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Abstract Previous research has demonstrated deposition
of MCrAlY coating via the cold spray process; however,
the deposition mechanism of cold spraying has not been
clearly explained—only empirically described by impact
velocity. The purpose of this study was to elucidate the
critical deposit condition. Microscale experimental mea-
surements of individual particle deposit dimensions were
incorporated with numerical simulation to investigate
particle deformation behavior. Dimensional parameters
were determined from scanning electron microscopy
analysis of focused ion beam-fabricated cross sections of
deposited particles to describe the deposition threshold.
From Johnson-Cook finite element method simulation
results, there is a direct correlation between the dimen-
sional parameters and the impact velocity. Therefore, the
critical velocity can describe the deposition threshold.
Moreover, the maximum equivalent plastic strain is also
strongly dependent on the impact velocity. Thus, the
threshold condition required for particle deposition can
instead be represented by the equivalent plastic strain of the
particle and substrate. For particle-substrate combinations
of similar materials, the substrate is more difficult to
deform. Thus, this study establishes that the dominant
factor of particle deposition in the cold spray process is the
maximum equivalent plastic strain of the substrate, which
occurs during impact and deformation.
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Introduction

The cold spray process—a relatively new coating tech-
nology—was initially developed in the mid-1980s at the
Institute for Theoretical and Applied Mechanics of the
Siberian Division of the Russian Academy of Science in
Novosibirsk (Ref 1-4). This technique is based on the high-
velocity (300-1200 m/s) impingement of small solid par-
ticles (generally 1-50 pm in diameter) on the substrate (Ref
3, 4). In this spraying process, the particles are accelerated
by a supersonic gas jet at the heated gas temperature, which
is usually lower than the melting point of the powder
material. Consequently, this spraying process solved the
problems of thermal spraying, i.e., oxidation and phase
transformation (Ref 5, 6). Moreover, cold spraying systems
are much simpler than low-pressure plasma spray (LPPS)
systems.

MCrAlY (where M is Co and/or Ni) is widely used for
the bond-coat of thermal barrier coating (TBC) for land-
based gas turbine applications. Additionally, MCrAlY is
used for protection from high-temperature oxidation and
hot corrosion (Ref 7, 8). Until recently, MCrAlY has been
deposited by conventional thermal spray techniques, i.e.,
LPPS or high velocity oxygen fuel (HVOF).

Recently, researchers have demonstrated the deposition
of MCrAlY coatings via the cold spray process (Ref 9, 10).
Moreover, the coating performance with this process is
much higher than for conventional coating (Ref 11). In
order to commercialize the cold spray coating process, the
deposition mechanism, optimal deposition parameter, and
coating reliability must be understood.

From previous cold-sprayed MCrAlY coating research
results, there is no evidence of local melting near the
deposition interface (Ref 12); thus, local melting is not
necessary for high-quality deposition. Scanning electron
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microscopy (SEM) and electron backscatter diffraction
(EBSD) microstructural analysis of cold-sprayed copper
deposits indicate that highly plastic deformations cause
grain refinement and amorphous structure generation (Ref
13). Furthermore, in the initial stage of MCrAlY cold spray
deposition, surface-covering oxide films can roll to inhibit
particle attachment (Ref 14). This evidence indicates that
the deposition mechanism may be considered as follows.
(1) Dynamic impacts cause large plastic deformation of
particle and substrate. The deformation causes grain
refining. (2) The brittle native oxide film is broken by the
large deformation; non-protected and active surfaces of the
particle and substrate are generated. (3) Contact between
both sides of the newly formed surfaces initiates deposition
by cold spraying. Therefore, the generation of the newly
formed surface is the dominant factor for deposition due to
cold spraying.

Various explanations for the deposition mechanism have
been studied, and many concepts have been proposed (Ref
15-17). The critical velocity for deposition is one of the
most important factors for understanding the deposition
mechanisms of cold spraying. Only when the impact
velocity exceeds, the critical velocity can cold spraying
initiate deposition. Assadi et al. (Ref 18) have investigated
the critical velocity and deposition mechanism through
experimental and computational approaches. If plastic
deformation of the particle and substrate occurs, high-
speed friction causes shear stress. Subsequently, the fric-
tion induces increments in temperature. This model
assumes that a local area exceeds the melting point owing
to high-speed collisions between particles and substrate;
however, this is contrary to the aforementioned evidence
that bonding occurs without melting. This result also
indicates that the thickness of the oxide film is a factor that
affects deposition (Ref 17). Therefore, it is necessary to
discuss dominant factors other than temperature change.

