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In this paper, a systematic study of copper particle deposition behavior on polished and roughened
surfaces (aluminum and copper) in kinetic spray process has been performed. The particle deformation
behavior was simulated through ﬁnite element analysis (FEA) software ABAQUS explicit 6.7–2. The
particle–substrate contact time, contact temperature and contact area upon impact have been estimated
for smooth and three different roughened substrate cases. Copper powders were deposited on smooth
and grit-blasted copper and aluminium substrates and characterized through scanning electron
microscopy and Romulus bond strength analyzer. The results indicate that the deformation and the
resultant bonding were higher for the roughened substrates than that of smooth. The characteristic
factors for bonding are reported and discussed. Thus the substrate roughness appears to be beneﬁcial for
the initial deposition efﬁciency of the kinetic spray process.
ß 2008 Elsevier B.V. All rights reserved.
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1. Introduction
In conventional atmospheric spray technologies, spray materials are exposed to higher temperature and an oxidizing environment during ﬂight, which leads to oxidation and phase
transformation. Over a decade of development, kinetic spraying
has been successful in depositing a wide range of pure metals,
metal alloys, polymers, composites and nano-materials onto a
variety of substrate materials [1–4]. Kinetic spray deposition
occurs when small solid-state particles are accelerated to supersonic velocity, and then impacted onto a substrate. The gas and
particle temperatures remain below melting temperature of
sprayed materials. The deposition process between in-ﬂight
feedstock particle and substrate ﬁnishes within a very short time
period. The adhesion mechanism in the kinetic spray process
completely differs from that of conventional thermal spraying. It is
based on severe plastic deformation or shear instability between
solid plastic ﬂow of particle and substrate materials [5–7]. The
plastic deformation depends more on the material properties of
feedstock and substrate more than on the impact particle velocity.
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The interface reactions due to high velocity impact have not been
well understood, even though many different interfacial reactions
have been documented by experimental and theoretical investigations. Sufﬁcient kinetic energy must be available for plastic
deformation of the materials. The kinetic energy of the particles
plays a central role in the impact and deformation behaviors.
Kinetic spraying can cause high contact stress, particle strain and
strain rate. Metallic bonding is observed in the coatings; hence,
surface adhesion is believed to play an important role in the
particle bonding. Nano/micro-scale material mixing and mechanical interlocking were identiﬁed and used to explain the
enhancement of interfacial bonding [8]. Mechanical anchorage,
physical adhesion and metallic interactions are involved in all
kinds of interfacial reactions. Thus, it is believed that the rougher
coating surface causes higher mechanical anchorage. High contact
pressures are believed to be necessary conditions for particle/
substrate and particle/pre-deposited material bonding. The contact pressure at the interface is proportional to contact area and
kinetic energy of particle. The impact of single particle of various
materials on ﬂat substrate surfaces for different velocities was
modeled by using the ﬁnite element program ABAQUS [6,9]. Many
authors indicated that particle conditions prior to impact, such as
particle velocity, temperature, size and particle impacting angles
will inﬂuence the deformation behaviors of particles. The effect of
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substrate roughness on the different coating properties has been
analyzed by many authors in thermal plasma spraying [10–14].
Substrate roughness effect in kinetic spraying was researched by
very few authors [3,15,16] experimentally. In this study, the effect
of substrate roughness on the deposition and deformation of
particle has been studied through modeling and compared with
the experimental results.
2. Experiment
2.1. Experimental approach
A commercially available CGT kinetic spraying system was used
for deposition. The equipment and the coating process are
described elsewhere in the literature [17,18]. Nitrogen was used
as process and carrier gas. The process parameters and corresponding velocity of the 25 mm copper powder was estimated by
empirical equation [17] and listed in Table 1.
Process gas pressure and temperature were used for controlling
the impact velocity. Copper and aluminium plates were used as
substrates. Prior to deposition, the substrates were cut to the
desired dimensions and subjected to different surface preparations. For smooth substrates, the plates were polished as smooth as
a metal mirror. Roughened substrates were prepared through grit
blasting. The average grain size of alumina grits is 46 meshes and
the grit blasting was carried out for 1 min. The gun axis was ﬁxed
perpendicular to the surface of the substrate. The substrates were
subsequently cleaned by supersonic washing. The substrate
distance from the exit of the nozzle was ﬁxed at 30 mm. The
feedstock powders were deposited through kinetic spraying by
using nitrogen as a powder carrier gas with low (4 g/min) and high
(20 g/min) feed rate for getting individual deposition and full
coating, respectively.
The top view and cross-sectional observations of both the
individual and full coatings were performed through scanning
electron microscopy (SEM). Deposition efﬁciency, which is the
weight fraction of deposited coatings divided by the total powder
utilized, is normally used to evaluate the coating efﬁciency in
thermal and kinetic spraying. The bond strength was carried out
using a non-standard Romulus Bond Strength Tester. The coating
specimens were cut to 8 mm  12 mm rectangles. Aluminium test
studs were attached to the micro-polished coating surfaces. A
unique ultra strong (85 MPa) epoxy bonding agent was applied to
the test stud assemblies and thermally cured at 200 8C for 90 min.
The bond strengths were evolved.
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(ALE) method is commonly used to avoid the problems (mathematical truncation error) associated with the severe deformation
of meshing. A smooth and three different kinds of roughened
substrates were assumed for modeling, which are: (a) the
roughness of the substrate is half the particle size (crest-1 and
trough-1), (b) same as particle size and (crest-2 and trough-2) and
(c) twice the particle size (crest-3 and trough-3). The impacts of
powder were considered on crest and trough parts of each
substrate roughness. Fig. 1 shows the axisymetric models and
initial meshing conditions of the impact models.
In order to simulate and analyze the deformability of the
powder and the substrate under different impact conditions, the
use of strain rate-dependent and temperature-dependent constitutive description is required in ﬁnite element codes. Typically,
the stress is expressed as a function of strain, strain rate, and
temperature. A number of physically based constitutive models
have been proposed. Due to its simple multiplication form, the
empirically based Johnson–Cook (J–C) model was used to describe
the plastic ﬂow of material to explain the mechanical behavior of
metals at high strain rates and various temperatures. The material
deformation behavior of both particle and substrate was described
by the Johnson–Cook plasticity model, which accounts for strain
hardening, strain-rate hardening and thermal softening effects.
The equivalent ﬂow stress is explained as:
h
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ėp 

