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Abstract

Experimental investigation supported by numerical modeling
was conducted to explore the formation mechanism of
intertwining interface in cold spray. The result revealed that
low particle impact velocity and the consequent low deposition
efficiency were the essential reason for inducing intertwining
interface. In addition, intertwining interface was found to
generate at very beginning of coating deposition; further
particle deposition posed negligible effect on the formation of
intertwining interface. Based on the experimental and
numerical analysis, for the first time, the formation mechanism
of intertwining interface was concluded and proposed in this
paper. Low deposition efficiency led to slow coating growing
rate. Therefore, at the beginning of the coating deposition, a
large number of rebound particles repetitively hit the very thin
single-layer or double-layer coating, forming a shot-peening
effect. Such effect resulted in periodic shear stress and plastic
strain in the first-layer coating. Particles of the first-layer
coating were elongated and fractured and mixed with the
substrate material to form the intertwining structure.

Introduction

Cold spray is a low-temperature coating and additive
manufacturing technology developed in the 1980s [1].
Feedstock powders are accelerated by the supersonic
propellant gas in a Laval nozzle and subsequently impact onto
a substrate. If the particle impact velocity exceeds a so-called
‘critical velocity', coatings or bulk deposits can be formed on
the substrate surface without exceeding their melting points
[2,3]. Therefore, defects encountered in the related high-
temperature deposition processes, such as oxidation, thermal
residual stress and phase transformation, can be effectively
avoided [4-8]. Due to the above mentioned merits, cold spray
has been regarded as a promising coating and additive
manufacturing technology, attracting great attention from both
scientific and industrial communities in recent years.

Despite cold spray can be used to deposit many different
materials, metals coated onto metals are still the most popular
cases which have been intensively investigated. In this respect,
bonding mechanism of metals in contact is always a major

research focal point. A number of works have been carried out
during the past decades to improve our understanding on this
issue [4,5,7]. It has been well recognized that metallurgical
bonding and mechanical interlocking are two dominant
mechanisms of metallic bonding in cold spray. Metallurgical
bonding is known to result from nano-scale chemical reaction
at the inter-particle or coating-substrate interfaces [6,9-14].
Mechanical interlocking, as another important mechanism,
contributes only to coating-substrate adherence. It is
commonly present in cases where the substrate material is
softer than the particle material. As a non-chemical bonding,
the interlocking is represented by hard particle material
mechanically embedded into and trapped by the soft substrate
material [15,16]. Overall, after investigation for years, most of
the important issues in regard to the metallurgical bonding and
mechanical interlocking have been understood so far.

However, apart from the two major bonding mechanisms,
another important bonding phenomenon in the form of particle
fracture and mutual intertwining at the coating-substrate
interface was observed in very rare cases when hard coatings
were deposited onto soft substrates [17-19]. Currently, no
studies have inquired into the fundamental principles of such
intertwining interface as yet. Thereby, its inducing conditions
and formation mechanism are still not well understood. In this
work, for the first time, a targeted experimental study with
copper onto aluminum substrate was conducted, supported by
numerical modeling, to clarify the substantial formation
mechanism and inducing conditions of the intertwining
interface.

Experimental methodology

Coating fabrication

Spherical copper powders (-38+15 mm, > 99.9%, Safina,
Czech Republic) were selected as the feedstock. Fig. 1 shows
the surface morphology of the copper powders observed by
SEM (Carl Zeiss Ultra Plus, Germany). Soft aluminum sheets
with polished flat surface were used as the substrates. The cold
sprayed copper coatings were fabricated using a self-made CS
system (Trinity College Dublin, Ireland) [20]. The Lavel
nozzle used in this work has a round shape with a divergent
length of 180 mm, a throat of 2mm and an outlet diameter of 6
mm. Standoff distance (SOD) between the nozzle exit and
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substrate was set as 30 mm. Compressed nitrogen with a
constant pressure of 2.5 MPa was used as the propellant gas.
Single-track coating was produced for all trails to eliminate the
potential effect of spraying strategy on the coating deposition
process. Propellant gas temperature (100, 150, 200 and 300 °
C), number of nozzle passes (2, 4, 6 and 8) and nozzle moving
speed (25, 50, 100 mm/s) varied to produce coatings with
different features. Detailed deposition conditions of the
produced coatings are provided in Table 1.

Figure 1: Surface morphology of the copper powders used in
this work

Table 1. Deposition conditions of the produced coatings

Temperature, <C Nozzle pass | Nozzle speed, mm/s
100 4 50
150 4 50
200 4 50
300 4 50
150 2 50
150 4 50
150 6 50
150 8 50
150 4 25
150 4 50
150 4 100

Materials characterization

The microstructure of the cold sprayed coating and substrate
materials at the interface was studied by SEM in secondary
electrons mode. To assess the coating microstructure via SEM,
the as-sprayed coating samples were cut along the longitudinal
direction for the coating-substrate interface observation and
horizontal direction for the overall coating shape observation,
respectively. The as-cut samples were then prepared using
standard metallographic procedures with the final polishing
applied by 0.06 um silica solution. For all trails, coating

thickness was measured to evaluate the coating deposition
efficiency under different working parameters.

