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This article represents an effort to systematize an understanding of the cold-spray process and the suitability
of materials for such a process. The evaluation is based on a brief analysis of the powder particle impact and
literature research concerning shock-compression phenomena in matter and related physical effects, such as
impact heating and dynamic yielding. The finite-element modeling (FEM) allows the estimation of the maxi-
mum impact pressures, the deformation rates, and the deformation kinetics during impact. The calculations
can be verified experimentally and are supported by the published data. From a brief analysis of the equa-
tions of state applied to shock compression, key material parameters are derived and investigated. A param-
eterization of physical properties and correlation with the crystal types endeavors to provide a qualitative
ranking of material suitability.
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1. Introduction

Kinetic compaction encountered in the cold-spray process is
characterized by the solid-state, high-velocity impact of powder
particles onto the substrate, leading to high-pressure loading of
the powder feedstock and substrate. It is generally accepted that
the material sprayed must feature a minimum ductility to allow
for clamping, shearing of the particle surfaces, and cold welding.
Melting could be detected for some materials such as Ti-6A1-4V
alloy (Ref 1), but for other metallic materials high deformation
and shear phenomenon were observed and documented. So far,
no general rule could be applied to determine whether a material
can be processed by means of the cold-spray process, although
the concept of evaluating materials by the critical velocity nec-
essary for their deposition is well accepted to explain bonding
and jetting phenomena (Ref 2-5).

According to the shock theory of impact dynamics, a pres-
sure shock during impact and the resulting plastic shock wave
will lead to substantial deformation of the particle during im-
pact. By means of the equations of state, the maximum impact
pressures can be estimated, showing that for a velocity regimen
well above 1000 m/s, peak shock pressures of 40 to 50 GPa are
possible for iron- and copper-base materials.

Due to the nature of the impact kinetics, the pressure rise and
drop is rapid, as finite-element modeling (FEM) simulations

confirm. Data published for the dynamic compaction of powder
show that the pressure rise time is a key variable for good bond-
ing between powder particles (Ref 6, 7). Depending on the plas-
tic behavior and specific dynamic yield strength of the material
sprayed, elastic load relief will take place below a critical pres-
sure, possibly leading to debonding if a good cold weld is not
developed.

The deformation kinetics are determined by the material
properties, mainly the crystal and grain structure, as well as by
the type of bonding within the material. The Grüneisen param-
eter is key in the calculation of shock pressure and dynamic
yielding and combines the mechanical as well as thermody-
namic properties of a material. This article discusses the prop-
erties of metals and ceramics to give a rating for their cold-spray
suitability. The results can be confirmed empirically through the
experiments performed and data published so far, demonstrating
that feedstock properties are the key variables in the cold-spray
process.

This article does not discuss the interaction between the par-
ticle and the substrate in detail. The analysis is concentrated on
the properties of the material sprayed, but the influence of the
particle-substrate interaction has to be acknowledged for the ini-
tial phase of deposition (Ref 3, 8). Nevertheless, coating buildup
in the cold-spray process will be governed mainly by the mate-
rial sprayed, because it is deposited layer by layer. It also has to
be remarked that the results are presented under the assumption
of continuum mechanics even though anisotropic effects might
need to be considered as investigations (Ref 3) indicate.

2. High-Velocity Impact

The principle underlying the cold-spray process is to accel-
erate powder particles in a supersonic gas jet onto a substrate to
generate a coating solely through the shear and cold-welding
processes that occur between the particles or particles and the
substrate upon impact with typical velocities above 700 m/s.
Since the first publications by McCune et al. (Ref 2) and Alki-
mov et al. (Ref 9), the process technology has been described
often and is not explained further here. The high-velocity
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impact of powder particles in the solid state was simulated nu-
merous times to examine the marginal conditions of the cold-
spray process more closely (Ref 3, 5, 10, 11). Jetting phenomena
could be detected for numerous particles and different materials,
although melting could only be documented in rare cases, such
as that for Ti-6Al-4V alloy at the bonding interface of particles at
the pressed-out material jet (Ref 1). Jetting can be related to the
shock propagation in the particle (Ref 12) and, consequently, to
the velocity of the particle at impact (Ref 5).

