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In conventional thermal spraying, the spray particles are partially or fully molten when they deposit on
the substrate. Cold spraying, in contrast, uses less thermal and more kinetic energy. In this process, solid
particles impact on the substrate at high velocities and form excellent coatings. Due to comparatively low
temperatures and typically inert process gases, cold spraying is particularly suitable for heat and oxi-
dation sensitive materials. In recent years, modeling and computational methods have been widely used
to study this relatively new spraying process, particularly to describe impact conditions of particles, to
improve nozzle design, and to provide a better understanding of the thermo-mechanical processes that
lead to particle bonding and deposition. This paper summarizes the state of the art in these theoretical
studies, alongside a comprehensive description of the process. The paper also discusses the prediction of
coating properties in the light of modeling combined with experimental investigations.

Keywords bonding mechanisms, cold gas spraying, defor-
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tions, process optimization

1. Introduction

As a comparatively new powder spray technique, cold
spraying is attracting a fast growing attention from the
research community as well as from industries to explore
its potentials for new applications. So far the matter has
been the subject of an increasing number of publications,
including a couple of textbooks (Ref 1-7). In contrast to
conventional thermal spraying, deposition in cold spraying
occurs without melting only by the deformation of solid
particles. This can be realized due to high kinetic energies
of the particles upon impact on the substrate (Ref 2, 3,
8-10). Figure 1 shows a sketch of the principle layout
requested for cold spraying. A highly pressurized gas,
typically nitrogen or helium, is preheated and then
expanded in a converging, diverging De Laval type nozzle.
Through a separate gas line, a fluidized powder feedstock
is fed into or upstream of the nozzle. The powder is
accelerated by the gas stream and impacts the substrate
with high velocities. Depending on the choice of process
gas (or gas mixtures) and the spray parameters, impact
velocities between 200 and 1200 m/s can be realized. The

particle temperature upon impact, also, depends on
various factors—such as the gas temperature, nozzle
design, and heat capacity of particles—and can be in the
range between room temperature and 800 �C.

The comparatively low process temperatures, the very
short time scales and the use of more or less inert process
gases make the cold spray process particularly suitable for
applications where it is vital to avoid oxidation and to
retain properties of the powder feedstock in the sprayed
coatings (Ref 11). First industrial applications include, for
instance, deposition of oxygen-free copper coatings where
high electrical and thermal conductivity are critically
required (Ref 12). Avoiding oxidation also diminishes
crack nucleation and is thus beneficial for mechanical
properties. As demonstrated for copper as spray material,
yield strength and elongation to failure of cold-sprayed
coatings can reach values comparable to highly deformed
cold worked bulk material (Ref 13, 14).

In comparison to conventional thermal spraying, cold
spraying has the additional advantage of being relatively
simple to implement. The process control is carried out
mainly through monitoring appropriate adjustment of gas
pressures and temperatures. To optimize the process and
to achieve best coating qualities, however, these parame-
ters have to be finely tuned with respect to the spray
material, powder size range and the nozzle type.

The simplicity of cold spraying also makes it a suitable
subject for modeling. Thus, quite a number of attempts
were made to describe the fluid dynamics of cold spraying
(Ref 4, 9, 10, 15-17). Since the process gas is only elec-
trically preheated, modeling does neither have to account
for combustion, possible reaction products and effects on
attainable temperatures and pressures, like in flame
spraying (FS) and high velocity oxy-fuel flame spraying
(HVOF), nor does it have to consider heat transfer and
expansion of multicomponent gases in electrical dis-
charges, as in plasma spraying (PS). Also, the particles are
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in the solid state and are barely oxidized as they hit the
substrate, so that modeling of particle impact has to deal
only with plastic deformation (Ref 18-21). Moreover,
there are no complex effects due to solidification and
accompanied shrinkage, or due to in-flight and post-
impact oxidation of the spray material.

In summary, impact conditions and particle bonding of
cold spraying can be modeled with quite high precision.
Therefore, modeling can supply detailed information for
process conditions of a particular spray material, i.e. pro-
cess gas pressures and temperatures, and specific powder
sizes and nozzle layouts. All that can be correlated to
experimentally observed coating microstructures and
properties. This comprehensive process analysis allows
for very reliable cold spray design improvements for

commercially available equipment better than has been
available for HVOF spraying or plasma spraying (PS).

The Fluent computational fluid dynamics code was
employed to predict the particle properties, i.e. tempera-
ture and velocity at the point of impact on the substrate
(Ref 22). The subsequent deformation of the particles was
modeled by using the software package ABAQUS
(Ref 23). The results of numerical modeling were assessed
in light of various experiments and were subsequently
summarized—where appropriate—into simple and easy-
to-use explicit formulae. This extensive modeling work
permits to simplify the prediction of the performance of
novel spray materials. Figure 2 illustrates the general
concept of the modeling activities discussed in this paper.

