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Abstract

Thermal spraying methods are processes which provide high energy for the melting and
atomizing of powder, rod or wire shaped feedstock materials that are finally applied to a
substrate. The coating can improve surface properties, such as wear resistance and corrosion
protection of mechanical components, and add functional properties. In addition to a careful
substrate preparation, the physical properties of the coating particles are decisive for the quality
of the coating. Temperature, size, rate and velocity represent the classical quantities, which can
be measured in situ using various diagnostics.

Since many industrially used coating methods, such as for example wire arc spraying, are used
under atmospheric conditions, another quality-determining parameter is the degree of
oxidation. This particle property cannot be measured by established diagnostics and must
therefore be qualitatively derived from the above mentioned quantities or subsequently be
measured by means of destructive methods (microsections, EDX, etc.).

For these reasons the aim of this work is the development and testing of a diagnostic for the in-
flight measurement of particle oxidation.

This innovative measurement method detects the entire particle plume from different directions
using a 2D two-color-pyrometry and allows the calculation of spatially resolved three-
dimensional temperature and intensity distributions based on a tomographic evaluation method.
By additionally using measurements of the particle velocities (Laser-Doppler-Anemometry)
and particle sizes (Particle Shape Imaging) the surface emissivity of the particles along the
spraying direction can be calculated, which in turn allows quantitative conclusions on the
degree of particle oxidation.

Investigations on the wire arc spraying process have shown that the particle plume can be
assumed to be optically thin and is thus suited for emission tomography. In addition, particle
oxidation degrees could be measured which tend to correlate well with oxide contents in
finished coatings. Especially in the case of using nitrogen as atomizing gas, the oxide content
in the layer can be predicted very well with the aid of the in-flight measured emissivities.






Kurzfassung

Bei thermischen Beschichtungsverfahren handelt es sich um Prozesse, die hohe Energie zum
Aufschmelzen und Zerstauben von Grundmaterial, das pulver-, stab- oder drahtférmig vorliegt,
zur Verfugung stellt. um dieses letztendlich auf ein Substrat auftragen zu kénnen. Durch die
Beschichtung kénnen Oberflacheneigenschaften, wie z. B. Verschlei3- und Korrosionsschutz
von mechanischen Bauteilen, verbessert und funktionelle Eigenschaften hinzugeflgt werden.
Ausschlaggebend fir die Qualitdt einer Schicht sind neben einer sorgfaltigen
Substratpraparation die physikalischen Eigenschaften der Beschichtungspartikel. Temperatur,
GroRe, Rate und Geschwindigkeit stellen die klassischen GroRen dar, die mit Hilfe diverserer
Diagnostiken in situ gemessen werden kdnnen.

Da viele industriell angewendete Beschichtungsverfahren, wie beispielsweise das
Lichtbogendrahtspritzen, unter Atmosphare angewendet werden, ist eine weitere
qualitatsbestimmende physikalische GroRe der Oxidationsgrad der Partikel. Diese
Partikeleigenschaft kann von keiner bekannten etablierten Diagnostik gemessen werden und
muss folglich von den zuvor genannten GrolRen qualitativ abgeleitet oder im Nachhinein mit
Hilfe von destruktiven Methoden (Schliffbild, EDX, etc.) ermittelt werden.

Aus diesen Griinden ist das Ziel dieser Arbeit die Entwicklung und Erprobung einer Diagnostik
zur in situ Messung der Partikeloxidation.

Bei dieser innovativen Messmethode wird der gesamte Partikelstrahl aus unterschiedlichen
Richtungen mit Hilfe einer 2D Zwei-Farben-Pyrometrie erfasst. Basierend auf einer
tomografischen Auswertemethode, werden ortsaufgeldste dreidimensionale Temperatur- und
Intensitatsverteilungen berechnet. Durch die zusétzliche Messung der
Partikelgeschwindigkeiten (Laser-Doppler-Anemometrie) und -grofen (Particle Shape
Imaging) kann der Oberflachenemissionsgrad der Partikel entlang der Spritzachse berechnet
werden, die wiederum quantitative Ruckschlisse auf den Oxidationsgrad der Partikel zul&sst.

Die Untersuchungen am Lichtbogendrahtspritzprozess haben gezeigt, dass der Partikelstrahl als
optisch diinn angenommen werden kann und folglich fiir die Emissionstomografie geeignet ist.
AuRerdem konnten Partikeloxidationsgrade gemessen werden, die gut mit in Schichten
gemessenen Oxidgehalten korrelieren. Besonders bei der Verwendung von Stickstoff als
Zerstdubergas kann der Oxidgehalt in der Schicht mit Hilfe der in situ gemessenen
Emissionsgrade sehr gut vorhergesagt werden.
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Introduction 1

1 Introduction

In 2011 the term Industry 4.0 was used for the first time by Kagermann et al. [1] in order to
describe the industrial change that takes place in German industry. They even go so far to say
that Industry 4.0 is the fourth industrial revolution, after the application of mechanical
production facilities using water and steam power, the introduction of mass production using
electrical power and the automation by means of electrical and information technology [2].
Industry 4.0 describes the networking of all human and mechanical participants on the value
chain of a product form the development to the recycling [2]. Apart from the progressing
automation, intelligent control and decision mechanism are applied in order to optimize and
control the industrial production in real time [1]. Due to the extensive funding provided by the
“Bundesministerium flr Bildung und Forschung” Industry 4.0 is on everyone lips and a popular
new field of research. However, there are also critical voices saying for example,

“We may not have known it was called Industry 4.0, but we've been doing it for years.”

Heinz Jorg Fuhrmann, CEO of Salzgitter [3]

Also in thermal spraying the meaning of Industry 4.0 is nothing new, since the automation and
networking of processes is an important research topic that has been pursued for years. One
example is the control of the wire arc spray process using artificial neuronal networks [4]. Such
control methods are indispensable for the automation and may be an important step to keep
away workers from the spraying chamber with its harmful ultrafine particle fumes [5]. Even in
the case that the manual operating of thermal spray processes is unavoidable, information
technology could be a possibility to improve the process in real time and support workers. The
institute for “Plasmatechnik and Mathematik” at the “Universitat der Bundewehr Miinchen” for
example plans a research project, in which conceivable uses of a head-mounted display will be
investigated. This intelligent system should help the worker to plan the coating task, support
him during the spraying process by means of real-time monitoring and log the measured data
in order to facilitate the quality control [6].

The prerequisite for all these developments is a fundamental understanding of the process and
the coating quality determining parameters. Since the most influencing parameters are the
in-flight properties of the particles, most of the available diagnostics for thermal spraying are
developed in order to measure particle velocity, size, rate or temperature. Other properties like
for example the oxidation can only be derived from these results and be qualitatively evaluated.

Before the need of developing an innovative diagnostic for the in-flight oxidation measurement
can be formulated more precise, a detailed overview of existing thermal spraying processes, of
the coating formation and of established particle diagnostics is given in the next chapters.



2 Introduction

1.1 Thermal spraying — State of the art

In Europe the expression thermal spraying is standardized by DIN EN 657 [7]. According to
this definition thermal spraying is a group of coating processes in which metallic or nonmetallic
feedstock is partly or completely molten, atomized and finally sprayed on a pretreated substrate
surface. For this purpose special equipment and peripheral devices are necessary in order to
provide energy, feedstock, gas and other additional media. Figure 1 shows the principle setup
for thermal spraying.

Feedstock
Substrate

Particles e
Energy

e
—_——
—_——
—_——
—_——
— —-——

Gass .\ peemmmmmmmoTTTTT
| > Spraygun 0o

Additional media, | } T T TTm————

—_—— -
-
—-—-—

-
-
-—-

Coating

Figure 1: Principle setup for thermal spraying, consisting of a spray gun that is supplied with
energy, gas and additional media (cooling water, ...) in order to melt and atomize the
feedstock. The resulting particles are accelerated and sprayed on a pretreated substrate.

By coating the surfaces of components they can be improved according to functional
performance, wear resistance, life time and production costs [8]. This is possible because base
materials which are easy to work and more economical are coated with high performance
materials [9]. The feedstock used for thermal spraying is usually in the form of powder, wires
or rods [10] and is made of metals, alloys, ceramics, or cermets [9]. The classification of coating
techniques can according to [11] be done by coating thickness and substrate temperature. As
Figure 2 shows, thermal spraying covers a wide range of coating thicknesses and substrate
temperatures and can consequently be used for many different applications.

A current example that combines many of the above listed advantages is the coating of engine
cylinder bores. In this application the cylinder bores of aluminum or magnesium engines are
thermally sprayed in order to reduce friction and to decrease fuel consumption [12, 13]. By
applying the thermal sprayed coating directly on the cylinder bores it is no longer necessary to
put in iron liners and consequently an additional weight reduction can be achieved, besides the
reduction due to the use of aluminum or magnesium as engine base material [14]. In addition
the process related porosities, exposed by honing, serve as oil reservoir and thus are the source
for decreased friction [13]. The thermal spray processes that can be used for this special
application are high velocity oxygen fuel (HVOF) spraying [12], atmospheric plasma spraying
(APS) [12, 13, 15] and wire arc spraying [12-14].
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Figure 2: Classification of thermal spraying among other coating processes regarding
coating thickness and substrate temperature. Adopted from [11].

In the next chapter a classification of the different thermal spraying processes is done and the
most important ones are presented in detail. Additionally the evaluation of thermal sprayed
coatings is discussed and an overview about the most important particle diagnostics is given.

1.1.1 Process overview

The “established” literature divides the thermal spray processes into combustion and electric
discharge techniques [8, 10, 16, 17]. The two techniques differ only in the way how the energy
for fusing the feedstock is provided.

A special thermal spray process that cannot be assigned to one of the both classifications is
cold-gas spraying. Responsible is the type of energy input to the particles. At cold spraying the
unmolten particles are accelerated with a high velocity cold gas stream. As soon as the particles
strike the substrate they are immediately slowed down and the high Kkinetic energy is
transformed to thermal energy leading to plastic deformation and coating generation. [18, 19]

The first “real” documented thermal spray process was invented by Max Ulrich Schoop at the
beginning of the 20" century [20]. This nowadays called flame spraying process is — as the
name indicates — a combustion process whereby a flame created by burning acetylene and
oxygen serves as heat source. The feedstock, usually provided as wire, is fed axially into the
flame and the resulting molten particles are atomized by a surrounding stream of compressed
air. [8]

A more sophisticated form of the flame spray process is the high velocity oxygen fuel (HVOF)
spraying. In contrast to usual flame spraying the combustion of oxygen and a gaseous or liquid
fuel takes place in a separate chamber. The injection in this chamber is done with high pressures
and high gas flows (e.g. 0.55 to 0.83 MPa, 28 I/h kerosene and 61400 I/h oxygen: “WokalJet-
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410” from the company “Oerlikon metco” [21]) so that the resulting flame expands
supersonically through a long Laval nozzle. The feedstock is injected as powder into the flame,
depending on the construction either axial or radial. [22]

One of the most variable spraying techniques concerning the choice of feedstock material is
plasma spraying. This electric discharge process provides high gas temperatures and velocities
and is usually operated with inert gas, which in turn prevents oxidation [16]. The main feature
of every plasma torch is at least one electric arc that is struck between a cathode and an anode.
In the case of the simplest setup the cathode is a pointed tungsten cylinder and the anode a
tungsten coated copper tube that serves as nozzle at once. The process gas flowing between
cathode and anode is heated by the arc and leaves the gun through the nozzle as plasma jet [23,
24]. Depending on the setup the powdery feedstock is injected internal axial, internal radial or
external radial [16]. Regarding the number of anodes and cathodes and their arrangement many
different torch setups are commercially available. The constructions range from simple one-
cathode/one-anode guns and three-cathode/one-anode [25, 26] guns to one-cathode/three-
anodes guns [27] and one cathode/five anodes guns [28].

Another process that can be added to the electric discharge techniques is the wire arc spray
process. The principle setup is presented in Figure 3.

Compressed air ey

Wire feeder

Figure 3: Principle setup of the wire arc spray process, consisting of a nozzle, a current
source, two contact sleeves, two wire feeder and two conductive wires serving as feedstock.

It consist of two conductive wires that are continuously fed towards each other under fixed
angle. Using contact sleeves the wires are connected to a current source and because of the
potential difference an electric arc is struck in the gap between the wires. The hot arc melts the
wire tips and with the help of a high velocity gas flow the molten material is atomized. Finally
the detached particles are accelerated towards the substrate where they generate a layer. In
general a constant voltage dc power supply is used as current source and due to the high gas
flow rates and the related costs compressed air is used as atomizing gas. [8, 29]
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Since the wires function as electrodes and feedstock at the same time the melting of the
complete coating material is guaranteed and consequently high coating efficiencies can be
reached. This advantage leads unavoidably to a problem that is topic of many research works.
Due to the different arc attachment on cathode (constricted) and anode (diffuse) the melting of
the wires and therefore the particle generation differs [30, 30, 31]. This asymmetric melting
behavior results in different temperature, velocity and size distributions between particles
detached form the cathode and particles detached form the anode [32—-35]. Another negative
effect concerning the particle generation is the periodic fluctuation and re-ignition of the arc
caused by the periodic removal of the molten material [35]. Liao et al. [36] showed for example
that because of the fluctuations there are bimodal particle distributions both for the cathode wire
and the anode wire. An interesting approach to solve this problem is the use of pulsed current
controlling the arc movement [37].

All these research studies about wire arc spraying show that the particle generation is influenced
by many process parameters and that the resulting particles can vary with respect to
temperature, velocity and size. For this reason the wire arc spray process is an ideal
measurement object for particle diagnostics and is used in this work to test the developed
tomographic two-color-pyrometry.

1.1.2 Formation of thermal sprayed coatings

Every formation of thermal sprayed coatings starts with the particles generated from the
feedstock. In the case of wire- or rod-shaped feedstock there are process related less unmolten
particles presents than in the case of powdery feedstock [8]. The atomized particles are
transported by a stream of gas, whose influences they are exposed to during their flight time. If
the thermal spray process is performed in atmosphere the particles are additionally influenced
by the surrounding air and the oxygen, respectively [38]. Since the temperature of the particles
is above the melting point oxidation takes place very fast using metallic feedstock. In order to
clarify the influence of the temperature on the oxidation, the Arrhenius law [39, 40] presented
in Equation 1.1 can be used.

,Ea

k=AeRT 11

Using this equation the rate k of a chemical reaction with the activation energy E, can be
calculated. Besides the activation energy the rate depends on the gas constant R, the
temperature T and the frequency factor A. Whereby A takes the number of collisions with
the correct geometry into account [39] and is in turn slightly temperature dependent [8]. To
illustrate the significant influence of the temperature on the oxidation of metal particles, the
factor exp(—E,/RT) for iron depending on the temperature is presented in Figure 4. Therefore
the activation energy of iron E, = 246.8 kJ/mol validated by Wilson et al. [41] is used. As we
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can see by increasing the temperature from 1850 K to 2150 K, the oxidation rate increases
approximately by one order of magnitude

5.0E-06
4.0E-06
3.0E-06

2.0E-06

exp(-E,/RT)

1.0E-06

0.0E+00
1850 1950 2050 2150 2250 2350 2450

T[K]

Figure 4: Proportional factor exp(-E«/RT) for the calculation of the iron oxidation rate
depending on the temperature T. For the calculation Ea=246.8 kJ/mol validated by Wilson et
al. [41] was used. R stands for the gas constant.

Oxidation always occurs at the surface of a material and propagates inside through diffusion of
metal and oxygen into the oxide layer [41, 42]. However Deshpande et al. [43] and Espie et al.
[44] determined that there are both: a thin oxide sheet on the surface of the particles and oxide
inclusions within the particles. Responsible for the oxide fractions within the particles is
convective movement of the liquid oxides and metals resulting in continuous mixing [8, 43—
45]. Regarding small particles this effect may lead to complete oxidation as can be seen in the
cross section presented in Figure 5.

The first molten particles that strike the substrate surface spread over and fill out the free spaces
of the surface. Consequently it is important to clean and to roughen the substrate surface in
order to achieve a good adhesion [8]. The cooling of the particles happens very fast because of
the great mass of the substrate compared to the particles and thus the impact of the following
particles takes place on a solid underground [46]. Through the continuously impact and
flattening of the particles a lamellar structure is formed. The principle setup of a thermal sprayed
coating is presented in Figure 5 on the left side. For comparison on the right side of Figure 5 a
cross section of a wire arc sprayed coating is illustrated. Besides the lamellar structure of the
feedstock, porosity, oxides and unmolten particles can be seen. The oxides are present in form
of so called oxide strings [16], solidified oxide droplets and oxide trapped inside the particles
[43]. As Li et al. [47] investigated for HVOF spraying of MCrAlY material there is, besides the
in-flight-oxidation, a second oxidation mechanism leading to oxide strings. This so called
post-impact oxidation is caused by the oxidation of the flattened particle surfaces taking place
until the next particles strike. The porosity within the coating occurs among other things
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because of material shrinkage on cooling, unmolten or pre-solidified particles, poor intrasplat
cohesion and cracking [16].

.. 0) Unmolten
paricles

Feedstock:

Figure 5: Left: Schematic drawing of a thermal sprayed coating. Right: Cross section of a
wire arc sprayed coating. Both images show the typical structure consisting of a substrate,
feedstock material, oxides, porosity and unmolten particles.

Since the intention of the diagnostic developed in this work is the measurement of the particle
temperature and the in-flight oxidation, the particle parameters influencing the oxidation and
the corresponding trends are summarize in Table 1. In the next chapter the most important
particle diagnostic technigues and the commercially available systems are presented.

Table 1: Particle parameters influencing the oxidation and the relating reasons.

Trend Particle oxidation Reason

Particle temperature A 7 Arrhenius law 1.1

Lower surface area to

Particle size 7 N volume ratio [16]

Particle velocity A N Reduced dwell time [16]

1.1.3 Particle diagnostics

Particle diagnostics used for thermal spray processes may be classified into passive and active
diagnostics. According to this definition the passive systems only observe the particles whereas
active diagnostics need an external light source interacting with the particles and evaluate the
blocked and the reflected light, respectively.

One of the simplest ways to determine for example particle velocities can be realized using
digital cameras and applying the time-of-flight method. In this technique a CCD or CMOS
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camera acquires images of the spray plume, whereby the exposure time is chosen in a way that
the flying particles leave bright traces on the images. With the help of the trace length
determined using image processing methods, the image scale and the adjusted exposure time
the velocity of single particles can finally be calculated. It is obvious that this method can only
be applied to thermal spray processes that generate luminous particles. Matz et al. [48] for
example used the PVI-system from the company “Zierhut Messtechnik GmbH” to investigate
the influence of the nozzle setup on particle velocities in wire arc spraying.

Another particle diagnostic using a digital camera is the SprayWatch from the company “Oseir”
[49]. Compared to the PVI this system additionally enables the measurement of particle
temperatures applying the principle of two-color-pyrometry. To acquire particle images at two
different wavelength bands two small stripes of the CCD sensor are covered with different
filters. In order to combine velocity and temperature measurement the camera records an image
with short exposure time followed by an image with long exposure time. The short exposed
image (part without filter in front) shows the typical particle traces and can be evaluated by
means of the time-of-flight method. The long exposed image (double-stripe part) is used to
calculate particle temperatures by means of two-color-pyrometry. Additionally the SprayWatch
can be transformed to an active diagnostic by applying a high power pulsed laser diode module
called HiWatch. This option enables the measurement of non-luminous particles such as
cold-sprayed particles [50, 51].

Vattulainen et al. [52] present another possibility to measure particle velocities and
temperatures using a single camera. In their setup a custom double mirror is used to record the
flying particles at two different wavelength bands. The first surface of the mirror reflects
radiation in the visible band the second surface in the near-IR band. The resulting images show
two overlapping traces for each particle that can in turn be evaluated by means of the
time-of-flight method and two-color-pyrometry.

The PVI as well as the SprayWatch and the diagnostic developed by Vattulainen et al. [52] are
easy to handle and to adjust but because of the projection of the spray plume on single two
dimensional sensors the information in direction of observation gets lost. As a consequence one
velocity component of the particle trajectories is missing and no statements can be made about
the three dimensional expansion of the spray plume.

