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For enhancing coating quality, the shock tunnel technology is employed to increase impact velocities of
particles up to 1,500 m/s for 10-pm solid particles. Based on a parametric study, an experimental facility
has been set up at the Shock Wave Laboratory (SWL) of RWTH Aachen University. A calibration of the
nozzle flow has been carried out using a Pitot rake. The conditions in the reservoir achieved so far are
po=140 bar and T, =1,800 K. A high-speed schlieren system is set up for flow visualization and also for
velocity measurement of visible particles. For fine particles, both LDA and PIV methods are used for
particle velocity measurements. The results achieved are in good agreement with a quasi-1D prediction.
The quality of a first coating sample of copper on a steel substrate is analyzed which shows a promising
improvement. Systematic experiments have to be carried out with different material combinations of
coating and substrate, different particle velocities, and temperatures for further evaluation of this

technique.

Keywords cold gas-dynamic spray, particle impact velocity,
particle velocity measurement, shock tunnel

1. Introduction

Thermal spray processes such as plasma spraying, arc
spraying, and high-velocity oxy-fuel spraying (HVOF) are
widely used for modern coating applications. Depending
on the desired coating properties and the used material,
different coating techniques are used. For example, to
produce highly porous ceramic thermal barrier coatings,
the atmospheric plasma spraying can be applied because
this technique can provide the powder with high thermal
and kinetic energies. Another example is to produce
dense, highly homogeneous protective coatings against
wear or oxidation as well as for the deposition of electrical
insulators. In this case, metallic and ceramic materials are
mostly used and high kinetic energies combined with low
temperatures are needed, which can be provided by the
HVOF. The energy required for a good particle-surface
adhesion is provided by the high kinetic energy which is
efficiently transferred into the bond strength during
impact. Moderate temperatures and almost no-oxidation
processes lead to small metallurgical changes in the pow-
der properties and also a low thermal load of the substrate
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(Ref 1). High temperatures in thermal spraying may cause
detrimental effects such as oxidation, phase transforma-
tions, or crack formation due to the stresses introduced
during rapid solidification of the spray material on the
substrate, and therefore, lower the coating performance
(Ref 2). Within the last three decades, major developments
evolved with an aim to lower the process temperatures and
increase gas and particle velocities. These crucial require-
ments for higher particle velocities and lower operation
temperatures imposed have led to the continuous devel-
opment of the cold gas dynamic spraying (CGDS) tech-
nology (Ref 3-8), where process temperatures are far
below the melting point of respective spray materials. This
continuous combustion-free process, mostly driven with
the use of inert gases, is largely applicable for ductile and
oxidation sensitive materials. The higher velocities and
lower temperatures, compared with the HVOF process,
allow a homogeneous deformation of the powder particles
at the surface (no breaking) resulting in an outstanding
bond strength at the coating-substrate interface.

The CGDS process basically uses the energy stored in a
high-pressure compressed gas to accelerate fine powder
particles to very high velocities in a range between 500 and
1000 m/s (Ref 9). According to the prevailing theory for
cold-spray bonding (Ref 10), bonding occurs only when
the particle velocities exceed a minimum critical velocity.
This critical velocity depends not only on the type of
spraying and substrate material but also on the particle
size and the particle temperature on impact. Schmidt et al.
(Ref 11) developed a generalized parameter window for
cold-spray deposition by defining the influences of particle
temperature and velocity on bonding. It is desirable to
further increase the impact velocity of particles to enhance
the quality of the CGDS and to extend the applica-
tion range of the CGDS. The development of unsteady
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cold-spraying processes for the achievement of higher
quality coating is a recent research topic. For example, a
concept for a pulsed-cold gas dynamic process is presented
in Ref 12, which adopts the shock tube technology.
Because pre-heated particles are injected just after the
passage of the shock, this process could allow the feed-
stock particles to be accelerated to high impact velocities
and intermediate temperatures (below melting tempera-
ture). In this way, the intermediate particle impact tem-
perature would lead to lower required critical velocities
compared to conventional CGDS.

