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Abstract
The deposition and consolidation of metal powders by means of cold spray
is a method where powder particles are accelerated to high velocity through
entrainment in a gas undergoing expansion in a de Laval nozzle and are
subsequently impacted upon a surface. The impacted powder particles
form a consolidated structure which can be several centimeters thick. The
characteristics of this structure depend on the initial characteristics of the metal
powder and upon impact velocity. Initially soft particles are strain hardened
during impact, resulting in a structure that can have a hardness value greater
than that which can be achieved by conventional cold working. A materials
model is proposed for these phenomena, and model calculation is compared
with experimental data from cold sprayed copper and aluminum.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Cold spray is a process whereby metallic particles are consolidated to form a coating or
freestanding structure by means of ballistic impingement upon a suitable substrate. The
particles utilized are in the form of commercially available powders, typically ranging in
size from 5 to 100 µm. The particles are accelerated to high velocity by injection into a
stream of high pressure gas which is subsequently expanded to supersonic velocity through a
converging–diverging de Laval nozzle. The gas stream typically consists of air, nitrogen or
helium and particle velocities often exceed 1000 m s−1. After exiting the nozzle, the particles
are impacted onto a substrate, where the solid particles deform and create a bond with the
substrate. As the process continues, particles continue to impact and form bonds with the
previously consolidated material resulting in a uniform deposit with very little porosity and
high bond strength. Figure 1 displays a typical cold spray system processing arrangement.

The temperature of the gas stream is always kept below the melting point of the particulate
material during cold spraying, and the resultant consolidated material is formed in the solid
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Figure 1. The cold spray process.

state. The term ‘cold spray’ has been used to describe this process due to the relatively low
temperatures (−100 to +100 ◦C) of the expanded gas stream that exits the nozzle. Since
adhesion of the powder to the substrate, as well as the cohesion of the deposited material, is
accomplished in the solid state at low temperatures, the characteristics of the cold sprayed
material are quite unique in many regards. Because particle oxidation as well as deleterious
tensile stresses that occur during thermal contraction are minimized, the cold spray process
has the ability to produce materials with comparatively superior bond strength to the substrate
and greater cohesive strength.

The characteristics that cold spray imparts upon the deposited structures have been
extensively described [1–4], and include compressive residual stresses, low oxide content,
low porosity and high hardness. While these tendencies are known, descriptive models are
lacking, and the properties are often explained on an intuitive basis. We will combine the
impact mechanism with material properties and empirical relationships to describe how the
hardening of deposited structures is affected by the particle velocity imparted by the cold spray
process.

2. Particle deformation

Strain hardening of cold sprayed deposits is a result of the flattening of the particles as they
impact and bond with the surface. Particle impact velocity is the principle controlled parameter
of the cold spray process, where particle velocity and material properties determine particle
flattening.

A constitutive model often used for high strain rate deformation is that of Johnson and
Cook [5]. This model includes strain hardening, strain rate hardening and thermal softening
effects during deformation. The model can be written as

σ = [A + Bεn]

[
1 + C ln

(
ε̇

ε̇0

)]
[1 − (T ∗)m], (1)

where σ is the stress, ε is the strain, ε̇ is the strain rate, ε̇0 is a normalization factor, nominally
set at 1 s−1, A, B, C, n and m are empirical constants for the material under consideration and
T ∗ is equal to (T − Troom)/(Tmelt − Troom), where T is the impinging temperature.

The variables of (1) are determined by the physics of the impact. Strain can be defined
by the deformation of a spherical particle. It is assumed that originally spherical particles are
flattened to an equal volume oblate spheroid (d3

0 = d2
a db) through impact (figure 2).
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Figure 2. Particle flattening upon impact.

The deceleration force experienced by the particle during impact is given by

F = [m]a = [4/3π(d0/2)3ρ] dV/dt, (2)

where ρ is the particle density, V is the impact velocity, d0 is the particle initial diameter and
dV/dt is equal to the change in velocity, V −0 = V , divided by the stopping time, (d0−db)/V .

