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Makoto Watanabe, Satoshi Kishimoto, Yongming Xing, Kentaro Shinoda, and Seiji Kuroda

(Submitted March 12, 2007; in revised form September 11, 2007)

Recently, the thermal-spray community has focused considerable attention on cold-spray and warm-
spray techniques, in which the temperatures of sprayed particles are kept below their melting point and
adhesion occurs based on the impact phenomenon between a solid particle and a substrate. The
mechanisms of adhesion are still unclear, but the degree of the mechanical deformation at the interface is
considered to be a key factor influencing this mechanism. However, it is very difficult to directly measure
the strain at the interface. Instead, in this work, the strain fields on a substrate around an impacted
particle sprayed by warm-spray deposition were measured by applying electron Moiré method, and
compared with numerical simulation results.
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1. Introduction

In recent years, cold-spray and warm-spray methods
are attracting wide interest from the research community.
In these processes, coatings of ductile materials could be
produced without significant heating of the sprayed pow-
ders, and hence degradation during deposition, such as
oxidation can be avoided. Unmelted particles are accel-
erated to velocities in the order of 500-1200 m/s and im-
pinge on a substrate, where kinetic energy dissipation (Ref
1-9) causes their deformation and bonding.

Therefore, it is essential to understand the impact
phenomena between a solid particle and a substrate in
order to understand the deposition mechanism. It is gen-
erally accepted by various experimental results that there
exist a critical velocity, by which the particle velocity has
to exceed, in order to cause bonding (Ref 10). Critical
velocity depends on sprayed materials and is very impor-
tant for spray techniques based on the impact of solid

particles. Assadi et al. carried out numerical analyses of
solid-particle impact behavior for cold-spray process
focusing on critical velocity (Ref 11). They calculated the
deformation of both the particle and the substrate,
together with the resultant strain and temperature distri-
bution as a function of time under adiabatic condition by
dynamic analysis. The critical velocity was determined as
the velocity at or beyond which adiabatic shear instabili-
ties occur at the interface, and they also demonstrated that
the occurrence of shear instabilities correspond to the
achievement of maximum local temperature close to the
melting point of the particle. In these simulations, many
uncertain parameters, such as constants of the constitutive
laws of materials for ultra-high deformation rate and
thermal-contact resistance has to be assumed (Ref 11, 12).
Therefore, the correspondence with real phenomena
remains ambiguous, especially for practical spray particle
size (25-100 lm). In order to compare with the simulation
results, new experimental techniques have to be devel-
oped for evaluation of the behavior of a single particle
impact.

Electron Moiré method, developed by Kishimoto et al.,
is a new full-field technique to measure deformations in a
microscopic area, which utilizes the changes of Moiré
interference fringes due to deformation (Ref 13-15). The
Moiré fringes are generated by the interferences of the
model grid on the measured surface and the master grid of
electron beams in Scanning Electron Microscope (SEM).
The range of measurable in-plane deformation can be
from 0.1 to 25 lm by applying model grids with different
frequency (Ref 14).

Since the deformation caused by an impact of a solid-
spray particle appears to be the key factor governing the
adhesion of the particle, the present study was motivated
to develop a new experimental method to make it possible
and to evaluate strain field induced by the particle impact
quantitatively. Although deformation fields evaluated by
the electron Moiré method are in-plane as shown in Fig. 1,
and are not the direct representations of deformations

This article is an invited paper selected from presentations at the
2007 International Thermal Spray Conference and has been
expanded from the original presentation. It is simultaneously
published in Global Coating Solutions, Proceedings of the 2007
International Thermal Spray Conference, Beijing, China, May 14-
16, 2007, Basil R. Marple, Margaret M. Hyland, Yuk-Chiu Lau,
Chang-Jiu Li, Rogerio S. Lima, and Ghislain Montavon, Ed.,
ASM International, Materials Park, OH, 2007.

Makoto Watanabe, Satoshi Kishimoto, Kentaro Shinoda, and
Seiji Kuroda, National Institute for Materials Science, Tsukuba,
Ibaraki, Japan; and Yongming Xing, Inner Mongolia University
of Technology, Hohhot, China. Contact e-mail: WATANABE.
makoto@nims.go.jp.

JTTEE5 16:940–946

DOI: 10.1007/s11666-007-9129-1

1059-9630/$19.00 � ASM International

940—Volume 16(5-6) Mid-December 2007 Journal of Thermal Spray Technology

P
e
e
r

R
e
v
ie

w
e
d



at the interface between a particle and a substrate, it is
expected to provide us with some insights regarding the
impact behavior.