The deformation kinetics and the dependence of the impact
pressure in terms of time in the cold-spray process were simulated
by means of the explicitly dynamic FEM Code LS-DYNA3D
(LSTC = Livermore Software Technology Corp., Livermore, CA)
for 316L material. Here, for both the particle and substrate material,
a strain-rate-dependent and temperature-dependent material model
for the 316L alloy modified according to Zerilli-Amstrong (LS-
DYNA3D, Standard Material Model 65) was used (Ref 13). In the
simulation, due to the brevity of the deformation process (<10−4

ms) adiabatic deformation was assumed, and it was presumed that
90% of the plastic work was converted into a temperature increase.
The modeling is not a coupled thermal/mechanical analysis.

In the simulation, the marginal conditions were reduced to
the two-dimensional model of a hemisphere, which is permis-
sible in view of the rotationally symmetric deformation of the
spherical particle. The diameter dP of the particle is 20 µm. The
substrate material is modeled as a cylinder having a diameter of
3 × dP and a height of 5 × dP. The network was generated corre-
spondingly and was refined in areas with a high deformation.

The simulation yields the equivalent total strain eV, and the
stresses occurring in x, y, and z direction. The analysis of the
equivalent total strain in the particle and in the substrate as the
particle velocity increases has already been described elsewhere
(Ref 1, 11). The results show that, as the particle velocity in-
creases, the deformation of the particle increases and the sub-
strate is penetrated to a greater extent.

The contact pressure occurring in the impact direction (y-
direction) as a result of the impact depends directly on the par-
ticle velocity. The pressure is greatest in the first phase of the
impact. Shortly after the first contact at time tS = 4.9 × 10−6 ms,
a maximum pressure of >13 GPa can be calculated for an impact
velocity vP = 700 m/s for the 316L alloy particles on a 316L
substrate. The peak pressure acts for <1.0 × 10−5 ms, followed by
a significant drop to below 3 GPa. The progression versus time
can be explained very simply through the increase of the effec-
tive contact area AP between particle and substrate, and the as-
sociated decrease of the quotient �y = F/AP, where F is the im-
pact force of the particle acting on the contact area. In the
boundary case of the first contact, the area is only a point (�y

versus �), whereby, as particle deformation increases, the con-
tact area AP increases and therefore the stress �y drops. Corre-
sponding �y – tS progressions are shown in Fig. 1(a) as a func-
tion of the particle velocity vP. A peak stress �y of almost
25 GPa is reached upon impact of a particle at 1200 m/s. When
vP = 1200 m/s, at the simulation time tS = 2.0 × 10−5 ms, a posi-
tive stress �y is reached, which might indicate a load-relief pres-
sure wave in the material. Figure 1(b) depicts the distribution of
the stress �y, which corresponds to the pressure in the y-
direction, of a particle impinging at 700 m/s at time ts = 2.0 ×
10−5 ms. A maximum pressure of 2.69 GPa occurs in the area of
the contact zone below the particle center.

In scanning electron microscopy investigations, the mor-
phology of the particles and the penetration of the substrate that
was calculated in the FEM simulations can be verified. Here,
Fig. 2 illustrates the analysis of a 316L particle on a carbon steel
substrate. A comparison between Fig. 1(b) and 2 demonstrates
that the penetration of the substrate is not as pronounced as the
FEM simulations show. The formation of the material jet at the
particle/substrate interface can be seen clearly (arrow). Further
investigations show that the material properties of the particle
and the substrate determine the penetration of the substrate, as
well as the deformation of the powder particle and the substrate
(Ref 8). Consequently, 316L particles are hardly deformed upon
impact on aluminum. In contrast, copper particles can hardly
cause craters in steel substrates. Accordingly, the specific prop-
erties of particle and substrate are decisive, as far as bonding and
coating formation are concerned.

