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The adhesion mechanism of deposit/substrate interface prepared by the cold spray method is not fully
understood at present. It seems that the adhesion strength is mainly determined by the mechanical
(including the plastic deformation of particle and substrate) and thermal interaction between particle and
substrate when the particles impact onto the substrate with a high velocity. In order to understand the
adhesion mechanism, a novel adhesive strength test was developed to measure the higher bonding strength
of cold sprayed coatings in this study. The method breaks through the limits imposed by glue strength in the
conventional adhesive strength test, and it can be used to measure the coatings with a higher adhesive
strength. The particle velocity was obtained with DPV-2000 measurement and CFD simulation. The
relationships between the adhesion strength of deposits/substrate interface and particle velocity were
discussed. The results show that stronger adhesion strength can be obtained with the increase of particle
velocity. There are two available ways to improve the adhesion strength. One is to increase the temperature
of working gas, and another is to employ helium gas as the working gas instead of nitrogen gas.

Keywords adhesive strength, cold spray process, copper
coating, in-flight particle velocity

1. Introduction

Cold spray is an emerging spray coating technology
that was first developed in the mid 1980s at the Institute of
Theoretical and Applied Mechanics in the former Soviet
Union (Ref 1). In the cold spraying process, spray particles
are injected into a supersonic jet of compressed gas and
accelerated to a high velocity (300-1200 m/s). The depo-
sition of particles takes place through intensive plastic
deformation upon impact in solid state at a temperature
well below the melting point of the spray materials (Ref
2). As a result, spray particles experience little oxidation
or decomposition in cold spray (Ref 3) and (Ref 4). So far,
cold spray has been used to spray not only ductile mate-
rials such as copper (Ref 5, 6), aluminum (Ref 7), nickel
(Ref 8), nickel based alloys (Ref 9), zinc (Ref 10) but also

metal matrix composites (Ref 11), cermets (Ref 12) and
ceramic materials (Ref 13).

Previous studies suggested that particle deposition de-
pends on the impact velocity and only the particles with a
velocity higher than a critical velocity can be deposited.
Below the critical velocity, impacting particles would only
cause erosion of the substrate (Ref 14, 15). Experimental
and theoretical results showed that the critical velocity is
dependent on the properties of powder and substrate
materials (Ref 16, 17), particle size and geometry (Ref 1),
particle temperature (Ref 18), particle oxygen content (Ref
19) and substrate preparation (Ref 20). This may partially
explain why even for the same powder materials the
reported critical velocity was somewhat different (Ref 19, 21).

Adhesive strength of coatings prepared by cold spray
determines its applications in the industrial field. Therefore,
many researchers have been focused on the bonding
mechanism in the last few years. Mäkinen et al. presented
the influences of powder, substrate and heat treatment on
the adhesive strength (Ref 22). Moreover, recently
numerical simulation also has helped to explore the bonding
mechanism (Ref 23–26). These studies on the bonding
mechanism of cold spray suggested that the adhesive
strength is mainly affected by the mechanical interlock (Ref
23, 24) and diffusion bonding or metallurgical bonding
caused by molten impact (Ref 10, 26) based on the shear
instability (Ref 25). But so far, the underlying mechanism of
bonding of cold spray has not been well clarified (Ref 18).

In the present study, a novel method was employed to
measure the higher adhesive strength of copper coatings
instead of the conventional method using the epoxy resin
adhesive. In order to control the particle impact velocity,
coatings for the adhesive strength experiment were pre-
pared on three types of substrate, A5052, A6063 and
copper, and changes of the working gas pressure and tem-
perature were employed. The velocity and temperature of
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working gas and in-flight particle were calculated by Fluent,
commercial CFD software. The particle velocity was also
measured by an on-line diagnostic system of DPV-2000. In
addition, the relationships between the impact velocity and
the adhesive strength of copper coatings were discussed.

2. Experimental Procedure

2.1 Feedstock Powder and Cold Spray Process

Commercially available copper particles of particle
diameters ranging from 5 to 45 lm were used. The mor-
phology of the powder is presented in Fig. 1(a). The
powder size distribution was characterized by the laser
diffraction particle size analyzer (Seishin Trading Co., Ltd.
Kobe, Japan). The volume and number distributions of
diameters are shown in Fig. 1(b). The volume average
diameter is about 30 lm, and the number average diam-
eter is about 18 lm.

