MANUAL
FOR PRACTICAL CLASSES ON SPRAYING PARAMETERS OPTIMIZATION



1. INTRODUCTION

The nature of the Cold Spraying process where particles are accelerated through &
DelLaval nozzle and coatings are created in a solid state makes much more eas
to describe it in a mathematical model. In comparison with other thermal
spraying techniquesht Cold Spraying process can be described with well known
fluid dynamics laws for the gas expansion through a nozzle, force balance
equations used to calculate the acceleration of individual powder particles and
flow stress material models that describeeth deformation while impacting
different target substrates [1]. The fact that the process can be relatively easily
modeled make it suitable for the application of optimization tasHée
optimization tasks are divided into two general ste@3maximization of the
acceleration of a selected particle material through the nozzle where a selected
carrier gas is expanded; and 2) matching a ratio between the impact and critical
velocities.

The first optimization task is closely related to the nezazésign. The designed
nozzle should meet two requirements in order to optimally accelerate the desired
powder particles: 1) match aelation 4.1between the gas and particle Mach
numbers for a linear increasing acceleration; and 2) a nozzle geometryesnsur
proper gas expansion. The optimization requirements described in a
mathematical model that divides the divergent part of the nozzle in three
different sections where the acceleration of the particles is kept maximum and
the method of characteristics issed in order to provide an ideal geometry for the
proper gas expansion.

In [2] it is explained that the ratio between the impact velocity and impact
velocity of particles "n" can be used in order to predict the coating properties of
any material withott dependence on the powder material size distribution; the
ratio "n" is correlated with such material properties as adhesion strength, micro
hardness, deposition efficiency and even deformation ratio, which is a
measurable property in explicit finite eleme analysis. For example, for
deposition efficiency the value of n=1 means that the powder material will initiate
deposition with equivalent deposition efficiency of &) at n=1.5 the highest
values are reached for the most of powder materials, i.e dejosiefficiency
equals to 10®%6. At value of n=2 and above, the coating properties begin to
decrease due the erosion caused by the excessive spraying parameters. Th
second optimization task is based on nozzle design that will meet the desired
impact velo@ty using provided process requirementiozzle length, gas type,
gasflow, powder material, size distribution, etc.
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It is important to point out that the nozzle design is optimal only for the provided
requirements; this does not mean that it will not hmossible to spray other
powder materials with the same nozzle, but for better coating quality the
parameters provided with the “Data S
opti mal nozzle design is those one w
on the powder materials to be sprayed.
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Figurel: Two steps for process optimization using numerical models

Application of the mathematical model (described in D2.4) represented a
numerical solution challenge due to the extearesivariables with different
dependence in the field of simultaneous partial differential equations. The
mathematical model was solved using Euler approach coupled with a finite
difference method. The optimization tasks had an objective to maximize particle
acceleration while the nozzle geometry was calculated. It is explained in the next
sections of this document.

In order to find the regions where the ratio of impact velocity / critical velocity is

“n” the algorithm was s onplinge @therf sanepling n g
methods were applied, such as Surface Response DOE (Design of Experiment
methodology and Montecarlo sampling, and similar results were obtained. The
obtained data was interpolated using the Cubic Spline algorithm, and parameter
sd ection maps were generated in ordert
process parameters: Temperature, Pressure and Particles diameter. In order to
validate the mass results generated while applying a factorial sampling, several
points were selecté and compared against CFD simulation. The points checked
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against Computation Fluid Dynamics coincide on 95% with the results obtained by
the algorithm. In the next sections of this document, it is explained how the
algorithm was built and how it should lused in order to choose the optimal Cold
Spraying parameters.

2. PARAMETERS SELECTION ALGORITHM

The optimal Cold Spraying parameters are provided by two main factors: the
nozzle geometry and the process characteristics. The main idea for the spraying
parameters selection from an industrial point of view is to reduce the operation
costs. As the produion costs are concerned, such spraying parameters should be
selected, which ensure lower gas consumption and higher deposition efficiencies
taking into account technical capabilities of the system (including portable and
standard cold spraying unitd)lot only the operation cost was taken into account,
but also other technical requirements, such as the nozzle length, in order to reach
inner diameters, and low gas flows, in order to achieve longer spraying times for a
portable unit with gas supply limitatio In this section it is shown how the
methodology of optimal nozzle design is used together with the optimization
algorithm in order to provide numerical tools, special software and technical
recommendations for the effective disposition of Cold Spragoagings.