In [53] a new measurement technique is suggested in order to remedy this lack of information
by using several cameras positioned around the spray plume simultaneously acquiring images
with short exposure times. With the help of image processing methods and a so called sinus-fit
the position and the three dimensional trajectories of single particles can be calculated. The
principle setup for the so called tomographic particle localization and velocity measurement is
presented on the left side of Figure 6. An example for a measured particle trajectory distribution
is shown on the right side.
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Figure 6: Principle setup for tomographic particle localization and velocity measurement
(left) and an example for a particle trajectory distribution (right) measured with this
diagnostic. Both adopted from [53].

Another passive particle diagnostic is the DPV-system from the company “Tecnar”. The
function of this diagnostic is well described in [54-57] and can be explained based on Figure 7.
The particles flying through the measurement volume of the DPV are projected onto the
entrance of a fiber, which in turn is covered with a two-slit photomask. The optical signal is
parallelized and divided with the help of a lens and a dichroitic mirror. Using two interference
filters with different central wavelengths and two lenses the signal is projected onto
photodetector 1 and photodetector 2.

Fiber
Sensor head

© Two-slit
i ! Filter 1 photomask

N
N
N

-~ Photodetector 1

Voltage

Dichroitic
mirror

[ Filter 2

Photodetector 2
Figure 7: Schematic drawing of the DPV setup and the voltage signals received from the
photodetectors. According to [54, 55].

On the right side of Figure 7 the signals received by the two photodetectors are illustrated. As
can be seen the signals generated by one particle show two peaks, which in turn can be used to
determine the time At needed to cover the distance S between the two slits. The particle
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velocity is finally given by v, =M, -s/At, where M, stands for the image scale of the sensor
head. For the determination of the particle temperatures again the principle of
two-color-pyrometry is used, whereby the assumption is made that the particles behave like
gray bodies meaning that their emissivities are independent on the wavelength. With the help
of the temperature and the energy detected in one channel the particle diameter can be calculated
assuming spherical particles and doing an energy correction for particles that are not fully seen
in both slits [57]. Because for this method the emissivity of the particles has to be known, a
complex calibration of the DPV has to be performed using a powder with known size
distribution [54, 55].

Since the measurement time of the DPV is, due to the small measurement volume (1.4 mm? x
1.9 mm [55]) and the single particle detection, relatively long, the company “Tecnar” also
offers the diagnostic Accuraspray intended for the control of industrial thermal spray
applications [56]. The principle setup (see Figure 8) of this diagnostic consist of a lens, two
single fibers and two photodetectors (PD1 and PD2) with different interference filters in front.

Optical fibers

Filter 1 Filter 2
PD, PD,

Figure 8: Schematic drawing of the Accuraspray setup for the detection of particle ensemble
velocities and temperatures (According to [56]).

The optical setup is designed in a way that each fiber covers a large measurement volume of
about 3x3x20 mm® [56] and consequently many particles are observed at the same time[56].
As long as almost all particles fly through each measurement volume, the voltage signals
received of the photodetectors are equal but time-shifted. This time-of-flight determined by
doing the cross-correlation of the two signals [56] and the distance between the two
measurement volumes are used to calculate an average velocity of the particle ensemble. The
temperature determination again is based on two-color-pyrometry and provides only average
data, too. Further no particle diameters can be estimated due to the particle ensemble
measurement technique of the diagnostic. In contrast to the DPV the Accuraspray is additionally
equipped with a CCD camera that offers the possibility to analyze the appearance of the spray
plume regarding for example its position, width or intensity [55].

Like the CCD camera of the Accuraspray the Particle Flux Imaging (PFI) [58, 59] from the
company “Zierhut Messtechnik GmbH” characterizes the entire spray plume and does not
measure single particle properties. The diagnostic is based on a CCD camera that acquires
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images with long exposure time (320 ms [58]) and approximates the smoothed emission of the
spray plume with ellipses. Because of the quickly available information of the whole spray
plume and the low technical effort (only one single camera, no calibration), this diagnostic is
perfectly qualified for online control of thermal spray processes. Hartz-Behrend et al. [4] for
example applied the PFI as sensor in order to control the wire arc spray process using artificial
neural networks. For research purposes the PFI is not suitable, since selected particle properties
have to be known in order to be able to identify the parameters influencing for example the
coating formation.

An example for an active particle diagnostic based on digital cameras is the Particle Image
Velocimetry (PIV). In this method two consecutive laser flashes illuminate the measurement
volume of the diagnostic and the camera acquires either two single images or one
double-exposed image synchronized with the laser. The images are evaluated using particle
tracking, auto-correlation or cross-correlation methods in order to calculate the spatial distance
between matching particle pairs. By means of known exposure time a two dimensional particle
trajectory field can finally be determined. [60]

The disadvantage of measuring only two velocity components can be solved by tomographic
3D-PIV [61]. Here three dimensional particle distributions are reconstructed by means of
tomography using several images simultaneously recorded form different directions. The three
dimensional trajectory distribution again is calculated with the help of 3D cross-correlation and
the known exposure time.

A more complex technique to measure particle velocities is the Laser Doppler Anemometry
(LDA). This laser based diagnostic adopted from experimental fluid mechanics is usually
applied for point wise velocity measurement of a flow using tracer particles [62, 63]. Since in
the case of thermal spraying “tracer particles” are process related present anyway and their
properties are of particular interest concerning coating formation, the transfer of LDA is
obvious. The principle setup of an LDA-system designed for thermal spray applications is
shown in Figure 9 on the left side. This setup already used for the measurement of particle
velocities during the plasma-spray process [64] was developed by Mayr [65] and Reusch [66],
and is also used in this work. On the right side of Figure 9 an enlargement of the measurement
volume including the wave, velocity and observation direction vectors is shown. The
measurement volume is generated by crossing two laser beams under the angle ®. In the
crossing zone an interference pattern develops that interacts with the flying through particles.
The scattered light is collected by a lens and projected onto a photo multiplier, which in turn
generates a voltage signal. Since the particle sizes in thermal spraying range from several um
up to some 10 um the scattering mechanisms occurring are Mie-scattering and normal optical
reflection, refraction and diffraction [66]. The simplest way to explain the LDA is the
interference fringe model that is strictly speaking only valid for particles smaller than the
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distance between two maxima in the interference fringe pattern. For this reason the
Doppler-model according to [66] is used for the explanation of the measurement principle.

w ®\/
\ /

Beam splitter Mirror X,

Laser

Wire arc spray “ w7 Lens
prozess ‘\ i

Light traps
Figure 9: Schematic drawing of the Laser Doppler Anemometry setup (left) and an
enlargement of the measurement volume including the wave, velocity and observation
direction vectors necessary for the derivation of the Doppler-model. According to [64]

In the Doppler-model the frequency f; that a particle with the velocity v, sees from the laser
beams 1 and 2, can be calculated according to the Doppler-effect as follows:

VP'eij fori=12 1.2
C

fP,i = fL '(1_

where f_ is the laser frequency, C the speed of light and € the direction of the corresponding
wave vector I2i=2n//1L-éi. With the help of the particle frequency the Doppler shifted
frequencies f,,, ; seen by the stationary photo multiplier can be determined using Equation 1.3

fo = —g e = -(1—Vp'ei) fori=1,2 13
M

c

Since the scattered light from the laser beams 1 and 2 is superimposed and the photo multiplier
is too slow to measure the laser frequency, only the Doppler-difference frequency f, can be
observed.

'(él_éz) 14
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As velocities of thermal spray particles are much smaller than the speed of light (|\7p|/C <«1),
Equation 1.4 can be simplified as follows:

f_
fD:?'-.VP.(

-, 15

This equation is independent on the observation direction €,,, . Using f_ =c/ A, and calculating
(€, —¢€,) with the geometrical relations in Figure 9, f; is given by

fD:i~vPX-25in(9j 1.6
A 2

Finally the velocity component in X -direction can be determined by solving Equation 1.6 for
vy, and extracting f, out of the voltage signal measured with the photo multiplier. Besides
particle velocities also particle rates dn/dt can be measured using LDA. The limitations of the
presented LDA-diagnostic are the determination of only the velocity component that is
perpendicular to the fringe pattern and the point wise measurement technique. The disadvantage
of missing velocity components can be solved through applying an additional pair of crossing
laser beams, whose interference pattern is turned 90° compared to the first one [62]. However,
the point wise measurement remains and consequently the time consuming scanning of a
measurement pattern is necessary in order to achieve three dimensional information of the spray
plume.

Another laser based method to measure particle velocities and rates is the Laser-Two-Focus
(L2F) diagnostic. L2F in principle works like a light barrier, whereby the scattered light of
particles flying through the measurement volumes of two focused laser beams is measured. By
using the distance between the two laser points and the measured time delay, the particle
velocity component perpendicular to the laser beams can be determined.

All above mentioned diagnostics, except the DPV, are not able to measure the particle size.
Even the DPV only derives the size from measured particle emissions, whereby a complex
calibration procedure is necessary and spherical particles are assumed. A diagnostic that enables
the direct determination of the particle size is the Phase Doppler Anemometry (PDA). The setup
of this diagnostic is similar to the LDA setup, with the sole difference that a second detector
(lens & photo multiplier) positioned under a different elevation angle additionally observes the
measurement volume. If the particles are spherical both detectors measure the same LDA-burst
time shifted. This time is equal to a phase difference, which in turn is proportional to the radius
of the particles. In summary the PDA enables the point wise measurement of single particle
velocities and sizes, whereby the particles have to be spherical. [67]
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A diagnostic for size measurement independent of the shape of the particles is the Particle Shape
Imaging (PSI). The development of this innovative thermal spraying diagnostic is documented
in [68, 69]. The principle setup (see Figure 10) consist of a laser, a beam splitter and an optic.

Laser

Beam splitter ? Object plane

Optic Image plane

Particle 1
X Particle 2

Image of /
particle 2 Image of
particle 1

Figure 10: Principle setup of the Particle Shape Imaging (PSl), consisting of a laser, a beam
splitter and an optic. Adopted from [68].

The beam splitter optic divides the laser beam into two single rays that are crossed in the
measurement volume. Opaque particles flying through the measurement volume shadow the
laser light and are projected to the image plane. The imaging optic is chosen in a way that high
magnifications are reached (~24 using a mirror lens [68], ~27 using a lens system [69]) and
consequently even small particles (>10 um) can be detected. Since the particles are fast the
detector has to be able to acquire images with short exposure times (5 ns to 200 ns) in order to
avoid motion blur. To guarantee sufficient sensitivity despite the short exposure times, an image
intensifier has to be used as detector. As it can be seen in Figure 10 only the particles directly
positioned in the image plane (particle 1) are projected one times to the image plane. Particles
located before or behind the object plane can due to the two laser beams be seen twice in the
image plane. With the help of the distance between the double projections the particle position
within the measurement volume can be determined. Furthermore the particles can be observed
from two different directions, what in turn allows conclusions concerning the particle shape and
size. By applying a trigger system even particle velocities and rates can be determined. [68—70]

Since it would be desirable to measure all particle properties at once, it is obvious to combine
the above mentioned particle diagnostics. Fincke et al. [71] for example developed a diagnostic
allowing the simultaneous point wise determination of particle sizes, velocities, rates and
temperatures. For this purpose a setup was designed that includes LDA, two-color-pyrometry
and size measurements, whereby the size determination is based on the measurement of
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absolute scattered laser light. By using this combination of diagnostics important results
concerning the plasma particle interaction could be obtained.

After the comprehensive explanation of the particle diagnostics used in industry and in research
and development, in the next chapter the reasons are discussed, why further research on this
topic is still necessary. For a better overview the known diagnostics and their measured
quantities are summarized in Table 2.

Table 2: Summary of the known particle diagnostics and their measured quantities (v:
particle velocity, s: size, T: particle surface temperature, dn/dt: particle rate). The
geometrical dimension of the results are listed, too.

Diagnostic v S T | dn/dt | Dimension Comment
PVI v X X X 2D
SprayWatch v X v IV 2D
Vattulainen [52] v X v % 2D
Kirner [53] v x X X 3D
DPV v v v v oD
Accuraspray v X v % oD Particle ensemble
measurement
PFI % X % % 2D Qualitative evaluation of
the whole spray plume
PIV v X % % 2D Possibility of 3D
measurement
LDA v X X v 0D
L2F v X X v oD
PDA v 4 x v oD
PSI X v 4 v oD
Fincke [71] v v v v 0D
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1.2 Need of further research

Besides the adhesion and the porosity, the oxide content is one of most important factors
influencing the quality of metallic thermal sprayed coatings. Negative effects of oxides included
in coatings are for example decreased hardness or decreased cohesion between splats leading
to reduced toughness and cracking [72, 73]. However, there are not only disadvantages, oxides
may also increase the bonding to the substrate [72] or improve the resistance to compressive
loading [74]. Since in-flight oxidation of the particles mainly contributes to the oxide content
[43, 44, 72] the in-situ measurement of particle properties is indispensable for process control
and evaluation. As it can be seen on the basis of Table 1 the velocity as well as the size and the
temperature of the particles influence the in-flight oxidation. Consequently all three parameters
have to be known in order to draw reliable conclusions concerning the degree of oxidation. As
it can be seen in Table 2 there are only two diagnostics that are able to measure all necessary
particle parameters at once. On the one hand the DPV requiring a complex calibration and on
the other hand the experimental setup of Fincke et al. [71] designed for research. Of course also
other methods could be combined, but it is obvious that in any case a point by point
measurement is necessary to get the velocity, the size and the temperature. And in order to
achieve spatial resolved data of the whole spray plume the time consuming scanning of a
measurement pattern is unavoidable. Furthermore even determined particle velocities, sizes and
temperatures only allow qualitative or comparing statements regarding the oxidation, since it is
very difficult to estimate the chemical influence of the process gas and the surrounding
environment.

For these reasons, the aim of this work is the development of a diagnostic enabling the
quantitative determination of particle in-flight oxidation along the spraying direction. The idea
behind this innovative measurement technique is based on two-color-pyrometry. By observing
the spray plume at two different wavelength bands and assuming gray body behavior an average
surface temperature can be calculated. With the help of the known temperature and the
intensities measured at one of the two wavelength bands, finally the change in emissivity caused
by oxidation can be estimated. Further particle parameters that are needed as input for the model
are measured with established diagnostics.

The recording and evaluation of the raw data is done by means of tomography. Through the
combination of two-color-pyrometry and tomography three dimensional intensity and
temperature distributions can be determined. The application of tomography on a thermal spray
plume consisting of opaque particles is a completely new approach. In the past tomographic
measurement techniques in thermal spraying have only been used for the investigation of
plasma jets [75, 76].
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2 Two-color-pyrometry

The two-color-pyrometry is an optical method for the contactless measurement of surface
temperatures of solid bodies. In this measuring procedure the radiation of an object is observed
at two different narrow wavelength regions and it is assumed that the emissivities of the surface
at these two wavelengths are approximately similar. For the physical understanding of
two-color-pyrometry the theoretical bases of thermal radiation have to be known. In the
following chapter these are summarized and explained.

2.1 Theoretical bases of thermal radiation and two-color-pyrometry

The thermal radiation coming up against a body interacts in three different ways. It is partially
reflected by the surface (reflectivity p ), partially absorbed by the body (absorptivity ¢ ) and
partially transmitted through the body (transmissivity 7 ). Since the incident radiation has to be
the sum of the interacting radiation, the following relation can be written:

a+t+p=1 2.1

The thermal radiation of bodies has been described for the first time by Gustav Kirchhoff [77].
He showed that the radiation absorbed by a body in thermal equilibrium is emitted in the same
scale. This legality can be expressed by the absorptivity & and the emissivity ¢ :

a=¢& 2.2

A special king of radiation is the so called black body radiation. A black body absorbs the whole
incident radiation, so that 7 and p are equal zero and it follows for & and &:

Josef Stefan [78] and Ludwig Boltzmann [79] discovered the dependence of the thermal
radiated power of a black body on the temperature. They postulated that the power P emitted
over the whole wavelength region by the surface A of a black body is the product precisely of
this surface, the Stefan-Boltzmann-constant o and the fourth power of the absolute
temperature T of the black body.

P=cAT* 2.4
The first one describing the thermal radiation in dependence on the temperature and the

wavelength was Wilhelm Wien [80]. The Wien distribution law[81] exactly describes the
spectrum of the thermal radiation of a black body for short wavelengths, however for long
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wavelengths the law does not fit experimental data. The spectral exitance depending on the
temperature T and the wavelength A can be calculated using Equation 2.5 [81].

M, (aT)=2 1 25

(G,
exp| —=
p(ﬂ j

Where C, = 2nthc?, C,=hc/k, h is Planck’s constant, C is the speed of light and k is the
Boltzmann constant. The discrepancy in the Wien distribution law for long wavelengths could
be solved by Planck’s law. This law, postulated by Max Planck in the year 1900, describes the
spectral exitance M ,, of a black body depending on his temperature T at a single wavelength
A [82-84]:

M (aT)= L 2.6

5
A exp[czj -1
AT

Figure 11 shows spectral exitance curves for different black body temperatures dependent on
the wavelength. It can be seen, that the maximum of the exitance is shifted to smaller
wavelengths with increasing temperature. The wavelength 4, wherein the spectral exitance
M ,. of a black body with the temperature T reaches the maximum can be determined using

Wien’s displacement law [85]:
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Figure 11: Spectral exitance curves for different black body temperatures in dependence of

the wavelength.
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A black body is idealized and does in reality not exist in this form. The behavior of a black
body surface can e.g. be approximated by a narrow opening of a cavity in a metal cylinder [85].
For real bodies the absorptivity, the transmissivity, the reflectivity and the emissivity depend
on the direction, the wavelength, the temperature [86] and on surface properties like e.g.
roughness [87]. Figure 12 shows the principle behavior of the black, gray and real body
emissivity depending on the wavelength. As we can see, the emissivity of a black body is
constant and equals one, the emissivity of a gray body is also constant, but since the
transmissivity and the reflectivity are not equal zero, the emissivity is smaller than one. The
real body emissivity is also smaller than one and in general changes with the wavelength and
the temperature. Accordingly for a real body the spectral exitance has to be multiplied by the
emissivity to get the spectral radiant exitance M, (1, T):

M, (4 T)=e(AT) M, (AT) 2.8

Since it is difficult and sometimes impossible to measure the emissivity, it is necessary to use
a measurement method for the determination of the surface temperature that works
independently on this parameter. The most important technique used in industry and research
is the two-color-pyrometry. In the following chapters the principle of two-color-pyrometry and
the technical realization in the context of this work are explained.

1
0.8
. 06 black body
S
w 0.4 gray body
0.2 real body
0
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A [pm]
Figure 12: Principle emissivities of a black, a gray and a real body depending on the
wavelength.

The basic principle of the two-color-pyrometry is the observation of the measurement object at
two different wavelengths A4, and A, . For each wavelength the spectral radiant exitance has to
be calculated and divided by each other, resulting in the quotient Q:

— g(ﬂl’T)'Mls(ﬂl’T)
Q(T)—g(%’T)'MM(%’T) 2.9

By the assumption that the observed object behaves like a gray body it follows
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e(4,T)=¢(4,,T) 2.10

and consequently the emissivities in Equation 2.9 can be canceled. The remaining
Equation 2.11 for the determination of the quotient Q just depends on the temperature T .

sfe(s
g '(exp(f? j _1]

Because Equation 2.11 cannot directly be solved for T , measured intensity quotients have to
be compared with quotients calculated with Equation 2.11.

Q(T)= 2.11

2.2 Technical realization

In the following chapters the technical realization of the two-color-pyrometry is discussed.
Particularly the setup, the selection of the components, the optical properties, the temperature
calculation method and the calibration of the system are presented in detail.

2.2.1 Experimental setup

The principle setup of the two-color-pyrometer is shown in Figure 13 and was already used in
similar form for the measurement of tungsten cathode temperatures [88]. It consists of two
cameras, two lenses and a beam splitter integrated in a positioning device. The beam splitter
divides the incident light in equal parts and different interference filters in front of each camera
enable the observation of the measurement object at two different wavelengths. To guarantee
precise overlapping of the two images the beam splitter can be positioned with micrometer
screws and the cameras are rotatable. The usage of cameras as detectors enables two
dimensional measurement and consequently the acquisition of temperature images.