3. Impact Heating
The high-speed impact during the cold-spray process corre-

sponds to a shock load on the particle material and the adjacent

Fig. 1 (a) Calculated stress progression �y versus the simulation time
tS at the point of particle-substrate (316L material) contact below the
particle center. (b) Stress distribution �y in a 316L particle impacting a
316L substrate: dP = 20 µm and vP =700 m/s, at time tS = 2.0 × 10−5 ms
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substrate areas. A fundamental description of the behavior of
metals subjected to compression due to shock waves is given by
the curve of the equations of state, also called the Hugoniot
curve (Ref 14-16). Most frequently, the interaction of the shock-
wave parameters is represented in the pressure-specific volume
(p-V) relationship, as shown in Fig. 3. The Hugoniot curve indi-
cates the final states reached during exposure to a shock wave,
but not the intermediate states that are passed through, and de-
pends on the material properties. The connecting line between
the starting point and end point is termed the Raleigh line and
characterizes the shock-wave velocity. The area under the Ra-
leigh line reproduces the increase of the internal energy, which
increases as the temperature rises up to the shock temperature.
The load relief after the shock wave has passed through occurs
along the load-relief isentropes, whereby the irreversibly re-
maining shares of the energy cause the material to warm up. The
higher temperature leads to a higher volume of the material tra-
versed by the shock wave, which is larger than the initial vol-
ume. The volume increase is illustrated in Fig. 3, because the
volume VE traversed by the shock wave is greater than the initial
volume V0.

In general, the Hugoniot curve and the relief adiabatics devi-
ate only slightly from one another, so that, in contrast to the
shock temperature, only slight residual temperatures occur (Ref
14). For metals, Hugoniot curves exhibit continuous compres-
sion with increasing shock-wave pressure. Iron exhibits un-
steadiness at 13 GPa, at which transformation from �-iron (Fe)
to �-iron occurs, induced by the pressure. The shock-wave tem-
peratures in comparison to the residual temperatures are shown
in Fig. 4. Aluminum (Al) exhibits, at 500 °C and approximately
28 GPa, the highest shock temperatures, and copper (Cu), at
<150 °C, the lowest ones. At this pressure, the residual tempera-
tures rise for Cu, Fe, and Al at less than ∼150 °C.

The globally reached residual temperatures do not permit the
materials to melt. In the highly deformed bonding interface, in
which material may be pressed out, melting is, however, gener-
ally conceivable due to the pronounced shear processes and the
high-impact pressures. The analyses of sprayed Ti-6Al-4V
specimens show that local melting occurs on the material jet
formed in the bonding interface (Ref 1).

4. Equations of State
In mathematical terms, the behavior of shock waves in the

material is described by the laws of the conservation of mass, the
conservation of impulse, and the conservation of energy versus
the shock front. For the general case of a body traversed by a
shock wave and having the state t0 before the shock-wave front
and the state t1 just behind the shock, the general balance equa-
tions are given in all standard works on the shock-wave propa-
gation in solid bodies (e.g., Ref 14-16). The Hugoniot curve can
be calculated from these equations.

Besides the above-chosen depiction of the Hugoniot curve in
the p-V relationship, a simple representation of mass velocity u
(u1) versus shock-wave velocity U is customary. For most met-
als, a linear relationship applies at mean pressure levels between
mass velocity and shock-wave velocity, so that the u-U curve
can be described by the following straight line (Ref 15):

Fig. 2 A 316L particle upon impact on a polished steel substrate

Fig. 3 Schematic Hugoniot curve (Ref 14)

Fig. 4 Comparison between shock temperature and residual tempera-
ture (dashed lines) as a function of the shock-wave pressure (Ref 17-19)
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U = C0 + S � u with C0 =�K

�0
(Eq 1)

where S depends on the material properties, which are combined
in the Grüneisen parameter � (Ref 15):

S =
1

2
� �1 + �� with � =

3 � � K

�0 � cv
(Eq 2)

The Grüneisen parameter � describes the relationship be-
tween internal energy and pressure at a constant volume. The
linear coefficient of expansion �, the thermal capacity cV, the
density �0, and the modulus of compression K are included. The
flow of the material occurs at the flow limit Y0, defined by the
criterion established by Mises and Tresca Y0 = �x − �y at:

�HEL = � K

2G
+

2

3� � Y0 (Eq 3)

and is termed the Hugoniot elastic limit (HEL). At this limiting
stress, the elasticity of the material is exceeded, and a transition
occurs from the elastic to the plastic shock wave, with plastic
deformation of the material (Ref 14, 15). For mean shock-wave
pressures of up to ∼10 GPa, K and G are pressure-independent
constants (Ref 15).