2.1. OPTIMAL NOZZLE DESIGN

The spraying nozzles were designed in order to provide most proper nozzle
geometries for the specified process requirements. The designed nozzles are
generally optimal for specific powder materials particle size eaagd for single
carrier gas; other materials and different particle sizes can be also sprayed with
the same nozzle by matching their corresponding process parameters
combinations, that are unique for every nozzle and every matesahce the
optimal aceleration of a particle requires Mach number of 1.41 (D2.4 report)
relative to the particle velocity, it is clear that the proper expansion of the gas
provided by the Method of Characteristics will not optimally accelerate the
particles since the gas expsEon does not consider the actual particle
velocity.For this reason, it was decided that the full length of the nozzle will be
divided in five parts:

» Converging (MOC design approach)
» Gas Expansion (MOC design approach)
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» Optimal particles acceleration (Maxal acceleration of particles approach)
» (Gas stream stabilization (MOC approach)
» Standoff length (Experimental data interpolation)

To calculate the geometry of the Cold Spraying nozzle in automatical mode, a sel
of modules can be used for the developmeot specialised software. The
modules used for calculations are (specifically explained in D2.4 report):

« MOC Design _moduleThis module is used to calculate the optimal
geometry to expand the gas stream to any desired Mach number using the
Method of Chaacteristics. For the gas expansion the Prandtl Function of
the gas is calculated in order not to overpass the desired conditions for
optimal supersonic gas acceleration. The method of characteristic is used in
this design stage in order to provide a designshock free isentropic flow
taking into account the multidimensional properties of the design.

» Particle Acceleration modulelThis module is used to calculate the particles
velocity along the Cold Spraying Nozzle. In order to calculate the particles
velocity, the Ordinary Differential Equation for the Particle Drag Force
dependent on the traveled distangg used.

» Particle Temperature moduleThis module is used to calculate particles
temperature along the Cold Spraying Nozzle. In order to calculae t
particles velocity, the Ordinary Differential Equation for the Particle Heat
transfer dependent on the traveled distance is solved using the Euler
method.

e Opti mal Geometry f or parhigd modulees’used a c
to calculate the optimalgeometry that will optimally accelerate powder
particles of a specific size distribution. The optimal acceleration of particles
is calculated by determination of the maximal acceleration value
dependent on the particles velocity relative to the gas stream

 Boundary Layer moduleThis module is used to calculate the Boundary
Layer Thickness developed on the internal nozzle walls using the Blasius
Solution.

» Standoff distance module.This module is used to calculate gas stream
deceleration from the Nozzlexhaust to the substrate. This module is used
together with the Particles Velocity Module in order to calculate the
Particle Impact Velocity. The module was developed by the polynomial
regression of experimental data obtained from experiment with pitotgub
that determines the Mach number of a fluid while measuring the static and
dynamic pressures.

e Fluid Dynamics module.This module is used to calculate the Fluid
Dynamics properties of the Gas Stream trough the nozzle up the substrate
(Gas Temperature, GaRressure, Gas Velocity and Gas Density). These
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properties are calculated using the Mach number obtained from the other
modules.

2.2. PARAMETERS SELECTION MAPS

In order to provide a tool for the selection of optimal spraying parameters that
were calculated using the numerical tools, the concept of Parameter Selection
Maps is introduced. The Parameter Selection Map for the Cold Spraying process i
atoolthatils t r ates how the I mpact velocit)
when a set of process parameters are chandegure2 shows an example of a
Palameter Selection Map on which the Gas Temperature and Pressure are
eval uated against the ratio “n at
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Pressure (b).
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Figure2: Example of Parameter Selection Map on which the Gas Temperature and
Pressure are evaluated agai n®f),anadat i o
Gas Temperature and Particle Size atl

Pressure dpTO (b).

In order to provide the optimal Cold Spraying parameters it was necessary to
model the spraying process. A range of operation parameters, such as nozzle
geometry, gas type, gas temperature, gas pressure, powder material, particle size
digribution were selected. As the operation ranges are selected, factorial
sampling was used to solve the mathematical model in order to explore all
possible combinations of operation parameters within the selected range.

Parameter selection map may alsoopides a guideline for further development
of cold spray systems. Usually for copper the threshold of deposition (as

expressed byn=1)forldm particle has a | ocal N
This implies that pressure increasing beyond 40 bars wactidally work against
deposition of 10 pupm particles. This ¢

by the bow shock, which would be more significant for smaller particles. In view
of this consideration, it may not be necessarily helpful nor desiéo develop
cold spray systems that are capable of working at much higher pressures. Instead
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it would be helpful to devise methods to mitigate the bow shock effect, e.g. by
spraying in partial vacuum as in the-called aerosol deposition method, or to
spray at highest possible temperatures. In contrast, for larger particle sizes (for

example 50
be beneficial for enhancing coating properties.