For the diagnostic presented in this work the camera “pixelfly VGA” from the company
“PCO AG” is selected. The advantages and disadvantages using this camera are, besides the
interference filter and beam splitter selection, discussed in Chapter 2.2.2. The lenses used have
a fixed focal length of 25 mm and an adjustable focal number reaching from 1.4 to 16. The
optical properties of the two-color-pyrometer are presented in Chapter 2.2.3. Depending on
which wire arc spraying parameter set is used, neutral density filters can additionally be placed
in front of each camera. Furthermore the cameras are synchronized via the “exposure” output
of camera 1 and the “trigger” input of camera 2.
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Neutral density filter

Beam splltter\

Figure 13: Principle setup of the Two-Color-Pyrometry consisting of two cameras, two lenses
and a beam splitter. In front of each camera an interference filter is positioned (central
wavelength filter 1: 800 nm, filter 2: 900 nm and FWHM=10 nm both).

2.2.2 Camera, interference filter and beam splitter selection

In this work a tomographic particle diagnostic based on two-color-pyrometry is presented. In
the case of tomographic temperature measurements (see Chapter 3) the radiation of many
particles is collected over a long time (>1 s) to obtain smooth images of the spray plume. Since
the length of the exposure time has to be long, there is always enough light reaching the sensor
of the camera and consequently no special requirements concerning the quantum efficiency q,
are necessary. To guarantee good image quality, the temperature compensated camera “pixelfly
VGA” with high linearity (non linearity < 2 %) from the company “PCO AG” is chosen. This
camera offers exposure times up to 65 s and is equipped with a CCD-Sensor (640x480 Pixels)
with a dynamic range of 12 bit. The quantum efficiency dependent on the wavelength is shown
in Figure 14. [89]

For the selection of the interference filters different aspects have to be considered. Gathers [90]
demonstrated with his simulations that the error for the two-color-pyrometry, due to the
assumption of constant emissivities, can be minimized using filters with peak intensity
wavelengths widely separated and located on the blue side of the maximum of the spectral
exitance. Since no secured information about the thermal properties of the used feedstock
(material number 1.5125 [91]) is available, the properties of iron are used below. This is
justifiable since 97.493 % of the wire consists of iron [91]. Thus the surface temperature of the
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observed liquid droplets range from the melting point of iron (1811 K [92]) to the boiling point
of iron (3073 K [93]) and accordingly the spectral exitance maxima calculated with Wien’s
displacement law (see Equation 2.7) from 1600 nm to 943 nm. Consequently the peak intensity
wavelengths of the two used interference filters have to be smaller than 943 nm. The bandwidth
of the filters plays according to Gathers [90] no significant role. To maximize the signal
received by the cameras, the spectral exitance has to be measured at wavelengths close to the
spectral maximum (943 nm) of the lowest expected temperature and in a region, where the
camera has adequate quantum efficiencies. For comparison the spectral exitance for a black
body temperature of 1811 K is shown in Figure 15.
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Figure 14: Quantum efficiency of the camera "pixelfly” from the company “PCO AG” [89].
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Figure 15: Spectral exitance for a black body temperature of 1811 K (melting point of iron).

The wavelength range, in which the camera receives the maximum thermal radiation emitted
by the particles can be determined by multiplying the spectral radiance M ,, by the quantum
efficiency g, of the camera. Figure 16 for example shows the product of the spectral exitance
trace for a temperature of 1811 K (see Figure 15) and the camera sensitivity curve (see
Figure 14) dependent on the wavelength. As aforementioned there are no special demands on
the quantum efficiency of the “pixelfly” camera therefore the wavelength range to be
considered for the interference filter selection is chosen between 750 nm and 900 nm.
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Figure 16: The spectral exitance for a temperature of 1811 K multiplied by the quantum
efficiency curve of the “pixelfly” camera.

Furthermore on the one hand the separation of the central wavelengths has to be small to
minimize the error caused by the gray body assumption and on the other hand large to minimize
the temperature uncertainty caused by measurement errors. For these reasons interference filters
with the peak intensity wavelengths 4 =800nm and 4, =900nm are chosen. In addition the
filters have a FWHM-value (Full Width at Half Maximum) of 10 nm. The transmission curves
of the used filters f, [94] and f, [95] depending on the wavelength are shown in Figure 17.
Since the manufacturer curves are not individually measured for every single filter and the
curves may differ due to fabrication tolerances, the wavelength dependent transmission is
determined using a quartz halogen lamp and the spectrometer “MC-UV/NIR” from the
company “TranSpec”. To be able to calculate the transmission curves the spectrum of the lamp
is measured both without and with filter between spectrometer input and lamp. Through
dividing the spectrum without filter by the spectrum with filter the real transmission curves can
be determined (see Figure 17).

—— f, manufacturer specififcation —— f, manufacturer specififcation
f, measured f, measured
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Figure 17: Left: Transmission curves of the interference filter f, with peak intensity
wavelength at 800 nm and FWHM=10 nm (adopted from [94], and measured). Right:
Transmission curves of the interference filter f, with peak intensity wavelength at 900 nm
and FWHM=10 nm (adopted from [95] and measured).
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The measurement error E., caused by the gray body assumption is defined by the ratio of the
temperature error (T, — T, ..eq) @Nd the measured temperature [96]. For the following
considerations the Wien approximation (see Equation 2.7) has to be solved for T resulting in
Equation 2.12 and for the determination of T, the ration ¢,/¢ has to be set one.
Furthermore it is assumed that the transmission curves of the interference filters are Dirac
functions.

easured

{4
T= 24 2.12
In (M a1 &g Afj
Mi, & 7S
The resulting Equation 2.13 [96, 97] (see derivation in the Appendix A.1) for E., only depends

on the emissivities, the real temperature T, and the two central wavelengths 4, and A, of the
interference filters.

Treal ' In(
E. = Treal _Tmeasured _ g(ﬁ?’ Treal ) 213

GB
T
measured Cz (1_1]
A4

Taking the emissivities of liquid iron at 800 nm £(800 nm, 1811 K)=0.3788 and at 900 nm
£(900 nm, 1811 K) =0.3687 calculated according to Watanabe et al. [98], the error due to gray
body assumption is E,; =2.42%.

For the calculation of the temperature uncertainty caused by measurement errors the spectral
exitances in Equation 2.12 are approximated by the corresponding measured intensities | and
the ratio of the emissivities is set one:

(31
In(ll-ﬂlsj
L, 4

The temperature error AT can be estimated through the first order terms of a Taylor series as
long as the variations Al, and Al, of the measured intensities are small [99, 100]:

AT =T A1+ 2T Al 2.15
sl sl
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Equation 2.16 [96] (see Appendix A.1) presents the solution of Equation 2.15. It describes the
relative temperature error |AT /T| dependent on the temperature T , the measured intensities,
their variations and the central wavelengths 4, and 4, .

‘AT|=

T4, I.[A_M+A_'z] 216
T | )

CZ(ﬂ?_ﬂi ‘ 1, I,

As Equation 2.16 shows the measurement uncertainties (Al, / 1, and Al, / 1,) are amplified by
a factor that only depends on the temperature and the wavelengths of the used interference
filters. Choosing a wide separation of the central wavelengths decreases this factor and
consequently the relative temperature error, too. For the used interference filters (800 nm and
900 nm) and the expected temperatures (1811 K to 3073 K) the factor is between 0.9062 and
1.5378. Assuming a worst case measurement uncertainty of Al =50 counts per pixel and an
80 % utilization of the dynamic range (“pixelfly” 12 bit) the temperature error ranges from
2.77 % to 4.69 %.

The last optical element that has to be chosen carefully is the beam splitter. Therefore a cube
optimized for the NIR region from the company “QIOPTIQ” with an edge length of 30 mm is
chosen. The beam splitter has a broadband antireflective-coating “ARB 2 NIR”, that guarantees
residual reflections smaller than 0.5 % in a wavelength region between 750 nm and 1050 nm
[101]. This special kind of coating is necessary to avoid multiple reflections between the sensor
surface and the beam splitter surface (see Figure 13).

2.2.3 Optical properties

The sector of the spray plume that can be analyzed using the two-color-pyrometer depends on
the measurement volume of the diagnostic. Particles in this volume appear in focus on the
acquired images and can be correctly evaluated. As Figure 18 shows, the dimension of the
measurement volume depends on the depth of field (DOF), the width W and the height H of the
object plane (green).

A point light source positioned in the object plane of a lens is exactly imaged to the image plane
or to be more precise to the sensor of the camera. If the source is moved out of focus it appears
as round spot, the so called circle of confusion (CoC). As long as the size of the CoC is smaller
than a pixel the image appears as if the object would be located in the object plane.
Consequently for the calculation of the DOF the diameter of the CoC has to be smaller than the
edge length of a pixel [102, 103].

The dimension of the DOF is restricted by the near limit D,, and the far limit D. relating to
the position of the lens. According to [103-106] D,, D and DOF can be calculated using
Equation 2.17, 2.18 and 2.19. The limits depend on the object distance S, the focal distance
f , the -Number N and the diameter d_ of the circle of confusion.



26 Two-color-pyrometry

Figure 18: Measurement volume of the two-color-pyrometer dependent on the depth of view
(DOF) and the object plane dimensions (green).

S, f?
Dy =— o 2.17
f2+Nd (S, - f)
S, f?
De = ° 2.18
F o f?-Nd(S,- )
DOF =D, - D, 2.19

The diagram in Figure 19 presents the DOF dependent on the object distance for the “pixelfly”
camera. The DOF in the diagram is calculated for the focal length f =25 mm, the f-Number
N =16 and the circle of confusion diameter d, =9.9um (edge length of a pixel [89]). As can
clearly be seen, the DOF increases with increasing object distance.
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Figure 19: Depth of field (DOF) dependent on the object distance S, for the “pixelfly”.
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The calculated DOF for the object distance of the experimental setup (see Chapter 3.3.1) is
listed in Table 3. The width W and the height H of the object plane are dependent on the
resolution Wxh, the pixel edge length d_, the object distance S, and the focal length f . The
dimensions can be calculated using Equation 2.20 and 2.21. In addition they are listed in
Table 3, too.

S, - f

W=w-d,- 2.20

S,— f

H=h-d,- 2.21

As it can be seen in Figure 18 the width and the height of the measurement volume changes
outside the object plane. In order to estimate if this distortion can be neglected the following
calculations are necessary. Figure 20 shows the geometrical relations for an object G
positioned directly in the object plane S, (green) and in the near limit D,, of the DOF (red).

S

o i

y
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Y
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Figure 20: Optical imaging of an object G exactly located in the object plane S, and of the
same object located in the near DOF limit D,,, whereat the image distance S, (sensor
position) is constant. B, presents the blurred image and B the image in focus.

If the object is positioned in the object plane it is projected to the image plane S, and the size

B of the image can be determined using Equation 2.22.

B=Gt 2.22
So

The same object located in the near limit of the DOF namely is perceived to be in focus but is
stretched in the image plane S, compared to the image B . In order to be able to calculate the
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extension B, of the blurred image, the distance X, (see Figure 20) has to be determined with
the following equation:

X, =52 2.23
DN

With the help of X, and B it follows for B, :

_ B+ Xy

B, 5 2.24
Finally the relation of B, to B can be determined using Equation 2.25.
By _1 1+ S, 2.25
B 2 D,

To get the relation of B. to B only D, in Equation 2.25 has to be replaced by D. . All results
concerning the measurement volume of the experimental setup presented in this chapter are
listed in Table 3.

Table 3: Important optical properties of the experimental setup dependent on the pixel edge
length of the “pixelfly” camera, the resolution of the camera and the object distance S, .

Pixel edge length [um] 9.9
Resolution wxh 640 x 480
Object distance .. [mm] 625
Object plane width W [mm] 152.06
Object plane height H [mm] 114.05
Near limit of the depth of field D,, [mm] 542.50
Far limit of the depth of field D. [mm] 737.08
Depth of field DOF [mm] 194.58
B,/B 1.08
B./B 0.92

The values in the last two rows show that objects located in the near and far limit of the depth
of field are enlarged for 8 % and minimized for 8 %, respectively. This geometrical error may
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be negligible since the expansion of the measurement object (spray plume) is significantly
smaller than the DOF (see Chapter 3.3.2).

2.2.4 Temperature calculation

The real intensities 1, and 1, detected by the cameras with the two different interference filters
in front can be calculated using Equation 2.26 and 2.27.

e

L(T)=K- [0, (2)- f,(4)-6(ALT)-M (A4 T)dA with 2, =4 F2-FWHM 226
A
Z

L,(T) =K, [A,(2) 1,(4)-£(4T)-M, (4, T)dA with 4, =4, $2-FWHM  2.27
e

Therefore the camera quantum efficiency g, and the transmission curves of the filters f, and

f, have, besides the spectral radiant exitance, to be taken into account. Since the transmission
curves of the filters are not a Dirac function, the integral with respect to A on the interval A,
to 4, has to be formed. Furthermore calibration factors K, and K,, that include different
uncertainties, are necessary. One of the main problems responsible for the need of calibration
factors is the use of manufacturer data concerning the transmission curves of the filters (see
Figure 17) and the quantum efficiency of the camera (see Figure 14). As the exchange of the
components with nominally the same characteristic has shown, there is a large deviation and
the manufacturer data may only be used for reference. Further problems that have to be taken
into account are possible shifts of the central wavelengths caused by a tilt of the interference
filters [107] and the wavelength dependent reflection and transmission curves (50 % + 3 %
[108]) of the beam splitter. Since the results of the integrals of Equation 2.26 and 2.27 indicate
the emitted power per square meter and the measured intensities are dimensionless quantities,
the calibration factors K, and K, must have the unit m?/W.

As already mentioned in Chapter 2.1 the assumption is made that the observed objects behave
like grey bodies and consequently the emissivities equal one and only depend on the
temperature:

(A4, T)=¢(T) 2.28

By forming the quotient of 1, and I, the emissivities can be canceled so that the resulting
Equation 2.29 only depends on the temperature, whereas the quotient of the calibration factors
can be writtenas K =K, / K,.
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fo(2): ()M, (T2
Q(T)= L(T) K% 2.29

qe(;t)' fz(ﬂ)' Mls(;t,T)d;t

Because from f,, f, and g, only single values and no functions are available, the integrals in
Equation 2.29 cannot be solved and have to be approximated with the so called Riemann sum
[109]. The quotient Q dependent on T can finally be calculated using Equation 2.30.

2-FWHM /AZ
Qe (A +i-AR)- f (4 +1-A1)-M (4 +i-A1,T)-AL
Q(T)=K-ZHmmwar 2.30
Qe (A, +i-A)- f,(4,+1-A)-M (4, +1-A,T)-AZ
i=—2-FWHM /AA

The constant step size A4 has to be chosen small in order to minimize the error. The evaluation
of the data has shown that a step size of A1 =0.5nm is sufficient for a good approximation of
the integrals. Figure 21 shows the quotient Q dependent of the temperature T calculated for
the transmission curves f, and f,, the quantum efficiency g, of the “pixelfly” camera and a
calibration factor of K =0.1828.

In order to determine a 2D-temperature distribution, the intensities measured by camera 1 have
to be divided by the ones measured by camera 2 (Q,, ). As Equation 2.30 cannot be solved for
the temperature, the measured quotients Q, on position X and y of the quotient image have
to be compared with the calculated quotient Q(T) in order to determine the measured
temperature T, (x,y). If Q(T) isequal Q,(x,y) itfollows T (x,y)=T.
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Figure 21: Quotient Q dependent on the temperature T calculated for the transmission
curves f, and f,, the quantum efficiency ge of the “pixelfly” camera, a calibration factor
of K=0.1828 and a step size of 41 =0.5nm .
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2.2.5 Calibration of the two-color-pyrometer

For the estimation of the calibration factor K the miniature quartz halogen lamp “L7390A”
(tungsten filament) and a precision current source with four different levels are used. To be able
to calibrate the two-color-pyrometer the temperatures of the lamp for the four current values
have to be known. Therefore the spectra of the four levels (Figure 22) are measured using the

spectrometer “Aryelle” from the company “LBS-Berlin”.
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Figure 22: Spectra of the miniature halogen lamp at four different current levels measured
with the spectrometer “Aryelle”

The dimensionless recorded spectral intensity 1(4) of the lamp can be described by the
following equation:

(A, T) =k (A4 T)-M,(A4T) 2.31

In this connection k, [m3W™] is a proportional factor that takes the geometrical dependence of
the radiation into account and £( 4, T) is the emissivity of the lamp (tungsten filament). As the
results of Dmitriev et al. [110] and Larrabee et al. [111] in Figure 23 show, the emissivity of
tungsten for the estimated temperatures (2000 K — 3000 K) and the observed wavelength region
(500 nm — 800 nm) is almost constant. Thus &(4,T) and k, can be summarized to the
proportional factor H, [m3W-]. From Equation 2.6 and 2.31 it finally follows for | (A4,T):
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2.32

The unknown parameter H, and T in this equation are determined by fitting Equation 2.32 to
the N measured discrete values 1,(4,T) by means of the least-square method. Therefore the
sum of square residuals R is calculated:

R_%.iNzih(ﬂ,,,T)_HT.%.(exp(;zT)—ljl} 2.33
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Figure 23: Emissivity of tungsten for 2400 K dependent on the wavelength measured by
Dmitriev et al. [110] and Larrabee et al. [111].

Since Equation 2.33 is a non-linear least-square problem, the Levenberg-Marquardt (LM)
algorithm is used for the calculation of the parameter vector p=(H,,T) [112]. For this
iterative technique the Jacobian Matrix J of 1(A,T) has to be determined (see Equation 2.34):

S1(4,T) ol(4T)

OoH; oT
J_SL_|AAT) SI(AT) )4

op OoH; oT

5I(/1N,T) 5I(/1N,T)
OoH; oT
with
S1(4:T) _C, 1 235
— 7 —C .
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and

2

ol(A,T .
( i ): H, - Cé sz -exp C, .| exp C, -1 2.36
ST 20T 2T AT

At the beginning of the LM method the starting point p, = (HTO , TO) has to be chosen.
Subsequently in every iteration step the correction vector &, =(AH,, AT ), that minimizes the
sum R of square residuals, has to be found. To get d, the following system of linear equations
has to be solved:

(373 +uE)-0,=J"¢ 2.37

with p as damping term, E as identity matrix and & = (1, = 1(4,), ..., [, =1 (&), ... 1y =1 (4))

as error vector. In Equation 2.37 J"J can be combinedto N and J'¢ to F and it follows:

(N +uE)-6,=F 2.38

so that

2.39

[':2_':1'NI\I21 J F-N,T
+ J— .
AT = 1) and AH, =-1 12 1
Ny, - N,y N,, +u
Ny, + 4

N,, + 41—
The algorithm has to be repeated until the chosen abort criterion is fulfilled. The used starting
points and parameters are presented in the following listing of the complete algorithm:

1. Choosing starting point p, (for all calculations H, =1m*wW™ and T, =10000 K was
chosen)

Calculation of Roig, N and F using p,, and Equation 2.33 - Equation 2.37

Choosing damping term g (for all calculation x =1 was chosen)

Calculation of 4, using N, F, p,, and Equation 2.39

Calculation of p,,, = p,, +9, and R, using p,

If R, >R, thendouble x, R, =R, and go to step 4

If R, <R,s then p,y = Prew:s Rog = Ry @Nd go to step 3

7. The iterations from step 3 to step 6 are done until R ,, =R, (local minimum of the
sum of square residuals R is reached)

© gk~ wn
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The diagram in Figure 24 shows the evolution of H,, and T, for the spectrum of level 1
dependent on the iteration step. The trends of the graphs indicate the convergence of the
algorithm and show that there is no significant change after 8 iterations.
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Figure 24: Convergence of the parameters H,,,,
measured at current level 1 after nine iterations.

and T, for the fit to the lamp spectrum

In Table 4 the calculated temperatures T, and proportional factors H, for the four levels are
listed. At level 1 the algorithm was canceled after 11 iterations, at level 2 after 14 iteration, at
level 3 after 20 iterations and at level 4 after 19 iterations.

Table 4: Calculated temperatures T, and proportional factorsH, for the four different
current levels of the halogen lamp.

