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Abstract. Cold spraying technique is a promising process fabricating high quality metallic coatings. This
work concerns both numerical and experimental investigations of cold sprayed copper coating taking into
account impact conditions including, particle velocities and temperature, gas pressure and material nature.
The conducted numerical study is an examination of the deformation behavior of Cu particles sprayed onto
steel substrate using Abaqus/explicit software, allowing a good understanding of the deposition characteristics of copper particles and the eﬀect of particle velocity on the coating microstructure. The numerical
results show that particle impact velocity has a signiﬁcant eﬀect on its morphology; Lagrangian method
exhibits an excessive distortion of the elements in the case of high impact velocity and ﬁne meshing size,
whereas simulation of particle impact using arbitrary Lagrangian-Eulerian (ALE) method is close to the
experimental observations.

Nomenclature
A, B, c, m, n
εp
ε̇p
T
Tm
Tr
ν
P
E0
W
˙0
σ
Sc
Sb
St

Parameters of Johnson cook constitutive
model
Equivalent plastic strain
Equivalent plastic deformation rate
Temperature
Melting temperature
Reference or transition temperature
Poisson’s ratio
Total bending force
Elastic modulus of the bulk material
Deﬂection
Reference strain rate
Yield stress
Coating stiﬀness
Bending stiﬀness
Tensile stiﬀness

1 Introduction
The cold spray process is an emerging deposition process
utilizing supersonic gas jet where unmolten and accelerated particles plastically deform upon impact onto the
substrate, the deformed particles consolidate with the substrate and their stacking forms the coating [1].
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The process allows mainly metallic coatings with high
quality coating and low cost compared to those performed
with other thermal spraying processes.
In cold spray process, particles whose size is ranging
from 1 to 50 μm, are introduced into a supersonic gas
ﬂow where they are dragged and accelerated toward the
substrate. The supersonic gas ﬂow is generated using a
convergent-divergent de Laval type nozzle [1–4]. A cold
sprayed coating is build up through a successive layering of plastically deformed particles consolidated with a
substrate or with the already deposited particles at a temperature below the melting point of the sprayed material.
Cold spraying has been extensively studied thanks to its
advantages compared to the conventional thermal spraying techniques. It allows the deposition of a wide range
of metals and alloys [4]. In this process, the coating is
rigid with an easy controlled thickness, a low porosity
rate, and free from oxidation. Moreover, the particles are
deposited in their solid state and therefore, the coating
keeps the bulk material properties. Bonding mechanism
of cold sprayed particles has been extensively studied and
still not well understood due to the short duration in which
the impact and deformation processes can occur [5–7], and
thus, the observation of the entire deformation phenomenon with the existing experimental tools is impossible.
Actually, authors assume that particle deformation
may disturb a thin oxides ﬁlm on the substrate surface
inducing a consolidation of the particle with substrate
under a high local pressure between the deformed particle
and the substrate which provide a consolidation of the
particle to the substrate, and bonding can occur. Such a
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mechanism is similar to other bonding process occurring
in other processes such as shock wave powder compaction
[4,8]. The interaction between the impacted particle
and the substrate requires a complementary numerical
approach to study the bonding mechanism in cold sprayed
coating.
Numerous studies used Abaqus and Ls-Dyna to investigate the impact and plastic deformation of micron-sized
particles in cold spray process [9–11]. These two ﬁnite elements tools were used to solve engineering issues including
dynamic processes. In this study, numerical investigation
of cold sprayed copper particle impact behavior was
conducted making use of Abaqus software. Various combinations of calculations and fundamental phenomena of
particle deformation were examined and discussed. This
study aims also to examine the microstructure and the
mechanical properties of cold sprayed copper coating. The
elastic modulus was determined using analytical, numerical and experimental methods. An analytical method
developed by Hashin-Hasselman was also used in this
investigation to examine the capability of this model to
estimate the mechanical behavior of the coating.