2. Fluid Dynamic Modeling of Cold
Spraying

In order to understand cold spraying and to realize
optimum spray conditions, effects of process parameters
and nozzle designs on particle impact conditions are
needed. Thus, fluid dynamic modeling was employed to
determine gas and particle temperatures and velocities.
The calculations can describe the influences of nozzle
geometry and all significant process parameters like the
process gas, gas temperature and pressure, spray material
type and particle size on particle impact conditions. Typ-
ically, as a first approach, an isentropic, one-dimensional
model is used to calculate the Mach number, the gasFig. 1 Schematic of the cold spray technique

Fig. 2 Concept for the complete description of cold spraying by modeling and subsequent experimental verification. The concept
describes a closed loop from impact conditions defined by fluid dynamics to bonding conditions and expected coating properties. The
feedback by experimental investigations is used to improve impact conditions based on modeling. The divided insets show the modeled
impact of copper on steel in detail, prospective coating formation and microstructural details
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velocity and all other properties of state for each cross
section of the nozzle. In a second step, for such a set of
given gas velocities and temperatures, particle accelera-
tion and heat transfer can be calculated (Ref 9). In the
heat transfer calculations, the thermal conductivity of the
gas is approximated by the polynom from Eckert and
Drake. The heat transfer to the particle is described by the
Ranz-Marschall equation (Ref 9, 24, 25). Under typical
spray conditions using particles with diameters of less than
100 lm, Biot numbers significantly smaller than 0.1 indi-
cate that particle heating is dominated by the heat transfer
to the particle and not the thermal diffusivity inside the
particle (Ref 24, 25). This also demonstrates that the
temperature distribution over the particle radius can be
assumed as homogeneous during fluid dynamic calcula-
tions and for initial conditions in impact calculations
(Ref 21, 25).

These one-dimensional flow calculations can only
describe the gas-dynamic flow within the nozzle, and can
only approximate the flow along the axis of a real three-
dimensional nozzle. More details of particle impact con-
ditions can be supplied by employing a computational
fluid dynamic code like FLUENT (Ref 22). Such finite
volume two-phase flow analyses are used to gain infor-
mation on velocities and temperatures over the whole
cross section of the nozzle, to study the influence of
intermixing with the environmental air in the free jet and
to investigate the effects of the bow shock in front of the
substrate. Results from modeling of fluid dynamics are
crosschecked by experimental analysis of the particle
velocity using a ColdSprayMeter system from TECNAR,
Canada.

Experimental results show that observed particle
velocities correspond quite well with those calculated by
the finite volume method (Fluent), differing only about
±10 m/s. Isentropic calculations neglect the interaction of
the gas and the nozzle walls and in the free jet. For typical
nozzle geometries, as for example trumpet-shaped nozzles
(nozzle 2: Papyrin) or bell-shaped nozzles (nozzle 24:
Stoltenhoff, MOC) and similar and for typical spray dis-
tances of 20 to 60 mm, the isentropic calculations over-
estimate the particle velocities by 5-10%. Reference
values were calculated by using FLUENT and verified by
velocity measurements. Thus, under these conditions,
general trends can be easily derived from isentropic, one-
dimensional calculations. In case of nozzle concepts or
spray conditions, which (i) are less adiabatic, (ii) cause
thicker boundary layers, (iii) cause shocks inside or out-
side the nozzle and (iv) generate substantially disturbed
free jets (intermixing with the environmental atmosphere
or formation of bow shocks), isentropic calculations will
not provide reliable data anymore.

A further source of error in calculating impact condi-
tions could be given by the interaction of the injected
particles with the super sonic jet. Under typical spray
conditions, the volume ratio of powder in the gas stream is
below 0.01% corresponding to a mass flow ratio of far less
than 10%. For a mass flow ratio of around 10%, velocity
measurements confirmed that particle velocities are
decreased by about 5%. From the small volume ratio, it

can be concluded that particle-particle interactions are
quite rare. Nevertheless, within the overall quite high
number of traveling particles (several millions per
second) some might show particle-particle or particle-wall
interaction.

Apart from supplying a description of particle impact
conditions, fluid dynamics can also be used to design
nozzle geometries for optimum particle acceleration.
Employing the so-called method of characteristics resulted
in bell-shape nozzle contours, similar to that of rocket
engines (Ref 24, 26). With this procedure, nozzles were
developed that guarantee optimum and more homoge-
neous acceleration, avoid turbulences and thus energy
losses inside the nozzle and even could reduce interactions
with the environmental air by adjusting the exit pressure
to the environmental pressure. In Fig. 3, the flow contours
of a trumped-shaped nozzle (type 2: Papyrin) (Ref 2, 27)
as used in early times of cold spraying, are compared to
that obtained with an optimized design for the use of
nitrogen as process gas to accelerate copper particles or