In this study, a commercial cold spray system, model
number PCS-305 designed by Plasma Giken Co. Ltd., was
used to prepare the coatings for adhesive strength mea-
surement. A converging-diverging (De-Laval) nozzle with
the throat diameter of 3 mm and outlet diameter of
6.5 mm was configured in the cold spray system. The
nozzle is cooled by chilled water in order to alleviate
nozzle clogging and improve the reliability of this system.
As a gas pressure controlled system, the gas flow rate is
adjusted by the gas pressure. In order to control the mixed

gas temperature of the powder feeding gas (cold gas) and
the working gas (hot gas), the ratio of the mass flow rate
for the two gases was set to about 1/4 by adjusting the
pressure of powder feeding gas in the experiments. The
detailed spray conditions for cold spraying are shown in
Table 1.

2.2 The Measurement of In-Flight Particle Velocity

The in-flight particle velocity was measured at the
center line of the flow, using the DPV-2000 system (Tec-
nar Automation Ltd., St-Bruno, Québec, Canada) under
the conditions of preparing coatings as shown in Table 1.
The substrate was removed during the particle velocity
measurement process. For the cold spray process, the
radiation intensity emitted from the in-flight particles is
too weak to be detected by the optical sensor because of
the low temperature of the particles. Therefore, a high-
power diode laser system, the CPS-2000, was equipped in
the DPV-2000 system to beam the in-flight particles. By

Fig. 1 Morphology (a) and diameter distributions (b) of copper powder

Table 1 The spray conditions

Gas type N2 He
Working gas pressure (MPa) 3, 4 2
Working gas temperature (�C) 200-1000 600
Spray distance (mm) 30
Powder feed rate (g/min) 200
Substrate A5052, A6063, Cu
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detecting the monochromatic light scattered by particles,
the velocity of particles can be measured by the DPV-2000
system. In this study, the velocity measurements were
made at the position on the centerline of the gas flow
30 mm away from the spraying gun exit.

2.3 A Novel Method to Measure Adhesive Strength

In the conventional adhesive strength test for thermal
spray coatings, an epoxy resin adhesive is employed to
glue the sample to another identical, but uncoated sample.
The schematic illustration of the method is shown in
Fig. 2. The testing results are tremendously restricted by
the strength of the glue. The strength of epoxy resin
adhesive is generally not higher than 70 MPa, and conse-
quently the testing method cannot be employed to mea-
sure coating adhesions with a higher adhesive strength
than that of the adhesive.

With cold spray, a suitable spray condition can prepare
coatings with high adhesive strength. Therefore, the con-
ventional testing method became invalid for the high
adhesive strength coatings prepared by the cold spray
process. Fortunately, quite thick coatings can be obtained
by the process of cold spray, without difficulty. The
adhesive strength of thick coatings can be measured using
a novel testing method as shown in Fig. 3. First, thick
coatings of more than 5 mm were deposited on a con-
ventional tensile specimen with a diameter of 25 mm, as
shown in Fig. 3(a). And then the test piece was machined
into a shape as shown in Fig. 3(b). The part near the

coating/substrate interface was cut thinner to ensure the
rupture happened in that area during the tensile test. The
inner edges of the machined part were cut to an arc
transition with a radius of 1 mm in order to prevent a
stress concentration effect. Finally, the sample can be
pulled directly with a special jig as shown in the Fig. 3(c).

2.4 The Numerical Simulation Method

The CFD code of Fluent was used to simulate the cold
spray process. Due to the axisymmerical characteristic of
flow in the gun, a two-dimensional symmetrical steady-
state mode was used in the current study. According to the
previous study, the presence of a substrate had little
influence on particle acceleration (Ref 27). Therefore, the
substrate was not involved in this simulation. Considering
the water-cooled gun used in this study, the outer
boundary of the gun was set to a constant temperaure wall
with the temperature of 40 �C for the water-cooled part,
and an adiabatic wall for the other part.

The working gas was taken as an ideal and compress-
ible one. A coupled implicit method was used to solve the
flow field. The realizable K-e turbulence model was uti-
lized in the simulation because of the high pressure gra-
dients. Considering the actual particle diameter ultized in
this study, a spherical particle with the diameter of 18 lm
was fed into the gun at the axisymmetric center for the
calculation of particle velocity and temperature. The
accelerating and heating of particles were computed using
Discrete Phase Modeling (DPM) of Fluent (Ref 28).