Accordingly, this study focuses on particle deformation
as the dominant factor of cold spray deposition. The plastic
deformation rate increases with impact velocity; hence, the
generated area of newly formed surface also increases. The
amount of plastic deformation, namely, the generated
amount of newly formed surface, is used for the evaluation
parameter of deposition. Initially, as an experimental
approach, a specimen with sparsely deposited particles was
prepared. Observation of the cross sections of particles
attached to the substrate efficaciously elucidates their
deformation behavior. In this study, a focused ion beam
(FIB) system was used to fabricate the cross section of a
deposited particle in microscale (Ref 19, 20). Furthermore,
finite element method (FEM) simulation can determine the
relationship between deformation behavior and impact
conditions (Ref 21-24). Therefore, FEM results were
incorporated with the observation results. By comparing

these experimental and computational results, the dominant
factor of cold spray deposition was studied.

Experimental Procedure

Cold Spraying for Preparation of Sparse Particle
Deposition

CoNiCrAlY (Sulzer Metco, AMDRY9951) was used as a
coating material. Ni-based superalloy Inconel 625, with
dimensions of 50 mm x 50 mm x 4 mm was used as the
substrate. The chemical compositions of the powder and
substrate materials are shown in Tables 1 and 2, respec-
tively. In order to capture and evaluate the deformation of
individual particles, the substrate was mirror polished. The
CoNiCrAlY coatings were sprayed using a cold-spray
facility (Kinetic 3000, CGT). The spray conditions adopted
match those shown in the table for the previous research
(Ref 15). Figure 1 shows the x-ray powder diffraction
(XRD) patterns of the feedstock CoNiCrAlY powder and
as-sprayed coating. The as-sprayed coating result has a
wider peak, which confirms grain miniaturization of the
cold-sprayed coating.

Particle deformation behavior was investigated by using
a sparsely deposited particles specimen, which was made
with a small powder supply and higher traverse speed.
Table 3 summarizes the cold spray condition. Using this
spray condition for single traverse spraying, a specimen
with sparsely and individually deposited particles was
obtained. Figure 2 shows the appearance of the specimen.

Cross-Sectional Observation of Deposited Particle
Fabricated via FIB System

The FIB system (Hitachi, FB-2000A) was used to fabricate
the cross section of a deposited particle. The FIB is capable
of pinpoint analysis and extremely precise cutting on the
order of a few nanometers. Figure 3 depicts the FIB fab-
ricated specimen. This image was produced by SEM at a

Table 1 Chemical composition of powder material (CoNiCrAlY)

Element Co Ni Cr Al Y

wt.% Bal. 32 21 8 0.5

Table 2 Chemical composition of substrate material (Ni-based
superalloy)

Element Ni Cr Mo Nb Fe

wt.% Bal. 21 9 4 3.5
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Fig. 1 XRD patterns of feedstock and as-sprayed CoNiCrAlY
powder obtained with copper x-ay source under 40 kV/30 mA

Table 3 Cold spray conditions for fabrication of sparsely deposited
particles specimen

Material AMDRY 9951 CoNiCrAlY
Facility CGT KINETHICS 3000
Gas Nitrogen

Gas pressure 3 MPa

Gas temperature 600 °C

45° oblique direction. The interface between the deposited
particle and substrate is visible in this image.

Dimensional Evaluation Method for Particle
Deformation Behavior

In order to evaluate the deformation behavior of the
deposition particles, experimental and simulation approa-
ches were applied. The dimensions of deposited particles
were measured from cross-sectional SEM images. Fur-
thermore, these measurement results were compared with
FEM simulation results. Because the individual particle
diameters are not identical, a normalized characterization is
required for the investigation. From previous research,
deposits are of higher quality when the particle and sub-
strate are both significantly deformed. Therefore, vertical
deformation is a key parameter for describing both defor-
mations. In order to normalize the incursion depth to the
initial particle diameter, the measured incursion depth
(D) was divided by the width (W) and height (H) of the
particle. In this measurement, dimension parameters, such

@ Springer
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Fig. 3 Example of FIB-cut deposited particle

as the width, height, and incursion depth, of the substrate
are defined as in Fig. 4. Finally, the ratios D/W and D/
H were used for evaluation. Since the obtained SEM
images were observed from 45° angles, the obtained SEM
images were compressed in a vertical direction. Conse-
quently, to evaluate the dimensional parameter, vertical
measurements from the image were scaled by the square
root of two.