Fig. 3 Velocity contours of the free gas jets at exits of (a) a
trumpet-shape nozzle and (b) a bell-shaped optimized nozzle
design for nitrogen as process gas at a gas inlet pressure of 30
bars and a gas temperature of 320 �C (Fluent simulation)
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spray material of similar density (type 24: Stoltenhoff,
MOC). With radial symmetry, the trumpet-like shape
nozzle has a width of smallest cross section of 2.7 mm, a
length of the diverging section of 70 mm and an expansion
ratio of 8.8. The overall gas consumption depends on
process gas pressure, process temperature and mainly the
width of the smallest cross section in the nozzle. In order
to keep gas consumption of nitrogen below 100 m3/h, the
smallest cross section is kept at 2.7 mm. For cold spraying
copper and other feedstock powders of similar density
with nitrogen as process gas, the bell-shape nozzle
designed by the method of characteristics has a length of
130 mm of the diverging cross section and an expansion
ratio of 5.8 (Ref 24, 26). The velocity contours demon-
strate that the velocity distribution at the exit of the
‘‘MOC’’ nozzle is significantly more homogenous than
that of the ‘‘trumpet shaped’’ nozzle. Moreover, the par-
allel gas stream of the bell-shape nozzle reduces inter-
mixing with the surrounding atmosphere in the free jet,
indicated by shock diamonds being less prominent. Both
the more homogeneous velocity distribution and the
higher gas velocities in the free jet contribute to more
efficient particle acceleration. It should be noted that
other spray materials and the use of other process gases
like helium or process gas mixtures request other nozzle
layouts. According to that the most influential parameter
is the choice of process gas, resulting in different, optimum
expansion ratios (Ref 24, 26).

Figure 4 shows the corresponding velocities for copper
particles of different sizes for using nitrogen as process
with a gas inlet pressure of 30 bars and gas temperature of
320 �C. The comparison demonstrates that the bell-shaped
nozzle geometry supplies significantly higher particle
velocities than the trumpet-shaped nozzle. Using the bell-
shaped geometry, a copper particle with a diameter of
25 lm will have an impact velocity of 525 m/s, 75 m/s
faster than by using the trumpet-shaped nozzle. Apart
from these findings, the calculated particle velocities also
demonstrate that some particle acceleration also occurs in
the free jet. Moreover, the calculations show the decel-
eration of small particle in the bow shock in front of the
substrate. Particles with sizes smaller than 5 lm will follow
the gas stream like finest dust and either not impact on the
substrate at all or are too slow for bonding.

The process gas achieves sound velocity in the smallest
cross section of the nozzle. Since the velocity of sound is
dependent on the gas temperature, raising the tempera-
ture would increase attainable gas and thus particle
velocities. In addition, the higher gas temperatures will
also result in higher particle impact temperatures. Based
on less time consuming one-dimensional isentropic cal-
culations, Fig. 5 shows the development of particle
velocities and temperatures with increasing process gas
temperatures for the example of the above-described bell-
shaped nozzle geometry and nitrogen as process gas. At a
process gas pressure of 30 bars, increasing the gas inlet
temperature from 300 to 900 �C will raise the velocity of a
copper particle 25 lm in size from 490 m/s to about
620 m/s (Ref 25). The particle temperature will be
increased from about 70 �C to about 330 �C. The

calculations also show the influence of the process gas
pressure on particle velocities and temperatures. A higher
gas pressure corresponds to a higher gas density and thus
could guarantee more effective particle acceleration.
Increasing the pressure from 30 to 40 bars at a process gas
temperature of 900 �C will increase the velocity of a
copper particle (25 lm in size) up to about 670 m/s. Under
the so far assumed set-up, the particle temperature is only
slightly affected by the gas pressure.

The bonding condition of an impacting particle is
described by the overall particle energy. Thus, the influ-
ence of the particle temperature on the bonding must be
evaluated (Ref 28-30). In cold spraying, particles heat up
before the smallest cross section and cool down in the
diverging section of the de Laval type nozzle. Thus, indi-
vidual particle impact temperatures depend on the ther-
mal history and on the thermal inertia of spray particles.
As a result of isentropic modeling, Fig. 6(a) shows
attainable gas and particle temperatures along the nozzle
axis of a MOC nozzle with nitrogen as process gas
(pgas = 40 bars, Tgas = 900 �C). Particles with a diameter of
5 lm, injected 20 mm upstream of the smallest nozzle
cross section, attain nearly the gas temperature passing the
smallest cross section. But due to their small size and low
thermal inertia, they also cool down to temperatures of
about 190 �C, only 100 �C above process gas temperatures

Fig. 4 Velocities of copper particles of different sizes along the
nozzle axis and the free jet to the substrate; the calculations were
performed for nitrogen as process gas at a gas inlet pressure of
30 bars and a gas temperature of 320 �C (Fluent simulation):
(a) trumpet-shaped nozzle, (b) bell-shaped nozzle. X* and XE

indicate the smallest cross sections and the nozzle exit (particles
are injected 20 mm upstream of the smallest nozzle cross section)
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during their flight through the diverging section of the
nozzle. Bigger particles of 50 lm in size are only slightly
heated to about 380 �C before they pass the smallest cross
section. Nevertheless, their thermal inertia is sufficiently
high to leave the nozzle with a temperature of about
330 �C. Thus, it can be concluded that particle pre-heating
can be beneficial for increasing particle impact tempera-
tures and will be more effective for particles of larger size.
Particle pre-heating can also be realized by direct heating
of the fluidized powder feedstock gas line (Ref 29).
Another option is to increase the residence time of par-
ticles in the hot gas stream upstream of the smallest cross
section of the nozzle (Ref 14, 25, 28). As shown in
Fig. 6(b), injecting copper particles with a size of 50 lm at
a distance of 135 mm upstream of the smallest cross sec-
tion is sufficient for heating the particles almost to the
process gas temperature. In the divergent section of the
nozzle, particles with sufficient thermal inertia are only
cooled down to a temperature of about 600 �C. Temper-
atures of different size particles injected 135 and 20 mm
upstream of the smallest cross section are illustrated in
Fig. 7 with nitrogen as process gas (pgas = 40 bars, Tgas =
900 �C). From the diagram it can be concluded that cop-
per particles with sizes between 50 and 70 lm retain
highest temperatures upon impact.