3. Results and Discussions

3.1 Simulation Results Compared with Measured
Results by DPV-2000

The distributions of temperature and gas velocity
calculated by Fluent are shown in Fig. 4(a) under the

Fig. 2 The conventional method to test the adhesive strength of
coatings

Fig. 3 The novel method to test the adhesive strength of coatings
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conditions of N2, 3 MPa, 1000 �C. In this study, the
boundary conditions of adiabatic wall were not used but a
constant temperature was taken into consideration for the
nozzle�s outer wall because a water-cooled gun was used.
Therefore, it can be seen that the temperature of the
nozzle is low and similar to the temperature of cooling
water. A copper particle with a diameter of 18 lm was fed
into the gas field at the axisymmetric center, and the cal-
culated temperature and velocity of the particle are shown
in Fig. 4(b) and (c). The particle is preheated before
passing through the nozzle throat and the temperature
drops with the fast descent of the gas temperature while
passing through the nozzle throat due to the expansion of
gas. However, the particle is accelerated only while pass-
ing the nozzle throat until a location beyond about
100 mm from the nozzle exit.

Taking the particle velocity calculated at the location
beyond 30 mm of nozzle exit, the extracted particle
velocities are shown in Fig. 5 under different spray con-
ditions. It reveals that the particle velocity rises with the
increase of working gas temperature from 200 to 1000 �C.
However, only a minor increase of particle velocity was
observed with the increase of working gas pressure from 3
to 4 MPa. When helium gas was utilized as the working
gas, higher particle velocities were obtained even under a

lower gas temperature compared with the use of N2 gas. It
seems that the valid ways to obtain a high particle velocity
are to develop a high temperature cold spray system or use
helium instead of nitrogen as the working gas.

Depending on the detection of scattering light in the
experiment, the DPV-2000 system cannot measure

Fig. 4 Results of simulations under the conditions of N2, 3 MPa, 1000 �C

Fig. 5 Calculated particle velocity at the distance of 30 mm
beyond nozzle outlet under different spray conditions
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particle diameter correctly. Therefore, the number distri-
butions and average of particle velocities can be calculated
instead of volume ones. The number distributions of
particle velocity measured by DPV-2000 are shown in
Fig. 6. Similar to the results of simulations, the gas tem-
perature and gas type have great influences on the particle
velocity, and the gas pressure has little influence on the

particle velocity. The profiles of the velocity distributions
present that the particle velocity ranged from 300 to 1000 m/s
if nitrogen gas was used, and from 600 to 1400 m/s if helium
gas was used.

From the distributions of particle velocity above, the
number average velocities can be obtained. Assuming that
the particle velocity measured at the specific position is
only influenced by the particle diameter, the number
average particle velocity measured can be considered as
the velocity of the particle with the diameter of 18 lm, the
number average diameter of the copper powder used in
the experiments. The comparison between the number
average velocities measured by DPV-2000 and the ones
calculated by Fluent is shown in Fig. 7. It reveals that the
particle velocities calculated are very close to the ones
measured, and moreover the same tendency of particle
velocity to change relative to the gas temperature can be
observed regardless of which way is used. Even though the
shape of the actual particle used in the experiments was

Fig. 6 Particle velocity number distributions measured by
DPV-2000

Fig. 7 Comparison of particle velocities calculated with the
ones measured
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not a perfect sphere and the drag force of actual particle is
a little larger than that of the spherical particle, the
deviation of the experimental results from the ideal
numerical calculated results somewhat compensates for
the error caused by the little difference in the drag coef-
ficient. Therefore, the numerical calculation is a valid way
to predict the in-flight particle velocity.

3.2 Adhesive Strength of Coatings

The adhesive strength of copper coatings deposited on
the three substrates is shown in Fig. 8. It can be seen that
the tensile strength of coatings increased with the increase
of gas temperature. The tensile strength experienced a
small increase when adjusting the gas pressure from 3 to
4 MPa. When helium gas was employed as the working
gas, the tensile strength was much higher than those pre-
pared with nitrogen gas. The tensile strength of coatings
on the A5052 and A6063 substrates are very similar, but
some difference from that can be observed on the Cu
substrates. The coatings deposited on Cu substrates have
lower adhesive strength than those on the Al alloy sub-
strates at the lower working gas temperature. It seems that
a higher particle velocity is necessary to make much larger
plastic deformation for the Cu substrates compared with
the Al alloy substrates in order to form an effective
bonding.