FEM Simulation for Deformation Behavior

In order to estimate the stress and strain for a deposited
particle and substrate, a Johnson-Cook (J-C) simulation
(Ref 25-27) was performed. The J-C model is an empiri-
cally based representation of the flow stress defined as:

6 =[A+B(s)"][1 + Cln(éy/ép0)]

X [1 = (T —Tp)"/(Tm — Tr)"], (Eq 1)
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where G is the flow stress, ¢, is the equivalent plastic strain,
ép is the equivalent plastic strain-rate, T is the temperature,
épo is the reference plastic strain-rate, Ty is the melting
temperature, Ty is the reference temperature, 7 is the strain-
hardening exponent, and A, B, C, and m are constants. The
J-C simulation requires knowledge of the material con-
stants; however, it is difficult to obtain the actual material
constants of Inconel 625 and AMDRY 9951. Some
researchers have studied the mechanical properties of Ni-
based superalloys such as Inconel 718 (Ref 28-30). The
mechanical properties of some Ni- and Co-based alloys are
shown in Table 4 (Ref 28-30). From the table, it can be
seen that the mechanical properties of these alloys do not
differ greatly; therefore, this study uses the material con-

Results and Discussion

Experimental Characterization of Deposited
Particle

Each deposited particle has a different diameter and dif-
ferent impinging conditions. Therefore, it is necessary to
evaluate the adhesion deformation behavior of individual
particles. Figure 6 shows an example of particle observa-
tion: the particle is semi-bonded. The particle did not
impact the substrate in a perfectly perpendicular direction
during the cold spraying. Based on the relationship

Table 5 Johnson-Cook parameters of Inconel 718 (Ref 29)

i Rk . A (MPa) B (MPa) C m n &po (1/ Tr Tm
stants of Inconel 718 for the impact simulation. Table 5 9 ©C) ©C)
shows the parameters used in the J-C model, which were

. . —3
obtained by Sievert et al. (Ref 28). The FEM model and 450 1700 0.017 13 0.65 10 25 1297
conditions are summarized in Fig.5 and Table 6,
respectively.
w
: 3
] B

H y

D

i)
Fig. 4 Definition of dimensional evaluation parameters in cross-
sectional particle observation (H height; W width; D incursion depth
of deposited particle) Fig. 5 Schematics of FEM impact simulation model
Table 4 Mechanical properties of Ni- and Co-based alloys (under room temperature conditions) (Ref 28-30)
Yield strength (MPa) Tensile strength (MPa) Elongation (%) Hardness

Co-based superalloy 446 963 55
Udimet 188
Ni-based superalloy 414 827 60 175-240 HB (185-250 Hv)
Inconel 625
Ni-based superalloy 448 896 54 95 Rb (220 Hv)

Inconel 718
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Table 6 FEM simulation conditions

Software ABAQUS / CAE Ver. 6.5-3

Modeling space Axial symmetric model

Element type Temperature displacement

coupled CAX4RT

Particle diameter 25 pm
Mesh size 0.5 pm
Re-mesh Adaptive mesh

873 K
300 K

Young’s modulus

Particle initial temperature
Substrate initial temperature
Elastic deformation model
Plastic deformation model Johnson-Cook

Inelastic fever heat 0.9

8.97 8.51

unit: ym
Deposited ( b)

(Good adhesion) Rebounded

Fig. 6 Measurement example of half-deposited particle. This single
particle displays two deposit conditions: its left side has been well
deposited; its right side has rebounded. These differences are caused
by the impact angle and different deformation rates

between the deposited particle and nozzle position, this
particle may have impinged from the upper right corner of
this image. Consequently, the deformation of the left half
of the particle was larger than that of the right—the left
part was well deposited, but the right was not. Therefore, it
was possible to investigate and obtain dimensional
parameters of these two different conditions from this one
image. Table 7 presents the two-dimensional parameters
obtained from the particle in Fig. 6.