5. Dynamic Yielding

Depending on the material characteristics, the uniaxial de-
scription of the dynamic flow limit �HEL Eq 3 renders it possible
to estimate the limiting stress with respect to the plastic defor-
mation of the shock-loaded material in the first order. Zukas
(Ref 15) provided the simple estimate Y0 = 3.92 × HB in MPa,
where HB is the Brinell hardness of the material. Figure 5 illus-
trates calculations concerning the HEL for various materials.
The elastic yield strength is illustrated for specific materials ex-
posed to pressure as well as the corresponding dynamic flow
limit. Values of <0.5 GPa are calculated for aluminum and cop-

per (very low flow limits), as well as values of almost 3 GPa for
Ti-6Al-4V in its rapidly solidifying, martensitic form, which is
typical of an atomized powder material. A high dynamic flow
limit indicates substantial deformation forces and poor com-
pressibility. For a 316L alloy, depending on the strain hardening,
a value between 0.9 and 1.5 GPa is calculated for �HEL. The
values for annealed copper and tempered copper vary somewhat
between 0.4 and 0.8 GPa, respectively. The material properties
used for the calculations are taken from Ref 15, 20-24.

6. Impact Pressures on Materials

The impact of the powder particles onto a substrate can be
subdivided into two phases:

• Pressure buildup and the elastic deformation of the particles
up to the dynamic flow limit upon exposure to pressure

• Plastic deformation with significant deformation of the ma-
terial structure and warming due to deformation

The simulation shows that the contact pressure on impact of
the particles rises suddenly and that the elastic phase of the im-
pact is virtually negligible, assuming that there are sufficiently
high impact velocities that lead to the exceeding of the flow
limit. Applying Eq 1 and assuming the conservation of the im-
pulse, the pressure upon impact can be estimated easily. Figure 6
depicts the pressure as a function of the mass velocity u in the
material in a P-u diagram. For the moment of impact, u = vP can
be set. For particle velocities vP = 500 m/s, impact pressures of
up to 20 GPa occur. For the materials Al, Cu, Fe, and Ti, very
different pressures are reached. The differences in pressure are
determined by the material properties, combined in the Grünei-
sen parameter �. The elastic and physical material characteris-
tics are included in Eq 2. The main parameter of influence is the
modulus of compression, whereby large values lead to high
pressure on impact. The estimate is simplified and is relative to

Fig. 5 Calculation of the HEL according to Eq 3 (Ref 15, 20-23)

Fig. 6 Calculation of the shock pressure in the material as a function of
the mass velocity u and the Grüneisen parameter �, at the moment of
impact: u = vP applies (Ref 15, 20, 24)
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the ambient temperature, but good compliance with Hugoniot
data is to be found in the literature (Ref 16, 25).

A comparison with Fig. 5 shows that on impact the dynamic
flow limit for the materials studied is certainly exceeded and that
pronounced plastic deformation takes place. As far as the impact
kinetics are concerned, the length of time for which the plastic
pressure wave can act with a pressure above the dynamic flow
limit is decisive. The calculations in the FEM model (Fig. 1),
show that at vP = 700 m/s, pressures of ∼2.5 GPa act during
impact for about 3 × 10−5 ms in the bonding interface (i.e., 20 µm
for a 316L particle on a 316L substrate). The impact kinetics are
thereupon ended. The pressure lies clearly above the dynamic
flow limit. According to the calculated pressure distribution, af-
ter the first contact far lower pressures act but are still larger than
the dynamic flow limit. The propagation of the shock wave can
explain the heterogeneous deformation of the particles observed
on sprayed samples. A spherical shock wave starting from the
first point of contact and rapidly losing energy due to surface
increase can serve as a simple model. In the two-dimensional
plot of the particle (Fig. 1b), the close-to-circle-shaped regions
of constant pressure are visible. The FEM calculations were not
evaluated further to define a line of deformation in the particles
or to evaluate possible relief adiabatics.

