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Abstract

The deposition of well-adhered thin type of coatings is of great importance in manufacturing and is used in numerous applications. Of particular
interest in the biomedical sector is the deposition of hydroxyapatite onto titanium. CoBlast is a novel coating technology used mainly in the
deposition of ceramics onto this metal. This is achieved by simultaneously blasting a ceramic particulate (the abrasive) and coating particles
(the dopant) at a substrate with the resulting impregnation of the coating particles onto the substrate surface. The goal of this research was to
investigate the velocities achieved by the abrasive particles under typical process pressures using a CoBlast nozzle. The velocity measurements
were carried out using Particle Image Velocimetry by which method 200um aluminium oxide powder was investigated at pressures of 3, 4 and
5 bar at variable mass flow rates. Computational Fluid Dynamics using ANSYS-Fluent was used to predict the particle dynamics and results
were compared to those obtained by the experiments. It was possible to generate valuable experimental data that provide an initial mean for
process characterization and for the design of new and more efficient CoBlast nozzles.
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1. Introduction

The range of applications for thin coating deposition
techniques is large. Coatings deposited using chemical vapour
deposition (CVD) or physical vapour deposition (PVD) offer
extreme precision in terms of coating composition,
microstructure and thickness[1]—[3]. This level of control is
necessary in applications such as deposition of silicon in the
semiconductor industry and applying thermal barrier coatings
onto turbine blades[4]. In these methods, very precise
regulation of process parameters is necessary. For example,
maintaining vacuums or gas flow rates. As such, the
equipment and expertise requirements and therefore the costs
are considerable[5]. CoBlast is a novel ad ambient
temperature thin coating deposition process, proprietary of
EnBio. Its simplicity and economy comes from its modest
equipment needs. No special temperature, pressure, or inert
environments are involved[6]. However, this comes with

disadvantages in terms of the controllability compared to
CVD and PVD. The CoBlast process, schematically described
in Figure 1, involves the simultaneous blasting of a coating
material (or dopant) and abrasive particles (typically alumina)
at a substrate using pressurised air.

Grj
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Figure 1: CoBlast schematic.
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This can be carried out either with two separate streams, one
for coating particles and one for abrasive particles, or
combining both in a single jet. When a single stream is used
the particles are mixed in a hopper and are then fed to a de
Laval nozzle. The adhesion which occurs is a result of both
tribochemical bonding and mechanical interlocking[7], [8].
The first part of the process involves the abrasive particles
impinging on the substrate where they disrupt and erode the
oxide layer on the surface. This exposes some of the pure
metal underneath and significantly roughens it[8], [9]. The
abrasive particles also shatter the coating particles, the kinetic
energy of which cause a tribochemical bond to form with the
exposed highly reactive metal. This results in the formation of
a surface layer which is folded into the substrate metal[10],
[11]. The folding happens due to the high surface area and
irregular morphology of the roughened and exposed, pure
metal[8], [9]. This intricate mechano-chemical surface
structure results in the interlocking between the coating and
substrate which strengthens the adhesion[12]. The end result
is a substrate which has been thoroughly covered in a strongly
adhered but thin (2-5 pm) layer of the desired coating
material.

One of the most common applications of CoBlast is the
deposition of hydroxyapatite onto titanium for medical
implantation. The roughness of the resulting surface is
extremely important for successful integration[13], [14]. The
role of abrasive particle kinetic energy in erosion and
resulting surface structure is well documented [7], [9]. Given
the importance of particle kinetic energy in the tribochemical
bond formation it is clear that particle velocity is of great
influence to the CoBlast process. It is in fact fundamental to
understand the particle velocity range needed for bonding to
occur, currently unknown. Separate research is being carried
out focusing on the substrate and examining the relationship
between abrasive and coating particle kinetic energy and the
resulting surface roughness and coating thickness.

This paper is aimed at determining the velocities which are
currently being achieved using CoBlast nozzles at common
working pressures reported in [9], [16]. With a better
understanding of the particle kinetics using numerical and
experimental methods, it will be possible to understand the
critical speed for deposition, currently unknown. This will
lead to the design of tailor made nozzles to achieve the same
threshold velocities, however using different geometries, for
example longer or shorter nozzle, so as to adapt to each
application case with the aim of improving process efficiency.

Velocity was investigated in the region stretching from the
nozzle exit to the distance of the substrate, S0mm away. The
velocity measurements were taken using Particle Image
Velocimetry (PIV) and results were averaged over the region
of interest. The measurements were compared with
simulations created using the Computational Fluid Dynamics
(CFD) package ANSYS Fluent v14.5. The intention of the
computer modelling was to investigate the accuracy of the
software at simulating the physics of the process.

