulations are
given in Table 3. The data in Table 3 were taken from
material databases and the literature (Ref 39-41). Alloys
1100 and 7075 were chosen as the closest available
approximation to the CP aluminum and alloy 7050 used in
the experiments, respectively. Then, 15 pum copper parti-
cles were simulated in normal impact onto two aluminum
alloy substrates at velocities v; =310, 430, 550, 670, and
890 m/s.

3. Results

3.1 Bulk Coating: Substrate Interfaces

Optical cross sections of the coating-substrate inter-
faces are shown in Fig. 3. In all cases, there was consid-
erable roughening of the substrate due to embedment of
the copper particles below the surface. The depth of
penetration was dependent on particle size and velocity,
which were subject to variation even at a constant gun
temperature and pressure. Aluminum, trapped between
neighboring impacts, was extruded upward, between the
particles. Extensive plastic flow of the aluminum was
noticeable on both substrates, regardless of spray tem-
perature. However, total encapsulation of some particles
due to their deep subsurface penetration was only seen on
the softer, CP aluminum. Differences in the interfacial
profile due to increasing the stagnation temperature from
200 to 600 °C were not as large as expected, despite the
significantly deeper particle penetration (which will be

Table 3 Material properties used in the FE model

Material Cu Al 1100-H12 Al 7075-T6
Density, kg m™> 8960 2710 2810
Young’s modulus, GPa 124 68.9 71.7
Poison’s ratio 0.34 0.33 0.33
Heat capacity, J kg ™' K™ 383 904 960
Melting temperature, K 1356 916 908
A, MPa 90.0 148.4 496.0
B, MPa 292.0 345.5 310.0
n 0.310 0.183 0.3
C 0.025 0.001 0

m 1.09 0.895 12
Reference temperature, K 298 293 298
Reference strain rate, s—! 1 1 1

Journal of Thermal Spray Technology
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Fig. 3 Optical micrographs of coating/substrate interfaces. (a, b) CP aluminum substrate, (c, d) 7050 substrate, (a, c) 7,=200 °C, and

(b, d) Ty=600 °C

demonstrated in the single-particle investigations,
Section 3.3). This may have been due to the lower depo-
sition efficiencies at T,=200 °C, which resulted in a
greater number of particle impacts directly onto the sub-
strate surface before a completely covering monolayer was
formed. With more impacts, further substrate deformation
and roughening occurred, compensating to some degree
for the reduced subsurface penetration per particle.

3.2 Particle Bonding Ratios

SEM examination of the surfaces following brief
exposure to the cold spray particle and gas jet showed that
under spray conditions producing low v, (To=200 °C),
few particles adhered successfully to the substrate. Most
tended to rebound, leaving behind empty craters. At
Tp=600 °C, v, increased according to Table 2, and
adhered particles then far outnumbered craters. The
deposition efficiency, defined as the fraction of total
impacts (adhered particles +craters) that resulted in
adhesion, was plotted as a function of spray temperature
and substrate type (Fig. 4). Each result was an average of
measurements taken from several micrographs, each
micrograph containing, on average, ~80 copper particle
impacts. Error bars in Fig. 4 represent standard deviation.
It was found that deposition efficiency increased with spray
temperature, and was higher on the softer CP substrate.
The transition from the erosive (rebound) to the deposi-
tion regime shifted to lower velocities on CP aluminum.

3.3 FEM Modeling and Deformation Behavior

Figure 5 shows cross-sectional views of the modeled
particle/substrate systems at two different impact velocities.
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Fig. 4 Adhered copper particles, as a percentage of total copper
impacts (adhered particles + empty craters)

There was greater subsurface penetration as v; was
increased, and greater penetration into the softer Al-1100
substrate compared with the 7075 alloy. Figure 5 can be
compared with the embedded copper particles, sprayed at
600 °C (Fig. 6). Dissections performed in the FIB/SEM
(Fig. 6¢, d) revealed a deformed shape which closely
resembled the simulations at higher v;.

With large penetration depths, the exposed sections of
the crater walls were deep and near-vertical. Modeling
showed that, at sufficiently high velocities, the particles
could become trapped within their own craters due to
flattening and expansion of the particles perpendicular to
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Fig. 5 Cross-sectional morphology and temperature distribution of deformed particle/substrate systems; (a) Cu-Al1100, v;=430 m/s,
(b) Cu-Al7075, v;=430 m/s, (c) Cu-Al1100, v;=670 m/s, and (d) Cu-Al7075, v;=670 m/s

the impact direction, and constriction of the crater open-
ing itself. This was possible with v; as low as 430 m/s on the
1100 substrate, or at 670 m/s on the 7075 substrate. In the
experiments, loss of contact between the particle and
substrate was sometimes seen in places along the inter-
face. Figure 6(d) is an example of a particle that seemed
to have become almost completely detached from the
substrate.