In conclusion, for cold spraying, fluid dynamics can
supply information on the most influential parameters for
particle impact conditions, such as particle impact veloci-
ties and temperatures. This knowledge is advantageous to
request specific powder size fraction distribution for cer-
tain coating tasks. The consequences for particle bonding
and coating properties are discussed in the following
sections.

3. Particle Bonding

The most important criterion in cold spray is that mate-
rial deposition takes place only if the impact velocity of the

Fig. 5 Calculated copper particle impact velocities (a) and temperatures (b) for different temperatures and pressures of nitrogen as
process gas (MOC—nozzle, particle injection 20 mm upstream of the smallest nozzle cross section, isentropic calculations)

Fig. 6 Calculated copper particle temperatures during their
flight though the nozzle (MOC—nozzle, nitrogen as process gas,
Tgas = 900 �C, pgas = 40 bar, isentropic calculation). (a) The tem-
peratures of copper particles with sizes of 5 and 50 lm for par-
ticle injection 20 mm upstream of the smallest nozzle cross
section. (b) The temperature of a copper particle with a size of
50 lm for a particle injected 135 mm upstream of the smallest
nozzle cross section

798—Volume 18(5-6) Mid-December 2009 Journal of Thermal Spray Technology

P
e
e
r

R
e
v
ie

w
e
d



particles on the substrate exceeds a certain material depen-
dent value—the so-called critical velocity. Figure 8 sche-
matically shows the materials deposition efficiency (DE)

as a function of impact velocity for a certain impact tem-
perature. In case of a material with an ideal ductility at a
certain velocity depositions starts to occur. A further in-
crease of velocity leads to a steep increase in DE, finally
leveling off in saturation close to 100%. At 50% DE, the
critical velocity is defined (vertical green line in Fig. 8). In
the region where the DE reaches saturation, optimum
coating conditions can be expected. After reaching the
saturation limit, the DE decreases with further increase in
particle velocity due because of erosive effects due to
hydrodynamic penetration of the substrate by the particles.
This phenomenon is known from large-scale impact
dynamics and can also be applied to cold spraying (Ref 21).
Cross sections of large-scale impacts (20 mm Cu balls on
steel substrates) are shown to elucidate the respective
phenomena. At the velocity where the deposition changes
to erosion (0% DE), the erosion velocity is defined. For
most materials this velocity is two or three times higher than
the critical velocity. Brittle materials like ceramics would
cause erosion for any velocity at temperatures below their
melting temperature.

The critical particle velocity for bonding, vcrit, depends
on various factors, but most prominently on the properties
of the spray material. Table 1 shows the experimentally
evaluated values of critical velocity for various metallic
materials. Note that the critical velocity does not correlate

Fig. 7 Calculated copper particle impact temperatures of
different particle sizes for particle injection 20 mm and 135
upstream of the smallest cross section (MOC—nozzle, nitrogen
as process gas, Tgas = 900 �C, pgas = 40 bar, isentropic calculation)

Fig. 8 Schematic correlation between particle velocity, deposition efficiency (DE) and impact effects for a constant impact temperature.
Deposition is only observed for ductile materials in a certain velocity range for a given powder size and temperature, the so-called
‘‘window of deposition’’
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with the melting temperature alone—compare, for
instance, aluminum with tantalum.

The correlation between material properties and the
critical velocity is rather an outcome of the interplay
between the kinetic energy, the material strength, and the
heat generation due to plastic deformation. Based on a
detailed analysis of this interplay (Ref 21), the critical
velocity can be expressed as a function of material prop-
erties and the materials temperature just before impact

vcrit ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ar=qþ BcpðTm � TÞ
q

ðEq 1Þ

where r is the temperature-dependent flow stress, q is the
density, cp is the heat capacity, Tm is the melting tem-
perature, T is the mean temperature of particles upon
impact, and A and B are fitting constants. This simple
equation assumes same material and same material tem-
perature for spray material and substrate. The best cor-
relation with the experimental data is obtained when A = 4
and B = 0.25. The temperature-dependent flow stress can
approximately be calculated by Eq 2, where TR is the
temperature at which the ultimate strength was deter-
mined (usually 20 �C). The equation assumes a linear
softening of the material toward the melting temperature,
which in context with Eq 1 gives a strong temperature
dependence of the critical velocity.

r ¼ rultimate 1� T � TR

Tm � TR

� �

ðEq 2Þ

With respect to the approximation of the critical velocity
with Eq 1, it must be noted that mechanical properties of
powders could differ from that of bulk material. For a
more precise prediction of requested spray conditions for
bonding, mechanical properties of the spray powder must
be determined. Hardness measurements at powder cross
sections offer one possible option to get a more reliable
forecast of the critical velocity.