7. Classification of Material Behavior

Particle impact is, in the first instance, a plastic deformation
process. Mechanical material models describe the behavior of a
material during the deformation process via the relationship be-
tween true elongation and true stress (i.e., the yield criterion
value). Values published in the literature show clearly that the
yield criterion values of Al-, Cu-, and Fe-base materials differ
greatly (e.g., Al-to-steel ratio = 1 to 5 at a true elongation of 0.4)
(Ref 26, 27). The particle materials as well as the substrate ma-
terials, Al, Cu, steel, and hardened steel, experience deforma-
tions as a function of their yield criterion value.

The deformation strain rate on particle impact is extremely
high (d�/dt > 1 × 105 s−1), which is why additional strain-
hardening effects due to the accumulation of dislocations, inter-
actions of the atoms among one another, and, if appropriate, a
temperature-induced decrease in the yield criterion value should
be taken into consideration. Consequently, for the strain-
hardening alloy 316L it is difficult to generate dense coatings.
The Ti-6Al-4V alloy exhibits a decrease in strain hardening at
temperatures below the 	-transition and can only be cold-
worked with difficulty (Ref 21, 26), which explains the high po-
rosity and cracks in the corresponding coatings. In the cold-
spray process, the response of the materials to high-velocity
deformation and the associated strain rates of >1 × 105 s−1 is
decisive.

Mechanical material models do not portray what actually
happens during deformation inside the metals. The deformation
process is determined by the mobility of the dislocations and
their interactions in the deformation process (Ref 28). Conse-
quently, in particular the crystal structure and the type of bond-
ing as well as further parameters, such as structure, grain size,
and foreign atoms or phases, determine the resistance to defor-
mation. Comparing the deformation properties of different met-

als shows clearly that metals of one crystal structure and type of
bonding feature similar deformation mechanisms (Ref 29).
Hence, polycrystalline solids can be classified into isomechani-
cal groups (i.e., groups that combine similar mechanical proper-
ties). They form subgroups within a crystal structure. The most
important isomechanical groups of metals are (Ref 29):

• Al, Cu, Ag, Au, Pt, Ni, and �Fe oriented face-centered cubic
(fcc)

• W, Ta, Mo, Nb, V, Cr, �Fe, and 	Ti oriented body-centered
cubic (bcc) (also transitional states)

• Cd, Zn, Co, Mg, and Ti close-packed hexagonal (cph)

The fcc metal structure features the greatest packing density
(PD = 12), coordination number (KZ = 12), and a large number
of sliding planes, which explains the good deformability (Ref
28). The structure with cph features the same PD, but, due to the
spatial arrangement in a tight stacking sequence, the number of
sliding planes is greatly reduced, resulting in poorer deformabil-
ity. The bcc metal structure has a significantly lower PD (0.68)
and KZ (8), which is why it should be assigned the lowest de-
formability of the three structures. Groups of tetragonal or tri-
gonal crystal systems include oxides, which, due to their low
plasticity, are not suitable for the cold-spray process.

A correlation between deformation properties and bonding
type for the three isomechanical groups is supplied by plotting
the product of the shear modulus and the modulus of compres-
sion as a function of the normalized temperature T0/(T0 + Tm)
with T0 = 273 K and Tm is the melting temperature of the material
(Fig. 7). The product of shear modulus and modulus of compres-
sion takes into consideration two important material parameters
and clarifies the distribution of the data points.