2. Particle Image Velocimetry

PIV was chosen as the method of taking velocity
measurements of the aluminum oxide particles. This work is

focuses in the first place in the abrasive only speed, hence the
feedstock is not mixed with the active or coating phase. In
PIV operations, there are a number of considerations which
must be observed in order to obtain accurate measurements
and to minimise the potential errors. The number of light
scattering particles which can be seen in each recorded image,
called ‘image density’ is key[17]. Image density can be low,
medium or high. Low image density usually involves one
particle per 32 x 32 pixel interrogation window[18]. The light
scattering behavior of the particles is another important
consideration as laid out by Raffel et al[17]. Depending on the
reflected and incident light angles from a particle, variations
of several orders of magnitude in recorded light intensity are
experienced. Increase of scattered light intensity is also
caused by increasing cross-section of the particles. As such, it
is desirable to have particles of uniform size and shape so that
light scattering behavior will be predictable. Then, achieving
the desired image density of particles with appropriate image
size and intensity becomes more practical. A preferable
particle-image size is two pixels. This allows adequate
resolution of the displacement to sub-pixel accuracy without
causing excessive noise. It is known that noise increases with
particle-image size, mainly due to the error in associating the
correct pixel with the centre of the particle[17], [21]. The two
other features of PIV which directly affect image quality are
the camera lens and the light sheet. It is important that an
appropriate camera lens is chosen and focused so that only
particles which are properly illuminated and clearly defined
within the light-sheet thickness will be imaged. The time-step
between illuminations must be appropriate. Increasing it can
reduce the percentage error in locating the particles centre.
However, this is limited as it reduces the chances that a
particle will be illuminated and recorded twice in succession.
If the time-step is reduced, to ensure that particles are
illuminated twice, size of the displacement is reduced. Often
this value requires iteration for optimisation[17].

3. CFD for particle tracking

CFD was used to model the gas flow in the CoBlast nozzle,
and to predict the particle dynamic behavior during the
acceleration process.

The k-g¢ turbulence model is a two-equation turbulence
model which uses the Boussinesq hypothesis to solve RANS.
This means that it is assumed that turbulent viscosity is
isotropic and Reynolds stresses can therefore be related to
mean velocity gradients[22]. The k-¢ model is relatively
robust and provides accurate results in thin shear layer flows.
It is also relatively computationally inexpensive[23]. However,
there are some drawbacks to its use which mainly arise due to
the incorrect assumption of isotropic turbulent viscosity. In
particular, it is not very effective at predicting the spreading
rate of axisymmetric jets[22]. To limit this, non-linear
versions of the k-¢ model have been developed. One of these
is the ‘Realisable’ k-¢ which has been validated for many
different flows including free flows and jets.

The Discrete Phase Modelling (DPM) was used as means
of obtaining particle speed data. It uses an Euler-Lagrange
approach to calculate particle trajectories and velocities. The
fluid flow is first solved and then the force over the particles
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is integrated. The model consists of a discrete phase which in
this case was the aluminium oxide particles, and a continuous
phase which was the pressurised air. DPM gives the option of
whether or not to account for the effect of the particles on the
flow. One-way coupling integrates the force on the particles
due to the flow at each point on the grid without the discrete
phase having any effect on the continuous phase. Two-way
coupling partially accounts for the effects of both. The force
on the particles is integrated every set number of continuous
phase iterations. The continuous phase is then iterated, taking
into account the presence of the discrete phase. This is carried
out until a converged, stable solution is reached. When one-
way coupling is enabled this removes many of the random
fluctuations which cause particle motion in directions other
than the mean flow direction[23].

A critical assumption is that the volume fraction of the
discrete phase is between <10% of the flow volume. As such,
particle-particle interactions are unlikely to occur and are not
included as part of the model[23]. This means the algorithm
has no ability to predict the onset of choking. There are
different ways to model the discrete phase in the DPM
manifested by a selection of drag laws. The default option is
the spherical drag law which assumes the particles are smooth
spheres. The non-spherical drag law uses a dimensionless
shape factor to account for the deviation of the particle shape
from that of a smooth sphere. The shape factor is equal to the
surface area of a sphere with the same volume as the particle
divided by the actual surface area of the particle. A high Mach
number drag law which is based on the spherical drag law has
corrections which apply when the Mach number exceed 0.4
and the particle Reynolds number is larger than 20[23].

4. Measurements and Simulations set up
4.1. Equipment

The nozzle used in the experiments was a CoBlast nozzle
supplied by EnBio. It is a converging-diverging De-Laval
type of design made out of steel, with an inlet diameter of
9mm which decreased to 2.2mm at the throat (or restriction)
over an 85mm length. The exit is slightly wider than the
throat at 3mm diameter at the end of a 150mm long section.