It is also interesting to note that the kinetic energy
corresponding to the critical velocity for bonding is much
below that required for heating and complete melting of
the particle due to plastic dissipation. The latter velocity,
vm, can be worked out by considering the following simple
energy-balance relationship.

cpðTm � TÞ þ L ¼ 1

2
v2
m ðEq 3Þ

in which L is the latent heat of fusion. As shown in Fig. 9,
the critical velocity is approximately half of the velocity

required to cause complete melting of the particle under
the assumption of T = 25 �C as impact temperature. This
means that the kinetic energy required for bonding is not
nearly sufficient for melting of an impinging particle.

A few questions naturally arise with respect to the
above observations: What exactly happens at or beyond
the critical velocity, particularly near the interacting sur-
faces? What is the nature of the phenomena that lead to
bonding? Where exactly does the bonding initiate, and
how does the bonded area develop, e.g. with increasing
the kinetic energy? Does melting play a key role in par-
ticle deposition?

In order to obtain an insight into the mechanism of
bonding, the impact of particles has been modeled by
using the finite element program ABAQUS/Explicit
(Ref 23). Details of the modeling procedure have been
explained elsewhere (Ref 19, 21). The model takes into
account the effects of strain, strain rate and temperature
on the flow stress of the material. Although initial studies
assumed adiabatic heating, more recent analysis included
diffusive heat conduction, which is necessary when
exploring the effect of the particle size on critical velocity
and bonding. For most cases of analysis, axisymmetric
models were used to simulate perpendicular impacts of
copper particles on copper substrates, as shown in Fig. 10.

Table 1 Values of critical velocity for bonding assuming
a particle size of 20 lm

Material Melting point, �C Critical velocity, m/s

Aluminium 660 620-660
Titanium 1670 700-890
Tin 232 160-180
Zinc 420 360-380
Stainless steel (316L) 1400 700-750
Copper 1084 460-500
Nickel 1455 610-680
Tantalum 2996 490-650

Fig. 9 Correlation between the critical velocity of bonding and
that required for complete melting of a particle

Fig. 10 Axisymmetric model of particle impact, showing (a) the
initial mesh, and the monitored element set (dark ribbon) in the
(b) un-deformed and (c) deformed states
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A common feature in all simulations is that there is
markedly inhomogeneous deformation of particles and
localized heating of the interacting surfaces as a result of
impact. The temperature change at the contact surface of
particles is shown in Fig. 11 and 12. As shown in the
Fig. 12, for sufficiently large particles, there is a sudden
temperature rise in the monitored element set (marked in
Fig. 10) when the impact velocity is beyond 400 m/s. This
temperature rise is an indication of the shear instability,
which causes extensive flow of material at the corre-
sponding surfaces. Here the important finding is that the
estimated impact velocity to induce shear instability
compares fairly well with the experimentally determined
critical velocity of copper. This means that, as in the case

of explosive welding of materials, bonding in cold spray is
a result of the shear instability at the interacting surfaces.

Figure 13 summarizes impact calculations performed
for 5, 15, 25, 50 and 150 lm Cu particles, where the impact
velocity was varied in 50 m/s steps from 300 to 600 m/s.
The initial temperature of particles and the substrate
material was constant at 20 �C. This diagram shows the
maximum interface temperature (compare Fig. 12) of the
monitored element set (compare Fig. 10) as a function of
the impact temperature for the different particle sizes. The
more or less steep rise in interface temperature indicates
the occurrence of shear instabilities. Assuming that
bonding needs a minimum interface temperature of 60%
of the melting temperature in K, for the different particle

Fig. 11 Single sequences of an impact of a 25 lm Cu particle to a Cu substrate with 500 m/s at an initial temperature of 20 �C. (a, b)
Strain field and (c, d) temperature field. For the analysis a thermally coupled axisymmetric model was used

Fig. 12 Temporal evolution of the temperature at the monitored element set (dark ribbon in Fig. 10) for different velocities and particle
sizes of (a) 5 lm and (b) 25 lm
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sizes different critical velocities can be determined, indi-
cated by the vertical arrows toward velocity axis. The
critical velocities determined in this way are plotted in
Fig. 14.

The results of modeling illustrate the effect of particle
size on the deformation scenario and are in consistence
with the experimental data. Consequently, better inter-
particle bonding is achieved and expressed by higher
cohesive strength of the coatings with increasing particle
size. As a rough approximation based on simulation and
experimental results, the critical velocity of Cu can be
given as a function of impact temperature Tp and particle
diameter dp:

vcrit dp;Tp

� �

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

657000� 600 � Tp

p

d0:18
p

ðEq 4Þ

The modeling work has been complemented by experi-
mental studies of the interaction of the individual particles