2 Numerical modeling
A micron-sized single particle and multi-particle impact
behavior were simulated using a ﬁnite elements method
(FEM). The model predicts the deformation of the
impacted particles undergoing high impact velocities, and
the coating characteristics. The impact behavior of particles onto substrate was modeled using an explicit FEA
Abaqus program. 2D axisymmetric models were used to
examine the impact of copper particle of 25 μm of
diameter on a steel substrate (SS). The width and height
of the substrate were taken to be 500 μm and 100 μm,
respectively. The nominal meshing size for the particle
was 0.6 μm. In this model, the geometries are partitioned
by the four-node bilinear axisymmetric quadrilateral
elements with reduced integration and hourglass control
(CAX4R). The designed model is a two-dimensional plan
strain with multiple particle conﬁgurations. A surface-tosurface penalty contact algorithm with a balanced contact
pair formulation and a self-contact algorithm were speciﬁed for all interface regions with inter-particle friction.
All contact surfaces in the model were constrained to
remain in contact during the impact process [12].
An empirical model of Johnson-Cook was used in order
to predict the dependence of the material temperature
on the material deformation. The model includes strain
hardening, strain rate hardening and thermal softening
eﬀects [13].
The yield stress deﬁned in the model is given as follow:
σ = (A + Bεnp )(1 + C ln(ε̇∗ ) − (1 − (T ∗ ))m ),

(1)

where A, B, n, C, m are the constants dependent on
materials. ε̇∗ is the eﬀective plastic strain rate normalized
with respect to a reference strain rate (ε̇p /ε̇0 ). T ∗ is a

Table 1. Material properties of the metal used in this
simulation [11].
Density ρ (kg m−3 )
Elastic modulus E (GPa)
Poisson’s ration ν
Speciﬁc heat Cp (J kg−1 ◦ C−1 )
Yield strength A (MPa)
Hardening coeﬃcient B (MPa)
Strain-hardening exponent n
Strain rate C
Softening exponent m
Melting temperature Tm ◦ C
Reference temperature Tr ◦ C
Reference strain rate (s−1 )

8960
124
0.34
383
90
292
0.31
0.02
1.09
1083
25
1

homologous temperature deﬁned as follow [11]:
⎧
⎨0
for T < Tr
T ∗ = ((T − Tr )/(Tm − Tr )) for Tr ≤ T ≤ Tm .
⎩1
for T > Tr

(2)

The mechanical and thermal properties of the sprayed
material were assumed to be isotropic. The properties used
in the calculations are presented in Table 1.
The initial particle and substrate temperatures were
assumed to be at room temperature. Plastic deformation,
in materials, induces temperature rise when plastic
deformation energy is dissipated as heat. For most metals,
experiments show that the fraction of the plastic
deformation converted into heat is of the order of 0.9.
This implies that 10% of the total work of deformation
goes into material as defects [14]. The particle/substrate
interaction was implemented using surface-to-surface contact (explicit) formulation available in Abaqus software.

3 Experimental procedure
Copper is a nonferrous metal, which has a superior energy
absorption coeﬃcient, photoelectric conversion eﬃciency
of absorption, electric and thermal conductivities. These
properties make it a good candidate material in energy
applications; it has also, an excellent cold sprayability that
is why, it has been widely studied experimentally. In this
study, the elastic modulus of the coating was experimentally determined using nano-indentation tensile test and
three-point bending test. In addition, the elastic modulus
was calculated using analytical method.
Instrumented nano-indentation measurements were
also performed on the coating cross-sections of the three
examined samples in order to obtain experimental loaddisplacement curves of the Cu coating. These measurements were performed using nano-indenter with a
Birkovich tip of CSM equipment, which resolutions were
0.04 μN in force and 0.04 nm in displacement. The experiment involved a controlled displacement with an indentation velocity of 0.04 μm/s. When the maximum available
depth was reached, the indenter was held for 10 s, and then
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(a)

Fig. 1. Three point bending test set-up.

(b)
Fig. 2. Simulated contours of PEEQ and temperature using
the Lagrangian (a) and ALE (b) methods.

moved back with the same velocity. A Birkovich indenter
with a maximum load of 300 mN was used. The maximum
indentation depth from diﬀerent tests was 2.497 μm.
Tensile specimens were made from cold sprayed Cu
coating deposited on steel substrate. The coating was separated from the substrate and machined to coincide with
ASTME8M-04 [15]. Due to limitations of coating thickness the samples were cut parallel to splat plane also
known as the transverse direction. Tensile tests were performed using a screw driven testing machine (Zwick/Roell
Z.100) at a strain rate of 10−4 s−1 until specimens fracture. Three-point bend tests (Fig. 1) were performed using
a screw driven testing machine at a rate of 0.12 mm/min,
separation of the coating was not required. The subsized
bend samples were cut to 20 mm × 85 mm × 5 mm.
The bending tests were performed using ﬁve specimens at
room temperature in accordance to ASTM E290-09 standard [15]. The bending stiﬀness (Sb ) and tensile stiﬀness
(St ) are deﬁned by the equations (3) and (4) from which
the modulus of the coating can be calculated [16,17].
Sb =