s ¼ A þ Benp 1 þ C ln

ė0

1  ðT Þ

m

(1)

where A, B, n, C and m are the material dependent constants. ėp is
the effective plastic strain rate and ė0 is the normalized reference
strain rate. The model parameters can be obtained by compression
quasi-static and dynamic Hopkinson bar experiments with varying
temperature and strain rates. T* is normalized temperature. For
modeling, copper was taken as a reference particle material,
whereas copper and aluminium were used as reference substrate
materials. The material parameters are shown in Table 2 which
were taken from the literature [19,20]. The temperature rise is
based on the empirical assumption that 90% of plastic work under
adiabatic conditions is dissipated as heat. Impact velocity of the
copper powder was increased from 300 to 600 m/s The substrate
and particle temperature prior to impact is considered to be at
room temperature.
3. Results and discussion
3.1. Feedstock characterization

2.2. Numerical simulation
The deformation behavior of the copper particle on smooth and
roughened surfaces was modeled using ABAQUS 6.7–2 ﬁnite
element analysis software, which accounted for strain hardening,
strain-rate hardening, thermal softening and heating due to
frictional, plastic and viscous dissipation. Axisymetric analysis
was performed, in which adaptive meshing was used to overcome
large deformations near the contact areas. Analysis was done for
25 mm spherical copper powder. Arbitrary Lagrangian Eulerian
Table 1
Process parameters and corresponding impact velocity.
Process gas
temperature (8C)

Process gas
pressure (bar)

Corresponding impact
velocity (m/s)

400
450
500

20
25
30

530
570
600

Fig. 2a and b shows the morphology and size distribution of gas
atomized copper feedstock powders characterized through
scanning electron microscopy and laser scattering technique,
Table 2
Simulation parameters for copper and aluminium.
Parameter/material

Aluminum (Al)

Copper (Cu)

Density (kg/m3)
Young’s modulus (GPa)
Poison’s ratio
Heat capacity (J/kg K)
Melting temperature (K)
A (MPa)
B (MPa)
n
C
m
Reference temperature (K)
Reference strain rate (1/s)

2710
68.9
0.33
904
916
148.4
345.5
0.183
0.001
0.895
293
1

8960
124
0.34
383
1356
90
292
0.31
0.025
1.09
298
1
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Fig. 1. Initial mesh conﬁguration of the impact models for 25 mm powder.

respectively. It is seen from the ﬁgure that the shape of the
powders is spherical without any sharp corners. The inner ﬁgure
shows the cross-section of the copper powder. The mean size of the
feedstock powder was estimated to be 24.62 mm.
3.2. Individual deposition characterization
Individual particles impacted onto the substrates, and crosssection of single particle deposition could be obtained through
scanning electron microscopy. The deposition surfaces and bonded
particles for different substrate surfaces were observed. Fig. 3a
(smooth), b (impacted on roughness with half the particle size –

crest part), c (impacted on roughness with same as particle size –
crest part) and d (impacted on roughness with twice as particle size
– crest part) shows simulated shapes of the deposited copper
particles on different aluminum substrates having different
roughness values for 570 m/s impact velocity. Fig. 3e shows the
cross-section of embedded copper particles onto smooth aluminum substrate and Fig. 3f–h show the same for grit-blasted
substrates. The corresponding velocity was estimated as 570 m/s
through empirical formula. As the grit blasting was performed
using different shape and size powders, the grit-blasted substrates
have different roughness shapes. It is clear from Fig. 3, that the
deformation of the particles at same velocity on different

Fig. 2. SEM image and size distribution of feedstock powder.
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Fig. 3. Cross-section of deposited powders on different substrates and corresponding simulated images.