The penetration depth, P of an impacting particle is
usually defined as the vertical distance from the base of
the particle to the undeformed substrate surface (Ref 42,
43). Figure 7(a) uses the dimensionless ratio P/dy, where
dy is the initial particle diameter, to compare penetration
depths from the FEM and FIB investigations. In the splat
investigations d, was not known directly, but could be
calculated from the volume of the deformed particle, V.
V was determined from the cross section by assuming
rotational symmetry about the particle vertical axis, taking
n measurements of the particle diameter, d; at regular
intervals, Ah; down the particle, then calculating the
Riemann sum:

no_n
V=S i,

i=1 4

(Eq 4)

626—Volume 19(3) March 2010

Assuming an initially spherical particle, d, was obtained
from Eq 5:

dy =1/ o (Eq 5)
T

For this kind of quantitative analysis, a particular advan-
tage of the FIB technique over standard mechanical pol-
ishing was that the exact bisection of the particle could be
obtained. It was seen that FEM modeling tended to
underestimate the penetration depths determined empir-
ically. However in the model, the initial particle and
substrate temperatures were set to 298 K. In practice, a
high temperature region forms in the gas jet in front of the
substrate due to the bow shock effect (Ref 44). The sur-
face temperature rise on the CP aluminum substrate
during a single pass of the nozzle, with the powder feed
turned off and the substrate initially at ambient temper-
ature, was measured to be 413 £ 1 K. With multiple
passes of the gun, it was possible to achieve higher sub-
strate temperatures. By holding the nozzle over the sub-
strate for ~1 min, the temperature stabilized at 653 + 3 K.
However, in the splat investigations, only single passes
were used. Therefore, to investigate the effect of gas-
substrate heating, a simulation of the 670 m/s impact onto
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Fig. 6 Surface imaging (a, b) and FIB dissections (c, d) of copper particles embedded in the (a, c) CP Al and (b, d) Al 7050 surfaces;
(a) Cu-CP Al, Tp=600 °C, (b) Cu-Al 7050, Top=600 °C, (c) Cu-CP Al, T;=600 °C, and (d) Cu-Al7050, T, =600 °C

CP Al was run with the substrate initially at 413 K. The
particle temperature was left at 298 K, since heat transfer
from the gas phase to the particles was neglected. This
may be not be completely unjustified, since any heating of
the particles that occurs within the converging section of
the nozzle is partly reversed past the throat, because the
gas stream cools greatly as it expands. However, work is in
progress to measure the temperature of the in-flight par-
ticle stream, and future modeling may incorporate these
data as well.

The result of the 413 K simulation is shown in Fig. 7(a),
and this point was found to lie much closer to the
empirical data. This indicated that substrate softening
could explain the deeper penetrations that were observed.

Figure 7(b) shows that the contact time, for all simu-
lations was below 50 ns, but was generally higher on Al
1100 due to deeper penetration into this material.

Journal of Thermal Spray Technology

The temperature distribution within the particle and
substrate due to adiabatic deformation was also examined
(Fig. 5). Due to localization of deformation, the temper-
ature rise throughout most of the particle and substrate
was small, except for a thin layer of material either side of
the interface. In the 670 m/s impact of copper onto alu-
minum 1100 at room temperature, saturation at the
melting point of aluminum 1100 (916 K) was achieved
within a layer of the substrate, which was 55 nm at its
thickest. With the substrate preheated to 413 K, an 85 nm-
thick layer resulted. The physical extent of melting point
zone is best seen in Fig. 8 and 9. Note that, in neglecting
heat transfer, the model allowed for a temperature dis-
continuity across the interface. Thus, it was found that the
substrate-side temperatures were always greater than
those on the particle-side. Previous work (Ref 11)
has shown that even when identical substrate/particle
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materials are considered, higher temperatures are reached
on the substrate side of the interface. However, the dis-
crepancy becomes greater still when dissimilar materials
are involved.