2. Experiment and Analysis

2.1 Measurement Principle of Electron Moiré
Method

Figure 2 shows the general idea of Moiré fringe. The
interference of two grids (master and model grids) gen-
erates fringes. The width and the space of the fringes
depend on the difference of space and vary when the space
of the one of the grid is changed. By utilizing this concept,
one can measure the deformation of a surface.

In the electron Moiré method, an SEM equipped with a
beam-blanking device and a pattern generator for beam
control, were employed to produce the master a grid onto
sample surface using the primary electron beam. The
principle of the electron Moiré method is illustrated in
Fig. 3.

A scanning electron beam generate a grid with spac-
ing of ae (spacing is tailored by the SEM magnification
and interval of beam blanking) is exposed on the speci-
men surface. The specimen surface is deposited with an
equally spaced grid lines with spacing am as shown in
Fig. 3(a). This grid is composed of gold deposited on the
specimen surface using a method that is described later.
The interference between the specimen grid and the
projected electron grid generates electron Moiré fringes
of bright and dark lines due to the difference in the
contrast of the SEM image formed from the interaction
of the specimen surface and the electron beam. Defor-
mation of the specimen causes the variation in the
spacing of the model grid, resulting in the variation in the
Moiré fringes. For example, when a tensile stress is
loaded, the spacing of the grid lines increases from am to
a0m and the spacing of Moiré fringes d¢ becomes shorter
(Fig. 3(b)). From the spacing of the Moiré fringes, the
tensile strain e can be expressed by the following equa-
tion (Ref 16):

Substrate

Particle

Evaluation 
of strain field

Fig. 1 Schematic of deformation after impact of a solid particle
on a substrate. The in-plane strain around the impacted particle
indicated by the circle has been evaluated in the current study as
the indicator of the deformation amplitude at the interface
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Grid
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Grid

Moiré Fringe

Fig. 2 Concept of Moiré fringes by the interference of the two
line grids with different spacing
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Fig. 3 Schematic illustration of the principle of formation of electron Moiré fringes
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e ¼ ae

d0 � ae

� �
� am � ae

ae

� �
: ðEq 1Þ

2.2 Development of Model Grid on a Substrate

The model grid on a substrate surface was prepared by
electron beam lithography as sketched in Fig. 4 (Ref 16).
A polished carbon-steel substrate (10 · 10 · 5 mm3) was
coated with an electron-sensitive polymer film (EBR-9,
Toray Industries Inc., JAPAN) by a spin coating with
rotation speed of 2500 rpm for 1 min and then heating at
453 K for 1 h. The thickness of the polymer resist was
about 500 nm. The area of about 1 mm2 on coated surface
was exposed to the electron beam in the SEM with con-
trolled beam spacing and the exposed resist was devel-
oped. After that, gold was deposited on the surface by ion
sputtering to ensure the good visibility in the SEM. Fi-
nally, the model grid was obtained by removing the
remaining resist by acetone. The example of the prepared
lines is shown in Fig. 5. The width of the lines is 1.5 lm
and the spacing 2.4 lm. Since a particle can be assumed to
be a sphere, the induced strain field could be point sym-
metrical and hence parallel grids were applied as model
grids through the experiment.

2.3 Materials and Spray Conditions

Spherical Copper powders (particle size distribution
ranging from 45 to 53 lm) were sprayed onto a grated
substrate by warm-spray deposition, which was developed
by Kawakita et al. (Ref 4) by modifying High Velocity
Oxy-Fuel (HVOF) spray system JP5000 (Praxair, Cincin-
nati, IN, USA) and has a mixing chamber between a
combustion chamber and a powder feed port in order to

control the combustion gas temperature with nitrogen gas
addition. In this process, the particle temperature could be
controlled and sprayed without melting but in higher
temperature range compared with a cold-spray deposition.
The spray condition is displayed in Table 1. Very fast gun
traverse speed (1500 mm/s) and low-powder feed rate
(15 g/min) were applied to reduce the number of particles
to hit the grated region. Strain around the impinged par-
ticles is evaluated from Moiré fringes in the SEM.