A commercial powder feeder with a touch screen interface
(Uniquecoat — wheel type) was used to supply the aluminium
oxide. The gas and powder mixture from the feeder feeds
directly in the nozzle inlet. The PIV equipment in Trinity
College Dublin consisted of a CCD camera made by LaVision
and a Solo II PIV water-cooled laser. The laser was connected
to a timing unit which ensured the laser and camera triggered
in the correct sequence. The software used to control the
timing unit and to carry out the post-processing was the Data
acquisition and Visualisation (DaVis) package, version 7.2,
from LaVision. Relevant specifications of the camera and
laser are given in table 1. The optics consisted of a mirror, a
spherical focusing lens with a focal length of about 200mm,
and a cylindrical sheet forming lens. These were held in place
on adjustable pillars.

Table 1. PIV camera and laser specifications.

Camera Laser

Resolution 1280 x1024 Wavelength [nm] 532
Repetition [Hz] 8 Energy [mJ] 100
Pixel size [um] 6.7x6.7 Pulse length [ns] 6
Minimum At [ns] 200 Beam diameter [mm] 3
Dynamic range 12 bit Max. repetition rate [Hz] 15

A compressed air source was connected to the nozzle via
the feeder. This could be controlled using a regulator and had
a maximum pressure of 5.5 bar. An analogue gauge was
placed at the nozzle inlet to give appropriate stagnation
pressure readings. All of the equipment was put in place on a
rig of aluminium profiles which was designed for such PIV
applications. A polycarbonate containment unit was also used
to prevent the escape of abrasive powder. This consisted of a
long thin section where the measurements were taken and a
larger section where most of the powder accumulated after
testing. The detail of the PIV testing apparatus is shown in
Figure 2. The laser beam is directed towards the nozzle by a
series of mirrors and lenses, while a stream of particles
injected from the feeder is exiting the nozzle. Two light
flashes occur at a given time step; the particles reflection is
captures by a high speed camera. The images are therefore
analyzed and filtered by a software so as to obtain particle
velocity recordings.

CoBlast nozzle

Test section
channel

40
[

=

Figure 2: PIV apparatus for CoBlast particle speed measurements.

4.2. PIV measurements setup

PIV measurements were taken using aluminium oxide
powder of 200um nominal size at 3, 4 and 5 bar with a time-
step of 5 ps. The particle mass flow rate estimates were
obtained by collecting and weighting the sprayed material
over the testing period. 240 image pairs were taken at a rate of
4Hz at each pressure over a range of mass flow rates. The
procedure went as follows:

e Air flow was turned on and allowed to stabilize at the
correct pressure. The powder feeder was set at
constant wheel speed.

e  After a settle time (approximately 5 seconds) the PIV
recordings started.
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e  Measurements would carry on for an additional 60
seconds.

e The mass of powder collected in the test section was
measured.

Once the measurements were taken they were post-
processed using the DaVis software. This was carried out by
first identifying all of the particle-image pairs by visual
inspection. Parameters such as interrogation window shift and
particle size range were input to try and locate these pairs.
The success of the parameters was judged by the number of
particle-image pairs which were detected by the software and
could also be identified by visual inspection. When post-
processing was carried out to satisfaction, the results were
exported in the ‘LaVison Davis 6 set’ file format. These could
be read into Matlab where a simple mean of the velocity
vectors in each image was taken. A simple mean of these
results was also taken to give the average velocity over the
flow region at each pressure and mass flow rate.

4.3. CFD Simulations

The geometry constructed for the CFD simulations was
created using the ANSY'S software. The simulations were run
in 2D for simplicity, and symmetry was used to reduce
computational expense. The domain consisted of the nozzle
interior as well as the region stretching 100mm from the
nozzle exit and 30mm from its axis. A high quality mesh was
constructed over this region. The mesh contained 45,240
nodes and 43,500 elements. Areas of high mesh density
included the nozzle throat, nozzle exit and potential cone
region.

The flow was solved as a steady-state problem using the
density based solver. The continuous phase fluid was air with
ideal gas density, constant specific heat and Sutherland
viscosity. The “Realisable k-¢” turbulence model was used
with standard wall functions. The wall functions meant the
desired y* values were between 30 and 300. The non-spherical
drag law was used. The particle size was assumed to be
constant at 200pm. A shape factor for the non-spherical drag
law was estimated from SEM images of the powder. The
value used was 0.42393. The aluminium oxide properties
were not present in the ANSYS library and were therefore
taken from CES Edupak 2014. The density was taken as 3800
kg/m® and the specific heat was taken as 805kJ/kgK. It was
also assumed that the particles started from rest and were
released from each node of the inlet surface. Using one-way
coupling simulations were run at 3, 4 and 5 bar inlet nozzle
pressure.