We proposed another new concept for the cold gas-
dynamic spray technique (Ref 13, 14), which increases the
solid particle velocity up to 1500 m/s and, at the same
time, keeps particle temperatures low to moderate. This
method uses the super-to-hypersonic shock tunnel tech-
nology to generate a reservoir condition with high tem-
perature and high pressure. The particles are injected into
the nozzle flow downstream of the nozzle throat after the
nozzle flow is fully established. The optimal choice of the
process parameters can provide high quality coatings
deposited at low temperatures. In order to build up a thick
coating layer using this technique, an intermittent opera-
tion is necessary. A theoretical model based on gas-
particle flows is also presented in Ref 15 to describe the
behavior of the flow and the diluted solid particles during
the modified cold-spray process. This quasi-1D model is
capable to consider non-equilibrium effects of the gas
phase due to high reservoir temperatures, and the influ-
ence of wall friction and heat transfer.

We shall first discuss the gas dynamic principles of this
new concept for coating application, where several prob-
lems will be described and solutions for them are also be
given. Then, the supersonic nozzle design by a parametric
study and other components of the experimental facility
are outlined. Measuring setups and methods for measuring
pressure, heat flux, and particle velocity are also briefly
discussed. In section 4, the flow calibration is described,
first carried out in this facility without particles to deter-
mine the free stream conditions as well as the reservoir
conditions. Then, particles are injected into the estab-
lished nozzle flow and measurements of particle velocities
are performed. Finally, a first coating test is carried out by
spraying copper powder on a steel substrate. Conclusions
are drawn in section 5.

2. Gas Dynamic Principles

2.1 Concept

The gas dynamic principle of this new concept is sket-
ched in Fig. 1, which basically adopts the shock tunnel
technology. Initially, the high pressure section (HPS) and
the double diaphragm chamber (DD) are filled with
compressed gas to desired pressures. The low pressure
section (LPS), the supersonic nozzle (N), and the dump
tank (DT) are filled with nitrogen to atmospheric pressure.
Then, the release valve is opened, which causes a quick
drop of the pressure in the DD. As a consequence,
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Fig. 1 Schematic of one shot of shock tunnel produced cold
spray. HPS: high pressure section, LPS: low pressure section,
DD: double diaphragm chamber, N: nozzle, S: substrate, DT:
dump tank, RV: release valve, EF: expansion fan, CS: contact
surface, ISW: incident shock wave, RSW: reflected shock wave,
TSW: transmitted shock wave, BS: bow shock

diaphragms are ruptured and a shock wave (ISW) is formed
running into the LPS. At the same time, an expansion fan
(EF) is generated, which travels upstream into the HPS. A
contact surface (CS) is also created, which separates a
high-temperature-flow zone behind the shock wave from a
low-temperature-flow zone caused by the expansion wave.
Gases in these two zones have the same pressure and
velocity. When the shock wave hits the entrance of the
supersonic nozzle, it is almost fully reflected due to
the very small entrance and the very small throat size of
the nozzle. The reflection leads to a high temperature and
pressure in the region between the entrance of the nozzle
and the reflected shock wave (RSW), which can be con-
sidered as the reservoir. When the RSW interacts with the
contact surface, different interaction patterns may occur
depending on the gas properties in these two regions. In
this concept, the over-tailored operation is used, in which
a RSW and a transmitted shock wave (TSW) are gener-
ated in the interaction. The right-running RSW from the
contact surface is again fully reflected from the entrance of
the nozzle, and again interacts with the contact surface.
During the interaction, the strength of the shock decreases
and finally a nearly stable reservoir condition is created.
It should be noted that the multi-reflection process leads
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to a further increase of the reservoir conditions, i.e., higher
temperature, density, and pressure. The supersonic nozzle
flow starts when the incident shock wave passes through
the nozzle and after a very short period of the starting
process a quasi-stable nozzle flow is established. Then the
particles are injected into and accelerated by the estab-
lished nozzle flow. Due to high velocities of the particles, a
dense coating layer is expected on the substrate, which is
mounted at a short distance from the nozzle exit.

2.2 Problems and Corresponding Solutions

In order to lower the particle temperatures, the parti-
cles are injected downstream of the nozzle throat, which
means that the nozzle should have a sufficient length so
that there is a sufficient acceleration distance for the
particles to achieve high velocities. As a consequence, the
influence of the boundary layer becomes significant. Fur-
thermore, the exit Mach number will increase for longer
nozzles.