2.4 Numerical Analysis

Numerical simulation of the Cu particle impact was
carried out, in order to provide rough estimation of the
induced strain field following Assadi�s model (Ref 11).
The analyses were carried out using a commercially
available finite element code (ABAQUS version 6.5,
ABAQUS Inc., RI, USA). In the model, a Cu particle
impacts a carbon-steel substrate at normal angle with gi-
ven impact velocity and temperature. Axisymmetric
model was considered (Fig. 6). The plastic behaviors of
the particle and the substrate are assumed to be expressed
by Johnson-Cook model, which takes into account the
influences of strain hardening, strain rate hardening, and
thermal softening (Ref 11, 17). It was assumed that 90% of
the plastic strain energy dissipates into heat (Ref 11, 12).
Four-node elements with hourglass control were used and
the initial element size was 0.2 lm near the contact area
for the particle size of 50 lm diameter. The substrate has

Fig. 4 Flow diagram of the preparation of model grid on a
substrate surface by electron beam lithography

10μm

Fig. 5 Model grids on a substrate prepared by electron beam
lithography

Table 1 Spray condition of Cu powders with warm-
spray equipment

Barrel length, mm 203
Liquid fuel (kerosene) volume flow rate, L min)1 0.35
Primary oxygen volume flow rate, Nm3 min)1 0.71
Secondary nitrogen volume flow rate, Nm3 min)1 1.5
Spray distance, mm 180
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250 · 250 lm in the section and the total number of ele-
ments were about 20,000. Example of material properties
used in the analysis (for room temperature case) was
shown in Table 2. In this study, most of the parameters
were set as temperature-dependent values based on
handbooks (Ref 18, 19). The substrate was fixed at the
bottom and horizontal displacement was not allowed at
the axis of symmetry. The calculations were done for
various particle velocity from 100 to 1000 m/s under the
adiabatic condition. The initial temperature of a substrate
was assumed to be 293 K, and for particle various initial
temperature was calculated from room temperature to
1273 K. These simulation results were compared with the
experimental results.

3. Results and Discussions

3.1 Moiré Fringe Around Adhered Particle

Figure 7 shows the Moiré fringe pattern observed
around a Cu particle adhered on the substrate. The
spacing of the Moiré fringes becomes narrower near the
peripheral of the particle while it becomes wider and
constant at any place far from the particle. The narrower
fringes indicate the occurrence of the in-plane tensile
deformation in the y-direction of the picture. The short-
ening of the spacing can be recognized only at the left side
of the particle and cannot be observed at right side
implying the non-uniform deformation and hence very
likely poor bonding between the particle and substrate. In
the present work, only parallel grids were applied under
the assumption of point symmetrical deformation but the
result is indicating the occurrence of asymmetrical defor-
mations in microscale.

When examining splat morphologies by an optical
microscopy or SEM, the ‘‘uniformity of deformation’’
cannot be recognized. There are many possible explana-
tions of the origins of this non-uniform deformation, such
as (a) impact with oblique angle, (b) anisotropy of the
mechanical properties of the polycrystalline substrate, and
(c) irregular shape of a particle due to agglomeration with
other particles, and so on. Although it is impossible to
figure out the reasons in the present study, the Moiré
technique could be an appropriate and powerful tool to
investigate those factors in future.

3.2 Moiré Fringe Around Imprint

The picture of the Moiré fringe around the imprint of a
rebounded particle is shown in Fig. 8. The tendency of the
Moiré fringe is similar to the fringe around the adhered
particle, but the variation of the spacing is very small
along x-axis indicating that a much smaller deformation
occurred compared with the adhered case. It is expected

Radius
 (25 μm)

Substrate
(Temperature, 293K)

Particle
(Temperature, Tp)

Velocity, Vp

Axisymmetric axis

Length (250 μm)

Length
(250 μm)

Fig. 6 Schematic of analysis model: a particle (radius r, tem-
perature Tp, velocity Vp) impacting on a substrate

Table 2 Material properties used in the analysis (for
room temperature case)

Unit Cu Carbon steel

Density kg/m3 8960 7870
Elastic modulus GPa 124 210
Specific heat J/(kg K) 383 486
Melting point K 1356 1538
Thermal-expansion coefficient 10)6/K 16.5 11.6
Yield stress MPa 90 175
Strain hardening component 0.31 0.39

In this study, most of the parameters were set as temperature-
dependent values based on handbooks (Ref 18, 19)

40μm40μm
O x

y

Fig. 7 Moiré pattern observed around the adhered Cu particle
sprayed by warm-spray deposition
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that when large deformation occurs in the substrate sur-
face around the particle, large deformation is also gener-
ated at the interface at the same time. Conversely, when
the deformation is small on the surface, the deformation at
the interface would be also small and the amplitude of the
strain would not be enough to satisfy the bonding condi-
tions at the interface. The difference in Moiré fringe
patterns displayed in Fig. 7 and 8 is ensuring those general
understandings.