The highest interfacial temperatures were found at or
near the edge of the craters. On the softer Al 1100 sub-
strate, the melting temperature (916 K) was achieved at
670 m/s and above. With further increase in velocity, the
substrate melting point region spread over a larger area of
the interface. Since a large share of kinetic energy was
expended by deformation of the soft substrate, particle
deformation was limited, particularly at low velocities.
However, with increasing impact velocity, interfacial
temperatures on the particle-side also rose.

Against the harder substrate, the particle-substrate
interaction was rather different. Figure 8(b) shows that a
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large proportion of the crater surface had almost reached
melting point (908 K) by 430 m/s. This was due to the
harder alloy’s greater tendency to strain localization
(craters were shallower, but with more intensive defor-
mation just below the particle). As with Cu-Al 1100, the
melting point region occupied a larger fraction of
the interface as v; was increased. With resistance from the
substrate, the particle underwent greater deformation and
jetting was evident. Higher interfacial temperatures also
developed on the copper side, but not to the point of
melting.

At the lowest impact velocity, 310 m/s, on the 7075
alloy, the effect of strain hardening of the substrate
became dominant over thermal softening. The impact
mode could no longer be described as penetrative as
energy dissipation was more evenly shared by particle and
substrate. An anomalous increase in contact time resulted
(Fig. 7b). No such transition was found in the Cu-Al 1100
system, as penetration depth and contact time increased
monotonically with v;, due to a steadily increasing dissi-
pation of particle impact energy by substrate deformation.

3.4 Craters and Surface Investigation

Upon examination of the surfaces of both substrates
following bombardment by copper particles, signs of
melting were found under all conditions, 200-600 °C.
Ejecta radiated outward from the craters over the surface
of the substrate (Fig. 10). They were numerous at 600 °C,
less frequent at 400 °C, and only occasionally observed at
200 °C. Note that Fig. 10 shows ejecta at T;,=200 °C.
EDX spectra were collected using a finely focused spot at
5 kV (the Al K, and Cu L, peaks both lie below 2 keV).
A survey of the CP Al surface sprayed at 600 °C showed
that the ratio of Cu at.% to Al at.% was <0.05. Since the
copper signal was so low compared to the aluminum, and
may have been only a result of background effects, it is
reasonable to assert that the ejecta had been caused
entirely by melting of the substrate at the crater lip.

At Ty=200 °C craters on the CP aluminum substrate
were shallow, bowl-shaped depressions, that did not give
much indication of localized deformation. On the crater
floors at least two morphologies could be distinguished;
areas with uni-directional grooves (Fig. 11b), and dimpled
areas (Fig. 11c). The dimpled surfaces were caused by
thermal softening of the substrate just prior to detachment
of the particle. Grooves were usually found at the edges of
the crater and indicated sliding contact between hard
microasperities on the particle surface and the softer
aluminum. Sharp, irregular particles (lighter contrast,
Fig. 11b) were found attached to a vertical section of the
wall. The average Cu:Al at.% ratio was 1.0 & 0.3. Despite
the fine probe size used for EDX analysis, the small size of
the particles did not preclude some contribution from the
substrate underneath. Nevertheless, it was clear that they
contained a significant concentration of copper. It is pro-
posed that they were sheared-off pieces of material from
the particle that had adhered to the substrate.

The cratered 7050 surface showed dimpling, and fine,
protruding nodules (Fig. 12). EDX analysis produced a
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Fig. 8 Substrate-side distribution of interfacial temperature; (a) Cu-Al1100, v;=430 m/s, (b) Cu-Al7075, v;=430 m/s, (c) Cu-Al1100,
v;=670 m/s, (d) Cu-Al7075, v;=670 m/s, and (e) Cu-Al1100, v;=670 m/s, substrate 7;=413 K

mixed result. Smooth, spherical, or vaguely spherical
nodules tended to be high in aluminum (e.g., Point A in
Fig. 12, Cuw:Al at.% ratio=0.20). B (Cu:Al at.% ratio=
0.06) is a feature that appears to have spread across the
surface. However, irregular, lumpy particles, were mainly
copper-based (C Cu:Al at.% ratio =2.0). Note that at low-
impact velocities, FE modeling predicted higher interfa-
cial temperatures on the harder alloy surface compared

Journal of Thermal Spray Technology

with the softer one, which seems consistent with the
increased signs of melt formation here.