Level Current [A] T [K] H, [m*W™]
1 4.82 2190 6.39-10°8
2 5.42 2351 6.82-108
3 6.11 2530 7.34-10°8
4 6.92 2723 8.12-10°®

The example in Figure 25 shows the measured spectrum (blue) of the halogen lamp at current
level 1 and the corresponding calculated spectrum (red). It can be seen that Equation 2.32 using
the calculated parameters of Table 4 is a good approximation for the measured values.
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Figure 25: Measured spectrum (blue) 1,(4,T) of the miniature halogen lamp at current
level 1 and the corresponding calculated spectrum (red) 1( 4, T)

As the two-color-pyrometer enables two dimensional measurements and consequently the
complete camera sensors are used, the calibration has to be done for every pixel. Responsible
therefore is the dependence of the transmittance and the reflectance of the beam splitter cube
on the incidence angle of light [113] and the reduction of the image brightness from the
periphery towards the center due to natural and optical vignetting [114, 115]. For this reason an
experimental setup, as shown in Figure 26, was arranged that consists of a holder for the
two-color-pyrometer and a device to move the calibration lamp. The vertical movement is done
by a hand driven linear axle and the horizontal movement by a stepper driven linear axle.

Figure 26: Experimental setup for the calibration of the two-color-pyrometer, consisting of
the calibration lamp that can be moved horizontal and vertical using a stepper motor driven
axle and a hand driven linear axle.
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By moving the stepper driven axle with high velocity and acquiring an image with long
exposure time, the moving lamp appears as straight stripe on the camera sensor. A constant
lamp velocity throughout the object plane of the two-color-pyrometer is reached, by setting the
start and end point 20 cm before and after the position where the lamp goes into the
measurement volume and leaves the measurement volume. This ensures that the acceleration
and brake ramps are completed in time. Since the particles of the spray plume are less bright
using nitrogen as atomizing gas instead of compressed air, different neutral density filters have
to be mounted in front of the two-color-pyrometer and consequently the calibration has to be
performed for both cases. The neutral density filter combinations for the two different setups
are, besides the calibration levels, velocities and exposure times, listed in Table 5.

Table 5: Neutral density filter (OD: optical density) combinations used for the two different
atomizing gases and the corresponding calibration levels, lamp velocities and exposure
times.

. ND filter ND filter | ND filter for .
Atomizing gas camera 1 camera 2 both Level | v. [cm/min] te [s]
Compressed air OD=20 OD=04 OD=0.6 4 600 5
Nitrogen OD=20 OD=04 - 1 900 3

In Figure 27 typical images of the moving calibration lamp recorded with camera 1 (800 nm
filter, receives transmitted light) and camera 2 (900 nm filter, receives reflected light) are
presented. In Figure 28 the maxima of all columns are plotted against the y-coordinate. The
diagrams of the column maxima show that the measured lamp intensities are not constant in
y-direction, although the velocity and the lamp current have not been changed. To get the
dependence along the x-direction, too, many single pictures of the moving lamp are acquired,

Figure 27: Images of the moving calibration lamp (level 4, compressed air) recorded with
camera 1 (left, 800 nm interference filter) and camera 2 (right, 900 nm interference filter).
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whereby the lamp position in x-direction is previously changed. The result is a series of pictures
on which the stripe moves top down. The distance between two following stripes is
approximately 10 pixels. In order to get a reference intensity for every pixel of the sensor, the
missing values in x-direction are calculated through linear interpolation between two adjacent

intensities.
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Figure 28: Maxima for all columns of the stripe images presented in Figure 27 (left:
camera 1, right: camera 2) plotted against the y-coordinate.

An example for such a calculated intensity field can be seen in Figure 29. It belongs to camera 1
and was determined using the calibration setup for compressed air. According to Table 5 the
lamp level was set to 4, the velocity to 600 cm/min and the exposure time to 5 s.

Figure 29: Intensity field of camera 1, calculated using a series of stripe pictures. The
calibration setup for compressed air was used (lamp level 4, velocity 600 cm/min, exposure
time 5s).

To achieve the same sensitivity for every pixel of camera 1 and camera 2, correction matrices
are determined. For this purpose average reference values 1, and I , over 10 x 10 pixels
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located in the middle of the intensity fields are calculated and subsequently the value of every
pixel is divided by the corresponding reference value (camera 1: 1, and camera 2: 1 ,). In
Figure 30 the correction factor matrix for camera 1 calculated using the intensity field in
Figure 29 is presented. The intensity fields and the corresponding correction factor fields for
camera2 and for the two-color-pyrometer setup used for nitrogen are shown in the
Appendix A.1.
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Figure 30: Correction factors for camera 1, calculated using the intensity field in Figure 29
and the average intensity | , located in the middle of the intensity field.

Because of the per-element multiplication of the raw images by the correction factor matrices
before the temperature determination, it is sufficient to calculate a single calibration factor K
that is valid for the complete quotient image (see Chapter 2.2.4). For this purpose Equation 2.30
has to be solved for K, and T has to be setto T, according to the used calibration level (see
Table 4). Furthermore Q(Tref) is given by the ratio of 1, and 1 ,. The final expression for
the determination of the calibration factor is summed up in Equation 2.40.

2.-FWHM /A
| o (A, +i-A1)- f,(2, +1-A)-M (4, +i-AL,T)-AL
K = ref 1 j=—2.FWHM/AL 2.40
| 2.FWHM /AA . . . '
ref 2 > O (A+i-AL)- (A +i-AL)-M (4 +i-A4,T)-AZ
i=—2-FWHM /AL

In Table 6 the calibration factors for the two-color-pyrometer setups used for compressed air
and nitrogen are listed.

Table 6: Calculated calibration factors for the compressed air setup and the nitrogen setup.

Atomizing gas ’ Level ’ Calibration factor K [m3/W]
Compressed air 4 0.1828
Nitrogen 1 0.1236
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3 Tomographic measurement of the temperature distribution

In order to obtain a 3D temperature distribution of the spray plume, the two-color-pyrometer
has to be combined with a tomographic recording and evaluation technique. The fundamentals
of tomography and the technical realization, including the experimental setup and the data
processing, are explained in the following chapters. Furthermore the requirements on the wire
arc spray plume, that have to be fulfilled to enable tomographic investigations, are discussed.
For convenience the fundamentals of tomography are discussed on the basis of a single cross
section of the measurement object.

3.1 Fundamentals of tomography

The aim of tomography is the reconstruction of three dimensional objects using
two-dimensional distributions of measured values acquired from different directions. The
foundations for tomography were laid by the mathematician Johann Radon in 1917 with the
Radon-Transformation [116, 117]. With his work [118] he proved the existence of a projection
value p(¢,i) that can be calculated through integrating a function f (x,y) along a straight line
L,;- As long as f(x,y) is steady and becomes zero within a circle with endless radius it
follows:

p(gi)= j f(x,y)ds 3.1

vy

As illustrated in Figure 31, L,; is defined by the angle ¢ between the straight line and the
X -axis and the distance i to the center point.

Figure 31: Principle of the Radon-transformation: Calculation of a value p through
integrating a function f(x,y) along a straight line given by the angle ¢ and the distance i.

For the generation of the projection values two different acquisition methods that depend on
the properties of the observed object, can be used. The first one, that is well-known from
Computed Tomography (CT) in human medicine, is the so called transmission tomography (see
Figure 32 left). Here the object is illuminated with an X-ray source and the transmitted light is
projected onto a detector [116]. In contrast, for emission tomography no additional light source
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is necessary. The precondition for this is an object that is luminous and optically thin. A
schematic drawing of such an object is shown in Figure 32 on the right side. Optically thin
means that light emitted from any place can leave the object without being absorbed [119, 120]
and consequently information of the whole object receives the detector. Since the particles are
luminous and the radiation carries the temperature information, only emission tomography can
be considered for the wire arc spray process. The optical depth of the spray plume is discussed
in Chapter 3.2.

Source
|ojo|e|o]|o]|o|o|e]o]e]
Object Object\
Y ¥V Y A4 Yyv
LTI iTiT] LITTTIITTIT]
Detector Detector
Transmission tomography Emission tomography

Figure 32: Principle methods for the tomographic projection generation. Left: object is
illuminated and the transmitted light is projected onto the detector. Right: optically thin and
luminous objects can be projected onto the detector without external light source.

To be able to solve the inverse problem of Equation 3.1 and to compute f(x,y), many
projections from different directions are necessary (see Figure 33).

N

Detector

onr_ %’v

» |

Figure 33: Tomographic acquisition technique: The detector has to be moved around the
object and images have to be recorded in defined angle steps.

For this reason the detector has to be moved around the object and an image has to be acquired
in every angle step A¢. To avoid recording of redundant information, the last measurement
position should be at an angle of 180° — A¢ . Consequently the number of projection directions
k is given by Equation 3.2:
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(180
Ag

3.2

Since the used detector (CCD-Sensor) measures discrete spatial values (pixels), it is obvious to
divide the cross section into cells, too. Figure 34 shows the discretization of the projections and
the cross section, including all variables and parameters necessary to describe the mathematical
problem.

n: Edge length of the section »
k: Number of projection directions
Ao : Angle between successive

projection directions
o, Projectio angle /
N =n?: Number of cells of a cross section

M =kn: Number of projections

s Value of projection i
fi! Value of cell j
W Weight of projection i and cell j ’

180°-Ad

OO

\4

¥

Figure 34: Discretization of the projections and the cross section including all necessary
variables and parameters for the mathematical description of the inverse reconstruction
problem.
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To discretize the function f(x,y) a quadratic grid with an edge length of n cells is applied.
The N =n? resulting values f_ are used to calculate the M =k -n projection values p,, which
number depends on the projection direction number | (4 =1-¢ ) and the edge length n of the
quadratic grid. For the determination of p, all sub-areas of the cells, that relate to the
corresponding beam (blue lines in Figure 34), have to be taken into account. Therefore for every
projection i the N weights w, ; have to be known. They can be calculated using Equation 3.3

_sub-area of cell j relating to projection i
area of cell j

3.3

i]

As an example the weight w;,, , is marked green in Figure 34. An detailed description for the
systematic calculation of the weights is given in [121]. The value of a single projection value
can finally be determined with Equation 3.4.

p=>w,-f, fori=1...M 3.4

By summarizing the M projections to the column vector

B=(Py-s Pu) 35
the N values fj to the column vector
f=(f,.... f) 3.6
and the weights to the M x N matrix
Wll Wl,N
W = : 3.7
WM 1 WM N

the set of linear equations (see Equation 3.4) can be expressed as presented in Equation 3.8:

p=Wf
withpeR", W e R™N and f e R"

3.8
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Since the aim of tomography is the reconstruction of the cross section and the distribution
f(x,y), respectively, Equation 3.8 has to be solved for the vector f . The direct solution is
only possible if M =N and if the inverse of W exists. But even if this conditions are fulfilled,
the resolution of the cross section is usually high and consequently W is large so that the direct
inversion places high demands on the processing power of computers [116]. Because of these
reasons, iterative methods are used to calculate the vector f . In this work the so called
algebraic reconstruction technique (ART) is applied to solve the tomographic problem. This
iterative ART is based on the Kaczmarz’s method [122] and can be written as follows:

~ ~ m a(m—l)_ _
for o g W R foriztm 3.9
W (W)

The derivation of this equation is well defined in [116]. In every iteration step M the previous
cross section values f™ are corrected M -times using the projections p, and the

corresponding rows w. of the weight matrix W . The structure of the vector W, is presented in
Equation 3.10.

Wi :(Wi,lei,zv""Wi,N) 3.10

Through applying the iterative ART it became possible to reconstruct cross sections with high
resolution and satisfactory convergence after a few iterations. The relatively fast convergence
of the algorithm could only be achieved by rearrangement of the projection indices i in one
iteration step M. It is well known in literature [123] that large angles between projections used
for the ART are good for the performance of the algorithm. Exemplary results for the
convergence are shown in Chapter 3.3.2.

As already mentioned at the beginning of this chapter the mathematical fundamentals of
tomography are only explained for the reconstruction of a single cross section using one column
of the CCD-sensor. But through stacking the cross sections calculated for all columns, a 3D-
distribution of the observed object can be created.

3.2 Properties of the wire arc spray plume regarding tomography

The tomographic two-color-pyrometry presented in this work is developed to determine three
dimensional intensity and particle temperature distributions of the wire arc spray plume.
Therefore long exposure times are necessary to guarantee a sufficiently high number of particles
on every position of the spray plume. The resulting images (see Figure 40) are very smooth and
can be used for the tomographic reconstruction.
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As mentioned in the previous chapter tomography is usually performed by screening an object
with an X-ray source and measuring the percentage that is not absorbed. Another way to do
tomography is the so called emission tomography. To be able to apply this method the observed
object has to be luminous and optically thin. Plasma jets for example used for thermal spraying
fulfill these requirements and have successfully been investigated using optical emission
tomography. Landes et al. [76] for example proved the triple symmetry of a “TRIPLEX II”
torch and Hlinaetal. [75] calculated time resolved three dimensional plasma temperature
distributions.

In this work the measurement object is the spray plume of the wire arc spray process and the
fast moving particles, respectively. Since the particles are molten steel droplets, they are opaque
and only the light emitted from the surface can be measured. Remedy for this problem is
provided by observing no single particles but an ensemble of particles. By integrating over a
long time (>1 s) it should be guaranteed that a sufficient number of particles flies through every
point of the measurement volume so that the acquired smooth 2D images reflect statistical
particle distributions.

In addition it is necessary that the light emitted from the particles receives the detector without
being shadowed by other particles. To be able to prove this condition the parameter optical
thickness 7 can be introduced. This dimensionless quantity is usually used to express the
radiation losses in a medium. According to [124] the relation between the source intensity |
and the received intensity 1. can be written as follows:

tot

. =1, € 3.11

In the case of the particle plume |,
is the radiation that is received by the detector. To be able to do tomographic reconstructions
the wire arc spray plume has to be optically thin (7 <1 [119, 120]).

. 1s the radiation of all particles sent to the detector and I,

For the determination of 7, spatially resolved particle rates measured by Laser Doppler
Anemometry, mean particle velocities measured by the DPV and mean particle sizes measured
by Particle Shape Imaging are used. Figure 35 for example shows a particle rate cross section
of the spray plume located 70 mm in front of the wire tips. The process parameters were set to
28.9 V, 4 m/min and 4 bar. Compressed air was used as atomizing gas.

An observation channel divided into equal-sized cubes is used in order to estimate the amount
of shadowed particles. In Figure 35 an example for such a channel is marked (white squares)
and in Figure 36 above three of these cubes and the transiting particles are enlarged in a
principle drawing. With the help of the spatially-resolved particle rates, the total number of
particles per second dN, /dt flying through the area of the Nth white square in z -direction
can be calculated. As shown in Figure 36 above it is assumed that all particles go through the
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cubes one after the other and consequently the time t, = between two following particles for
channel n can be calculated as follows:

-1
tpnz(dNnj 3.12
’ dt

Since the particle velocity variation in the xy-plane is negligible and the particle size cannot be
measured spatially-resolved, it is assumed that all particles have the same velocity v, and the
same radius r, . Furthermore only the velocity in z -direction v, , can be measured using the
DPV and consequently v, , and v, , have to be negligible, too.

The timing of the particle movement is presented in Figure 36 below. The diagram shows a
time line for every cube presented in Figure 36 above. Whereby a high pulse, whose length At
is given by Equation 3.13, represents the appearance of a particle.

At, =— 3.13
VP,z
251 .
z E [1/s]
;a e l 2467
= H
125 £ H
5B
- :
g 0 —
~ 1457
-12.5+
25+ ¥ 447
| | | | |
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-25 -12.5 0 12.5 25
x [mm]

Figure 35: Spatially resolved particle rates measured by Laser Doppler Anemometry (see
Chapter 5.4). Cross section of the spray plume located 70 mm in front of the wire tips.
Process parameters: 28.9 V, 4 m/min, 4 bar and compressed air.

The dashed frame marked in the diagram shows the observation window. Its length is given by
the duration of stay of the particles in the cubes and can be calculated by Equation 3.14 using
the cube edge length 1. and the particle velocity v, , .
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Figure 36: Above: Principle drawing of three cubes taken of the observation channel and the
corresponding transiting particles. Below: Temporal connections of the transiting particles
illustrated in a diagram with marked observation window (dashed frame).

By moving the time lines with small time steps At through the stationary observation window,
the total emitted intensity I, can be calculated and the probably absorbed intensity I, can
be estimated. It has to be taken into account that all particles located in previous cubes and all
particles located in the same cube overlap the actual observed particle with a certain probability.
This probability may be expressed by Equation 3.15.

ch = 3.15
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The factor L. describes the percentage of the observation channel side that is shadowed by a
particle with the radius r, .

For the example presented in Figure 36 the total intensity of the particles located in the
observation channel is given by 1, =6-1, and the absorbed intensity can be calculated as
follows:

tot

ls = Locly  + 2-Loc-ly +3-Loc-lg+...+5 Lo |, 3.16
— —
1st particle in green cube  2nd p. in green cube  1stp. in red cube 3rd p. in red cube

Since it is assumed that all particles in one cross section of the spray plume have the same
temperature and emissivity, the intensity emitted by all of them is equal and can be expressed
with 1,. Finally the optical thickness can be determined through calculating the received
intensity 1. and solving Equation 3.11 for 7 :

T= In(ﬁj 3.17
Itot - Iabs

The principle structure of the implemented algorithm is illustrated with the help of the program
flow chart in Figure 120 (Appendix A.2). As it can be seen in Figure 37 the algorithm converges
and the resulting optical depth is independent of the chosen edge length of the observation
channel cubes. Detailed results are presented in Chapter 6.5 and are discussed in Chapter 7.
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Figure 37: Optical depths calculated using the developed algorithm and the LDA results
shown in Figure 35. The observation channel is located at x=0 and its edge length is varied.
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3.3 Technical realization

To be able to apply the tomographic evaluation technique presented in Chapter 3.1, an adequate
experimental setup is required for the acquisition of the raw data. Furthermore these images
have to be pre-processed in order to calculate three dimensional intensity distributions and in
the next step three dimensional temperature distributions. In the following chapters the
experimental setup and the complete data processing are explained in detail.

3.3.1 Experimental setup

A CAD-drawing of the experimental setup used for the tomographic image acquisition is
presented in Figure 38. The two-color-pyrometer module described in Chapter 2.2 is mounted
onto a rotating disk using an optical rail to extant the object distance to 625 mm. The rotation
of the ball bearing mounted disk is enabled by a mechanism consisting of a gear while, a shaft
and a stepper motor. The spray gun has to be located in such a way that the particles fly through
the whole in the middle of the disk and the gear wheel.

TCP-Module

Rotating disk

Shaft

Stepper motor

Figure 38: CAD-drawing of the experimental setup used for the tomographic measurements.
The setup consists of a TCP-Module mounted onto a rotating disk via an optical rail. The
disk is driven by a mechanism consisting of a gear wheel, a shaft and a stepper motor. The
wire arc gun is positioned in such a way, that the spray plume goes through the whole in the
middle of the rotating disk.
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During a measurement the module is moved around the spray plume in 3° steps. According to
Equation 3.2 k =60 images are made by the two cameras. To avoid vibrations the rotation
speed is kept low and after reaching the next position the diagnostic waits for a delay of
1 second before acquiring the next images. In addition the two cameras are synchronized by
connecting the “exposure” output of camera 1 to the “trigger” input of camera 2.

In order to measure the temperature distribution and the particle oxidation over a wide range of
the spray plume, the tomographic setup shown in Figure 38 is located on three different
positions. The resulting measuring regions are presented in Figure 39. The overlapping of the
zones can on the one hand be used as evidence for the continuity of the diagnostic and on the
other hand to smooth the measured curves. As already mentioned the distance between the
diagnostic and the middle of the pray plume is 625 mm. In Chapter 2.2.3 the measurement
volume has already been discussed in detail and it has been shown that the width W of the
object plane in z-direction is 114 mm. Furthermore the first measurement point is 65 mm in
front of the wires in order to avoid errors caused by line emission from the plasma. For the
selection of the starting point, the experimental setup explained in Chapter 5.2 is used. The
results are presented in Chapter 6.6 and are discussed in Chapter 7.

Pos.1 Pos.2 Pos.3

625 mm

114 mm

0 65 105 145 | 7 [mm]
Figure 39: Principle experimental setup for the tomographic measurements. To measure the
temperature distribution and the particle oxidation over a wide range of the spray plume the
diagnostic is located on three different positions to get three overlapping measuring zones.