Numerical methodology

Model design

For assisting the experimental investigation, numerical
simulation was performed to study the plastic deformation at
the first-layer coating and coating-substrate interfacial region
during the coating deposition. A well-designed coating
deposition model as illustrated in Fig. 2 was proposed in this
work to achieve this objective. As shown in the schematic, the
cold sprayed coating is represented by many single layers,
where single layer is defined as the coating formed with only
one-layer particles. This work only concerned the potential
plastic deformation of the first-layer coating and coating-
substrate interfacial region. In addition, considering the
flattening of the particles after deposition, each layer was
given a thickness of 13 pm, which is half of the particle
average diameter.

aluminum alloy substrate

Figure 2: Schematic of the coating deposition model used in
the simulation. Monitor positions were highlighted with blue
Ccross

Numerical model description

Numerical simulation was performed using a commercial
software, ABAQUS. Lagrangian algorithm with the dynamic
explicit procedure was applied to build the computational
model. Copper particle was defined as a sphere with the
diameter of 26 um (i.e., same as in the experiment), while
aluminum substrate was defined as a cylinder with a diameter
and height of 260 and 130 pm, respectively. Because of
symmetric nature of the impact process, the computational
model was simplified as 2D axisymmetric model in order to
reduce the computational time. The contact process was
implemented by using the surface-to-surface penalty contact
algorithm with balanced contact pair formulation. The fixed
boundary condition was enforced to the substrate bottom and
lateral surfaces. The geometry was partitioned by the four-
node bilinear axisymmetric quadrilateral elements with



reduced integration and hourglass control (CAX4R). Fig. 3
shows the local computational domain and meshing of the used
computational model. Three monitor elements were selected at
the intertwining interface. Monitor element 1 is located at the
central point of the first-layer coating where fracture took
place as revealed by the experiment. Monitor element 2 and 3
represent the coating-substrate interface. The particle impact
velocity was defined as between 200 and 500 m/s based on the
simulated results by Ansys-Fluent according to the
experimental conditions.

The metal materials were described by the Johnson and Cook
(JC) plasticity model, which accounts for strain and strain-rate
hardening, as well as thermal softening [21]. Detailed
parameters for JC mode can be found elsewhere [22].
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Figure 3: Local computational domain, meshing and three
selected monitor elements of the numerical model. Monitor
elements were highlighted with blue cross

Results and discussion

Coating thickness and deposition efficiency

Fig. 4 shows the measured overall coating thickness as
function of gas temperature, number of nozzle passes and
nozzle moving speed. It is clearly seen that the overall coating
thickness went up dramatically with increasing the gas
temperature due to the increased particle impact velocity at
higher gas temperature that enhanced the coating deposition
efficiency [23]. In addition, as the number of nozzle passes
increased or the nozzle moving speed decreased, the coating
thickness also exhibited an increasing trend. The reason for the
thickness increment in these two cases was different from the
former case. Here, the particle impact velocity and the
consequent coating deposition efficiency were roughly the
same in all trails; the thickness increment was actually caused

by the longer deposition time rather than higher particle impact
velocity
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Figure 4: Coating thickness as function of gas temperature,
number of nozzle passes and nozzle moving speed

Coating-substrate interface

Fig. 5 shows the cross-sectional images of the coating-
substrate interfaces produced at different gas temperatures. It
is interesting to find that the interfaces exhibited significantly
different features as the gas temperature increased. At low gas
temperature as shown in Fig. 5a and 5b, the interfaces were
characterized by the strong mutual intertwining structure. As
the gas temperature increased to 200 <C, intertwining
phenomenon significantly weakened, being hard to observe
along the interface. When the gas temperature was further
increased to 300 <C, intertwining phenomenon completely
vanished along the entire interface. The variation of the