Modeling predicted that the effect of increasing impact
velocity would be stronger strain localization within the
substrate and larger areas of the interface (from the sub-
strate side) reaching melting point. Observation of impact
sites on the softer substrate with 7| increased to 600 °C
found lips that protruded from the rims of the craters, and
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Fig. 9 Particle-side distribution of interfacial temperatures,
Cu-Al1100, v;=670 m/s

Fig. 10 Splashes of aluminum (ejecta) outside a crater at
To=200 °C

which were not present at 200 °C. These lips were even
more pronounced on the 7050 substrate (Fig. 6b).

On exposed sections of the crater walls on CP Al at
600 °C, pronounced vertical scratches were due to sliding
of the rough particle surface over the aluminum (Fig. 13).
Horizontal cracks may have been the result of contraction
on cooling of an outer, heated layer. Lumpy areas
(marked by arrow, Fig. 13) may too have formed by the
same process. The “bare’ sections of the wall contained
little or no Cu (Cu:Al at.% ratio <0.05). Attached par-
ticles could be categorized as either smooth and spherical
(Cw:Al at.% =0.10 £ 0.04), or irregular (Cw:Al at.% =
2.6 £ 1.0).

On the 7050 substrate, particles attached to the interior
wall (inset in Fig. 6b) had mainly an irregular appearance.

3.5 TEM Interfacial Study (Cu-on-CP Al,
To=600 °C only)

One sample (the Cu-on-CP Al, T, =600 °C) was chosen
for more detailed analysis of the bonded interface. No real
difference could be discerned between the base of the

Fig. 12 Empty crater surface following impact onto Al7050 at
To=200 °C

Fig. 11 (a) SE image of an empty crater on the CP Al surface following 7, =200 °C impact. (b, c) Higher magnification images of parts

of the crater
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Fig. 14 Bright field image of Cu-CP Al interface. EDX scans
over lines (a) and (b) are shown in Fig. 15

particle and the periphery. Figure 14 is a representative
micrograph. Reaction between the particle and substrate
had occurred intermittently along the interface. EDX line
traces were made at several places (Fig. 15). In some
places the particle/substrate boundary was abrupt (a). In
others there was an intermetallic zone (b) up to ~50 nm in
thickness, whose composition was close to that of stoi-
chiometric CuAl, (54.1 wt.%Cu:459 wt.% Al). The
CuAl,/Cu interface was very sharp, while the Al/CuAl,
interface was less so, which may have indicated a limited
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Fig. 15 EDX line scans at the positions indicated in Fig. 14

amount of diffusion of copper beyond the intermetallic
zone into the aluminum. A selected area diffraction pat-
tern (SADP) taken from an area of the interface identified
two neighboring grains of CuAl, (Fig. 16). While the
Cu-Al phase diagram contains a number of other inter-
metallics, none of them were detected in this sample.

4. Discussion

It was clear, from the computer simulations and SEM
observations, that a certain amount of substrate material
had reached melting point, generating splashes of material
inside the craters and outside (ejecta), without much
mixing with copper from the particles. At the very least,
formation of a liquid film may have aided in wetting the
particle surface and increasing the surface-to-surface
contact area. However, a great improvement in adhesion
could be expected if melting were to facilitate atomic
mixing at the interface. Copper itself melts at 1356 K,
which was not achievable by deformation against the
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Fig. 16 Selected area diffraction pattern of the Cu-CP Al
interface, showing two sets of CuAl, diffraction spots

softer substrate materials at these velocities. However, this
does not exclude the possibility of formation of a low-
melting point phase upon contact with the aluminum,
provided that atomic inter-diffusion occurred within a
liquid eutectic layer. The Al-CuAl, eutectic is at 812 K.

A similar line of argument to that used in earlier
studies (Ref 19) can now be taken to show that the exis-
tence of an intermetallic necessitates the presence of
liquid. The diffusivity of copper in solid solution in alu-
minum at 812 K is 1.1 x 107" m%s (Ref 45). Within a
maximum 48 ns contact time, the diffusion distance v/Dr is
only 0.07 nm. This is even less than the lattice parameter
of aluminum, 0.4 nm. Therefore, diffusion in the solid
state can be, for all practical purposes, ignored. In con-
trast, the diffusivity of Cu in liquid aluminum has been
measured at 4.2 x 1077 m*/s—four orders of magnitude
higher than in the solid—using a pulsed laser technique
which eliminates convection (Ref 46). This yields
v/Dt =14 nm as a lower estimate, but it is likely that if the
effects of convection and turbulent mixing in the liquid
film were included, that would permit transport of copper
over even larger distances.