This process was performed for similar cross-sectional
observations of more than 10 semi-bonded particles. The
measured dimensional parameters, i.e., the intrusion depth/
width and intrusion depth/height, are summarized in Fig. 7
and 8, respectively.

The triangle marks in these plots represent the ratios of
non-deposited particles, and the circle marks represent
those of particles with good adhesion. In both plots, there is
a clear threshold range between the dimensional parame-
ters of the deposited and rebounded (non-deposited) par-
ticles. The deposited particles are more deeply deformed in
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Table 7 Example measurement results of dimensional parameters of
the semi-deposited particle (Fig. 6)

Deposited Rebounded
DIW 0.624 0.488
D/H 0.262 0.195

the perpendicular direction; therefore, the deposit threshold
is determined by the deformation volume of the particle
and substrate.

Simulation Approach to Explain the Deformation
Behavior and Deposition Threshold

In this simulation, the particle size is 25 pm in diameter and
the initial temperature is 600 °C. In this experiment, the
initial temperature of nitrogen gas is 600 °C, which is
identical to the temperature of the pre-chamber of the cold
spray system. Therefore, the actual gas temperature and
particle temperature at impact is expected to be lower than
600 °C. In the present simulation, the relationship between
deformation behavior and impact velocity is considered, as
the temperature of impact particles is not an effective
parameter because it affects only the mechanical properties
of the particles and substrate. Further, the material system is
suitable for use in high-temperature environments, and the
changes in mechanical properties are not significant at a
temperature of 600 °C or less. To understand the deforma-
tion behavior, a temperature of 600 °C was adopted in this
study, which is the most severe condition in the experiment.

Figure 9 shows the FEM simulation results for the strain
and temperature distribution for particles impinging at
various impact velocities. The strain and temperature dis-
tributions show nearly the same tendency, for highly
deformed regions have higher temperature increases.
However, previous research results indicate that melting at
the interface is not the necessary conditions for deposition
(Ref 15). Moreover, surface activation bonding and other
room temperature bonding techniques allow each metal to
bond without temperature increase (Ref 30). Considering
these results, the temperature rise and heat transfer at the
interface is not the key factor for deposition; however,
strain can reasonably be discussed as the dominant factor.

Noting that the contact interface of the particles and the
substrate does not substantially deform at the central region
for any impact velocity, the greatest deformation occurs
along the edge of the contact surface. This large deformed
region may contribute to bonding; however, it cannot be
evaluated by employing the mean value of the plastic
deformation of the interface. Therefore, the maximum
value of equivalent plastic strain was used as the evaluation
parameter.
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Fig. 7 Relationship between particle deposition behavior and dimen-
sional parameter D/W
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Fig. 8 Relationship between particle deposition behavior and dimen-
sional parameter D/H

The dependency of the maximum equivalent plastic
strain on impact velocity is shown in Fig. 10. The highest
value of the maximum equivalent plastic strain occurred at
an impact velocity of 500 m/s. Furthermore, for velocities
over 600 m/s, the maximum equivalent plastic strain
decreased. From the simulation results of the deformed
particle and substrate shown in Fig. 9, for impact velocities
of 600 and 700 m/s, the edge shape after deformation had a
much steeper angle. Moreover, a strong constraint condi-
tion caused a reduction in the maximum strain values.
Despite the low strain values, these particles have a very
large deformation. Conversely, the maximum strain of the
substrate monotonically increased with the velocity.
Especially in the case of 500 and 600 m/s, a rapid rise in
maximum strain was observed. A similar rapid increase
was observed from 300 to 500 m/s. These tendencies
indicate that the substrate was more difficult to deform than
the particles.

Figure 11 shows the relationships between the dimen-
sional parameters and impact velocity, which were
obtained from the FEM results in Fig. 10. These results
indicate that the ratio of the intrusion depth and width and
the ratio of the intrusion depth and height increase linearly
with the velocity. The linear approximation formulas
shown in Fig. 11 are as follows:

Vars_pw = (D/W + 0243)/000137, (Eq 2)

(Eq 3)

where Vy,s.pw and Vgs.py are the impact velocities cal-
culated from the intrusion depth/width ratio and the intru-
sion depth/height ratio, respectively, for particles with
diameters of 25 pm.