1 ∗ ∗
Ec hc + Es∗ (h3t − h3c ) − St δ 2 ,
3
St = Ec∗ hc + Es∗ hs ,

where
δ=


1  ∗ 2
E h + Es∗ (h2t − h2c ) ,
2St c c

and
Es∗ =

Es
;
1 − νs2

Ec∗ =

Ec∗
.
1 − νc2

4 Results of numerical modelling
4.1 Deformation behavior of sprayed particles
Figure 2 shows the contours of eﬀective plastic strain
(PEEQ) after a single copper particle impact on the
already deposited copper coating on steel substrate.
Calculations were performed using the Lagrangian and
arbitrary Lagrangian-Eulerian (ALE) method at the
velocity of 650 m/s.
The calculations using these two methods presented
in Figure 2, show diﬀerent shapes of the deformed particles and substrate. Lagrangian method allows observation
of temperature localization at the interface. A maximum
PEEQ at the interface is obtained using the Lagrangian
method.
4.2 Eﬀect of impact velocity

(3)

(4)

(5)

(6)

The subscripts c, s and t denote the coating, substrate,
and total, respectively. The thickness of the coating and
the substrate are denoted by h.
In the case of the three-point bend test of a single uniform material, the bending stiﬀness (Sb ) can be calculated
as follow:
(7)
Sb = P L3 /48W,
where L is the span between pins as shown in Figure 1.
Therefore, by solving equations (3) through (7), the elastic
modulus of the coating Ec can be calculated.

Figure 3 shows the time evolution of the equivalent plastic strain on the surface of a copper particle for diﬀerent
values of impact velocity. The particle impact velocities
used in the calculations are 300, 500, 700 and 900 m/s.
Figure 3a, shows a rapid increase of the plastic strain
with an average rate up to 2.4×109 s−1 , before reaching its
ﬁnal value of about 3, 5, 10 corresponding to the velocity
values of 300, 500 and 700 m/s respectively. Whereas the
plastic strain determined with impact velocities of 900 m/s
shows a decrease in the equivalent plastic strain. This
behavior is attributed to the presence of high strain gradients in the interface particle/substrate. In the case of
ALE model, Figure 3b shows a decrease in the equivalent plastic strain with the time. This behavior could be
explained by errors due to adaptive meshing algorithm in
the remapping phase. It is well known that the Lagrangian
description may be distorted, especially with the large
deformation speeds reached in cold spray process. Therefore, the morphologies of the deformed particles become
inaccurate and may not represent actual deformations.
Figure 4a presents the contour of the Von-mises stress
with the impact velocity of 1100 m/s. The program is
terminated at 9 ns after impact. Figure 4b presents the
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Fig. 5. Experimental [19] (a) and simulated morphologies of
splats sprayed on SS substrate at 673 K.
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Fig. 3. Time evolution of eﬀective plastic strain of copper
particle under diﬀerent particle velocities using Lagrangian (a)
and ALE method (b).

(b)

(a)

(b)

Fig. 4. Contours of Von-mises stress at the contact interface
for the particle with the meshing size of 0.6 (a) and 0.1 μm (b)
modeled by Lagrangian method.

contour of the Von-mises at the interfacial region of one
particle with a meshing size of 0.1 lm using Lagrangian
method. The distortion of the Lagrangian grid results in
the abnormal termination of the program at 15 ns after
impact.
Numerical analysis [18] obtained independently of the
meshing size shows better deformation morphologies than
that obtained by the Lagrangian approach. Figure 5 shows
the impact of a particle with initial temperature of 673 K,
and an impact velocity of 550 m/s, in this case a good
consistency was obtained between the deformed particle
morphology observed by SEM and calculated by ALE
method.

(c)
Fig. 6. Contours of the Von-mises stress (a), eﬀective plastic
strain (b) and temperature (c) of multi-particle impacting on
the SS substrate at 250 ns modeled by ALE method.