The representation permits a rough classification of suitabil-
ity for the cold-spray process. Copper, which can be regarded as
being an almost ideal material, features a low resistance to de-
formation at a melting temperature of <1100 °C. Materials with
a low melting temperature can be compacted easily. Verified

Fig. 7 Parameterized representation of the plastic properties of vari-
ous materials (the product of the shear modulus and the modulus of
compression) as a function of the normalized temperature T0/(T0 + Tm)
with T0 = 273 K and Tm is the melting temperature of the material.
Characteristics are for T = 293 K (Ref 20).
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empirically, the plotted line corresponds to a Tm of ∼1600 °C, at
which temperature difficulties must be expected with regard to
compacting. At the correspondingly high particle velocities,
coatings can be made that, as the case may be, feature increased
porosity (e.g., with Ti-6Al-4V alloy). For materials with a higher
resistance to deformation and higher melting temperature, for
the most part no coatings can be built up or extreme parameters
must be selected. Figure 7 illustrates the specific distribution of
the isomechanical groups, whereby it is generally more difficult
to process the bcc metals in the cold-spray process because at
deformation under high strain rates, screw dislocation mobility
is strongly hindered by Peierls stress.

8. Discussion

Typical of the high-velocity impact of the powder particles in
the cold-spray process is the high deformation velocity in the
material, which, as a rule, leads to high deformation and tem-
perature effects. The cause of deformation and strain hardening
of the material is a plastic shock wave passing through the par-
ticle, which acts as a result of the high impact pressure.

The extremely rapid rise in pressure upon particle impact is
an important characteristic of the process, which probably
serves to achieve the bonding of the powder particles. Raybould
(Ref 6) and Lemcke and Raybould (Ref 30) showed in calcula-
tions and experiments that the time needed for the pressure to
rise (i.e., shock rise time (SRT)) and an adequate duration of the
plastic pressure wave represent the prerequisites for melting.
Here, the SRT must be shorter than the time in which the shock-
induced heat is dissipated. The calculations show that the peak
pressure is built up in <10−8 s. For Ti-based materials, evidently
during this time only, slight heat dissipation occurs, so that melt-
ing may take place in the bonding interface, as is indicated in the
investigations by Vlcek et al. (Ref 1).

The FEM calculations show that peak pressures of up to 25
GPa can be expected for a 316L alloy at impact velocities of
1200 m/s (e.g., a 20 µm particle on 316L substrate). Due to the
deformation kinetics with a continuously increasing contact area
between particle and substrate, the maximum pressure decreases
very rapidly. The FEM calculations and analyses on thermally
sprayed materials show that the impinging powder particles are
deformed only heterogeneously (i.e., on the substrate side). The
deformation of the entire particle is not possible, as the plastic
shock wave weakens rapidly as the surface of the shock front
increases. When the HEL, as the material-specific limit pressure
(limiting stress), falls short, the transformation into an elastic
shock wave takes place.

Simple estimates of the HEL (Fig. 5) and the comparison
with the pressures acting upon impact (Fig. 6) show that the lim-
iting stress is certainly exceeded upon impact. However, the de-
formation kinetics are the cause of the HEL being underrun, de-
pending on the material, after the first contact, as the case may
be. For Ti-base materials, the limiting stress is high, which ex-
plains the poor processibility in the cold-spray process. Figure 6
clarifies that far lower impact pressures are reached for Ti than,
for example, for Cu, which can be regarded as being a further
indication of poorer suitability. Cu-base materials feature a very
low limiting stress, and high impact pressures are reached,
which is why plastic deformation up to the end of the deforma-

tion kinetics can be assumed. Dense aluminum material can be
sprayed easily in the cold-spray process (Ref 2, 9, 10), which can
easily be understood by analyzing the high shock temperatures,
the low dynamic flow limit, and the low yield criterion value,
which is greatly influenced by a temperature increase to above
150 °C (Ref 26, 27). In contrast, for specific Al alloys, well-
bonded and dense coatings can be realized only with diffi-
culty, which correlates with the higher HEL and the generally
low impact pressures of Al-base materials, as shown in Fig. 5
and 6.