A melting point layer thickness of 85 nm was predicted
by FEM in the 670 m/s impact of Cu onto Al 1100 at
413 K. As previously mentioned, the numerical code did
not include the effect of heat conduction. Since it did not
allow for heat transfer away from the interface toward the
particle and substrate interiors during deformation, it has
been suggested that this may lead to interfacial tempera-
tures being overestimated (Ref 47). In comparison, at the
location chosen for TEM study, it was seen that some
CuAl, grains had grown to 50 nm thickness, and some
further 20-30 nm of copper diffusion into aluminum may
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have occurred. In the FIB/SEM, the interfacial phase was
observed over 80 nm thick. Thus, close agreement was
found between modeling and experiment.

Microroughness on the particle surface may have been
another contributing factor to heating of the substrate
surface. Deep scratching during sliding of hard particle
asperities over the softer aluminum, may have promoted
local melting due to stress concentration at these points.
Copper-containing debris found in the craters was mate-
rial that had broken off from the tips of these asperities
and adhered to the substrate by interaction with the
molten layer.

It was seen that interfacial melting occurred even at the
lowest stagnation temperature, for which substrate heating
was minimal, and indeed, modeling at room temperature
showed that the melting point could be reached solely
by heat evolved from adiabatic shearing. However, at
To=600 K, the large amount of melting at the base of the
particle as well as the periphery, more closely resembled
the simulation with the preheated substrate. In Section 3.3
too, a better match was found for penetration depth
between simulation and experiment if the simulation
included a heated substrate (Fig. 7a). Both facts suggest
that at high T, the bow shock interaction between the gas
jet and the substrate, which results in heating of the sur-
face, does play an important role in bonding. Similarly,
other researchers have found improved bonding by heat-
ing the substrate (Ref 48, 49).

In comparison with other studies, the intermetallic
formation was rather limited. Barradas et al. (Ref 19) and
Guetta et al. (Ref 8), who cold-sprayed copper particles
onto aluminum substrates under similar conditions,
describe a thicker intermetallic zone, containing a wide
range of phases. Differences in feedstock material may be
the main cause, since both impurities and the powder
manufacturing route may influence the properties of the
surface oxide layer present. It has been shown (Ref 50)
that the thickness of the oxide layer may have a large
bearing on bonding behavior. A thick oxide layer may
present a barrier to intermetallic formation.

While it was clearly demonstrated that melting is
present in penetrative copper-onto-aluminum impact, it is
still difficult to draw more general conclusions on its effect
on bonding without the availability of similar, detailed
studies into other cold spray systems. Cold spray bonding
is often compared with explosive welding. In that process,
it is known that jetting aids in the removal of surface
contaminants and the formation of a strong bond between
the colliding plates. In addition to jetting, under certain
conditions bonding occurs together with interfacial melt-
ing, while in other cases, bonding takes place in the
absence of melting (Ref 51, 52). At this stage, there is
insufficient information to make an analogous statement
about cold spray. Furthermore, adhesion of individual
particles must surely be influenced by the condition of the
interface at the moment that elastic rebound occurs, which
given the small size of the particles, is not long after initial
contact. However, it is not known how long the interfacial
layer remained molten without a combined heat conduc-
tion/deformation model, which was not attempted here.
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5. Conclusions

A variety of copper particle impact conditions onto
aluminum during cold spray deposition have been inves-
tigated. A more localized deformation characteristic and
higher interfacial temperatures were produced on the
aerospace alloy 7050, compared with the soft, CP alumi-
num. At low velocities on the harder substrate, deforma-
tion was more evenly shared between particle and
substrate. The penetrative regime was reached at higher
velocities on 7050, and under all conditions on the CP
grade. Penetration depth increased with v;. Jetting in the
particle was suppressed due to much greater absorption of
impact energy by substrate deformation. Trapping of the
particles physically within the craters may have contrib-
uted to the higher deposition efficiencies observable at
high velocities, particularly on the CP substrate.

According to the FE model, the temperature rise in the
wall of the crater due to adiabatic shearing reached
melting point for velocities 430 m/s and greater, encom-
passing a greater fraction of the interface with increasing
v;. Melting was confirmed experimentally. The duration
and extent of melting were sufficiently large to cause the
intermetallic phase CuAl, to form. This could not be
explained without allowing for diffusion within a eutectic
melt.

At the highest stagnation temperature, heat transfer
from the gas phase, which could raise the surface tem-
perature to a maximum of 413 K in one pass, increased
both particle penetration and melting.
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