If the gas temperature exceeded 800 �C, almost all the
specimens ruptured in the coating instead of the interface
of coating/substrate as shown in Fig. 9. It seems that the
particle velocity caused a good bonding even for the Cu
substrate owing to the sufficient plastic deformation that
happened in the particles and substrates. One of the rea-
sons causing failure within the coatings is stress concen-

Fig. 8 Tensile/adhesive strength of copper coatings prepared
under different conditions

Fig. 9 Photo of ruptured specimens after tensile testing
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tration. In spite of the arc transition used at the inner
corner near the interface of coating/substrate, the stress
concentration may have caused the failure of some spec-
imens near the inner corner. Another reason is the
inherent defects in the cold sprayed coatings. Although
the coatings prepared by the cold spray process have a
lower ratio of defects than the ones prepared by conven-
tional thermal spray, defects do still exist in the coatings as
shown in the Fig. 10. These defects are so sensitive to the
tensile stress that the cohesive strength of coatings de-
creases intensively. Consequently, the adhesive strength
was stronger than the cohesive strength of coatings, which
results in the ruptures inside the coatings.

3.3 Discussion

From the results mentioned above, it seems that the
spray conditions of working gas pressure and temperature
have similar influences on the adhesive strength of coat-
ings and particle velocity. Figure 11 shows the relationship
between the tensile strength and the calculated particle
velocity. It reveals that the adhesive strength is low at a
lower particle velocity, and sharply increases with the
particle velocity exceeding about 700 m/s. The adhesive
strength is stronger than the cohesive tensile strength of
coatings sprayed at high particle velocity, and conse-
quently the adhesive strength cannot be tested, but rather
the cohesive tensile strength of coatings due to the rupture
position inside of the coatings. Taking consideration of the
rupture position and the stress concentration, Fig. 11 only
shows the lower limit of adhesive strength of coating/
substrate at the higher particle velocity region, and the
real adhesive strength is stronger than the measured one.
Even so, a conclusion can be drawn that the adhesive
strength benefits from an increase in particle velocity.

Splats of copper particles impacting on A5052 sub-
strates are shown in Fig. 12. With increases of particle
velocity, the copper particles deeply embedded into the
A5052 substrate, and more intensive plastic deformation
occurred in both particles and substrates. ‘‘Jetting’’ was
almost unobservable under the conditions of N2, 3 MPa,
200 �C, and small jetting was obtained when the gas
temperature was increased to 600 �C. If the particle
velocity increased further such as under conditions
employing helium as the working gas, the particle deeply

embedded in the substrate and consequently extensive
jetting was generated. Unlike the splat, which is only one
particle impacting on the substrate, in the actual cold
spray process, the subsequent particle will impact on the
jetting and mechanical interlock will occur between the
coating and substrate as shown in Fig. 12(d). The severe
mechanical interlock resulting from intensive plastic
deformation results in high adhesive strength, more than
250 MPa under the conditions of He gas, 2 MPa, 600 �C.

4. Conclusions

In this study, copper particle velocity was measured by
the DVP-2000 system and calculated by the CFD software
of Fluent. The copper coatings were prepared using the
cold spray process under different spray conditions and
the adhesive strength on three substrates was also tested.
Thanks to the novel adhesive strength test, higher tensile
strength was obtained. Even though the geometry of a
specimen has not been optimized, the lower limit of
adhesive strength can be obtained. By this method, up to
250 MPa of adhesive strength was observed for copper
coatings on A5052 substrates in the current study. Results
showed that simulation is a valid way to predict in-flight
particle velocity because the calculated particle velocity

Fig. 10 Morphology of fracture surface after tensile testing

Fig. 11 Relationship between the particle velocity and adhe-
sive/tensile strength
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was nearly identical to the one measured. The in-flight
particle velocity increased with the increase of gas pres-
sure and temperature or using helium instead of nitrogen
gas. Similarly to the particle velocity, the adhesive
strength of coatings to the substrates increased too with
the increase of gas pressure and temperature or using
helium instead of nitrogen gas. It seems that particle
velocity plays an important role in improving adhesive
strength based on plastic deformation. A higher particle
velocity benefits the mechanical interlock effect resulting
in excellent bonding between the coating and substrate.
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