3.3.2 Data processing

On the path from the images recorded by the two-color-pyrometer to three dimensional intensity
and temperature distributions many different data processing steps are necessary. In Figure 40
an original image of the spray plume acquired by camera 2 with an exposure time of 3.5s is
presented. The wire arc spray process parameters were set to 28.9 V, 4 m/min and 4 bar.
Furthermore compressed air was used as atomizing gas. In order to make the image processing
steps applied to the original images more visible, the column at x =323 and the row at z =180
are exemplarily highlighted in the diagrams of Figure 41 and Figure 42. Whereby the positon
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x =323 is chosen because it is the middle of the spray plume, and z =180 because of the hot
pixel that is present in this row.

The first image processing step is the convolution of the original images by a 3x3 median
filter [125], in order to remove the hot pixels and to reduce the noise. As it can be seen with the
aid of the orange trace in Figure 42, the peak (hot pixel) in the gray signal is successfully
removed using the median filter. Another filter that is used to smooth the pictures is a 3x3
mean filter [125]. Due to this filter the processed traces have significantly reduced signal noise
and can finally be multiplied pixel per pixel with the corresponding correction factor matrix
(see Chapter 2.2.5). The effect of the correction factor matrix is most in evidence comparing
the original and the processed curves in Figure 41. The processed trace is amplified from
approximately z=0 to 80 and from approximately z =240 to 480, in between the values are
scaled down. In the last step a 50 Pixel wide stripe is added to the upper and the lower border
of the original images, whereby the intensity of the pixels in a single row of the stripe is equal
to the mean value of the neighboring 10 pixels in the processed image. The extension to a
resolution of 740x480 is necessary, in order to be able to choose a region of sufficient range
for the tomographic reconstruction.
[Pixel]
0 120 240 360 480

N

160

320

[Pixel]

480

640
5
Figure 40: Original image of the spray plume acquired by camera?2 of the

two-color-pyrometer with an exposure time of 3.5s. The process parameters were set to
28.9 V, 4 m/min and 4 bar. Compressed air was used as atomizing gas.
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Figure 41: Original (gray) and processed (orange) course of the column positioned at
X =323 in the wire arc spray plume picture presented in Figure 40.
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Figure 42: Original (gray) and processed (orange) course of the row positioned at z=180
in the wire arc spray plume picture presented in Figure 40.

After applying the before mentioned processing steps to the image series of camera 1 and 2, the
resulting data are suitable for the tomographic reconstruction. Since the computation time
strongly depends on the edge length N of the cross section (see Equation 3.9), a compromise
between a sufficient resolution and an acceptable computation time has to be found. The
evaluation of the experimental data showed that a cross section resolution of 180x180 results
in a satisfactory calculation time between 1.5 min and 5 min (dependent on the performance of
the used computer) for the reconstruction of one cross section. Due to the chosen resolution the
processed images of the two-color-pyrometer have to be compressed. Therefore a region of
interest with a width of 720 Pixel is chosen in which 4x4 Pixel are summarized to one.
Subsequently the same rows of every compressed image included in one series are put together
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in a new picture. An example for such an image is presented on the left side of Figure 43. It
contains the projection values in the Cartesian Radon space [116] dependent on the index i and
the projection angle ¢ . Before the projection values can be used for the tomographic
reconstruction additional processing steps have to be applied. At first the projection images are
blurred using a 3x 3 mean filter, second a correction of the rotation axis is performed [126]
and finally the intensities in every row are scaled so that every row total is equal. The last step
is necessary because of the sequential acquisition of the images and the spray plume fluctuations
that may consequently be recorded.

0 x [Pixel] 180

0 i [Pixel] 180

¢ [°]

vy [Pixel]

177

180

Projections Cross section
Figure 43: Projection values in the Cartesian Radon space and the corresponding calculated
cross section in the Cartesian space. The projections are taken from the same image series
as the original picture in Figure 40.

With the projection values and the weights calculated according to [121] all values are available
to calculate the cross sections using Equation 3.9. Figure 43 for example shows the cross
section resulting from the projection image besides, and Figure 44 shows the development of
the intensity 1, located in the middle of this cross section. It can clearly be seen that the value
converges and does not significantly change after the 6" iteration. To guarantee the
convergence even in the fringes of the cross section the number of iterations was set to 10.
Furthermore the diagram in Figure 44 shows that in the case of this reconstruction the
computation lasted approximately 3 min.

Finally with the help of the cross section of camera 2 presented in Figure 43, the corresponding
cross section of camera 1 and the calculated quotients (Figure 21), the temperature image can
be determined. Therefore the cross section of camera 1 has to be divided pixel per pixel by the
cross section of camera 2 and the resulting quotients have to be compared with the calculated
ones. In Figure 45 the temperature image is presented, whereby the scale determined
experimentally using a ruler is used in order to get the dimensions in mm. The temperature
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error, that is caused through integrating over many particles (ensemble measurement technique)
assuming that all these particles have the same temperature, is according to [127] for
temperatures above 2500 K and a standard deviation of 100 K below 1 % and can consequently
be neglected.
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Figure 44: Intensity 1, in the middle of the cross section presented in Figure 43 dependent
on the iteration step M.
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Figure 45: Temperature image calculated with the help of the cross section of camera 2
presented in Figure 43, the corresponding cross section of camera 1 and the calculated
quotients shown in the diagram of Figure 21.

To obtain three dimensional intensity and temperature distributions the reconstructed cross
sections and the temperature images, respectively, have to be stacked. Further results can be
found in Chapter 6.6 and are discussed in Chapter 7.2.
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4 In situ particle oxidation measurement

The aim of this work is the development of a diagnostic allowing quantitative conclusions on
the particle oxidation along the spraying direction. On the basis of the three dimensional
intensity and temperature distributions measured by tomographic pyrometry, the estimation of
emissivities depending on the oxidation is performed. In the following sections brief
descriptions of the oxidation mechanism of steel and the resulting optical properties are given.
And finally within this framework the principle of oxidation measurement is explained.

4.1 Oxidation of metal particles

Since the used feedstock material is mild steel and consists to 97.493 % [91] of iron, it may be
justifiable to explain the particle oxidation behavior and the resulting optical properties by
means of iron. On the one hand this has the advantage that chemical reactions of materials
consisting of only one element are easier to handle and on the other hand that there is a lot of
research concerning the high temperature oxidation of pure metals and iron, respectively. As
the iron-oxygen phase diagram in Figure 46 [128] shows, iron above 570 °C exposed to oxygen
forms a multi-layer oxide scale consisting of FeO (Wustite), Fe,O, (Magnetite) and Fe,O,
(Haematite). Since the iron diffusion coefficient of FeO is much larger than of the other oxides
[129], the Waustite layer is predominant and much thicker [130].
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Figure 46: lron-oxygen phase diagram, showing the different oxide and iron phases
dependent on the temperature. Adopted from [128].
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The phase diagram shows that this trend increases with increasing temperature. Finally at high
temperatures between the melting point and boiling point of iron, as expected at wire arc
spraying, the Magnetite and Haematite fractions are assumed to be negligible. Therefore it is
considered that the liquid particles only consist of iron and FeO. This kind of simplification
has already been used in other research works. Ivarson et al. [131] for example used an
oxidation model that only includes iron and FeO in order to explain the striation generation
while laser cutting of mild steel. Neiser et al. [73] also postulated that FeO is the major oxide
portion occurring in mild steel particles generated by wire HVOF spraying and that the oxide
is fully molten due to its low melting point at 1644 K.

As the oxidation measurement technique is based on two-color-pyrometry, only radiation
emitted from the particle surfaces is taken into account. If a closed enveloping oxide layer
would be formed, this optical measurement method would lead to problems estimating the oxide
thickness and the total particle oxide content, respectively. However, Espie et al. [44] and
Neiser et al. [73] determined oxide inclusions within iron particles that can be explained by the
liquid motion mixing iron and FeO. Consequently there is probably both iron and iron oxide
present on the surface and the observation of the radiation emitted from the surface allows
conclusions on the total particle oxidation.

In order to be able to estimate the degree of particle oxidation, the emissivity &, of liquid iron
and the emissivity &, of liquid oxidized iron (FeO) have to be known. One widespread
technique to determine the emissivity of a material is the fitting of the spectral radiant exitance
M, (4, T) (see Equation 2.8) to a measured spectrum, whereby the emissivity can be assumed
to be constant [132] or linearly dependent on the wavelength [133]. Another method applied
for example by Kobatake et al. [134] uses in addition to the spectrum the material temperature
measured by a pyrometer. This technigue has the advantage that the wavelength dependence of
the emissivity is not specified and can consequently be investigated. Since for emissivity
determination defined ambient conditions have to be adhered and the accessibility for the
diagnostics to the hot liquid medium has to be guaranteed, experimental setups for such
investigations are very complex. For these reasons, in this work emissivities known from
literature are used, in order to evaluate the oxidation measurements.

The emissivity of liquid iron above the melting point is well investigated. Some results that are
in the wavelength and temperature region of this work are listed in Table 7. Kobatake et al.
[134] for example measured a weak negative wavelength and a negligible temperature
dependence and give an emissivity of 0.394 at 807 nm for liquid iron. Similar values are
postulated by Watanabe et al. [98]. In their work emissivities of 0.38 and 0.37 at 800 nm and
900 nm are measured for liquid iron with a temperature of 1808 K. A research work dealing
with mild steel (S235) is presented by Schopp et al. [132]. Here the measured emissivity
exponentially decreases with increasing temperature and finally remains constant at a value of
0.087 above temperatures of 2100 K. Since the mild steel used by Schopp et al. is more similar
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to the mild steel used in this work than pure iron (compare Table 8 and Table 10), an emissivity
of 0.087 is assumed for the wire arc spray particles that are not oxidized.

The emissivity of oxidized metals in general is higher than the emissivity of pure metals [135].
This predication for example is proved by Muller et al. [133]. In their work they measure the
emissivity of laser molten iron in a highly oxidizing environment by means of 2D single-band
pyrometry and spectral pyrometry. For oxidized iron they determined an emissivity of
approximately 0.7 remaining constant for temperatures above 2100 K.

Apart from the different absolute values, all works listed above measured emissivities that are
independent of the temperature in the expected temperature region (>2100 K). Furthermore it
is obvious that the emissivity of liquid oxidized iron is significantly higher than the emissivity
of liquid pure iron and mild steel, respectively. For these reasons and because of the fact that
the two-color-pyrometry measures at two defined wavelengths — consequently wavelength
dependence does not matter — the determination of an emissivity increase can be interpreted as
material change due to oxidation.

Table 7: Measured emissivities of iron and oxidized iron taken from literature.

Material/phase | Emissivity Wavelength Temperature Reference
Iron/liquid 0.394 807 nm 1600 K to 1950 K [134]
Iron/liquid 0.38, 0.37 800 nm, 900 nm 1808 K [98]
S235/liquid 0.087 650 nm to 850 nm >2100 K [132]
FeO/liquid ~0.7 500 nm to 700 nm >2100 K [133]

Table 8: Chemical analysis of the mild steel “S235” (material reference 1.0038) [136] used
by Schopp et al. [132].

Chemicalelement‘ C ‘ N ‘ Mn ‘ P ‘ S ‘ Cu

Mass fraction [%]‘ 0.17 ‘ 0.012 ‘ 14 ‘ 0.035 ‘ 0.035 ‘ 0.55

4.2  Principle of oxidation measurement

As mentioned in the previous chapter the temperature dependence of the spectral emissivity is
negligible for the observed materials and temperature regions. Since the two-color-pyrometry
works at two defined wavelength bands and enables the temperature determination, emissivity
changes that can only accompany with material changes can be measured. For this purpose a
simplified model using the results of the tomographic two-color-pyrometry is introduced.
Figure 47 for example shows the 3D intensity reconstruction of the wire arc spray plume
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(28.9 V, 4 m/min, 4 bar, CA) recorded using camera 1 (800 nm). For every cross section in the
xy-plane the total measured intensities I, and 1, can be calculated with Equation 4.1

';1 4.1
At

whereby A ; is the luminous surface of particle i approximated by Equation 4.2, t.; is its
dwell time in a cross section (see Equation 3.14) and 1,(T;) and 1,(T;) are the measured

intensities taking the optical sensitivities into account (see Equation 2.26 and 2.27).

A =nr} 4.2

Assuming that all N particles flying through a cross section have the same size, velocity,
temperature and emissivity, Equation 4.1 can be transformed to Equation 4.3.

L (Z)=N-A -t (2)-£(2)-K, -Iqe(z)- f.(2)-M (4T, (2))d 2

4.3
with A, =4, ¥2-FWHM and fori=1, 2
l,,(2), T,, (2)
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Figure 47: 3D intensity reconstruction of the wire arc spray plume (28.9 V, 4 m/min, 4 bar,
compressed air) recorded using camera 1 (800 nm interfernce filter). For every cross section
total intensities I, ,, and average temperatures T, can be calculated.
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In addition it is assumed that the particles are not further atomized so that their number N can
be calculated using the wire feed rate v, , the wire radius r,, the exposure time t,,, of the
cameras and the particle radius r,, whereby both wires have to be taken into account:

N=2. w texp T Mw 4.4

wl s

Besides the total intensities and the average temperatures measured by means of the
tomographic two-color-pyrometry, the particle diameter is measured using a PSI diagnostic (see
Chapter 5.3) and the particle velocity is measured using the DPV (see Chapter 5.4). The last
missing parameters necessary for the calculation of the emissivities are the calibration factors
K, and K, [1/J] . These parameters can be estimated by Equation 4.5 using the reference
intensities of the calibration lamp measured in Chapter 2.2.5, the edge length 1. = 0.24 mm of
a pixel in the image plane, the lamp velocity v,,,,, (see Table 5) and the corresponding reference
temperatures (see Table 4). The emissivities g(Tref) of the tungsten calibration lamp are
approximated using the values determined by Watanabe et al. [98]. Therefore the mean value
between the emissivity at 800 nm and 900 nm is calculated

K, = — fori=1,2 45
et Joe(h) (1) M (2T, Jaz
lamp As

The calibration factors for the two different setups (compressed air and nitrogen) and the
parameters used for the calculation are listed in Table 9. With the help of K, and K, finally the
material dependent emissivity along the spraying direction z can be determined using
Equation 4.6

g(Z)— Ii,tot(z)

%
N-A -t (2)- K- [ae(4): f,(4)- M (4T (2))d2 4.6
S
with 4, = 4 ¥ FWHM and fori =1, 2

Table 9: Calibration factors K, and K, calculated for the compressed air setup (level 4) and
the nitrogen setup (level 1). Emissivities of tungsten are calculated according to [98].

Tref [K] & (Tref ) & (Tref ) g(Tref ) Iref,l Iref,2 Kl [1/‘]] Kz [1/‘]]
2723 | 0.400187 | 0.383802 | 0.3919945 | 2561 | 3024 | 2419670716 | 13234368881
2190 | 0.41671 | 0.383802 | 0.400256 | 1560 | 3260 | 10811961403 | 87441550979
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5 General experimental settings and pretests

To test the innovative diagnostic presented in this thesis, the wire arc spray process is chosen.
In order to evaluate the results of the diagnostic and to prove the boundary conditions, in situ
analysis of the particle plume using different diagnostics are done and test coatings are
generated. In the following chapter the general experimental settings of the process and the used
established diagnostics are presented.

5.1 Wire arc spray system

The used wire arc spray system consist of the Gas Metal Arc Welding (GMAW) power supply
“Phoenix” from the company “EWM?” and the spray gun “ArclJetOne” from the company
“T-Spray”. To be able to use the power source for the wire arc spray process, it is equipped
with a second wire feeder. As usual for GMAW the power supply offers a constant voltage with
fixed wire feed rate and is direct current operating, whereby one wire serves as cathode and the
other one as anode. As described in [137] such a constant voltage supply offers a self-regulating
feature that guarantees a constant wire-workpiece distance and wire-wire distance, respectively.
In addition the mild steel wire “SW 70S G3” (material reference 1.5125) with a diameter of
1.6 mm from the company “EWM?” is used as feedstock. The chemical analysis of the material
is listed in Table 10.

Table 10: Chemical analysis of the used mild steel wire “SW 70S G3” (material reference
1.5125) from the company “ewm” [91].

Chemical element ‘ C ‘ Si ‘ Mn ‘ P ‘ S

Mass fraction [%]‘ 0.08 ‘ 0.9 ‘ 15 ‘ 0.015 ‘ 0.012

To achieve different particle temperatures, sizes and velocities and consequently different
particle oxidations, the most influencing parameters are varied. The investigated wire feed rates,
voltages, gas types and pressures are listed in Table 11. As already mentioned in Chapter 1.1.1
the wire arc spray process is voltage controlled and the current is proportional to the wire feed
rate.

Table 11: Investigated parameters of the wire arc spray process.

Wire feed rate [m/min] 3,4,5
Voltage [V] 289V, 33.0V, 388
Gas Compressed air (CA), Nitrogen (N2)
Gas pressure [bar] 3,4,5

Base parameter 28.9 V, 4 m/min, 4 bar
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To be able to estimate the energy input into the wires, the arc voltage u(t) and the arc current
i(t) are measured. Since direct current is employed the power P can be calculated as follows:

1t+T . . .
Pz?ju(t)-u(t )dt 5.1

t

The energy input per unit mass H_.. is calculated using the electric power P from
Equation 5.1, the density of iron p,, the wire radius r, and the wire feed rate v, :

P
Hmass = 5.2
7Tl Vi * Pre

Of course this is only an approximation, since fractions of the electric power are transferred to
the environment for example due to the radiation of the arc [138]. However, the values are
suitable to allow qualitative interpretations of the tomographic two-color-pyrometry results.

Voltage and current are measured over a period of 2 s with a sampling rate of 50 kHz. To
achieve a certain confidence level the tomographic measurements and the voltage and the
current measurements are done three times.

5.2 Measurement of the plasma expansion

For the temperature determination based on two-color-pyrometry it is necessary that only
continuous radiation from the particles receives the diagnostic. Since process-related an electric
arc is struck between the wires and consequently a plasma jet occurs due to the gas flow, there
is also line emission. To avoid disturbances of the two-color-pyrometry, the measurements can
only take place after the position in spraying direction where the plasma is completely
recombined and no line emission appears.

To approximate the plasma expansion in front of the spray gun, the experimental setup shown
in Figure 48 is used. It consists of the optical spectrometer “ARYELLE” from the company
“LTB” and a collimator that is moved along the spraying direction in 30 mm steps. The
collimator collects the parallel light within a measurement channel with a diameter of ~3 mm
and couples it into a fiber optic cable connected to the spectrometer.

The “ARYELLE” is a so called echelle spectrometer. This special kind of spectrometer consist
of an echelle grating used in high diffraction orders, followed by a prism and a two dimensional
detector [139, 140]. Due to this setup it becomes possible to measure a wide spectral range with
high resolution [141]. Disadvantageous is the ripple appearance of single orders, due to the
blaze function [139]. This behavior is only noticeable when measuring continuous radiation.

Using the measured spectra the point is searched, where the plasma expansion ends and only
light emitted from the spray plume can be observed. The results can be seen in Chapter 6.
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Figure 48: Experimental setup for the approximation of the plasma expansion. The setup
consist of the optical spectrometer “ARYELLE” from the company “LTB” and a collimator
that is moved along the spraying direction in 30 mm steps.

5.3 Particle Shape Imaging measurements

For the oxidation approximation using the model presented in Chapter 4.2, the particle sizes
have to be known. Since the Particle Shape Imaging diagnostic enables the direct measurement
of particle sizes, it is used in this work. The experimental setup of the PSI is presented in
Figure 49. In contrast to the PSI diagnostics developed in [68, 142], a short arc lamp is used as
light source. With the help of two deflection mirrors and two lenses (focal length of 100 mm)
two light beams are focused and crossed in order to form the measurement volume. Particles
flying through the intersected area shadow the light and are projected onto an image intensifier
from different directions. The imaging optic in each optical axis consist of two lenses (focal
length of 100 mm) and three deflection mirrors. Its principle optical path without the deflection
mirrors is shown in Figure 50. Since the light of the short arc lamp covers the whole visible
spectrum, all lenses are achromatic lenses. To be able to restrict the extension of the
measurement volume an adjustable aperture is positioned in the image plane of the first lens,
which generates a one-to-one projection. By means of the second lens a magnification of
approximately six is reached. To realize the resulting long image distance the light paths are
deflected to a second plane, in which an image intensifier and a high speed camera are located.
As already mentioned in Chapter 1.1.3 the image intensifier (“Quantum Leap” from the
company “Stanford Computer Optics™) provides short exposure times at sufficient sensitivity
in order to avoid motion blur. Its principle setup and function are well described in [143] and
are not discussed further in this work. To digitalize the pictures appearing on the phosphor
screen of the image intensifier, a high-speed camera equipped with an objective is used,

whereby both devices are synchronized via the “exposure out” signal of the camera. In all
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measurements the exposure time of the image intensifier was set to 500 ns and the framerate of
the high-speed camera to 100 fps. Since no particle trigger was used, 15000 images were
acquired for each process parameter in order to achieve a statistically sufficient amount of
particles. Furthermore, the magnification of the imaging optic was experimentally determined.
Therefore, a 1951 USAF resolution target was positioned in the measurement volume and by
means of the known group number and element number, a scale of approximately
1.86 um/Pixel could be calculated (see Appendix A.3).