3.3 Estimation of Plastic Strain

The tensile strain along the horizontal direction from
the particle center was estimated from Eq 1 and the
spacing d¢ (Fig. 9). The obtained values are plotted in
Fig. 10 as a function of the distance from the edge of the
particle normalized by the radius of a flattened particle R.
The solid square and open triangle symbols stand for the
strain values of the adhered particle and the imprint of the
rebounded particle, respectively. The highest strain values
of 5% for the former case and 0.7% for the latter are
obtained at the closest point to the particles in both cases.

3.4 Numerical Analysis Results

Figure 11 shows the example of the simulated particle
deformation for the particle impact velocity of 500 m/s
and the temperature of 773 K. Out flowing of a jet is
recognized from the interface between the particle and the
substrate and the huge deformation of the particle is
manifest. The contour map indicates the distribution of
the plastic strain in y-direction. The largest deformation
occurs at the interface and as it is far from the interface,
the plastic deformation becomes smaller. In order to
compare with the current measurement by the electron
Moiré technique, the distribution of the plastic strain ey

along the substrate surface from the particle edge was
studied.

The numerical analysis results for particle velocity of
200, 500 m/s and temperature 773 K are also plotted in
Fig. 10. The dotted line corresponds to the computed
velocity of results for a 500 m/s, whereas the solid one
stands for a velocity of 200 m/s. First of all, the order of
the numerically predicted strain is in the range of 1-20%
showing the rather good agreement with the experiment.
If a particle uniform temperature of 773 K is assumed, the
impact velocity of the adhered particle (Fig. 7) is around

Particle

x/R

d'

Moiré fringe

O

R

Fig. 9 Schematic to determine the spacing of Moiré fringe along
the horizontal axis around a particle
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Fig. 10 Evaluated strain variation as a function of the distance
from the edge of the particle or the imprint

50μm

Fig. 8 Moiré pattern around the impression due to the Cu
particle impact and rebound without bonding

944—Volume 16(5-6) Mid-December 2007 Journal of Thermal Spray Technology

P
e
e
r

R
e
v
ie

w
e
d



300-400 m/s, and about 100-200 m/s for the rebounded
case (Fig. 8).

Under the adiabatic condition, the critical velocity of a
Cu particle with temperature of 773 K was estimated as
about 150 m/s (Ref 20). The predicted critical velocity
appears to be in good agreement with the values expected
from the present experiment. Kawakita et al. (Ref 21)
reported the velocities of Cu particles sprayed by HVOF
deposition. The average values were in the range of 400-
600 m/s depending on fuel/oxygen ratio indicating good
agreement with the current results. Also, Wu et. al. (Ref
22) measured the velocity of the titanium particle, which
has an average of 28 lm diameter, deposited by warm
spray using DPV 2000 (Tecnar, Canada), and reported
500-800 m/s particle velocity for nitrogen flow rate of
1.5 m3/min. Copper is twice heavier than titanium and the
particle diameter in the present study is 1.75 times larger,
the estimated impact velocity of 300-400 m/s seems ade-
quate.

However, the propriety of the assumed particle tem-
perature is difficult to be justified and the temperature will
have to be evaluated experimentally. In addition, thermal
conduction between a particle and a substrate, which is
characterized by thermal contact resistance at the inter-
face, has a large effect on deformation upon impact (Ref
12, 20, 23, 24). Opposite to the adiabatic model, the
thermal conduction model will need to be examined in
future.

4. Conclusions

The strain field induced by the impact of a solid particle
sprayed by warm-spray deposition was quantitatively
evaluated applying electron Moiré method. The defor-
mation was tensile in the tangential direction of the par-

ticle. The strain values were in the range of 0.7-5% and
much larger deformation were recognized around the
bonded particle compared with around the imprint of the
rebounded particle. It is implied that the strain field
evaluation around a particle can be an indicator of
bonding state. The evaluated strain values were compared
with the numerical simulation. Although the order of the
strain shows good agreements and the predicted critical
velocity seems adequate, the effect of several parameters
such as thermal-contact resistance remains to be clarified
in future.
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Lithography and Electron-Beam Scan, Opt. Eng., 1993, 32(3),
p 522-526

14. S. Kishimoto, H.M. Xie, and N. Shinya, Electron Moiré Method
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