If the average stress experienced by the particle is the deceleration force divided by the
flattened area, then the stress is given by

σ = 2ρV 2

3(f 2
r − 1)

, (3)

where fr is the flattening ratio, defined as da/d0.
The plastic strain experienced by the particle is

ε = d0 − db

d0
= 1 − (d0/da)

2 = 1 − (fr)
−2. (4)

The strain rate, ε̇, is equal to the change in strain, �ε = (d0 − db)/d0, divided by the time
interval, �t = (d0 − db)/V . Thus,

ε̇ = �ε

�t
= V

d0
. (5)

Substituting (3), (4) and (5) into (1),

4ρV 2

6(f 2
r − 1)

= [A + B(1 − f −2
r )n]

[
1 + C ln

(
V

d0

)] [
1 −

(
DV 2/2cp

Tmelt − 298

)m
]

, (6)

where D is the fraction of kinetic energy converted to temperature increase (the remaining
kinetic energy contributing to plastic deformation) and cp is the specific heat.

Figure 3 presents the calculated results of (6) for the deposition of initially annealed
copper and aluminum particles as a function of the impact velocity. Table 1 gives the values
of the Johnson–Cook parameters that were used for the calculations. Experimental points by
Dykhuisen [6] for cold spray deposition of copper particles are also shown. It should be noted
that there is a great deal of variation in the values of the parameters given in the open literature.
The values shown in table 1 and used for calculation are considered to be most representative
of the temperature conditioning and the purity of the particles used for the experimental results.
A value of 0.5 was assumed for D. A larger value of D results in more thermal softening and
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Figure 3. The calculated flattening ratios for aluminum and copper particles as functions of impact
velocity, as well as experimental values for copper.

Table 1. Johnson–Cook model parameters.

Copper Aluminum

A 90 MPa 265 MPa
B 292 MPa 426 MPa
C 0.025 0.015
D 0.5 0.5
n 0.31 0.34
m 1.09 1.0

a steeper increase in the flattening ratio at higher velocities. Varying D between 0.2 and 0.8
results in a 3% change in calculated hardness.

One intuitively might assume that the softer aluminum particles would exhibit more
flattening than copper. However, a copper particle has much greater kinetic energy than does a
comparatively sized aluminum particle at the same velocity, due to its higher mass. The higher
kinetic energy on impact results in more deformation.

3. Strain hardening

Strain or work hardening of a cold sprayed structure is caused by the plastic deformation of
particles that have impacted with and have subsequently been incorporated into the structure.
Changes in hardness can be determined from the knowledge of particle deformation upon
impact, and these changes are given by the flattening ratio as calculated by (6). In the following
derivation, the flattening ratio created by the cold spraying of a powder is incorporated into a
flow stress relationship, which is subsequently used to calculate hardness.

When measured by a Vickers indenter, Tabor [7] has shown that the hardness number is
given by the empirically determined equation:

HV = 3σ0.08, (7)

where σ0.08 is the stress measured in kg mm−2 at a plastic strain of 0.08.
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Figure 4. Vickers hardness determination by the Tabor relationship.

Stress is conveniently given by a power law relationship between stress and plastic strain
attributed to Hollomon [8]:

σ = Kεn′
p , (8)

where σ is the flow stress, εp is the true plastic strain, n′ is the material strain-hardening
exponent and K is the material strength coefficient, often calculated as a function of n′ as [9]

K = σy

(
E

σy

)n′

, (9)

where E is Young’s modulus and σy is the yield strength.
For a cold sprayed structure, σ0.08 is given by (4) and (8) as

σ0.08 = K(εp + 0.08)n
′ = K[(1 − f −2

r ) + 0.08]n
′

(10)

where εp is the imparted plastic strain following the impact deposition.
Young’s modulus and yield strength for pure aluminum are 68.9 GPa and 34.5 MPa,

respectively [10]. The measured strain-hardening exponent, n′, varies from 0.2 to 0.3 [9, 11],
and a value of 0.25 is used for the subsequent calculations. Substituting these values into (9)
yields a strength coefficient of 231 MPa.