with the substrate. Single impacts during spray experi-
ments can be produced by the so-called wipe tests, in
which a polished substrate is moved rapidly through the
spray jet. Subsequently, SEM can be used to investigate
the morphology of particle/substrate interactions. The
wipe test also allows investigation of angular impacts—
produced by tilting the substrate to a desired angle.
Figure 15 shows SEM micrographs corresponding to these
tests, as obtained for two different spraying angles. The
top-left micrograph shows a back-scattered electron image
of a crater created on a steel substrate, as a result of a
perpendicular impact of a copper particle. The particle has
evidently bounced back or detached from the substrate
after impact, possibly because of the spring-back forces, or
because of being eroded away by the impact of subsequent
particles. The arrows point to traces of copper that are left
at the rim of the crater, here denoted by a dashed circle.
These traces show that partial bonding of the particle had
occurred during the impact, but presumably the fraction of
bonded area was too small to withstand the back-spring
tensile forces. Such traces of copper at the rim of some of
the craters also show clearly that bonding of particles to
the substrate occurs initially at the edge of the contact
surfaces. This result is in a remarkable agreement with the
results of modeling, with respect to the mechanism of
bonding as well as the location of shear instability (Fig. 15,
top-right inset). The bottom-left micrograph gives a dif-
ferent account of particle/substrate interaction, for a case
where the impact has not been perpendicular. In an
angular impact, an additional temperature rise can occur
at the interface due to frictional dissipation, which could
facilitate the occurrence of shear instability. The frictional
dissipation can additionally shift the location of shear
instability toward the ‘‘south pole’’ of the particle. This
effect would obviously be more prominent for impacts
with smaller angles, i.e. those farther away from perpen-
dicular conditions. However, the tangential component of
the momentum of the particle in an angular impact creates
a tensile force at the interface, which could be large
enough to detach the particle from the substrate. As
shown in the bottom-right inset, the location of shear
instability in an angular impact can also be illustrated by
modeling.

4. Prediction of Coating Properties

The previous sections focused on the bonding mecha-
nisms upon impact and the dependence of impact
parameters on process parameters. This section concen-
trates on the influence of the impact conditions on coating
properties. Respective fluid dynamics calculations and
impact simulations will be correlated to experimental
results for particular powder feedstock characteristics.

The impact simulations presented in the previous sec-
tion can be extended to predict microstructures of a
coating, as shown in Fig. 16 for different materials.
Depending on the process parameters and material
properties, different degrees of deformation and resulting

Fig. 13 Maximum interface temperature (compare Fig. 11) at
the monitored element (compare Fig. 10) set as a function of
impact temperature, plotted for different particle sizes

Fig. 14 Critical velocities of copper particles as a function of
their diameter. The results from modelling and experiments
originate from investigating (modelling, experiments) batches of
different powder sizes. All results are standardized for an impact
at room temperature
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porosities can be predicted. However, even more impor-
tant is the prediction of mechanical properties of the
coatings based on the respective extent of plastic defor-
mation and occurring shear instabilities.

To highlight differences in attainable microstructures
and mechanical properties, this study focuses in detail on
three process parameter settings. These settings can be
attributed to distinct development steps (2, 5* and 5) in
cold spraying, which are shown in Table 2. Table 2 also

contains experimentally obtained key data of coating
properties, sprayed with the listed nozzle, gas, and
upstream gas conditions. The first setting is the previous
standard parameter for cold spraying of copper with a
MOC nozzle, as implemented in 2003 (development step
2) and serves as a reference. The second parameter setting
represents the optimized condition for cold spraying of
copper, by using the ‘‘Activejet’’ spray gun together with a
MOC nozzle and nitrogen at 30 bars and 800 �C as process

Fig. 15 Location of shear instability in perpendicular and angular impacts

Fig. 16 2D simulation of a multi impact scenario calculated for different material combinations under identical impact conditions. The
initial impact temperature was set to 20 �C and particle impact velocities ranged between 400 and 650 m/s depending on particle
diameters. Particle sizes were varied in range between 8 and 50 lm. (a) Cu on steel 316L, (b) steel 316L on steel 316L, and (c) Ti-6Al-4V
on steel 316L
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gas (development step 5*, between 4 and 5). The particles
of the �38 + 16 lm Cu powder are injected 135 mm
upstream of the nozzle throat. The third parameter setting
represents the maximum available process conditions for
the spray gun Kinetiks 4000 (development step 5) at 40
bars nitrogen pressure and a temperature of 900 �C,
enabling the use of a very coarse size distribution
(�75 + 25 lm). The powder was injected 135 mm
upstream of the nozzle throat.

All particle velocities and particle temperatures used in
this study are determined by gas dynamic calculations.

The gas expansion in the nozzle is assumed to be isen-
tropic in these calculations. The effect of the free jet,
including the bow shock in front of the substrate on the
impact conditions of the particles is implemented by a
simple but realistic approximation.

The calculated critical velocities and calculated particle
impact velocities of the three chosen parameter settings
(development step 2, 5* and 5) are shown in Fig. 17(a)-(c).
For the calculation of the critical velocity, the particle
impact temperature was considered, which depends on
the particle size and spraying parameters. Comparing

Table 2 Development steps in cold spraying with corresponding spray parameter sets and experimentally determined
properties of respective coatings

Year Step Step description

2001 1 Trumpet-shaped steel nozzle, N2 30 bar 300 �C, injection 25 mm upstream throat
Cu �25 + 5: DE ~ 60%, TCT strength ~50 MPa, electrical conductivity up to 55%

2003 2 MOC (bell-shaped) steel nozzle, N2 30 bar 300 �C, injection 25 mm upstream throat
Cu �25 + 5: DE ~ 80%, TCT strength ~60 MPa, electrical conductivity up to 60%