5. Results and Discussion
5.1. PIV and CFD

The particle shown in Figure 3 was approximated as a
triangular pyramid for calculating the DPM shape factor. It is
very angular and quite irregular in shape. Further SEM
images showed a wide range of particle shapes and sizes all of
which were very irregular and inconsistent. It is clear that
these particles were not conducive to predictable light

scattering behavior. Prediction of both the scattering angle
and cross-section was close to impossible.

VARG
SEM HV: 5.00 kv
SEM MAG: 439 x
Name: T42030

WD: 16.07 mm
Det: SE Detector
Date(m/d/y): 01/15/15

100 pm z
Digital Microscopy lmagingn

Figure 3: SEM image of alumina powder.

A comparison between the PIV measurements and CFD
predictions is shown in Figure 4 and the results summarized
in Table 2. The velocity achieved by the abrasive particles in
CoBlast is in the region between 154.1 m/s and 188 m/s
depending on mass flow rate and inlet pressure. The
calculated error in the experimental measurements was +-4%.
The mass flow rates which were measured in the testing were
between 20.9 g/min and 160.1 g/min., as shown in Figure 3,
with an error of approximately +-2%. These variations were
obtained by changing the wheel speed of the feeder, hence
allowing for more or less powder in the nozzle. The feeder is
not equipped with a weight loss closed loop system; as a
consequence when repeating an experiment with the same
wheel settings there is no control on the actual powder feed
rate. In a first instance, results compare well against the
findings by Settles and Garg for velocity of 70um aluminium
particles in a de Laval nozzle[25], however those refer to a
different process.

B 4barPlV

4 5barPIlV 3 bar PIV

= 5 har CFD === 4 bar CFD 3 bar CFD
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Figure 4: Particle stream average speed at nozzle exit vs. particle mass flow
rate using PIV and CFD. Particle measurements were taken from the exit to
50mm downstream the nozzle.
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parameters. Using an advanced PIV set-up, it was therefore
possible to generate data at a level of accuracy currently not
achievable numerically with simulations, and that can be used
for the design, optimization and characterization of new

3 bar 4 bar 5 bar
m Velocity m Velocity m Velocity
[g/min] [m/s] [g/min] [m/s] [g/min] [m/s]
20.9 154.1 49.4 192.1 57.1 195.5
51.4 150.4 57.9 193.7 823 194.9
75.3 148.9 84.8 191.8 117.0 193.1
98.1 1454 102.1 189.9 126.1 193.0
154 1152 1374 186.1 146.9 189.1
163.9 182.5 160.1 188

The trend of decreasing average particle velocity with
increasing mass flow rate when using PIV emerged,
especially in the 3 bar case. The explanation for such behavior
is related to the nozzle gas dynamics. As the particle loading
increases, the particulate will occupy a higher volume
fraction. This effect is magnified at the nozzle restriction or
throat, where a relative high concentration of the solid phase
can generate chocking conditions, resulting in a much reduced
gas exit speed i.e. particle achievable velocity. A similar
effect is observed for 4 and 5 bar, however in this case the
velocity distribution variation with particulate mass flow rate
appear less severe. A more comprehensive analysis is required
to understand the reasons of why at higher level of inlet
pressure different experimental observations were made. On
the other hand, theoretical (CFD) results are not in well with
the experimental measurements. The velocity levels are over-
predicted, with a constant trend against particle mass flow
rate. This is because the DPM model is not a 2-ways coupling
algorithm, hence the particulate mass flow rate is assumed not
to interact with the gas phase, i.e. the constant distribution.
This assumption is valid for low particle volume fractions
(<10%); in the current case levels between 5% and 40% were
calculated. A fully Eulerian 2-way coupling CFD model for
particle velocities levels similar to CoBlast does not exist in
commercial packages; the importance of the experimental
results by the PIV apparatus is therefore clear. They have
revealed an initial particle stream distribution in the CoBlast
process not possible to predict numerically. This information
will represent a critical step forward towards the design of
new and application-tailored nozzles in CoBlast.

6. Conclusion

The average velocity of aluminium oxide particles
propelled by a CoBlast nozzle at 3, 4 and 5 bar was measured.
The increase in velocity with pressure was quantified and a
number of regions of interest for scientific investigation were
highlighted. It was clear from the experimental measurements
that the particulate velocity distribution at the nozzle exit is
linked to the particle mass flow rate injected at the inlet. Thus,
increasing the particle feed rate, for example with the aim of
accelerating the coating formation, will result in a less
efficient abrasive action. Results were compared against CFD
models, which  over-predicted  the  experimental
measurements. The critical assumptions in ANSYS Fluent
v14.5-DPM to cause this were discussed. These included one-
way coupling, not suitable for the modelling of solid phase
volume fractions >10%, therefore under CoBlast working

generation CoBlast nozzles.
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