High-speed camera

Image intensifier

Lens Deflection mirrors

Measurement volume
Short arc lamp

:D\\i\:

Adjustable aperture Deflection mirrors
Figure 49: Schematic drawing of the experimental setup used for the PSI measurements. The

setup consist of a short arc lamp, an image intensifier, a high-speed camera and diverse
optical components like deflection mirrors, lenses and adjustable apertures.

100 ~ 100 100 ~ 100 © 100

Figure 50: Setup of the imaging optic for each optical axis of the PSI without deflection
mirrors. Projects the particles flying through the measurement volume with high
magnification (~6) onto the image intensifier.
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Figure 51 shows typical original images and processed images of particles flying through the
measurement volume of the PSI. Initially all images are processed the same way: a background
image is subtracted, the images are binarized using a threshold value and filtered using a median
filter, objects are searched and those contacting the frame of the region of interest (ROI) are
removed. Through comparing the size of the particles and their position in the ROI, it is proved
if both images belong to the same particle and if it is located within the measurement volume,
respectively. Since the exposure time of the image intensifier is relatively long, fast particles
(Figure 51 below) in contrast to slow particles (Figure 51 above) cause motion blur.
Consequently, the determination of the particle diameter has to be performed in two different
ways. If the vertical extension of the particles is 1.2 times larger than the horizontal extension,
the horizontal extension is used as particle diameter. If this is not the case, an area equal circle
is calculated. In addition, it is possible to determine the exact position of the particles within
the measurement volume using the relative position of a particle pair to each other and the
position within the ROI. Since only particle sizes are needed in this work, the determination of
the particle position is not discussed at this point. Figure 52 exemplarily shows particle diameter
distributions measured for compressed air at 28.9 V, 4 bar, 3 m/min and 5 m/min, respectively.

Original images Processed images
Figure 51: Original images (left) and processed images (right) of particles flying through the

measurement volume. The both images above show a slow particle the both images below a
fast particle that causes motion blur.
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Figure 52: Particle size distributions and corresponding normal distributions measured with
the PSI 70 mm away from the spray gun exit. Process parameter were set to 28.9 V, 4 bar,
3 m/min and 5 m/min, respectively. Compressed air was used as atomizing gas.

The particle distribution measured at 3 m/min is based on 161 valid particles determined in the
15000 images, the distribution measured at 5 m/min is based on 249 particles. As it can be seen,
the more particles are detected the better the distributions resembles the normal distributions.
The measurements for all parameters are performed in the middle of the spray plume 70 mm
away from the spray gun exit.

5.4 Laser Doppler Anemometry and DPV measurements

In order to obtain spatially resolved particle rates that are necessary for the estimation of the
optical thickness of the wire arc spray plume (see Chapter 3.2), Laser Doppler Anemometry
(LDA) measurements are applied. The used LDA system was developed by Mayr [65] and
Reusch [66] and its principle function is described in Chapter 1.1.3. An Nd-YAG laser with a
wavelength of 532 nm, a beam radius of 1.6 mm and a power of 100 mW is used. The laser is
split and the resulting beams are crossed under an angle of 0.8549°, forming an ellipsoid
measurement volume with the half-axis a=0.16 mm, b=5.34 mm and ¢=0.16 mm.

Figure 53 shows the measuring grid that is scanned with the LDA. It consists of five planes
evenly distributed between 70 mm and 210 mm in front of the wire arc gun exit. Each plane
includes 9x9 measurement points that are arranged in a square with the edge length of 50 mm.
The measurement time at every point is 1 s.

Since the sensitivity of the used LDA system is low for small particles (<35 um) [64], the
diagnostic can be considered to be size selective. Although, invalid bursts cannot be evaluated
with respect to the particle velocity, they nevertheless contribute to the particle rate [66]. For
this reason only the particle rate results of the LDA are used for the determination of the optical
thickness. The particle velocities are measured using the DPV. The principle function of the
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DPV is described in Chapter 1.1.3. Its measurement volume is positioned in the center of the
spray plume. The first measurement point is located 70 mm in front of the wire arc spray gun
exit and the following five measurement points are located downstream with a distance of
35 mm.
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Figure 53: Measuring grid scanned with the Laser Doppler Anemometry. The grid consists

of five planes including 9x9 measurement points.

The results of the LDA and the DPV are used for the estimation of the optical thickness and the
calculation of the material dependent oxidation of the particles. Detailed results are presented
in Chapter 6.

5.5 Coating generation and evaluation

In order to be able to validate the tomographic oxidation measurements, test coatings are
generated and evaluated. Therefore, copper substrates are coated by moving the spray gun in
meandering shape across them (see Figure 54). The procedure is repeated six times and the
velocity of the gun is 0.67 m/s. To get several mesh points along the spraying direction the
coatings for every parameter set are produced at the distances 65 mm, 105 mm, 145 mm,
185 mm and 225 mm. For one parameter set and one distance always three substrates are coated
in order to compensate the rejects due to destruction while generating the cross sections. For
the evaluation of the coatings, scanning electron microscope (SEM) photographs (1000 times
magnification, 8 bit dynamic range) of the cross sections are used. Figure 55 a) shows a SEM
image of a coating produced with a voltage of 33 V, a wire feed rate of 4 m/min and a pressure
of 4 bar.

) Substrates
Start point o

A

End point o

A

Figure 54: Meander-shaped movement of the spray gun across three copper substrates. The
test coatings are generated in order to evaluate the tomographic oxidation measurements.

For the determination of the area fractions of pores, oxides and steel feedstock, several image
processing steps are applied. This method is widespread in thermal spraying and is for example
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described in [72, 144-146]. To separate the different components, their gray scale distribution
is analyzed (see Figure 56), whereby pores appear black, oxides dark gray and steel feedstock
light gray [72, 144]. The histograms of all cross section images show two maxima, the first one
belonging to the light gray steel and the second smaller one belonging to the dark gray oxide.
In order to automatize the evaluation process in the first step to every pixel of a SEM photograph
an offset is added, so that the first maximum of the histogram lies at a gray scale value of 200.
Finally the position of the second maximum is searched and three threshold values are applied
to determine the different area fractions:

— Pores: gray scale values between 0 and 126
— Oxides: gray scale values between 126 and the middle of the two maxima
— Steel feedstock: gray scale values between the middle of the two maxima and 255

The threshold value for the pores at 126 is an empirical value that is not very critical, since the
contrast between pores and oxides is very high. Figure 56 shows the histogram belonging to the
SEM photograph shown in Figure 55. The threshold values for the automatized area fraction
determination are marked green.
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Figure 55: SEM images of a coating cross section produced with 33V, 4 m/min, 4 bar and
CA. a) original image, b) with red marked pores, c) with green marked oxides and d) with
yellow marked iron.
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To achieve a certain confidence level 16 randomly selected areas (127 pm x 95 um) are
evaluated. In addition the functionality of the image processing method is proved by analyzing
selected coatings with the inert gas fusion technique [147] using the oxygen/nitrogen/hydrogen
elemental analyzer “TC-436 from the company “LECO*. For this method the coatings have to
be separated from the substrate and grinded to a fine powder. As described in [147] the powder
is fused and all elements are transferred from the liquid phase to the gas phase. The oxygen
content can finally be detected by infrared spectroscopic investigation of the resulting CO and
COo, respectively.
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Figure 56: Histogram of the SEM photograph shown in Figure 55. The first maximum at 188
belongs to the dark gray oxide and the second maximum at 200 belongs to the light gray steel
(feedstock material). The green lines mark the threshold values for the automatized area
fraction determination.

In Figure 57 the two different methods are compared with each other. The diagram on the left
side shows oxide area fractions determined by applying the above mentioned image processing
steps to SEM photographs of the cross sections. The diagram on the right side shows the oxygen
contents determined using the oxygen/nitrogen/hydrogen elemental analyzer. In both cases the
coatings were sprayed with three different voltages at three different positions. In addition
compressed air was used as atomizing gas, the wire feed rate was set to 4 m/min and the gas
pressure was set to 4 bar.

It can be seen that both oxide area fraction and oxygen content increase with increasing distance
for all used voltages. Furthermore, no significant trend dependent on the voltage can be
observed. Because this is valid for both analyzing systems, the image processing method, that
is simpler and available on the institute, seems to be sufficient for the determination of the oxide
content.
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Figure 57: Left: Oxide area fractions determined using SEM photographs of cross sections.
Right: Oxygen contents determined using the oxygen/nitrogen/hydrogen elemental analyzer
“TC-436". In both cases the coatings are sprayed with three different voltages at three
different distances. Compressed air was used as atomizing gas, the wire feed rate was set to
4 m/min and the gas pressure was set to 4 bar.
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6 Results

In the following chapter the results of the pretests, the used established diagnostics (PSI, LDA
and DPV) and the tomographic two-color-pyrometry are presented. Besides the electrical
measurements, the spectroscopic measurements and the approximation of the optical thickness,
3D intensity and temperature reconstructions are presented. Furthermore, the results of the
material dependent emissivity calculations, using the measured particle sizes and velocities, are
shown.

6.1 Voltage and current measurements

First of all the results of the voltage and current measurements are presented. Typical voltage
and current traces are shown in Figure 58. Here the process was operated with 28.9 V, 4 m/min
and 4 bar. Compressed air was used as atomizing gas. The voltage trace shows fluctuations
between 20 V and 35 V that are typical for the wire arc spray process. They are caused by the
length variation of the arc moving in the gap between the wire tips [30]. The uniform voltage
fluctuations and the constant current at 170 A is evidence for a good adjusted and stable process.
Voltage and current traces for the other parameters are presented in the Appendix A.4.
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Figure 58: Voltage and current traces of the wire arc spray process operated with 28.9 V,
4 m/min, 4 bar and compressed air (CA).

Using voltage and current traces measured over 2 s and the equations presented in Chapter 5.1,
the energy input per mass H, .. into the wires can be calculated. Of course this is only an
approximation, since fractions of the electric power are transferred to the environment for
example due to the radiation of the arc [138]. However, the values are suitable to allow
qualitative interpretations of the tomographic two-color-pyrometry results.

The calculated energy inputs for the different parameter variations are presented in Figure 59.
As it can be seen on the diagrams a) and b) in Figure 59, there is a linear dependence between
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the process voltage and the heat input. This connection is valid both for compressed air and
nitrogen at a wire feed rate of 4 m/min. Changing the pressure does not affect the energy input
per mass. The results presented in Figure 59 ¢) measured at 28.9 V and 4 m/min show an almost
constant heat input of approximately 4750 kJ/g independent of the adjusted pressure. Finally
the influence of the wire feed rate is illustrated in Figure 59 d). An increasing wire feed rate at
28.9 V, 4 bar and compressed air leads to a decreasing energy input per mass, whereby the
relation seems to be inversely proportional.

a) 4 m/min, 4 bar, CA b) 4 m/min, 4 bar, N,
7500 ~ 7500 +
7000 ~ 7000 ~
— 6500 ~ — 6500 -
2 2
= 6000 - = 6000 -
g 5500 - £ 5500 A
T T
5000 A 5000 +
4500 ~ 4500 -
4000 T T . 4000 T T .
25 30 35 40 25 30 35 40
Voltage [V] Voltage [V]
c) 28.9V, 4 m/min, CA d) 28.9V, 4 bar, CA
7500 + 7500 A
7000 A 7000 -
2 =
= 6000 H = 6000 -
£ 5500 - £ 5500 A
T T
5000 ~ 5000 +
4500 - 4500 - o
4000 T T . 4000 T T .
2.5 3.5 4.5 55 2.5 3.5 4.5 55
Pressure [bar] Feed rate [m/min]

Figure 59: Energy inputs per mass calculated using the equations presented in Chapter 5.1.
a) 4 m/min, 4 bar, CA and changing voltage. b) 4 m/min, 4 bar, N2 and changing voltage. c)
28.9 V, 4 m/min, CA and changing pressure. d) 28.9 V, 4 bar, CA and changing feed rate.

6.2 Plasma expansion

To be sure that the recombination plasma occurring at the wire arc spray gun exit does not affect
the measurements with the tomographic two-color-pyrometry, its expansion is investigated by
means of spectroscopy. Therefore the spectrum in front of the gun is measured at different
positions using the spectrometer “ARYELLE”. Since the most electric power is implemented
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at high voltages and the plasma expansion is considered to be proportional to the arc power, the
spectra are measured at 38.8 V, 4 m/min and 4 bar using compressed air as atomizing gas. The
diagram in Figure 60 shows the spectra measured at three different positions along the spraying
direction. The intensity of the spectrum measured directly at the position of the wire tips (0 mm,
primary axis) is two orders of magnitude higher than the spectrum measured 30 mm in front of
the tips. Furthermore, it only shows emission lines what in turn is evidence for the presence of
plasma. The further away the measurements are performed the lower the amount of line
emission gets. At a distance of 30 mm and 60 mm the measurements between 700 nm and
900 nm only show continuous spectra coming from the thermal radiation of the particles.
Furthermore, it should be noted that the ripple appearance of the spectra originates from the
special setup of the spectrometer (see Chapter 5.2). In conclusion measurements with the
tomographic two-color-pyrometry can be applied at a distance of 60 mm without the fear of
being disturbed by line emission of the recombination plasma.
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Figure 60: Spectrum of the wire arc spray process measured at different positions in front of
the wire tips using the spectrometer “ARYELLE". The blue curve belongs to the primary axis,
the red and green curves to the secondary axis. The process parameters were set to 38.8 V,
4 m/min and 4 bar. Compressed air was used as atomizing gas.

6.3 Test coatings

To be able to evaluate the in-flight particle oxidation measurements test coatings are generated
for all parameter variations at different positions along the spraying axis. In Figure 61 scanning
electron microscope (SEM) photographs of a cross section are exemplarily presented. Both
coatings were sprayed 65 mm in front of the spray gun exit with a voltage of 33 V, a feed rate
of 4 m/min and a pressure of 4 bar. For the coating on the left side compressed air was used as
atomizing gas, for the coating on the right side nitrogen. Both cross sections show the lamellar
structure, whereby the oxide content (dark gray) of the compressed air coating is significantly
higher than the oxide content of the nitrogen coating. Furthermore, the coating sprayed with
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nitrogen is more porous. Since only the oxide content is needed in order to evaluate the
oxidation measurements of the tomographic two-color-pyrometry, hereinafter only oxide area
fraction results determined by the method presented in Chapter 5.5 are presented.

EIT 1 2016/07/15 12:03 HL D5.5 x1.0k 100 pm EIT 1 2016/09/26 10:54 HL D5.7 x1.0k 100 pm
P2-a P11_a

Figure 61: Scanning electron microscope photographs of coating cross sections. The left
coating was sprayed with 33 V, 4 m/min, 4 bar and compressed air as atomizing gas. On the
right side nitrogen was used instead of CA. Both were sprayed at a distance of 65 mm.

The diagram in Figure 62 shows the oxide area fractions of coatings sprayed at different
positions along the z-axis for a voltage of 28.9 V, 33 V and 38.8 V. In addition the wire feed
rate was set to 4 m/min, the pressure to 4 bar and compressed air was used as atomizing gas.
The oxide fractions increase with increasing distance from approximately 20 % to 35 % and no
significant trend that is reducible to the voltage change can be seen.

&128.9V, 4m/min, 4bar, CA =33V, 4m/min, 4bhar, CA 38.8V, 4m/min 4bar, CA

22182\

65 185 225

Figure 62: Oxide area fractions dependent on the spraying distance for 28.9 V, 33 V and
38.8 V. The other process parameters were set to 4 m/min and 4 bar. Compressed air was
used as atomizing gas.
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The influence of the atomizing gas pressure on the oxide content is presented in Figure 63. Here
also compressed air was used, the voltage was set to 28.9 V and the wire feed rate to 4 m/min.
For all investigated pressures the oxide area fractions increase by approximately 15 % along
the observed distance. In addition, a clear trend concerning the influence of the pressure can be
observed. The results indicate that the oxide fraction is proportional to the pressure of the
atomizing gas.
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Figure 63: Oxide area fractions dependent on the spraying distance for 3 bar, 4 bar and
5 bar. The other process parameters were set to 28.9 V and 4 m/min. Compressed air was
used as atomizing gas.

Figure 64 shows the oxide area fractions for wire feed rates of 3 m/min, 4 m/min and 5 m/min.
The other parameters were set to the base values 28.9 V and 4 bar. In addition compressed air
was used. As with the changing voltage and the changing pressure the oxide fractions are in the
range of 20 % at a distance of 65 mm and in the range of 35 % at a distance of 225 mm.
Furthermore, an increasing wire feed rate seems to cause decreasing oxide contents, however
this trend remains not very significant from a distance of 145 mm.

As it can be seen by means of the diagram in Figure 65 using nitrogen as atomizing gas
substantially influences the amount of oxides in the coatings. Compared to coatings sprayed
with compressed air the oxide area fractions are lower by more than a factor of two.
Unfortunately the influence of the voltage cannot be determined, since the measurements with
28.9 V could not be performed at 185 mm and 225 mm due to an unstable process. However, it
seems that the influence of the voltage increases with increasing distance. At 65 mm, 105 mm
and 145 mm the oxide area fractions for the different voltages are almost equal. At a distance
of 185 mm and 225 mm the amount of oxide at 38.8 V is significantly higher compared to 33 V.
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Figure 64: Oxide area fractions dependent on the spraying distance for 3 m/min, 4 m/min

and 5 m/min. The other process parameters were set to 28.9 V and 4 bar. Compressed air
was used as atomizing gas.
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Figure 65: Oxide area fractions dependent on the spraying distance for 28.9 V, 33 V and
38.8 V. The other process parameters were set to 4 m/min and 4 bar. Nitrogen was used as
atomizing gas.

6.4 Particle size, rate and velocity

In this chapter the results of the PSI, the LDA and the DPV measurements are presented. The
determined particle sizes, rates and velocities are used in the next two chapters in order to

approximate the optical thickness of the wire arc spray plume and to calculate the material
dependent emissivity of the particles.
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Since for all following calculations mean values of the particle radii are used, no further particle
size distributions are presented. The diagrams in Figure 66 show the mean particle sizes for the
different investigated parameter combinations. Diagram a) illustrates the influence of the
voltage, whereby compressed air was used, the feed rate was set to 4 m/min and the pressure to
4 bar. As it can be seen, the particle radius slightly increases from approximately 22 um at
28.9 V to 22.9 um at 33 V. Increasing the voltage to 38.8 V leads to an increased radius of
~25 um. Using nitrogen as atomizing gas apparently does not affect the particle size. The
particle radius at 33 V, 4 m/min and 4 bar is almost equal for compressed air and nitrogen. The
measurements with nitrogen again could not be performed at all three voltage parameters, since
the process was unstable and the PSI had to be protected from unmolten wire pieces. The
influence of the pressure is presented in diagram c). Between 3 bar and 4 bar the mean particle
radius slightly decreases, whereas at a pressure of 5 bar the radius strongly decreases to ~20 pum.

a) 4 m/min, 4 bar, CA b) 4 m/min, 4 bar, Nitrogen
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Figure 66: Particle radii measured with the Particle Shape Imaging diagnostic. a) 4 m/min,
4 bar, CA and changing voltage. b) 4 m/min, 4 bar, N> and changing voltage. c) 28.9 V,
4 m/min, CA and changing pressure. d) 28.9 V, 4 bar, CA and changing feed rate.
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Diagram d) in Figure 66 shows the mean particle radii for a wire feed rate of 3 m/min, 4 m/min
and 5 m/min. The voltage was set to 28.9 V and the pressure to 4 bar. In addition compressed
air was used as atomizing gas. The results indicate that there is no clear trend between the wire
feed rate and the mean particle size. From 3 m/min to 4 m/min the radius slightly decreases,
whereas at 5 m/min the size in turn strongly declines to approximately 24.7 um

To be able to estimate the optical thickness, particle rates were measured using the LDA. In the
following, for reasons of simplicity only 2D particle rate distributions in the xy-plane, 70 mm
in front of the wire arc spray gun exit are presented. The images in Figure 67 show the spatial
resolved particle rates measured at 28.9 V, 33 V and 38.8 V. The other parameters in turn were
set to the base parameters and compressed air was used as atomizing gas. Besides the oval
appearance of the spray plume cross sections, it can be observed that with increasing voltage
the wire arc spray plume spreads. Furthermore the maximum particle rate in the middle
increases from 28.9 V to 33 V, whereas from 33 V to 38.8 V it decreases again.
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Figure 67: Particle rates for a changing voltage measured with the LDA in the xy-plane at
z=70 mm. The other parameters were set to 4 m/min, 4bar and compressed air was used.