Fig. 4. Individual particle deposition on substrates and mechanical interlocking.

Fig. 5. Impact behavior of particles on different substrates. (a) Planar; (b) crest size half of particle size; (c) trough size half of particle size; (d) crest size same as particle size;
(e) trough size same as particle size; (f) crest size twice of particle size; (g) trough size twice of particle size.
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substrates has different characteristics. The ﬂattening ratios of
particles impacted onto smooth surface and rough surfaces with
crest values of, respectively, 12.5, 25 and 50 mm were 1.53, 1.66,
2.02, and 1.89, respectively. Increasing roughness increases the
ﬂattening or deformation of the particles up to a certain value of
crest size. It is noted that the ﬂattening ratio, deﬁned as the ratio of
the diameter of the bonded particle to that of a spherical particle of
the same volume, is used for estimating the deformation of

impacted particle. The maximum deformations of the particles
have been achieved for the substrate roughness similar to the
particle size which can be seen from Fig. 3c and g. Further increase
in the roughness value decreases the deformation or ﬂattening of
the deposited powders. For higher roughness values, the deposition characteristics are similar as the smooth substrates according
to the cross-section images of the particles and the simulated
shapes of the deposited particles. In the rough surface, the crest

Fig. 6. Interface temperature at contact time for different cases. (a) Planar; (b) half the particle size crest; (c) half the particle size trough; (d) same as particle size crest; (e)
same as particle size trough; (f) twice the particle size crest; (g) twice the particle size trough.
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Fig. 7. Energy diagram of impact for planar and roughened substrates. IE, internal energy and KE, kinetic energy.

with maximum surface area and low curvature has the characteristic nature similar to that of smooth substrate during impact. In
order to get the clear picture about the effect of roughness,
scanning electron microscope images of the top view of the
individually deposited powders on different substrates are shown
in Fig. 4a–f. From the top view, it is clear that the deposition
behaviors are similar for all the cases. Fig. 4c and f shows the
mechanically interlocked copper particles on grit-blasted copper
and aluminum substrates, respectively.
3.3. Numerical simulation results
In order to get a clear idea about the interface parameters such
as contact time, contact temperature and contact area, numerical
modeling results have been discussed. Fig. 5a (smooth), b (crest
similar as half the particle size), c (trough similar as half the
particle size), d (crest similar as particle size), e (trough similar as
particle size), f (crest similar as twice the particle size) and g
(trough similar as twice the particle size) shows the deformation
patterns of 25 mm copper particles impacting on smooth copper
and roughened copper substrates, respectively, at constant
velocity. It is obvious from the ﬁgures that at a given time interval,
the deformation is more for the particles impact on the roughened
substrates except on trough whose size is similar to the particle
size. The ﬂattening characteristics for different substrates are
different as discussed earlier.
Fig. 6 shows the deformed pattern of the copper particles on
different aluminum substrates at same impact velocity and the
corresponding interface temperature values. From the simulation
data, it is clear that increasing impact velocity increases the
interface temperature. In Fig. 6, the interface temperature for
roughened substrates (for crest size of half the particle size: 861 K;
for trough size of half the particle size: 884 K; for crest size same as
particle size: 914 K; for trough size same as particle size: 807 K; for
crest size twice the particle size: 876 K) at contact time are higher
than that of smooth case (789 K). And among roughened
substrates, the interface temperature for crest size which is same
as particle size is higher among all the cases. The strain values are
in the same tendency. Among the crest cases, the crest whose size
is same as the particle size has higher interface temperature. But in
the case of trough, the trough whose size is just half the particle
size has higher interface temperature.
From the interfaces of the deformed particles, it is clear that the
maximum interface temperature distributions for smooth and
highly roughened substrate are localized in a small region.
However, in roughness cases, where roughness value is similar
to that of particle size, the maximum temperature distribution is
along the interface between particle and substrate contact region.