2004 3 MOC (bell-shaped) WC-Co nozzle, N2 30 bar 600 �C, injection 25 mm upstream throat
Cu �38 + 11: DE > 95%, TCT strength ~110 MPa, electrical conductivity up to 75%

2006 4 MOC (bell-shaped) WC-Co nozzle, N2 30 bar 600 �C, injection 135 mm upstream throat
Cu �38 + 16: DE > 95%, TCT strength ~160 MPa, electrical conductivity up to 80%

2006 5* MOC (bell-shaped) WC-Co nozzle, new gun, N2 30 bar 800 �C, injection 135 mm upstream throat
Cu �38 + 16: DE > 95%, TCT strength ~250 MPa, electrical conductivity up to 90%

2006 5 MOC (bell-shaped) WC-Co nozzle, new gun, N2 40 bar 900 �C, injection 135 mm upstream throat
Cu �75 + 25: DE > 95%, TCT strength ~300 MPa, electrical conductivity up to 95%

The term ‘‘new gun’’ denotes the in-house development of the spray configuration allowing higher process temperatures by an additional filament
heater. The coatings strengths according the mentioned TCT—data must multiplied with a factor of 1.5 to correlate with tensile strengths. It
should be noted that the electrical conductivity strongly depends on the chemical composition of the powder; see *. The electrical conductivity
refers to the IACS standard, which is set to 100%

Fig. 17 (a-c) Impact and critical velocities (including the effect of impact temperature) as a function of particle diameter calculated for
the used process conditions. The used size distribution is marked in each diagram. For the high end parameter settings 5* and 5, the
impact velocity is exceeding the critical velocity by more than 200 m/s (vertical arrow). The experimentally determined deposition
efficiency DE is also shown in the diagram. (d-f) Etched coating microstructures and experimentally determined mechanical properties
for parameter sets (a-c)
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Fig. 17(a), (b) and (c) for respective size distributions, the
significant larger range between the impact velocity and
the critical velocity demonstrates that significantly better
coating qualities should be obtained under enhanced
process conditions, according to step 5* and 5 in Fig. 17(b)
and (c). Experimental results on coating microstructures
and properties confirm the results from modeling.
Figure 17(d)-(f) shows the etched cross sections of copper
coatings obtained by the three parameter settings and as
inserts experimentally observed coating properties. The
etched microstructure of the coating sprayed under the
development step 2 conditions (Fig. 17d) is dense, but
shows that particle-particle interfaces are more revealed
by etching than those of the coatings sprayed under
development step 5* conditions (Fig. 17e) and under
development step 5 conditions (Fig. 17f). Under step 5*
and step 5 conditions, most particle-particle boundaries
show a similar contrast as the normal grain boundaries,
indicating similar chemical stabilities and tight bonds.

Even at the parameter settings working with higher gas
temperatures, the oxygen content of the coatings was very
low (0.03-0.05 wt.%). The electrical conductivity of the
coatings in the as-sprayed condition was increased from
60% for the step 2 condition to almost 80% in the step 5*
condition, taking annealed bulk copper as a reference
(IACS value is 100%) (Ref 14). In the case of very pure
powder, even 90% of the IACS value in the as-sprayed
state and 95% in the annealed condition can be reached.
Under step 2 condition, a coating hardness of 155 HV0.3
was obtained, whereas under step 5* conditions the coat-
ing reached 137 HV0.3 and under step 5 conditions 125
HV0.3. The lower hardness can be explained due to the
thermal treatment of the coating by the hot gas stream as
well as by the higher particle impact temperature and the
lower particle impact velocity of the coarser particles.

So far, a range of maximum changes was described by
comparing sets of development step 2, 5* and 5 conditions.
Experimental results of gradual changes between these fix
points are illustrated in Fig. 18 to highlight the develop-
ment of the mechanical strength (Fig. 18a) and the
deposition efficiency DE (Fig. 18b) as a function of the
process gas temperature. The �38 + 16 lm sized Cu
powder was used as the spray material and nitrogen at 30
bars as the process gas. In one set of experiments, at a gas
temperature up to 600 �C, the spray particles were
injected 20 mm upstream of the nozzle throat (old stan-
dard conditions), and in the other set of experiments, at a
gas temperature of 600 �C and higher, they were injected
135 mm upstream of the nozzle throat.

The comparison of Fig. 18(a) and (b) demonstrates that
first the DE improves steeply with increasing process gas
temperature. The mechanical strength of the coatings is
only slightly increased until the DE reaches a saturation
limit. In this parameter range, the coating strength is
dominated by the increasing number of particles that just
start to stick. Thus, the fraction of well bonded areas does
not increase significantly. After reaching the saturation
limit of the DE, the mechanical coating strength
rises steeply. Same concepts apply to increasing the
impact velocities above critical limits, as shown in

Fig. 19(a) and (b). In parameter ranges above critical
limits, every increase in particle impact velocity or particle
impact temperature results in a significant increase of the
metallurgically bonded areas as indicated in Fig. 20. For a
certain spray material, here copper, the window of depo-
sition is defining a parameter range in the temperature-
velocity field, which must be met fairly above the critical
limit for bonding. The individual process parameters to
meet the requested particle impact conditions are supplied
by fluid dynamics.