Figure 4 shows a plot of (8) for aluminum (K = 231 MPa and n′ = 0.25). The example of
an initial imparted plastic strain following impact, εp, is shown, and the stress required for an
additional strain of 0.08 is also shown. For the material example shown, the Vickers hardness
is given by (7) as HV = 3 × 15.5 = 46.5, which is typical for work hardened pure aluminum.

4. Deposit characteristics

The hardness of cold sprayed aluminum, as calculated by the use of equations (6) and (10),
is shown in figure 5. The experimental data points were generated by means of cold spraying
pure aluminum powder (Valimet H-12, mean diameter 15 µm). The 800 m s−1 cold spray data
points were generated using nitrogen accelerating gas at 350–400 ◦C preheat and 30–40 bar
initial pressure. The cold spray data points greater than 1000 m s−1 were generated using
helium accelerating gas at 20–300 ◦C preheat and 20 bar initial pressure. The impact velocity
was determined through gas dynamic relationships from the knowledge of cold spray nozzle
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Figure 5. Strain hardening of aluminum by cold spray.

Figure 6. Aluminum deposit over 6061 aluminum alloy.

dimensions and operating gas pressure and temperature, and this calculation is described by
Champagne et al [12]. The hardness of aluminum increases from the virgin value of 36 HV to
68 HV, due to impact deformation during cold spray. It should be noted that a minimum impact
velocity of 600 m s−1 is needed for a coherent aluminum deposit to form. Lower velocities
result in particles bouncing off. Thus calculated hardness values resulting from those velocities
lower than 600 m s−1 have no experimental equivalent. The hardness that is achieved through
conventional work hardening resulting from a 75% reduction in area (H18 temper) is shown
for comparison [10].

Figure 6 is a micrograph of the aluminum deposit, cold sprayed with helium. The lower
layer is a 6061 aluminum alloy substrate material, the center layer is the aluminum deposit and
the upper layer is Bakelite mounting material. The dense, non-porous nature of the deposit,
typical for cold spray, is clear.
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5. Discussion

The ability of cold spray to produce coatings with hardness values higher than conventional
fully work hardened material has been known by the authors. Cold sprayed nickel has a
hardness which is 60% higher than that of fully worked nickel. Cold sprayed stainless steel
has a 33% higher hardness and aluminum has a 48% higher hardness. These higher hardness
values are the result of severe deformation resulting during particle impact, and this model
study is consistent with this argument. Conversely, this study demonstrates that conventional
work hardening processes are stopped before the theoretical limit of such materials.

Beyond an increase in dislocation density, the mechanism responsible for this increase
in hardness beyond conventional work hardening may be severe plastic deformation (SPD)
resulting in grain refinement. Hall et al [13] have demonstrated a factor of eight reduction
in grain size when cold spraying 6061 and 5083 aluminum powders. A study is currently
underway, involving both TEM analysis and advanced XRD techniques, in order to identify
the dominant grain modification found in this work. These results will be presented in a
subsequent paper.

The application of empirical relationships necessitates the use of experimentally derived
material constants, and there can be considerable variation in the magnitude of these constants,
depending on the exact composition and temper of the material, as well as the experimental
technique used to determine the values. The values of the constants chosen from the literature
for use in this work are considered to be most representative of the materials used for the
presented data.

6. Conclusions

A relatively simple particle impact model applied to well-known empirical models for flow
stress and hardness is shown to result in good prediction of the hardness resulting from the
cold spray powder deposition.

Particle flattening on impact is predicted through simple impact geometry changes,
obeying the Johnson–Cook constitutive relationship. The degree of calculated particle
flattening for copper is shown to correlate well with experimental measurement.

The plastic strain, predicted by particle flattening, is then used by the Holloman and
Tabor relationships in order to calculate hardness. These calculations show that cold spraying
of aluminum powder results in up to a 100% increase in Vickers hardness of the deposit as
compared with the pre-sprayed material. The model and experimental data also show that the
strain hardening produced by high velocity cold spray impacts result in considerably higher
hardness than that achieved for conventional cold working.
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