Hm) i ncreasing the

2.3. OPTIMIZATION ALGORITHM

gas

pr

After the mathematical model is solved using the input parameter samples
generated by the factorial sampling method, all the results are organized in order
to be displayed in contour plots where the ratio of impact velocity / critical
vel oci ty ated Figure3illustrates lthe optimization process for the
deposition of Cold Sprayed coatings using the new designed nokkkesoatings
optimizaton in general consists of the particles thermal and dynamic parameters
calculation and critical velocity calculation. As the optimal process parameters are
selected according to the impact velocity / critical velocity ratio, both calculations
are critical for model accuracyEexperimental data will be included in the
algorithm in order to empirically define optimal spraying parameters.
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3. PRACTICAL APPLICATIONS

The main objective of the Parameter Selection Maps is to standardize the Cold
Spraying process while providing the technological recommendations for every
desired coating characteristic. Standardization of the Cold Spraying process will
result in better pe&formance of spraying systems with a wider application
possibilities. For this reason, the numerical modeling and process optimization
were made. In this section it will be explained how to use the algorithm presented
in order to design and/or optimize these of the new nozzles developed.

3.1. NOZZLE DESIGN TASK

As explained in previous sections, every nozzle geometry obtained by the
mathematical model presented in D2.4 report is optimal only for the specific
powder PSD, powder material and an operatgag. This characteristic does not
mean that it is not possible to spray powder materials other than the ones for
which the nozzle was designed for. In general, the nozzles are designed for
optimal performance taking into account that higher particle viles will be
achieved using lower parameter sets.

For the nozzle design five input parameters are taken into account: Particle Size,
Particle Material, Gas Type, Nozzle length and critical area. This nozzle desig
parameters are considered as desgndrains where even if they will result in
lower equipment performance i.e. short nozzles or small critical areashe
optimization tasks will be to maximize the particles acceleration by generating an
optimal nozzle geometry based on the algorithm shawifrigure3. As it can be
seen from the algorithm shown in the previous section, the geometry of the
nozzle is closely dependent on the particle acalen and therefore it will be
dependent on process parameters at which the particles are subjected to
acceleration. As the particles acceleration ia controlled by process temperature
and pressure, it is necessary to consider all the possible optimallenozz
geometries that will be generated for every parameter set within a range. In order
to consider allpossible geometries, a factorial sampling method was used. All the
combinations of temperature and pressure are used to generate optimal nozzle
geometries for every set. Figure 2 shows a Parameter Selection Map
for analyzinga new optimal nozzle for each parameter set (a) and a Parameter
Selection Map for a single nozzle at different spraying parameter sets (b).

From Figure2 it can be noted that in (a) the Impact Velocity / Critical Velocity
ratio reaches higher values than in (b) for the same sets of spraying parameters.
As explained above, the reason for this is that the m@iimal nozzle geometry is

not designed for every parameters set in contrast to the figure (b) where a single
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nozzle is used for all the parameters sets. The same kind of Parameter Selectior
Maps are built for optimal nozzles changing the particle siggildution. For the
design of new optimal nozzles, such parameters as the nozzle length and critical
area are selected for specific applications. When thespecified nozzle length is
short, it affects directly particles impact velocity;. In some applicattbesnozzle
length has to be specified short in order to reach inner diamdtegures).

7207077 //////%
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<

Recommended spraying parameters:

Carrier gas temperaturg °© C| 350 °C
Carrier gas pressure [MPa] 4 MPa

Powder feed rate [g/min] <120 g/min
Standoff distance [mm] 15 mm

Spray Angle [degrees] 90°

Powder Material Al 2024
Particle Size [um44-65 pm

Figured: Short nozzle focoating of outof-view surfaces

In this case it is important to design optimal nozzles that will achieve the desired
values for the Impact Velocity / Critical Velocity ratios. At lower temperatures
longer nozzles will have better performance than the $@oones. In the cases
where low gas flow is required, smaller critical radiuses, higher temperatures and
lower pressures are selected.
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In [3] it is mentioned that Gilmore and Van Steenkiste have studied the effect of
jet particles on process charactstics of highpressure cold spraying in 1999. The
results of the modeling suggest that at the powder mass /gas flow ratio of more
than 0.03% the mean particle velocity decreases linearly and powder feeding rate
increases. Taking into account the resultsanfied by Gilmore and Steenkiste, the
ratio of the powder mass /gas flow was studied for different throat diameters.
Owmbka! UcTounmk ccoiikm He Havigen. Shows the powder mass /gaflow ratio
dependence on the material feed rate and the throat diameter with stagnation
pressures and temperatures of 1.5 MPa and 300espectively with Nitrogen as
operating gas. The study suggests that the throat diameter can be reduced up to
1.8 mmwhile keeping the material feed rate up to 1 kg/s (60g/min).

Material Flow / Gas Mass Flow ratio | 300 C | 1.5 MPa | Nitrogen
x 10

Material Feed Rate (kg/s)

11 12 13 14 15 16 17 18 19 2 21 22 23 24 25 26 27 28 29
Critical Diameter (m) x 10

Figureb: Powder mass /gas flow ratidependence on material feed rate and
throat diameter with stagnation pressure and temperature of 1.5 MPa and G00
respectively with Nitrogen as operating gas