In this concept, the LPS of the shock tube connected to
the nozzle is filled with nitrogen to atmospheric pressure.
The nozzle flow pattern depends on the ratio between the
reservoir pressure and the dump tank pressure. To ensure
a shock-free nozzle flow, a high reservoir pressure or a low
dump tank pressure is needed. The gas in the LPS will be
compressed and heated up by the shock system and
function as the working media. For a given filling pressure,
the volumes of the LPS and the nozzle throat size deter-
mine the useful spraying time. In order to ensure a suffi-
cient spraying time and the start of the nozzle, a second
diaphragm can be mounted between the LPS and the
nozzle. Then, the pressure in the LPS can be kept as 1 bar,
while the nozzle and the dump tank can be evacuated.

The injection of the particles requires special attention
because the particles have to be injected at the right
instant of time, i.e., neither too early and nor too late after
the flow initiation process. Furthermore, a good mixing of
the particles with the flow is necessary because the parti-
cles are injected into s supersonic flow, and the particle
injection needs a high pressure to overcome the pressure
in the flow. The possible way to fulfill these requirements

HPS

is to adopt a by-pass tube which uses the high pressure
gas in the reservoir to introduce the particles into the
supersonic nozzle flow.

3. Experimental Setup and Measuring
Techniques

A quasi-1D method has been developed to describe the
behavior of the flow and the diluted solid particles during
the modified cold-spray process (Ref 15), which is capable
to consider non-equilibrium effects of the gas phase due to
high reservoir temperatures, and the influence of wall
friction and heat transfer averaged over the nozzle cross
section. By a detailed parametric study considering the
influence of the expansion rate, the stagnation tempera-
ture and pressure, the injection position, and the particle
diameter, the optimized conical nozzle geometry has been
obtained to generate high particle velocities for coating
applications. Based on this parametric study (Ref 15), a
nozzle with optimized performance has been chosen
resulting in a conical nozzle with a half opening angle of
2.8° and a length of 320 mm. The throat diameter amounts
to 7.8 mm, and the exit diameter measures to 39.7 mm.
The particle injection device is fixed in the LPS of the
shock tube and extends into the supersonic nozzle part.
For this, a small tube (outer diameter 3.0 mm, inner
diameter 1.2 mm) reaches into the divergent nozzle part
so that the injection position is about 52 mm downstream
of the throat.

The shock tube has an outer diameter of 108 mm and
an inner diameter of 56 mm. This tube is made of stainless
steel and is able to sustain very high pressures up to
1000 bar. A schematic drawing of the setup is shown in
Fig. 2. The shock tube has a HPS of 3.3 m and a LPS of
3.5 m length.

In order to determine the free stream flow conditions
downstream of the nozzle exit, a Pitot rake (see Fig. 3) is
used, which consists of five Pitot tubes connected with five
Kulite pressure transducers and a sphere installed with a
coaxial thermocouple at its stagnation point. The reservoir
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Fig. 2 Schematic drawing of the shock tunnel with peripheries. HPGS: high pressure gas supply, HPS: high pressure section, DD: double
diaphragm chamber, LP: low pressure section, I: injection device, N: nozzle, W: test window, V: vacuum tank, VP: vacuum pump,

SD: second diaphragm
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pressure is directly measured by a Kistler pressure trans-
ducer mounted shortly upstream of the nozzle entrance.
The reservoir temperature and free stream conditions are
derived from the heat flux deduced from the thermocou-
ple signal, the Pitot pressure, and the static pressure
employing the method described in Ref 16.

A schlieren system is set up for flow visualization,
which allows taking 16 schlieren photos in one experiment
with a time interval between two successive photos of
down to 1 ps, which is also very useful for the determi-
nation of the velocity of visible particles.

For velocity measurements of fine particles, a laser
Doppler anemometer (LDA) system and a particle
imaging velocimetry (PIV) system have been set up. In
order to measure very high particle velocities, a very small
angle is used in the LDA system, which results in a mea-
surement volume of 17 x 0.16 x 0.16 mm®.