4.3 Multi-particle impact process
The simulation of multi-particles impact process is of great
importance to better understand the bonding mechanism
and the cold sprayed coating properties. ALE method is
used to simulate the multi-particle impact process. The
sprayed copper particles size used in these calculations
are: 25, 35, 40, 45 and 50 μm, and impact velocity values
ranging from 450 to 650 m/s. The particles and the substrate were kept at the same initial temperature (298 K).
Figure 6 shows contours of Von-mises stress, eﬀective
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Fig. 7. SEM Micrograph of cold sprayed copper coating crosssection, (a) experimental, (b) calculated, (c) morphologies of
particle deformed.
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Fig. 9. A typical stress-strain curve obtained from copper
coating tensile test. The inset is the fractured sample after
tensile test.
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Fig. 8. Load-displacement curves of cold sprayed copper
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plastic strain and temperature of multi-particle impacting on the substrate.
We can see in Figure 6b, packed particles with irregular shapes due to impact and deposition of the subsequent sprayed particles. The later deposited particles are
not well ﬂattened or well deformed; they have the same
shape as that observed in the case of a single particle.
A high plastic strain is observed between the ﬁrst deposited particles and the substrate, and between neighboring
particles inside the coating. This situation may indicate
the bonding of the coating.

5 Experimental results
Figure 7 shows a cross-section of copper coating. The
deformed particles are well stacked on each other and
well bonded to the substrate, with a very low porosity in
the whole coating. The deformed particles have elongated
morphologies.
In this study, Hashin-Hasselman [19,20] equation was
used to calculate the elastic modulus. This is the most
commonly applied model estimating the material modulus taking into account porosity. The elastic modulus is
obtained from SEM image, which is taken from diﬀerent
positions along the polished cross-section of the coating.

Fig. 10. Loading curve resulting from bending test, the inset
is the fractured sample after bending test.

The Hashin-Hasselman equation is deﬁned as follow:


A p
∗
E = E0 1 +
,
(8)
1 − (A + 1) p
where A is a constant equal to −33.4, p is the volume
fraction of all voids, cracks, and interfaces between splats.
By substituting the above values in Hashin-Hasselman
equation, the estimated elastic modulus of the coating
(E ∗ ) was of the order of 92.72 GPa.
The depth-sensing indentation measurement was used
to determine the hardness and the Young’s modulus.
Figure 8 shows the load-displacement curves of the copper
coating. The average modulus of elasticity of the coating
is about 114.10 ± 8.4 GPa and the average hardness was
3.06 ± 0.40 GPa.
The tensile test samples in transverse direction were
diﬃcult to obtain due to sub-sized samples and the thin
brittle coating structure requiring special machining.
Transverse tensile specimens were achieved with much difﬁculty, it was nearly impossible to fabricate specimens
in the longitudinal direction because the required coating thickness to machine a cross section into a standard
dog-bone shape would have to be unreasonably thick.
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Therefore, we did not conduct an experiment in longitudinal direction of the tensile test characterization [21].
A typical stress-strain curve measured from the tensile
test on cold sprayed copper coating is shown in Figure 9.
The average elastic modulus is about 8.93 ± 0.40 GPa for
three tensile test samples.
The three-point bend test was completed on the samples from which the elastic modulus of the coating is of
the order of 40.61 ± 1.50 GPa. The bend test provides the
modulus in the longitudinal direction. A standard loading
(load-displacement) diagram is shown in Figure 10 for the
three-point bend test.

6 Conclusion
Divers methods were used in this work to identify the elastic modulus of cold sprayed copper coating. The
tensile test modulus was signiﬁcantly lower than that
obtained by indentation and three bend tests. This could
be due to the small sample sizes and the presence of voids.
The impact of copper particles in cold spraying method
has been numerically investigated using both methods:
Lagrangian and ALE. The numerical result show that
the impact velocity has a signiﬁcant eﬀect on the particle
deformation (particle morphologies). It has been shown
that lagrangian method exhibits an excessive distortion
of the elements in the case of simulation with high
impact velocity and ﬁne meshing size. Simulation of particle impact using ALE method is close to the experimental
observation.
In a future work, the eﬀect of surface roughness and
3D modeling will be necessary to take into account more
real conditions of particle impact.
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