As can be seen in Figure 68, through increasing the gas pressure the spray plume gets
constricted and the maximum particle rate in the middle increases. In addition the oval form of
the cross section turns to a more round appearance. Besides the usage of compressed air, the
other parameters for these measurements were set to 4 m/min and 4 bar.

The influence of the wire feed rate is illustrated in Figure 69. With increasing wire feed rate the
maximum and the total particle rates increase. Furthermore the shape of the cross sections again
gets more round with increasing wire feed rate.

Using nitrogen instead of compressed air leads to lower particle rates and a round appearance
of the spray plume in the xy-plane. The corresponding 2D particle rates for 33 V and 38.8 V are
presented in Figure 70. The pressure was set to 4 bar, the feed rate to 4 m/min. For reasons of
comparability the space resolved particle distribution for compressed air measured at 33V,
4 m/min and 4 bar is shown on the right side of Figure 70.
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Figure 68: Particle rates for a changing pressure measured with the LDA in the xy-plane at
z=70 mm. The other parameters were set to 28.9 V, 4 m/min and compressed air was used.
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Figure 69: Particle rates for a changing wire feed rate measured with the LDA in the xy-plane
at z=70 mm. The other parameters were set to 28.9 V, 4 bar and compressed air was used.
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Figure 70: Particle rates for a changing voltage and nitrogen measured with the LDA in the
xy-plane at z=70 mm. The other parameters were set to 4 m/min and 4 bar. For comparison
the particle rate distribution for compressed air and 33 V is illustrated on the right side.
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The particle velocities measured with the DPV are necessary both for the optical thickness
calculations and for the particle emissivity determinations. To minimize the experimental
efforts the particle velocities are only measured in the middle of the spray plume on six points
along the spraying axis. Finally the particle velocity v, , dependent on the z-coordinate is
approximated by fitting a polynomial of third order to the measurement points.

The diagram in Figure 71 shows the particle velocities depending on the z-coordinate for a
changing voltage. The wire feed rate was set to 4 m/min and the pressure to 4 bar. In addition
compressed air was used as atomizing gas. As it can be seen, at the beginning the velocities
increase and finally from z ~130 mm decrease. Furthermore at the beginning at z =70 mm
the velocities are separated from each other by about 5 m/s, whereby the velocity increases with
decreasing voltage. However, at the end the velocities are closer to each other and the influence
of the voltage is maintained when the measured value for 28.9 V at 190 mm is considered as
outlier. The polynomial fits for a voltage of 33 V and a voltage of 38.8 V have satisfactory
coefficients of determination above 0.99. At 28.9 V the coefficient is only 0.97 due to the outlier
at z=190mm.
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Figure 71: Particle velocities depending on the z-coordinate for a changing voltage and the
corresponding third order polynomial fits with its coefficients of determination. The other
parameters were set to 4 m/min, 4 bar and compressed air was used.

How the diagram in Figure 72 shows, the influence of the atomizing gas pressure on the particle
velocity is significant. The velocity using 4 bar is over the whole observed distance
approximately 15 to 20 m/s higher than at a pressure of 3 bar. The difference between 4 bar and
5 bar increases from ~8 m/s at 65 mm to almost 15 m/s at 220 mm. As with the changing
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voltage the velocities for all pressures increase from 70 mm to 130 mm and subsequently
decrease. The coefficients of determination of the polynomial fits are sufficiently high both for
a pressure of 3 bar and 5 bar (R? >0.99).
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Figure 72: Particle velocities depending on the z-coordinate for a changing pressure and the
corresponding third order polynomial fits with its coefficients of determination. The other
parameters were set to 28.9 V, 4 m/min and compressed air was used.

The particle velocities depending on z for different wire feed rates are present in Figure 73.
Besides the usage of compressed air the voltage was set to 28.9 V and the pressure to 4 bar. As
with the other parameters, first of all the particles are accelerated and above z ~130 mm slowed
down. A significant velocity difference between 3 m/min, 4 m/min and 5 m/min can only be
found in the first half of the observed spray plume part. 70 mm away from the spray gun exit
the velocities measured at 3 m/min are approximately 5 m/s higher than at a wire feed rate of
5 m/min. The velocities measured at 4 m/min are in turn 5 m/s higher than the velocities
measured at 4 m/min. The further away the measurements were performed the smaller the
velocity difference between the three feed rates gets. Consequently there seems to be no direct
proportional relation between the wire feed rate and the particle velocity.

The influence of nitrogen and a changing voltage is illustrated by means of the diagram in
Figure 74. As it can be seen the velocities are lower in contrast to the velocities measured using
compressed air (see Figure 71) at the same parameters (4 m/min and 4 bar). Furthermore only
a small acceleration (33 V) and almost no acceleration (38.8 V), respectively can be observed.
The velocity difference between 33V and 38.8V increases from 0 m/s at 70 mm to
approximately 5 m/s at 220 mm.
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Figure 73: Particle velocities depending on the z-coordinate for a changing wire feed rate
and the corresponding third order polynomial fits with its coefficients of determination. The
other parameters were set to 28.9 V, 4 bar and compressed air was used.
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Figure 74: Particle velocities depending on the z-coordinate for a changing voltage and the
corresponding third order polynomial fits with its coefficients of determination. The other
parameters were set to 4 m/min, 4 bar and nitrogen was used.
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6.5 Optical thickness of the spray plume

For the determination of the optical thickness the 2D particle rate distributions measured with
the LDA are used (see Chapter 6.4). The example in Figure 75 shows such spatially resolved
particle rates in the xy-plane including nine observation channels located in 5 mm steps along
the x-axis. By means of these channels the optical thickness, depending on the distance to the
middle of the spray plume, is calculated using the algorithm presented in Chapter 3.2. Since the
variation of the optical thickness depending on the z-coordinate is negligible, only the LDA
results at z=70 mm are shown in the following. Furthermore the evaluation of only one
observation direction is sufficient, since the spray plume is almost rotationally symmetric.

251 T H H o i——imisie | [1/s]
0 O 0 O [EEEsse
FHEHHAAE R 2467
1 0 0 O [ESisEsicl [ I
1 0 0 O ESSEEEeC [
0 0 0 O ElSESEEs i
A FEHHHEEHE
0 0 0 O GRS O [
1 0 O El. R [
0 O Hs B O O
0 O i R O O
O . B |
= 0 O @ E O
é 0 O s 1™ B [
o+ EEEEN HHEH I
= 1 4] 1 O O O 1457
= O O B [
alls - B [
s = S [
] CRE B [
H R N
M O | B [
-125+ EEEEE © F 5
1 = al e
H = B [
0 08 B [
1 O al m
H H H H
25 EEnEE= R H 447
| | | | |
I I I | |
-25 -12.5 0 12.5 25
x [mm]

Figure 75: Example for a spatially resolved particle rate distribution measured with the LDA
including the nine observation channels used for the optical thickness determination.

The diagram in Figure 76 shows the optical thickness depending on x for a changing voltage.
The other parameters again are set to the base parameters, 4 m/min and 4 bar. In addition
compressed air was used as atomizing gas. The optical thickness curves for all three voltages
resemble a Gaussian distribution, whereby the maxima are located at x =0 mm. Furthermore,
increasing the voltage leads to an increasing optical thickness. The highest optical thickness of
0.045 is reached for a voltage of 38.8 V.

The results for a changing pressure, 28.9 V, 4 m/min and compressed air are presented in
Figure 77. Again the curves are similar to Gaussian distributions and the maxima belong to the
channel passing through the middle of spray plume. Increasing the pressure results in a
decreasing optical thickness. The maximum value was determined for a pressure of 3 bar and
is 7=0.035.

The influence of the wire feed rate on the optical thickness is shown by means of the diagram
in Figure 78. The other parameters again were set to the base parameters. All three curves show
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the typical Gaussian form with the maxima at x =0 mm. No significant trend concerning the

feed rate can be recognized, since the values for 3 m/min and 4 m/min are almost equal and the
values for 5 m/min are higher.

28.9V, 4m/min, 4bar, CA ¢ 33V, 4m/min, 4bar, CA <38.8V, 4m/min, 4bar, CA
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Figure 76: Optical thickness at z=70 mm dependent on the x-coordinate for a changing
voltage. The other parameters were set to the base parameters (4 m/min, 4 bar, CA).
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Figure 77: Optical thickness at z=70 mm dependent on the x coordinate for a changing

pressure. The other parameters were set to the base parameters (28.9 V, 4 m/min, CA).
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Figure 78: Optical thickness at z=70 mm dependent on the x coordinate for a changing
wire feed rate. The other parameters were set to the base parameters (28.9 V, 4 bar, CA).
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Using nitrogen instead of compressed air does not significantly affect the optical thickness. The
curve calculated for 33 V, 4 m/min and 4 bar is presented in Figure 79. It resembles a Gaussian
distribution, whereby the maximum value of 0.027 is located at x =0 mm.
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Figure 79: Optical thickness at z =70 mm dependent on the x-coordinate for nitrogen, 33V,
4 m/min and 4 bar.

6.6 Tomographic measurements

Important results that can be achieved with the tomographic two-color-pyrometry are the
three-dimensional intensity reconstructions. Since the intensities according to Equation 4.3
depend on the particle rate, velocity, size, temperature and emissivity, the 3D reconstructions
only allow qualitative conclusions. For reasons of clarity in the following only the
reconstructions for cameral (800 nm) are presented. They are made up of the single
measurements at the three positions shown in Figure 39 and are presented using eight
isosurfaces and a filled contour grid plane located at z =60 mm.

For the 3D intensity distribution shown in Figure 80 the process was operated at the base
parameters. The shape of the spray plume resembles an oval cylinder with a slightly downwards
pronounced bulge. The maximum intensity was measured in the middle of the spray plume at
z =60 mm. Furthermore the extension of the outer isosurface is over the whole measured
distance almost constant. How the reconstruction in Figure 81 shows, increasing the voltage to
33V leads to a much more pronounced bulge, whereby the maximum at z =60 mm increases
and shifts upwards. The effect on the shape of the spray plume for a further increase of the
voltage to 38.8 V is presented in Figure 82. The widening of the bulge proceeds and a second
lower maximum appears below the first one, whereby the larger upper maximum is again
smaller than the maximum measured at 33 V. Finally it seems that increasing the voltage leads
to the splitting of the spray plume into an upper and a bottom part merging with increasing
distance to the wire arc gun exit.
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Figure 80: 3D intensity reconstruction measured with cameral (800 nm) at 28.9V,
4 m/min, 4 bar and compressed air as atomizing gas.
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Figure 81: 3D intensity reconstruction measured with camera 1 (800 nm) at 33 V, 4 m/min,
4 bar and compressed air as atomizing gas.
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Figure 82: 3D intensity reconstruction measured with camera 1 (800 nm) at 38.8 V, 4 m/min,
4 bar and compressed air as atomizing gas.
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Hereafter the influence of the atomizing gas pressure is presented. Figure 83 shows the 3D
reconstruction of the spray plume for a pressure of 3 bar, Figure 84 the 3D reconstruction of
the spray plume for a pressure of 5 bar. For both measurements the wire feed rate was set to
4 m/min and the voltage to 28.9 V. Furthermore compressed air was used as gas. It can be seen
that the expansion of the spray plume in radial direction increases with decreasing pressure,
consequently the maximum at 3 bar (I, . =104) is much smaller than maximum at 5 bar
( Iy mex =199). In summary it can be said that increasing the pressure leads to the constriction
of the spray plume.
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Figure 83: 3D intensity reconstruction measured with camera 1 (800 nm) at 28.9 V, 4 m/min,
3 bar and compressed air as atomizing gas.
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Figure 84: 3D intensity reconstruction measured with camera 1 (800 nm) at 28.9 V, 4 m/min,
5 bar and compressed air as atomizing gas.



86 Results

For the 3D intensity distributions presented in Figure 85 and Figure 86 the process was operated
with 3 m/min and 5 m/min, respectively. The other parameters again were set to the base
parameters. Comparing the results measured at 3 m/min, 4 m/min (see Figure 80) and 5 m/min
it is noticeable that the form at z =60 mm does not significantly change. All in all it remains
oval with a slightly downwards pronounced bulge. However, the expansion of the isosurfaces
increases with increasing wire feed rate, what also becomes apparent on the rising maxima.
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Figure 85: 3D intensity reconstruction measured with camera 1 (800 nm) at 28.9 V, 3 m/min,
4 bar and compressed air as atomizing gas.
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Figure 86: 3D intensity reconstruction measured with camera 1 (800 nm) at 28.9 V, 5 m/min,
4 bar and compressed air as atomizing gas.
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Using nitrogen instead of compressed air strongly affects the shape of the wire arc spray plume.
In Figure 87 and Figure 88 the 3D reconstructions for nitrogen measured at a voltage of 33 V
and 38.8V are presented. Here the bulge is very pronounced and the extension of the
isosurfaces in spraying direction is comparatively low. In contrary to compressed air, increasing
the voltage causes a shift of the maximum at z=60mm downwards. Comparing the
reconstructions for compressed air and for nitrogen it has to be taken into a count that the
maximum of the legend has been changed from 200 to 40.
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Figure 87: 3D intensity reconstruction measured with camera 1 (800 nm) at 33 V, 4 m/min,
4 bar and nitrogen as atomizing gas.
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Figure 88: 3D intensity reconstruction measured with camera 1 (800 nm) at 38.8 V, 4 m/min,
4 bar and nitrogen as atomizing gas.
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Besides the 3D intensity reconstructions 3D temperature distributions are calculated. A typical
temperature cross section measured in the yz-plane of the spray plume at x =0 mm for the base
parameters is presented in Figure 89. Here the temperatures range from 2500 K to 2860 K,
whereby the standard deviation is small. Due to these small temperature differences and the
inhomogeneity of the distributions, the 3D presentation of the temperature reconstructions is
not very informative. For these reasons only temperature cross sections in the xy-plane at
z =70 mmare exemplarily shown. These 2D temperature images are in turn used in order to
calculate the average particle temperatures along the spraying direction necessary for the
material dependent emissivity determination.
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Figure 89: Temperature cross sections of the spray plume measured in the yz-plane at
x =0 mm for the base parameters 28.9 V, 4m/min, 4 bar and CA as gas.

The temperature cross sections for 28.9 V, 33 V and 38.8 V are presented in Figure 90. It can
be seen that increasing the voltage leads to an increase of the particle temperature. The average
temperature is 2663 K for a voltage of 28.9 V, 2736 K for a voltage of 33 V and 2821 K for a
voltage of 38.8 V.

Figure 91 shows the 2D temperature images at z = 70 mm for a changing pressure and the base
parameters (4 m/min, 4 bar and CA). To highlight the influence of the changed parameter on
the temperature, different temperature regions for the legend are chosen. Thus it becomes clear
that with increasing pressure the temperatures decrease, whereby the difference between the
=2676 K) and 5 bar (T,,, = 2631K) is rather low.

average temperatures at 3 bar (T, v

vg
As the images in Figure 92 show the particle temperatures also decrease with increasing wire
feed rate. With an average temperature of 2703 K at 3 m/min and an average temperature of
2598 K the effect again is very marked.
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Figure 90: Temperature cross sections of the spray plume measured in the xy-plane at
z =70 mm for a changing voltage and the base parameters 4m/min, 4 bar and CA as gas.

3 bar 4 bar 5 bar
294
‘s
E ot
29+ »
-29 0 29 2550 2750
X [mm] T[K]

Figure 91: Temperature cross sections of the spray plume measured in the xy-plane at
z =70 mm for a changing pressure and the base parameters 28.9 V, 4m/min and CA as gas.
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Figure 92: Temperature cross sections of the spray plume measured in the xy-plane at
z =70 mm for a changing feed rate and the base parameters 29.9 V, 4 bar and CA as gas.
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Using nitrogen as atomizing gas instead of compressed air leads to lower particle temperatures.
The average temperatures of the distributions presented in Figure 93 are 2592 K for 33 V and
2722 K for 38.8 V. The trend of increasing particle temperatures with increasing voltage
remains unchanged using nitrogen.
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Figure 93: Temperature cross sections measured in the xy-plane at z =70 mm for nitrogen
and a changing voltage. The feed rate was set to 4 m/min, the pressure to 4 bar.

As already mentioned in Chapter 4.2, for the calculation of the material dependent emissivities
some assumptions have to be made. First of all, it has to be assumed that all particles in the
whole measurement volume have the same particle size and are consequently not further
atomized. The used particle radii r, measured with the PSI in the middle of the spray plume at
z =70 mm and the from this calculated numbers of particles N (see Equation 4.4) are listed
in Table 12.

Table 12: Particle radii for the different parameter sets measured using the PSI and the
corresponding numbers of particles (see Equation 4.4) necessary for the emissivity
calculations. The wire radius for all measurements was 0.8 mm.

Parameter set v, [m/min] |t [s] rp [um] N

28.9 V, 4 m/min, 4 bar, CA 4 3.5 22.0 18410455
33V, 4 m/min, 4 bar, CA 4 3.5 22.8 18410455
38.8 V, 4 m/min, 4 bar, CA 4 3.5 25.1 14336000
28.9 V, 4 m/min, 3 bar, CA 4 3.5 22.4 21036814
28.9V, 4 m/min, 5 bar, CA 4 35 20.3 28000000
28.9 V, 3 m/min, 4 bar, CA 3 3.5 22.2 15777611
28.9 V, 5 m/min, 4 bar, CA 5 3.5 24.7 17920000
33V, 4 m/min, 4 bar, Nitrogen 4 2.4 22.6 12624312
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The second assumption is that the velocity of the particles only depends on the z-coordinate and
is constant in the whole xy-plane. The particle velocity for a single cross section can finally be
approximated using the polynomial fits of third order determined in Chapter 6.4.

Furthermore, the total intensities of a cross section and the average temperatures have to be
calculated using the 3D intensity and temperature distributions. Since the tomographic
two-color-pyrometry measurements are applied at three overlapping positions (see
Chapter 3.3.1, Figure 39) the results initially have to be merged. Figure 94 for example shows
the average temperatures measured for the base parameters at the three overlapping
measurement positions that are shown in Figure 39. The single values along the z-axis are
determined by calculating the mean values of the corresponding 2D temperature distributions.
Examples for such temperature images can be seen in Figure 89 to Figure 93. To obtain a
continuous temperature curve, the mean values in the overlapping regions are calculated and
the resulting curve is smoothed over 20 neighboring values (see Figure 95). The same procedure
is applied to the total intensities, which are determined through summing over all intensities of
a cross section. The example in Figure 96 shows the total intensities measured with camera 1
at the three overlapping positions. The parameters in turn were set to the base parameters
28.9 V, 4 m/min, 4 bar and compressed air. The resulting smoothed continuous intensity curve
is illustrated in Figure 97.

Finally the smoothed average intensity curves, the smoothed temperature curves, the particle
velocities measured with the DPV and the particle radii measured with the PSI are used in order
to calculate the material dependent emissivities by means of Equation 4.6.

For reasons of clarity, the raw data of all other parameter sets are not shown. In the following
only the average temperature and emissivity curves calculated using the respective three
measurements are presented, whereby the error bars represent the standard deviation.
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Figure 94: Average particle temperatures measured at three overlapping positions (see
Figure 39). The parameters were set to the base parameters 28.9 V, 4 m/min, 4 bar and CA.