For the PIV measurements, a holographic double-pulse
laser system (JK Laser system 2000) with a pulse separa-
tion time in the microsecond range is adopted to create a
laser light sheet (thickness 0.5 mm) perpendicular to the
nozzle axis. A Kodak Megaplus ES1 CCD camera is
employed to acquire either two images in two frames or

Fig. 3 Photos of Pitot rake which consists of a thermocouple
sphere and five Pitot tubes
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one double exposure image in a single frame within a
pulse delay in the microsecond range. The image data is
then analyzed with the PIV software to obtain the particle
velocity field.

4. Results and Discussions

4.1 Flow Calibration

Measured temperature and pressure histories in the
reservoir are shown in Fig. 4. Initially, the HPS is filled
with a mixture of helium (partial pressure 140 bar) and air
(partial pressure 170 bar), and the LPS is at atmospheric
pressure. A pre-cut copper diaphragm of 0.5-mm thickness
is mounted at the end of the LPS, and the dump tank is
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Fig. 4 Experimental results (solid lines) and corresponding
numerical results (dotted lines). Reservoir pressure p, and static
pressure histories p.. (upper); deduced reservoir temperature Ty,
free stream velocity u.., and temperature T.. (lower). Initial
condition: p4 =310 bar (partial pressure of helium 140 bar, partial
pressure of air 170 bar), p; =1 bar
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evacuated to a low pressure of about 180 Pa. The
shock tube simulation code KASIMIR (Ref 17) has been
utilized for the comparison of the experimental results
with the theoretical prediction, shown as dotted lines, in
which equilibrium gas effects are taken into account in
KASIMIR. It should be mentioned that KASIMIR is well
validated for ideal shock tube experiments, and it is
improved by using a user-specific gas model of the mixture
of helium and air in KASIMIR to more precisely simulate
real-gas effects behind the RSW. The reservoir tempera-
ture in the experiment slightly decreases with time and the
testing time is about 2 ms for 7, > 1800 K (At;) and 4 ms
for To 2 1700 K (Aty), respectively.

Some typical Pitot pressure histories measured by the
Pitot rake in one experiment are shown in Fig. 5(a),
together with the total pressure measured in the reservoir
and the static pressure at the exit of the nozzle. The lowest
one of the Pitot pressure signals corresponds to the
transducer located outmost from the jet center. By
changing the transverse position of the Pitot rake from
shot to shot, the Pitot pressure profile along the radius of
the nozzle exit has been obtained, see Fig. 5(b). The Pitot
pressure is scaled by the actual reservoir pressure because
the reservoir pressure slightly varies for different experi-
ments. Each point in this figure represents an average
value over the testing time. This Pitot pressure profile
clearly indicates that the core flow region of the jet
(0 < r < 14 mm) is repeatable from shot to shot.

Figure 5(c) provides an experimental as well as theo-
retical relation of the reservoir temperature with the shock
speed by KASIMIR. The relatively large scattering of the
experimental data in Fig. 5(c) is due to the partial pressure
of helium not being the same for all experiments. Fur-
thermore, the filling process of the different gases is not
yet optimized and therefore, might cause variations for
each experiment. The general deviation between the the-
oretical and experimental values in Fig. 5(c) is caused by
the mixing process taking place at the contact surface
between the high- and low-pressure section gas in the
experiments. The numerical simulation of the particle-
laden nozzle flow by the quasi-1D method and the
description of the experimental results are based on the
real nozzle reservoir conditions. Therefore, the numerical
simulations of the nozzle flow as well as the analysis of the
experimental results are performed for the experimental
conditions shown in Fig. 5(a) and not for the theoretical
ones obtained by the simulation tool KASIMIR. The
deviations observed in Fig. 5(a) result from high shock
Mach numbers, which are necessary to achieve the desired
reservoir conditions. For lower shock Mach numbers, in
general, a good agreement is achieved between experi-
mental and theoretical values.