Classifying the metals by isomechanical groups, defined ac-
cording to the classification of Frost and Ashby (Ref 29), repro-
duces the general suitability for the cold-spray process. Here, the
generally known characteristics of the deformability of the ma-
terials are correlated with their crystal structure. Body-centered
cubic materials usually prove to be difficult in the cold-spray
process (i.e., processing with helium is the only alternative to
obtain pore-free coatings). At moderate strain rates, some bcc
metals may deform in a manner that is similar to that of fcc met-
als, but at the strain rates that are typical for the cold-spray pro-
cess the necessity to activate screw dislocation movement
(which needs more energy than edge dislocations in an fcc ma-
trix) makes this type of metal significantly more difficult to de-
form plastically. Low-melting-point cph metals have been found
to be easy to process. This proves that, besides the mechanical
characteristics, other features such as the bonding energy must
be taken into consideration.

The parameterization of the materials illustrated in Fig. 7 re-
lates to the data concerning customary deformation rates in the
range of 1 to 10 s−1 and ambient temperature. This is the reason
for the main inaccuracy and is the reason why the results can
only be regarded as a first estimate. A parameterization versus
the Grüneisen parameter � (compare with Eq 2) provides a com-
parable classification of the materials, as is shown in Fig. 8. The
cause is the great influence of the modulus of compression K on
the value of the Grüneisen parameter. Attempts to relate the suit-
ability for the cold-spray process to values such as those for

Fig. 8 Parameterized representation of the relationship between inter-
nal energy and pressure at a constant volume versus the Grüneisen pa-
rameter � as a function of the normalized temperature T0/(T0 + Tm) with
T0 = 273 K and Tm is the melting temperature of the material. Charac-
teristics are for T = 293 K (Ref 20)
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Peierls stress appear to be appropriate from the materials point of
view. The Peierls stress together with the stacking fault energy
are a measure for the energy necessary to move dislocations or
enable twinning in a lattice, both of which are important charac-
teristics of deformation processes. Data for the corresponding
values at ambient temperature and above have not been found to
date. According to Frost and Ashby (Ref 29), the material char-
acteristic of phonon drag is decisive for extremely high defor-
mation rates in the case of the deformation assumed in a first
approximation as being Newtonian-viscous. No data have been
found in the literature as yet.

Over and above this, in the cold-spray process further mar-
ginal conditions must be taken into account. Due to its low
strength, magnesium offers very good prerequisites for the pro-
cess (see Fig. 7, 8) but necessitates, due to its low density and the
resultant low impinging impulse, high particle velocities to en-
sure adequate impact pressures. However, due to the low melt-
ing temperature, the process window is limited to low gas tem-
peratures, which gives rise to a fundamental problem with
regard to processibility. Today, processing is often limited for
many materials by nozzle fouling, but this might be solved in the
future by nozzle optimization. Consequently, besides judging
the suitability of a material on the basis of its characteristics, the
marginal process conditions must therefore be taken into con-
sideration, in particular the limits of the particle condition pa-
rameters vP and TP. Further, good coating qualities have been
reported for tantalum and niobium, so that the limit, now asso-
ciated empirically with the Ti-6Al-4V alloy, does not provide an
adequate differentiation of suitability (Ref 31).

In Fig. 9, an attempt to relate the discussed material proper-
ties under high-velocity impact to process conditions has been
made to give a first explanation for why certain materials can be
cold sprayed and some cannot. The “process grid” relates the
dynamic yield strength (see Fig. 5) and the impact pressure (Fig.
6) with an important process condition, the kinetic energy of the
particle, and with the material type of bonding, represented by its
melting temperature. All data are normalized to the values cal-
culated for tungsten (W) as a reference. Substrate properties are
not considered. The kinetic energy of the particle is a measure of
the overall energy available during the particle impact and is
dependent on the particle velocity, diameter, and density. For the
calculation presented, 20 µm particles with a velocity of 700 m/s
were assumed.

The high dynamic yield strength of Ti, the lower impact pres-
sures than Cu, and a reduced kinetic energy are obvious, and
indicate the difficulties when cold spraying Ti, as discussed be-
fore. Tantalum (Ta) shows higher dynamic yield strength than
Cu, but impact pressures are about 50% higher. Additionally,
due to their high density, Ta particles with comparable size and
velocity yield higher kinetic energy than Cu particles. For Mg,
properties similar to those for Al can be calculated, but a lower
kinetic energy, a consequently lower overall energy available
for deformation, and considerably lower impact pressures have
to be acknowledged. The “process grid” shows a correlation be-
tween relevant particle parameters, which characterize the ma-
terial behavior during the particle impact. Distinct differences
for specific materials can be shown, which might give some in-
dication for why the materials discussed above, Ta and Mg can
be easy or difficult to process, respectively. The inaccuracies
discussed before certainly apply, but a multiple comparison of

process variables can help greatly to estimate material suitability
for the cold-spray process.