interfacial features with the gas temperature clearly suggests
that intertwining interface only occurred at low gas
temperature. As discussed in the last section, gas temperature
affected both the coating deposition efficiency and overall
coating thickness through the particle impact velocity.
Therefore, it is sensible that the inducing conditions of the
intertwining interface is linked to either the low coating
deposition efficiency or the overall coating thickness or both.
In order to further clarify the inducing conditions, Fig. 6 and
Fig. 7 show the cross-sectional images of the coating-substrate
interfaces at different nozzle passes and moving speeds. Note
that the gas temperature for these trails was set at a low level
(150 <C) at which intertwining phenomenon can take place. As
can be seen, all of the interfaces demonstrated similar
intertwining phenomenon regardless of the overall coating
thickness. This fact indicates that the intertwining interface
was truly present at low gas temperature and irrelevant with
the overall coating thickness. Therefore, from the experimental
results shown in Fig. 5-7, it can be concluded that the
intertwining interface was not affected by the overall coating
thickness but only be the coating deposition efficiency. In
other words, the inducing condition for intertwining interface
were low coating deposition efficiency or low particle impact
velocity. Furthermore, the increment of the number of nozzle
passes can be roughly considered as the coating growing
process. In Fig. 6, the intertwining interface had no significant
change as the number of nozzle passes increased from two to
eight. This fact demonstrates that the formation of intertwining
interface may happen at the very beginning of the coating
deposition; further particle deposition (or further coating
deposition) posed negligible effect.

4 passes

6 passes

8 passes

Figure 6: Cross-sectional SEM images of coating-substrate
interfaces at different nozzle passes

B

Figure 5: Cross-sectional SEM images of coating-substrate
interfaces at different gas temperatures

Figure 7: Cross-sectional SEM images of coating-substrate
interfaces at different nozzle moving speed

Microstructure at the intertwining interface

Fig. 8 provides some typical microstructures at the
intertwining interface. In Fig. 8a, the coating-substrate
interface was selected from the outer zone of the coatings
produced at the gas temperature of 100<C. Due to the lower
deposition efficiency at the outer zone than the central zone
[24,25], the coating shown in Fig. 8a consisted of only one
layer. Apparently, strong intertwining structures were observed
beneath the single-layer coating. This fact further confirms that
intertwining interface is formed at the beginning of the coating
deposition. Fig. 8b shows a single copper particle selected
from the same zone as in the Fig. 8a. As can be seen, copper
material at the right side was significantly elongated, while
seriously deformed copper material was fractured and covered
by the aluminum substrate material at the left side.
Additionally, a large open crack generated at the lower part of
the particle. As discussed above, the deposition efficiency at



the gas temperature of 100 <C was rather low, which means that
a large number of particles will rebound rather than deposition
after impact. These rebound particles repetitively hit the
deposited particle, leading to a shot-peening effect. Such effect
resulted in periodic shear stress and plastic strain in the first-
layer coating, which significantly elongated and fractured the
particles. It also led to the plastic deformation of substrate
material that enlarged the cracks and caused the movement of
particle fragments. In addition, these rebound particles may hit
the convex aluminum substrate material to induce the copper-
inclusion structure as shown in Fig. 8a. Fig. 8b shows a high-
magnification view of a slim crack in the copper particle. It is
sensible that if the substrate material plastic deformation is
larger, this slim crack will finally become the large open crack
as similar to in Fig. 8b. Fig. 8d shows a single copper particle
selected from coatings produced at the gas temperature of
150C. In this case, copper fracture phenomenon and
intertwining structure were still prominent. In addition to the
open cracks, some inner cracks were also formed in the
particle.
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Figure 8: Typical microstructures at the intertwining interface

Plastic deformation at the intertwining interface

From the above experimental observation, it is find that
intertwining interface is a consequence of plastic deformation
of both particles and substrate during the coating deposition.
Therefore, in order to deeply analyze the plastic deformation
behavior at the intertwining interface, Fig. 9 shows the
simulated PEEQ at three monitor elements against the number
of coating layers. Clearly, the impact of the cold sprayed
particles caused plastic deformation at the intertwining
interface. However, strong plastic strain only happened in the
case of single-layer and double-layer coatings. When the
coating exceeds two layers, PEEQ at the monitor elements
reduced dramatically and even came to zero regardless of the
impact velocity. This fact suggests that the impact-induced
plastic deformation at the intertwining interface was triggered
only when the number of coating layers was low. The result
well explains why intertwining interface generated at the
beginning of the coating deposition as revealed by the
experiment (because single- or double-layer coating only
formed at the beginning).
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Figure 9: PEEQ against number of coating layers at three
monitor elements

In addition, it is also found from Fig. 9 that, even low particle
impact velocity in the case of single- and double-layer coatings
would result in much higher plastic deformation at the
intertwining interface than high particle impact velocity in the
case of thick-layer coatings. This fact suggests that, despite
lower impact velocity provided lower impact energy, the
thinner-layer coating and a larger number rebound particles as
a result of the lower coating growing rate can cause much
stronger peening effect on the intertwining interface,
explaining why intertwining interface only generated at low
impact velocity. Moreover, PEEQ at the central point of the
single-layer coating is much higher than at the coating-
substrate interface. This is the reason why copper particles
underwent fracture but substrate material only experienced
limited plastic deformation.