4.2 Particle Velocity Measurement

For first experiments, some big glass spheres (diameter
2.0 mm) were put on a flat surface of the injection device.
The particles can be identified in the schlieren photos as
shown in Fig. 6. In this case, the particle velocity deduced
from the schlieren photos is about 200 m/s. Then, smaller

550—Volume 18(4) December 2009

180 30 08
160 = do7
pom 125
2 of w’*\l.\lﬁ‘w ' \ Hos
120 / \&; 20 ]
= 1o0f 5] ©
E. i / ki 415 -'%_e —H04 %
o 80 5
% Jos
0 | 1
WE q02
20 -0.1
02‘" Jo
(a) Time [ms]
01
009
008 |- . »
N L] " H o
oorf  * o HE
006 - .
g r o2
005
;i - Core flow region Nozzle
004 £ boundary
s layer
003 |
B ]
002}
0.01 - [
[i] i e B A A S T Il | I T Al
b 0 5 10 15 20
( ) r [mm]
BT —
2000
1500
=
Sy - A i
1000 |~ -
500 - -1
| | — —+— — Experiment i
I uKASIMIR ]
o L T T T, B L
S00 950 1000 1050 1100
(c) Shock speed [m/s]

Fig. 5 (a): Typical Pitot pressure histories measured by the
Pitot rake. (b) Cross-sectional Pitot pressure profile at the nozzle
exit. (c) Relation of the reservoir temperature with the shock
speed. Solid line: theoretical prediction by KASIMIR, dashed
line: polynomial fit of experimental data. The experimental point
marked by a cross corresponds to the one of Fig. 4
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Fig. 6 Schlieren pictures for 2-mm glass spheres added in the
nozzle prior to the experiment, pictures taken at 3.30, 3.45, and
3.60 ms, respectively, after flow starting

Journal of Thermal Spray Technology

-0.005

YT

-0.01

-0.015

TTTTTT

-0.02

P, [bar]

Intensity [V]

-0.025

T

-0.03

-120

T

-0.035

Arriving of ,_ Testing window

articles .
.0.04 i.p...l...'.l....n...|...T|...
-2 0 2 4 6 8 10 12

Time [ms]

Powder density [dB]

Frequency [MHz]

Fig. 7 Top: determination of the arriving time of particles by
the LDA system, time division 1 ms. Bottom: determination of
the Doppler frequency by FFT

glass spheres with 0.6-mm diameter have been used. The
measured mean particle velocity is about 350 m/s, which is
almost the same as given by the theoretical prediction
(356.6 m/s) utilizing the quasi-1D code, which has also
been used for the parametric study. For this experiment,
the reservoir condition is given by po=120 bar and
To=1800 K.

For 15-um stainless steel particles put on a flat surface
of the injection device, the arriving time of the particles is
first measured by the LDA system with time division of
1 ms, see Fig. 7. It can be found that the particles arrive at
the nozzle exit after a delay of 3.5 ms, and the particle flow
lasts for several milliseconds. A smaller time division
(50 ps) has been used for detailed particle velocity mea-
surements. The mean particle velocity measured by the
LDA method is about 1050 m/s for the reservoir condition
of pp=140 bar and T;,=1800 K.
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Fig. 8 Double-exposure images in single-frame mode for par-
ticles added in the reservoir (7op, interval 2.2 ps) and in the
injection tube (Bottom, interval 1.48 ps). Initial condition:
p4=200 bar, p;=1 bar

Up to now, experiments with PIV are still going on
for different conditions. In this article, only preliminary
results of the PIV measurements are presented for air as
driver gas. Figure 8 shows double-exposure images for the
single frame mode for stainless steel particles of mean
diameter of 15 pm added in the reservoir (left) and in the
injection tube (right). With the use of the particle-pairing
method, it is found that the averaged particle velocity is
about 1220 m/s in the left image and 890 m/s in the right
image. The cross-correlation method can also be used to
deduce the velocity field by capturing two images in the
double frame mode. The mean particle velocity deduced
by the cross-correlation method is about 897 m/s, which is
the same as for the particle-pairing method.

4.3 First Coating Sample

Similar to the conventional CGDS, a coating within the
new shock tunnel based coating technique is produced by
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Fig. 9 Cut view of first coating sample. 35-um copper powder
on alumina substrate. Spraying condition: He/N, =200/1, particle
velocity about 1200 m/s (8 shots)

exposing a substrate to the gas-particle flow. The substrate
consists of a flat disc with a diameter of 40 mm and is
placed 35 mm downstream of the nozzle exit. The typical
mass of powder per single spraying operation is about
50 mg. In spite of many experiments being carried out, the
results of only three samples are presented here to give a
concise overview of the process capabilities.