Figure 21 shows a field of possible hardness and ulti-
mate strength combinations for pure copper coatings (gray

Fig. 18 (a) Coating strength (TCT tests) and (b) DE as a
function of the process gas temperature (nitrogen, 30 bars;
�38 + 16 lm Cu powder from BSA (Ecka) as feedstock). At a gas
temperature of 600 �C, the injection point was changed from 20
to 135 mm in front of the nozzle throat. For parameter sets refer
to Table 2. As compared to the standard injection, an early
particle injection leads to a jump in the coating strength at a gas
temperature of 600 �C, indicating that the particle impact tem-
perature strongly influences particle bonding

Fig. 19 (a) Coating strength (TCT tests) and (b) DE as a
function of the impact velocity
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area, surrounded by broken and bold black lines). The
bold black line represents the linear connection between
hardness and ultimate strength for bulk copper. Coating
properties very often differ from this linear connection
(Ref 13, 14). The way of differing is characteristic for the
spray process and the spray conditions. In Fig. 21, the
different coating conditions discussed in this study (dark
circles with numbers, compare Table 2) are marked.

The hardness of cold sprayed coatings in the as-sprayed
state in general is very close to the hardness of highly
deformed bulk material (maximum work hardening). Only
at the upper limit of spray conditions and using coarse
particles the hardness is significantly reduced. However,
the amount of bonded interfaces can vary in the range of

15 to 95%. Under conditions spraying with helium as
process gas, but also under development step 5 conditions
for spraying with nitrogen, the coating properties are very
close to those of cold worked bulk material properties.
Generally, annealing of the coatings can increase the
amount of bonded interfaces, as demonstrated for the
development step 2 coating, but such coating will never
reach the properties of bulk copper (see condition 2HT),
always leaving crack nucleation sites. By spraying with
nitrogen as process gas, such bulk-like properties were
only achieved by coatings of development step 5 (see
condition 5HT).

The results demonstrate that the computation of
impact conditions and critical velocities for a particular
powder feedstock is the basis of optimizing coating
properties. This can be understood on the basis of impact
simulations, where excess kinetic energy yields larger
fractions of bonded interfaces.

Moreover, the results of this study prove that the
generalized parameter window for cold spray deposition
in conjunction with the present optimization strategy are
powerful tools for further process developments in cold
spraying. This knowledge can also be transferred to other
ductile spray materials. Figure 22 shows the respective
windows of deposition for a range of different materials
with a particle size of 25 lm and for an impact tempera-
ture of 20 �C, calculated with Eq 1. The marked area
indicates the velocity range that is typically accessible
using commercial cold spray equipment. While for some
materials ideal conditions can easily be met, for others the
critical velocity can barely be reached. In the latter cases,
the windows of deposition may be shifted toward lower
velocities, if the impact temperature is increased and thus
the respective flow stress is decreased.

5. Conclusions

Comprehensive analyses of cold spraying were per-
formed with computational methods to evaluate the

Fig. 20 Window of deposition as function of particle tempera-
ture and velocity. Particular impact conditions for copper are also
indicated according to process parameters as listed in Table 2

Fig. 21 Hardness vs. ultimate strength for copper bulk material
(bold black line) and cold sprayed copper coatings (gray area).
Horizontal broken lines indicate minimum and maximum hard-
ness. Diagonal dotted lines correspond to the amount of bonded
interface for coatings. The dark circles indicate the properties of
the coatings sprayed under the different development steps in
as-sprayed and annealed state

Fig. 22 Calculated critical velocities and windows of deposition
for selected metals. The calculations are performed for an impact
temperature of 20 �C
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bonding mechanisms of the particles on the substrate and
to predict the particle temperatures and velocities at the
time of impact on the substrate as a function of gas tem-
perature, pressure and nozzle design. Substrate and pow-
der materials and powder feedstock characteristics like
size distribution and morphology are additional important
parameters and were considered in the modeling and
design of cold spraying.

Fluid dynamics calculations yield data for acceleration
and heating of different powder feedstock under given
process parameters. These data are the basis for further
simulations of the impact phenomena, which elucidate the
bonding process and coating formation. The simulations
show that bonding is due to strong plastic shear defor-
mation at the interfaces between particle and substrate
upon impact. Deformation takes place within 50 ns, so
that the produced heat cannot be dissipated, leading to
highly localized adiabatic shear instabilities. Temperatures
in the interface area can be close to the melting point and
facilitate bonding. The respective results can be used to
predict optimum conditions for bonding. A respective
range of impact velocities, the so-called ‘‘window
of deposition’’, at a certain initial impact temperature is
defined. A distinct excess kinetic energy above the mini-
mum required critical velocity will yield a maximum
fraction of bonded interfaces, resulting in maximum
strength of the coatings. Moreover, modeling and experi-
ments demonstrate that exceeding critical conditions for
bonding can be substantially supported by thermal heat,
means higher process gas temperatures. Vice versa, this
comprehensive process analysis opens the opportunity to
determine optimum coating conditions and give strategic
hints for a systematic optimization of the process equip-
ment, including process parameters and nozzle geometry
as well as suitable gases or gas mixtures.

Thus, computational process analysis is a powerful tool
to attain best coating qualities and to exploit the full
potential of cold spraying for the development of new
applications.
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