Figure 12 shows velocities obtained for the experimen-
tal results from Fig. 7 and 8 using the approximate rela-
tionships in Eq 2 and 3. Using these equations, the

Vars_pu = (D/H + 0.216)/0.00090,

threshold velocity is obtained; the threshold velocity range
is given for the two parameters in Table 8. Consequently,
the critical impact velocity for good adherence lies in the
range of 576-629 m/s. From these discussions of the crit-
ical velocity, it is possible to redefine the method of
deformation.

Why Strain is the Dominant Factor of Deposition

A prior research (Ref 15) indicated that the deposition
mechanism of cold spraying required the creation of new
surfaces and high-pressure contact between the particle and
substrate, as shown in Fig. 13. Previous observation results
obtained using transmission electron microscopy (TEM)
indicate that particle melting cannot be observed at the
interface (Ref 15). In other words, the amount of newly
created surface depends on the amount of plastic defor-
mation. In particular, the complex deformation behavior
can be explained using equivalent plastic strain. Hence, the
essential requirement for deposition is described by the
necessary and sufficient amount of the equivalent plastic
strain of the particle and substrate. Figure 10 shows the
relationship between the equivalent plastic strain and
impact velocity. The result indicates that the equivalent
plastic strain of the particles is always larger than that of
the substrate. It can be observed that the particles are easy
to deform. When the impact velocity of a particle is higher
than 500 m/s, the equivalent plastic strain of the particle is
reduced. Because the particles are significantly deformed in
the vertical as well as the transverse directions, the absolute
amount of deformation is considered to increase as the
equivalent plastic strain decreases.

The cold spray deposition mechanism is fundamentally
related to the strains of the substrate and particle. In order
to discuss the equivalent plastic strain, the relationship
between the critical speed conditions obtained from the
deformed shape and simulation needs to be clarified. Fig-
ure 14 shows the estimated threshold velocity results with
respect to the relationship between the maximum values of
the equivalent plastic strain and impact velocity in Fig. 10.
The threshold strain can be estimated from the intersection
of the threshold velocity and the maximum equivalent
plastic strains. The critical velocity ranges between 576
and 629 m/s. At this velocity range, the equivalent plastic
strain of the particles ranges from 550 to 600% and that of
the substrate ranges from 175 to 200%. The required par-
ticle impact velocity to obtain an equivalent plastic strain
of 550% for the particles is 500 m/s. Furthermore, con-
sidering that plastically deforming the substrate is much
more difficult, the minimum amount of equivalent plastic
strain necessary for the bonding of this material system can
be considered to range between 170 and 200%. Hence, the
essential requirement for deposition is described by the
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simulations

necessary and sufficient amount of newly formed surface of
the substrate. The critical velocity is the minimum impact
velocity that is required to obtain a sufficient deposition of
particles. It should be noted that the threshold strain of the
newly formed surface may depend on the material system
and surface conditions.
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Table 8 Threshold velocity estimated from the relationship in
Fig. 11

Lower threshold (m/s) Upper threshold (m/s)

Vazs.-ow 549 633
Vars-pH 576 629
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Fig. 13 Schematic model of new surface creation during impinge-
ment in cold spray process
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Conclusions

In this study, in order to understand the deposition mech-
anism of cold-sprayed MCrAlY coating, the deformation
behavior of cold-spray deposited particles was investigated
by experimental and simulation approaches. An FIB sys-
tem was used to fabricate deposited particle cross sections.
SEM observations of the cross sections were used to
determine the geometric characteristics of well-bonded
particles. In the case of well-bonded particles, deep intru-
sion and large deformation were observed. The dimen-
sional parameters were used to quantify the deposition
threshold. From J-C FEM simulation results, there are
direct correlations between the dimensional parameters and
the impact velocity. Therefore, the dimensional parameters
were used to predict the critical velocity. Detailed study of
the FEM results revealed that the dominant factors are the
equivalent plastic strain of the particle and the substrate,
which occur during impact and deformation. The condi-
tions required for particle deposition can be represented by
the equivalent plastic strain—the critical amount of plastic
strain to adhere the particle-substrate interface. Since the
substrate is more difficult to deform than the particle, the
critical condition is determined by the strain amount of the
substrate. In the case of the material system of this study,
the critical strain lies in the range of 175-200%. The
physical reason for this particular strain value is not well
understood, but future research will include further
investigation.
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