Figure 9 presents micrographs of sprayed coatings
showing the detailed microstructure of copper particles
deposited on an alumina substrate. The coating layer has
been built up by four successive runs with a particle
velocity of 1200 m/s. It can be seen that the coating layer is
very dense, and almost no voids are presented.

For the alumina substrate in Fig. 10, the first two shots
are made at a high reservoir condition using helium as
driver gas, and the last two shots are made at a lower
reservoir condition using air as driver gas. The corre-
sponding particle velocities are 1350 and 900 m/s,
respectively. We observe that there are some cracks at the
interfaces of the coating material deposited by the last two
shots. The reason for these cracks is the lower particle
velocity of the last shots. However, the first coating layer
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Fig. 10 Cut view of second sample to demonstrate the influence
of the particle velocity on coating layer quality, 35-pm copper
powder on alumina substrate (4 shots)

produced by the first two shots shows a very low porosity,
which indicates a high quality of the layer.

The microstructure of coating samples for copper
powder on steel substrate is shown in Fig. 11 for a very
high particle velocity (about 1350 m/s measured by LDA).
No significant coating layer is found, but erosion may be
identified from the very irregular shape of the interface
between the coat layer and the substrate, which is hardly
found for the previous samples with a good coating layer.
Actually by weighing the mass of the substrate after the
experiment, a decrease of mass is found. This also suggests
that erosion due to very high particle velocity has taken
place there. The erosion possibly caused by the high
impact particle velocities confirms the theoretical study of
Schmidt et al. (Ref 11) and gives an experimental evi-
dence of that.

In general, the coating layers are denser than for the
conventional CGDS. It should be noted that there are
some voids in both samples. The porosity of the layer
amounts to 1.8% for the sample with the higher loading
and 1.5% for the one with the lower loading. These results
imply that this new technique is able to produce coatings
of high quality with dense layers, and low porosity.

5. Conclusions

The shock tunnel technology is employed to achieve
particle velocities of more than 1000 m/s for solid particles.
A calibration of the nozzle flow has been carried out by
using a Pitot rake and a sphere for measuring the stagna-
tion point heat fluxes. The conditions in the reservoir
achieved so far are p,=140 bar and 7;=1800 K. A high-
speed schlieren system is set up for flow visualization and
also for velocity measurements of visible particles. For fine
particles, both LDA and PIV methods are used for particle
velocity measurements. Results are in good agreement
with the theoretical prediction by a quasi-1D method.
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Fig. 11 Cut views of third sample to demonstrate the influence
of the particle velocity on deposition. Erosion due to very
high particle velocity, 35-um copper powder on steel substrate
(4 shots)

For the existing technologies as of now such as, e.g.,
plasma coating, the reservoir temperature amounts to
7000 to 20000 K and the pressure to 1 bar, resulting in a
typical particle velocity of about 200 to 300 m/s. High
particle velocities are achieved with the cold-gas coating
technique, where the reservoir temperature is only about
1000 K, but the reservoir pressure about 50 to 100 bar,
and the typical particle velocity in the order of 600 to
1000 m/s. This shows that the conditions achieved in this
study so far (po=140 bar, T,=1800 K, expected copper
particle velocity for d =10 pm about 1329 m/s) are already
beyond existing technologies. In general, the coating lay-
ers produced by the new technology are denser than for
the conventional CGDS. The porosity of the layer
amounts to 1.5%, which implies that this new technique is
able to produce coatings of high quality.

The erosion on the steel substrate possibly caused by
the high impact particle velocities confirms the theoretical
study of Schmidt et al. (Ref 11) and, for the first time,
gives an experimental evidence of that. However, it should
be carefully checked to exclude all other possibilities.
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For higher particle velocities, it is still necessary to
increase the reservoir condition, for instance to 7, ~ 2100 K
and po =~ 200 bar, which can be realized by increasing the
partial pressure of helium or using pure helium. More PIV
experiments will be carried out in the near future for higher
reservoir conditions and different particles in size and
material.

In this study, a quite large facility is used allowing a
better flow visualization and measurements. For real
industrial applications, a much smaller spray facility is
needed, which means a smaller nozzle and also a smaller
volume of working gas. Furthermore, in order to build up
a thick coating layer using this technique, an intermittent
operation is necessary, which is under development at the
Shock Wave Laboratory of RWTH Aachen University.
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