The variation of PEEQ against the number of coating layers
can be well explained through the energy analysis. During the
particle deposition process, the initial particle kinetic energy is
mainly dissipated through the plastic deformation of particles,
deposited coating and substrate [3,26], which can be expressed
as follows,

E=Ep+Ec+Es Eq. 1

where E is the total plastic dissipation energy, Ep is the
particle plastic dissipation energy, Ec is the coating plastic
dissipation energy and Es is the substrate plastic dissipation
energy. In order to analysis the plastic dissipation energy of
the first-layer coating, Ec is further expressed by Ec=Ec1+Ecr,
where Ec represents the first-layer coating, Ecr represents the
rest of the coating. In this case, the total plastic dissipation
energy, E, can be expressed as follow,

E=Ep+Ecl+Ecr+Es Eq. 2

Fig. 10 show the energy dissipated through the plastic
deformation of first-layer coating (Ecl) and substrate (ES).
Clearly, the plastic dissipation energy for the first-layer
coating and substrate significantly reduced as the number of
coating layers increased from one to three, which is consistent
with the variation trend of PEEQ as shown in Fig. 9. The
energy analysis further reveals the plastic deformation
behavior at the intertwining interface during the coating
deposition.
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Figure 10: Energy dissipated through the plastic deformation
of first-layer particles and substrate

Formation mechanism of intertwining interface

Based on the above experimental and numerical analysis, the
formation mechanism of intertwining interface in cold spray
was discussed and proposed in this section. First of all, it has
been concluded from Fig. 5-7 that intertwining interface only
generated at low deposition efficiency (or low particle impact
velocity). On one hand, low deposition efficiency results in
very slow coating growing rate, which means that the coating
thickness will maintain at a low level for a long time.
According to the simulation result, only for the thin-layer
coating will the interfacial region experience high plastic
deformation upon the impact by the cold sprayed particles. On
the other hand, lower deposition efficiency simultaneously
results in a larger number of rebound particles as shown in Fig.
11a. These rebound particles repetitively hit the thin-layer
coating, periodically inducing plastic strain of the first-layer
particles and interfacial materials. Then, after peening for
numerous times, fracture takes place in the first-layer coating,
breaking the copper particles into many pieces. The plastic
deformation of substrate materials then enlarged the cracks
and caused the movement of particle fragments to form the
intertwining structure. Because the plastic deformation in the
first-layer coating is much higher than in the coating-substrate
interfacial region as shown in Fig. 9 and 10, copper fracture
tended to happen from the middle of the first-layer coating. In
the case of high coating deposition efficiency (or high particle
impact velocity), as shown in Fig. 11b, coating grows rapidly,
and the number of rebound particles decreased simultaneously.
In this case, despite the impact energy is high, the number of
particles that hit on the thin-layer coating reduced
dramatically. Therefore, there is no sufficient motive force to
trigger the shot-peening effect and the consequent intertwining
interface.
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Figure 11: Schematic of the particle deposition and rebound
phenomenon during coating deposition. ‘D' and 'R' represent
deposition particles and rebound particles, respectively

In previous works, intertwining interface was always believed
to promote the interfacial bonding strength due to the
intertwining structure [18]. However, the current study
demonstrated that intertwining interface only generated under
low particle impact velocity at which coating overall quality is
low (i.e., low bonding strength, high porosity) [27,28]. In
addition, the potential micro-cracks and stress concentration in
the first-layer coating due to the shot-peening effect further
deteriorates the coating quality. Therefore, the appearance of
intertwining interface may not be a positive sign for the overall
coating quality.



Conclusions

Targeted experiments and numerical simulation of cold
sprayed copper onto aluminum were conducted to explore the
inducing conditions and formation mechanism of intertwining
interface. Experimental results showed that intertwining
interface only generated at the condition of low deposition
efficiency (or low particle impact velocity). Therefore, the
appearance of intertwining interface may not be a positive sign
for the overall coating quality. Also, prominent intertwining
structures can be found beneath an extremely thin single-layer
coating and further particle deposition posed negligible effect,
which suggests that intertwining interface actually generated at
the very beginning of coating deposition. Modeling results
revealed that impact-induced plastic deformation at the
intertwining interface was much stronger when the coating had
only single or double layers, even at low particle impact
velocity. Based on the experimental and numerical analysis,
the formation mechanism of intertwining interface was
concluded as follows. Low deposition efficiency lead to slow
coating growing rate. Therefore, at the beginning of the
coating deposition, a large number of rebound particles
repetitively hit the very thin single-layer or double-layer
coating, forming a shot-peening effect. Such effect resulted in
periodic shear stress and plastic strain in the first-layer coating.
Particles of the first-layer coating were elongated and fractured
and mixed with the substrate material to form the intertwining
structure. The novel findings in the present work were further
confirmed by the validating experiment of copper coating onto
magnesium substrate.
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