Fig. 7 shows energy diagram of the impacted particles on smooth
and on crest whose size is same as particle size which indicates
that the contact time of the particle with substrate for the
roughened substrate is higher than that of smooth substrate.
The high plastic strain-induced softening can dominate against
hardening effects at higher velocities and lead to an adiabatic shear
instability at the interface. This adiabatic shear instability at the
interface could play a signiﬁcant role in the bonding mechanism.
The bonding mechanism can be inﬂuenced by factors such as
contact surface area, contact time and contact temperature, etc.
Fig. 8 shows the contact times for different cases. It is clear from the
ﬁgure that the contact times for roughened surfaces are relatively
higher than that of smooth. From the modeling data, the contact
time increases with increasing impact velocity of the particles for
smooth case. The data clearly shows that the similarity between
smooth and roughness having high crest area.
Fig. 9 shows the comparison of contact area of particle impacts
on smooth and crest part of roughened substrates for different
impact velocities. It is clear that increasing impact velocity
increases the contact area values. Fig. 10 shows the contact time
and contact area for the particle impact on a smooth, three
different crest and trough locations of the substrates. In general,
both the contact time and contact area are higher for crest regions
and lower for trough region. However, trough size which is half the
particle size shows higher contact area and contact time than
smooth case. Wu et al. [17] explained that the adhesion energy is a

Fig. 8. Contact time as a function of particle velocity.
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Fig. 10. Contact area and contact time for different cases.
Fig. 9. Contact area as a function of particle impact velocity.

function of contact area, contact temperature and contact time.
Assadi et al. [6] explained that the formation of the jet for the
second particle is inﬂuenced by the change in morphology and
properties of the underlying substrate as a result of the ﬁrst impact.
3.4. Coating characterization
Fig. 11a–d shows the cross-sectional microstructure of the
coatings prepared on smooth copper, smooth aluminium, gritblasted copper and grit-blasted aluminium substrates, respectively. The process parameters were same as those used for
individual deposition for all the coatings. In order to clearly reveal
the interface between the deposit and the substrate, chemical
etching was carried out for copper substrate case. The etchant

contained 30 ml hydrochloric acid and 10 g of iron(III) chloride
dissolved in 120 ml distilled water. The samples were dipped into
the etching solution for 30 s. For successful bonding, the localized
plastic deformation of impacted particle is required. From the
ﬁgures it is clear that the cracks and porosity are quantitatively
same for coatings prepared on smooth and grit-blasted substrates.
The distribution of defects is also identical. This suggests that the
coatings prepared on different substrates have similar properties
except for a few layers which are deposited initially. The deposition
efﬁciency was measured and the values were found to be little
higher for grit-blasted substrates. The deposition efﬁciencies for
smooth and grit-blasted surfaces were estimated to be 62.7 and
65.2%, respectively. This could be possible due to the inﬂuence of
roughness and its effect on deformation process and can be

Fig. 11. Cross-section of coatings. (a) Planar copper, (b) grit-blasted copper, (c) planar aluminium and (d) grit-blasted aluminium.
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performed numerically and experimentally. The following conclusions have been made from the ﬁndings.
Impacting particles get deformed more severely on roughened
substrate than the smooth cases to obtain higher temperature and
strain values. The contact time, contact area and interface
temperature are higher on the crest part of roughened substrates,
and start decreasing when increasing crest roughness values
further. It is suggested that substrate roughness whose crest size is
same as particle size and the trough size is half the particle size is
beneﬁcial. Bond strength values for grit-blasted substrates are
higher than the smooth cases due to the enhanced mechanical
interlocking which plays an important role in bonding mechanism.
Hence, it is concluded that grit blasting or roughening of
substrate will be useful for successful bonding and further coating
formation in kinetic spray process. It could be helpful for the
tedious deposition cases in kinetic spray process such as soft
particle on hard substrate and vice versa. Further research to
optimize the roughness value is essential for different cases.
Fig. 12. Bond strength results as a function of impact velocity.

supported from Fig. 4c and f. It is also observed that almost all the
particles were deposited on grit-blasted substrates, whereas, in the
case of smooth substrates many craters could be obtained for the
same process conditions.
In order to characterize the initial layers of the coatings, bond
strength measurement was carried out. Adhesion strength is
considered as the most important mechanical property. Fig. 12
shows the measured bond strength value for different coatings at
different process conditions. The coating layers used for stud pull
test have more than 250 mm thickness. During the test, the
coatings were removed along with studs, thus leaving small
fragments on the fracture surface.
From Fig. 12, it is seen that the bond strength for grit-blasted
substrates are higher than that of the smooth substrate. It is
observed that the relatively higher bond strength has been
achieved through kinetic spray process for both the smooth and
grit-blasted substrate cases. It is also suggested that either a higher
fraction of bonded existing atoms between the surfaces or
predominant mechanical interlocking can be responsible for
relatively higher bonding strength. Mechanical anchorage is
involved in bonding mechanism. It can be a dominant mechanism
in high-speed interaction [3,8]. The initial bonding is deﬁned by
adiabatic shear instability and mechanical interlocking.
4. Conclusion
A systematic approach of copper particle deformation on
smooth and roughened copper and aluminium substrates has been
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