Experiments on nanostructured oxide ceramics (Ref 32)
show that these materials too can be processed with certain re-
strictions. The metallographic cross section of a ZrO2 coating
produced with the cold-spray process is depicted in Fig. 10.
However, it looks like its deposition is limited to monolayers,
but nevertheless it was possible to generate very thin and dense
coatings. There is as yet no explanation as to the bonding mecha-
nism between particles of the oxide ceramics.

9. Summary and Conclusion

In connection with the cold-spray process, this article has ex-
amined the typical characteristics of the deformation kinetics,
the maximum pressures that occur, and the material-specific pa-
rameters that determine the high-velocity impact. It becomes
clear in the simple analyses that the process leads, in the case of
most materials, to high plastic deformation as the dynamic yield
strength is exceeded. Elastic deformation can probably be ne-
glected in a first approximation.

The summarizing evaluation of the results shows that judging
the suitability of materials for the cold-spray process must be
effected on the basis of the deformation properties. The mobility
of the dislocations in the crystal lattice drops in a graded classi-
fication of the crystal structures, namely, fcc, cph with the great-

Fig. 9 Parameterization using a normalized process grid that com-
bines the discussed characteristics of high-velocity impact, dynamic
yield strength, impact pressure, the material bond through the melting
temperature of the material sprayed, and the kinetic energy available
during impact calculated for a 20 µm particle at a particle velocity of 700
m/s. The data are normalized against a calculation for W material
properties, which yields the highest values for all parameters. All ma-
terial data are given according to the sources cited in Fig. 5 and 6. Sub-
strate properties have not been considered for this evaluation.
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est density, and bcc. The deformability in the cold-spray pro-
cess, and hence the suitability of the materials, drops
correspondingly. In addition, the bonding type of the molecules,
characterized in a simplified manner by the melting tempera-
ture, can be used as an evaluation criterion. At approximately
1600 °C, a significantly more difficult compactability is to be
defined in the cold-spray process on the basis of the experiments
and the data published in the literature.

Classifying the materials by means of the parameterizations
described here can only be regarded as being a rough frame-
work, but it shows clearly that materials that are very suitable for
the cold-spray process have a low melting point and low me-
chanical strength. Zn, Al, and Cu are ideal materials, as they
have a low yield strength and exhibit clear softening at elevated
temperatures. No gas prewarming or only low process tempera-
tures are required to produce dense coatings from these materi-
als. In contrast, for the majority of the Fe- and Ni-base materials,
the generally low process temperatures have a disadvantageous
effect. The process supplies, in an energetic context, insufficient
overall energy for these materials to produce dense coatings and
high application rates. However, niche applications do indeed
evolve for the cold-spray process on the basis of the low process
temperatures, where the locally restricted buildup of a coating
and the low oxidation of the substrate and the powder material
used for spraying are required.

The systematic approach described in this article permits
judging, on the basis of the characteristics of the particle that can
be determined in a simple manner (e.g., material hardness, melt-
ing temperature, and basic physical data, as well as particle ve-
locity or density), the suitability of a material for the cold-spray
process.

The qualitative approach to compare the ability of materials
to bond in cold spraying by a simple formula (Ref 5) is also
based on similar input data such as the density and melting tem-
perature of the material, the tensile strength, and the particle
temperature. The ranking of the materials discussed corresponds

to the analysis given here. Therefore, evidence is given that the
critical velocity related to specific materials and the phenom-
enon of jetting are closely linked to shock-compaction phenom-
ena in matter. Further studies should look more closely at the
interaction of shock-wave propagation in the particle and sub-
strate material because this interaction, especially during the de-
position of the first layer, will determine whether bonding,
debonding, or jetting occurs.
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