92 Results

2660 -
2650 -
2640 -
2630 -
2620 ~
2610 -
2600 -
2590 ~

2580 T T T T T T T T 1
60 80 100 120 140 160 180 200 220 240

z [mm]

Tavg [K]

Figure 95: Average particle temperatures determined by calculating the mean values in the
overlapping regions of the curves in Figure 94 and subsequent smoothing over 20 values.
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Figure 96: Total intensities measured with camera 1 at three overlapping positions (see
Figure 39). The parameters were set to the base parameters 28.9 V, 4 m/min, 4 bar and CA.
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Figure 97: Total intensities determined by calculating the mean values in the overlapping
regions of the curves in Figure 96 and subsequent smoothing over 20 values.
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The diagram in Figure 98 shows the average temperature curves dependent on the z-coordinate
for compressed air and three different voltages. The remaining process parameters were set to
4 m/min and 4 bar. Initially at z =70 mm the temperature for 28.9 V is 2650 K. Along the
observed distance it decreases by 50 K. The average temperatures measured for 33 V are greater
than the temperatures measured at 28.9 V, at the beginning by 75 K at the end by 50 K. The
highest temperatures are reached for 38.8 V. Here the temperatures decrease from
approximately 2810 K to approximately 2660 K. To conclude, it can be noted that on the one
hand the average temperatures decrease with increasing distance to the spray gun and on the
other hand the temperatures increase with increasing process voltage.
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Figure 98: Average particle temperatures dependent on the z-coordinate for compressed air
and a changing voltage. The remaining process parameters were set to 4 m/min and 4 bar.

The influence of the atomizing gas pressure is illustrated by means of the diagram in Figure 99.
At the first measurement point the difference between the average temperatures is
approximately 25 K, whereby increasing the pressure leads to decreasing temperatures.
Furthermore, all three temperature curves drop and are finally almost equal at z =225 mm.

The average temperature curves measured for a wire feed rate of 3 m/min, 4 m/minand 5 m/min
are presented in Figure 100. Besides compressed air the base parameters were used in order to
operate the wire arc spray process. As it can be seen, with increasing wire feed rate the average
particle temperature decreases. All three curves again decline along the spraying direction,
whereby the temperature drop from ~2710 K to ~2640 K measured for 3 m/min is greatest.

Figure 101 shows the average temperature curves measured when operating the process with
nitrogen instead of compressed air. Since the measurements using nitrogen could only be
performed one times, no error bars are included. It becomes clear that the temperatures for
nitrogen are lower than for compressed air (see Figure 98). At 33V the difference is
approximately 150 K, at 38.8 V it is approximately 85 K. The relation between the temperature
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and the voltage remains, just like the relation between the temperature and the distance to the
spray gun exit.
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Figure 99: Average particle temperatures dependent on the z-coordinate for compressed air
and a changing pressure. The remaining process parameters were set to 28.9 V and 4 m/min.
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Figure 100: Average particle temperatures dependent on the z-coordinate for compressed
air and a changing feed rate. The remaining process parameters were set to 28.9 V and 4 bar.
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Figure 101: Average particle temperatures dependent on the z-coordinate for nitrogen and a
changing voltage. The remaining process parameters were set to 4 m/min and 4 bar.

Finally the emissivities along the spraying direction can be calculated using the results
presented in Chapter 6.4 and Chapter 6.5. The emissivity curves do not include error bars, since
the standard deviations of the tomographic and pyrometry results are too small to be seen. The
diagram in Figure 102 shows the emissivities for compressed air and a changing voltage. The
remaining parameters were set to the standard parameters 4 m/min and 4 bar. Independent of
the voltage, the emissivities increase from z = 70 mm to z =170 mm by approximately 0.8 and
subsequently remain almost constant. Furthermore the emissivities measured for 28.9 V are
slightly higher than the emissivities measured at 33 V and 38.8 V.
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Figure 102: Average particle emissivities dependent on the z-coordinate for compressed air
and a changing voltage. The remaining process parameters were set to 4 m/min and 4 bar.
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The influence of the pressure on the emissivities is presented by means of the diagram in
Figure 103. The process again was operated using the base parameters. It can be seen, that the
trends of the calculated emissivities are comparable with the results measured for a changing
voltage, whereby the rise for 5 bar is more linear. In addition the emissivities measured for 5 bar
are smaller than the emissivities measured for 3 bar and 4 bar.

28.9V, 4m/min, 3bar, CA m28.9V, 4m/min, 4bar, CA A 28.9V, 4m/min, 5bar, CA
0.40 -

0.30 -

¢ 0.20 A

0.10

0.00 T T T T T T T 1
70 90 110 130 150 170 190 210 230

z [mm]

Figure 103: Average particle emissivities dependent on the z-coordinate for compressed air
and a changing pressure. The remaining process parameters were set to 28.9 V and 4 m/min.

As the diagram in Figure 104 indicates, changing the feed rate obviously does not significantly
affect the particle emissivities. Again a rise of approximately 0.8 can be observed, whereby the
increase in the first two thirds is substantially higher than in the last third.
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Figure 104: Average particle emissivities dependent on the z coordinate for compressed air
and a changing feed rate. The remaining process parameters were set to 28.9 V and 4 bar.
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The emissivities, measured using nitrogen as atomizing gas, are illustrated in Figure 105. Due
to the missing particle sizes for 38.8 V, the emissivity calculations could only be performed for
a voltage of 33V, a feed rate of 4 m/min and a pressure of 4 bar. Comparing the emissivities
for compressed air measured at 33 V (see Figure 102) with the trace in Figure 105, it is
noticeable that the values for nitrogen are half the size than the values for compressed air.
Furthermore the emissivities for nitrogen only increase by 0.3 along the observed distance,
whereby the rise is nearly linear.
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Figure 105: Average particle emissivities dependent on the z-coordinate for nitrogen, 33V,
4 m/min and 4 bar.

Finally it can be concluded that the emissivities for all parameters increase with increasing
distance to the wire tips. The only significant emissivity difference concerning the process
parameter variation could be determined using nitrogen instead of compressed air as atomizing
gas. A further discussion of the measured results and the derived physical quantities is
performed in the next chapter.
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7 Discussion

To be able to estimate possible error sources of the in-flight oxidation determination all single
measurement results that contribute to the model have to be verified. According to Equation 4.6
the particle sizes, the particle velocities and the particle temperatures are among other things
necessary for the calculation of the emissivity. Furthermore the tomographic
two-color-pyrometry results including the temperature and emissivity measurements are
discussed.

7.1 Particle size and velocity measurements

The particle sizes are measured by means of PSI (see Chapter 5.3 and Chapter 6.4), whereby
the measurement volume is located in the middle of the spray plume 70 mm in front of the wire
tips. Since it is difficult to find values for the particle size in literature that are measured using
the same nozzle geometry, the same feedstock and the same process parameters, the accuracy
of the PSI results can only qualitatively be evaluated. First of all the influence of the process
voltage on the particle size is discussed. As shown in Figure 66 and listed in Table 12, for
28.9 V a mean particle radius of 22 um and for 33 VV a mean particle radius of 22.8 um was
measured, whereas for 38.8 V the radius increases to 25 pm. According to Kelkar et al. [148]
the size of droplets detached from the cathode depends on the electromagnetic pinch effect (first
term on the left hand side of Equation 7.1), the aerodynamic drag (second term), the weight
force (third term) and the surface tension (right hand side).

M a o1 2 0), 4 _;
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a: radius of the spherical droplet
b: radius of the wire

C,: drag coefficient

7.1
Py, p: density of the atomizing gas and the wire, respectively

relative velocity between the gas and the droplet
Ayop - Cross section area of the droplet

0: angle between the wires

o surface tension

Because on the anode in contrast to the cathode long non current-carrying sheets are formed,
the size of the anode particles is only influenced by the gas flow and the surface tension
(Equation 7.2).

1
Ecd pgvrzel A\irop = O-Idrop 7.2
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Since with increasing voltage the heat input (see Figure 59) and consequently the particle
temperatures (see Figure 98) increase, the temperature dependent surface tension that keeps
liquid material attached decreases [149]. Furthermore, the current rises with increasing voltage
leading to an increase of the electromagnetic force. To conclude, these two effects should cause
smaller particles and consequently, the increase of the particle radius from 22 um for 28.9 V to
25 um for 38.8 V can only be explained with changed flow conditions. How the typical high
speed images of the wire arc spray process illustrated in Figure 106 show, there are significant
detachment differences between operating the process with 28.9 V and operating the process
with 38.8 V. At 28.9 V the particle replacement is concentrated between the two tips, whereas
the replacement at 38.8 V is shifted outwards. Since the flow velocity probably decreases with
increasing distance to the spraying axis, the atomization of the detached particles decreases for
higher voltages and consequently the discrepancy between Kelkar’s model and the measured
particle sizes can be explained.

The influence of the pressure on the particle size seems to be easier to explain. Using again the
model of Kelkar et al., it is obvious that with increasing gas flow and consistent other process
parameters the particle size decreases. This trend was for example measured by Liao et al. [36]
using copper as anode wire and steel as cathode wire and vice versa in order to be able to
separate the collected anode and cathode particles with the help of a magnet. The size
distributions, determined using a particle size analyzer, show both for steel particles detached
from the anode and the steel particles detached from the cathode a decreasing particle size for
an increasing pressure. For 2.8 bar they measured a mean anode particle diameter of 52 um and
a mean cathode particle diameter of 44 um, for a pressure of 4.9 bar 39 um and 28 um The
other process parameters used by Liao (200 A, 30 V) are comparable to the base parameters. In
this work for 3 bar an average particle diameter of 44.8 um was determined, for 4 bar a diameter
of 44 um and for 5 bar a mean particle diameter of 40.6 um. Consequently the trend of
decreasing particle sizes with increasing pressure could be confirmed.

In the case of a changing wire feed rate, the different influences on the particle size are more
complex to explain. On the one hand the flow keeps constant and on the other hand the amount
of material to be fused, the current and the voltage (see Appendix A.4) change with changing

Figure 106: High speed images of the wire arc spray process acquired for 28.9 V and 38.8 V.
The other parameters were set to the base parameters and compressed air was used as gas.
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feed rate. Based on the velocity measurements presented in Figure 73, the mean particle radius
for 4 bar should be smaller than the radii measured for 3 bar and 5 bar, whereby the values for
3 bar in turn should be between 4 bar and 5 bar. Looking at diagram d) in Figure 66 this trend
can be confirmed, although the difference between the mean particle radii measured for
3 m/min and 4 m/min might be too low.

For the usage of nitrogen as gas, a voltage of 33 V, a feed rate of 4 m/min and a pressure of
4 bar the measured mean particle radius is 22.6 um. This value is almost equal to the radius
measured using compressed air and the same parameters (22.8 um). Since nitrogen causes a
higher surface tension than oxygen [150] the detached particles should be larger. Another
indicator therefore are again the velocity measurements (Figure 74). For a voltage of 33 V the
velocities using nitrogen are approximately 10 m/s lower than the velocities measured using
compressed air. The too small average particle radius for nitrogen may be caused by the image
processing steps applied to the PSI images. Since it is more likely that great particles touch the
fringe of the region of interest and therefore are ignored, they are underrepresented what in turn
is more pronounced for using nitrogen as atomizing gas.

In summary, the mean particle radii for all investigated parameters are between 20.3 um and
25.1 um (compare Table 12). Due to this small variation and the all in all accordance of the
velocity trends and the particle sizes trends, the measured mean particle radii are suitable for
the emissivity calculations.

The measured particle velocities again can only qualitatively be evaluated, because no particle
velocity investigations using the same arc spray gun and consequently the same nozzle
configuration could be found in literature. Comparable measurements are performed by
Newbery et al. [33] using laser two-focus velocimetry (L2F). Results of their work are presented
in Figure 107. The velocities were measured in the middle of the spray plume at a voltage of
34 V, a feed rate of 1 g/s (£ 3.8 m/min) and a pressure of 2.8 bar. As atomizing gas compressed
air was used. Since the influence of the voltage on the particle velocity is less than the influence
of the pressure, the most comparable parameters of this work are 28.9 V, 4 m/min and 3 bar
(also presented in Figure 107). The velocities measured by Newbery slightly increase from
104 m/s at 70 mm to 109 m/s at 120 mm and subsequently decrease to 103 m/s at 200 mm.
Responsible for the lower velocities may be the higher voltage and the lower pressure. The
increasing and subsequently decreasing particle velocitiy along the spraying direction is also
observed by Hale et al. [32] for spraying aluminum and Tillmann et al. [151] for spraying
massive steel wires. The simulations and the measurements of Prehm [152] show that the gas
velocity steadily declines with increasing distance to the wire tips and consequently the
detached particles are accelerated until they reach the gas velocity and are subsequently slowed
down.
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Figure 107: Particle velocities depending on z measured in the middle of spray plume. The
yellow curve shows results of this work (28.9 V, 4 m/min, 3 bar, CA). The blue curve shows
results measured by Newbery et al. [33] using L2F (34 V, 3.8 m/min, 2.8 bar, CA).

The proportional relation between the gas pressure and the particle velocity measured in this
work is also observed by Newbery et al. [33], Gedzevicius et al. [153] and Hale et al. [32].
Furthermore, according to [154] small particles better track the flow than great particles and
consequently the particle velocities and the particle sizes are linked indirect proportional. The
velocity trends for a changing voltage and a changing wire feed rate correlate with the measured
particle sizes, except at using nitrogen instead of compressed air.

7.2 Tomographic two-color-pyrometry measurements

Since the tomographic two-color-pyrometry measurement technique is an innovative approach
that is not known from literature so far, the discussion of the feasibility is very important. To
ensure that tomographic measurements can be applied to the wire arc spray plume, different
conditions have to be fulfilled. As already mentioned in Chapter 3.1 the observed measurement
object has to be luminous and optically thin in order to be able to do emission tomography. The
requirement of a luminous object that can be observed with a normal CCD-camera is given,
since the atomized feedstock particles are very hot (>2400 K) and therefore the emitted thermal
radiation is according to Wien’s displacement law (see Chapter 2.1) in the visible spectral
region. In contrast the property “optically thin” is not fulfilled at first glance, because the
particles are opaque and consequently only the radiation emitted from the surface can be
detected. Remedy for this problem is provided by not observing single particles but an ensemble
of particles. By integrating over a long time (>1 s) it should be guaranteed that a sufficient
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number of particles flies through every point of the measurement volume so that the acquired
smooth 2D images reflect statistical particle distributions. The preconditions for this are a
stationary and an optically thin spray plume, whereby the property optically thin ensures that
the radiation of almost all particles receives the detector without being shaded by other particles.
The stability of the wire arc spray process can be proved by the voltage and current
measurements. As Figure 122 to Figure 129 in the Appendix A.4 show, the voltage and current
traces do not show any short circuits or other long-lasting disturbances. All current and voltage
fluctuations take place in a period of less than 5 ms and are consequently averaged over the
integration time. The optical thickness of the spray plume is determined through using the LDA,
PSI and DPV measurements as input for the model developed in Chapter 3.2. Since the
calculated optical thickness for all used parameters is below 0.05 (see Chapter 6.5), the
condition optically thin (7 <1 [119, 120]) is fulfilled in any case.

Besides this theoretical considerations, the 3D reconstructions itself are evidence for an
optically thin spray plume, since they do not show any artifacts caused by too high optical
thickness. Looking for example at the computerized tomography (CT) used in medicine, an
object that is not optically thin for the X-Ray radiation is given by metal. If there is metal in the
body of a patient e.g. in the form of solid amalgam tooth fillings, so called strike artifacts can
be seen in the reconstructions [116]. An example for such an erroneous CT image is presented
on the left side of Figure 108. For comparison on the right side a reconstructed cross section of
the spray plume that does not show any artifacts is illustrated.

Figure 108: Left: CT image of the tooth region showing strike artifacts caused by solid
amalgam fillings (adopted from [116]). Right: cross section of the reconstructed spray plume
without any artifacts.

To conclude, the wire arc spray plume is suitable for tomographic investigations, whereby it
has to be noted that only the radiation emitted from the surface can be reconstructed and hence
only surface temperatures can be determined.

The structure of the 3D intensity reconstructions (Figure 80 to Figure 88) presented in the
previous chapter depends according to Equation 4.3 on the particle size, velocity rate,
temperature and emissivity. Because of the interdependence of all these different parameters
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the 3D reconstructions only allow qualitative conclusions. Thus for example the intensity
distributions for a changing pressure show a strong constriction of the spray plume with
increasing pressure, which in turn is confirmed by the LDA results presented in Figure 68.
Consequently, the intensity distributions for a changing pressure seem to be strongly connected
to the spatial resolved particle rates. Also in the case of a changing wire feed rate the
reconstructed intensities seem to be proportional to the particle rate, since both the rates
measured with the LDA (see Figure 69) and the intensities measured with the tomography
strongly increase with increasing feed rate. Finally it can be stated that the tomographic 3D
intensity reconstruction is a useful tool in order to visualize the expansion of the spray plume.

More interesting is the processing of the obtained intensity data. By voxel vice dividing of the
two intensity distributions measured with the two-color-pyrometry and comparing the results
with calculated quotients, spatial resolved temperature distributions can be determined (see
Chapter 3.3.2). As already mentioned, the 3D visualization of the temperature distributions is
not very informative, because the deviation of the temperatures is low and the distributions are
not very homogenous (compare Figure 89). However, the cross sections in the xy-plane are
suitable to show the general influence of the different parameters on the particle temperature.
Furthermore, the cross sections are used in order to calculate the average temperatures along
the spraying direction that in turn are necessary for the emissivity calculation.

Looking at the average temperatures determined for a changing voltage (see Figure 98), it is
obvious that increasing the voltage leads to an increasing particle temperature. The reason for
this behavior is the heat input that according to Figure 59 a) declines proportional to the rising
voltage. After the heated and molten particles are detached they are atomized and are exposed
to various influences. On the one hand they are heated due to exothermic oxidation [33, 72] and
on the other hand they are cooled down due to convection and radiation losses [32, 34]. As the
temperature traces for all three voltages decrease with increasing distance to the wire tips, the
heat loses due to convection and radiation generally seem to be higher than the heating due to
oxidation. It can be noted that the temperature drop for high initial temperatures is greater than
for low temperatures. Responsible therefore may be the higher heat transfer caused by the
higher difference temperature.

The influence of the gas pressure on the average particle temperature is according to Figure 99
not significant. Increasing the pressure from 3 bar to 5 bar causes a temperature difference of
approximately 50 K at a distance of 70 mm. The reason for this temperature difference may be
on the one hand the decreasing gas temperatures for an increasing pressure and on the other
hand the decreasing particle sizes for an increasing pressure leading to a larger effective surface
and consequently to more heat losses due to radiation an convection. The heat input for the
three investigated pressures is according to Figure 59 c) almost constant. A small temperature
drop along the spraying direction can be observed again.
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To explain the influence of the wire feed rate on the average particle temperature again the
calculated heat inputs per mass can be used. Figure 59 d) shows an indirect proportional relation
between the feed rate and the heat input. This connection can also be found at the measured
average temperatures (see Figure 100).

Using nitrogen instead of compressed air strongly affects the average particle temperatures.
Comparing the traces for nitrogen in Figure 101 with the traces for compressed air in Figure 98,
it can be seen that the temperatures using nitrogen are ~150 K lower for 33 V and ~80 K lower
for 38.8 V. A possible explanation therefore are, besides the lower oxidation using nitrogen [33,
72], the differences in heat input. The results presented in Figure 59 show that the heat input
for nitrogen at 33 V is approximately 10 % lower than the heat input for compressed air at 33 V
and that the input for nitrogen at 38.8 V is approximately 8 % lower than the heat input for
compressed air at 38.8 V. Responsible for the lower electric energy input are the higher
dissociation energy and ionization energy of nitrogen compared to oxygen [155] leading to a
higher electrical resistance of the arc and consequently to a lower current at the same voltage.

To be able to estimate if the measured average temperatures are in a plausible range, the results
have to be compared with data from literature. The measured particle temperatures are again
most likely comparable with the results obtained by Newbery et al. [33]. The temperature
determination in their work is performed using a two-color pyrometer that is calibrated with the
help of a tungsten ribbon standard. They measured the temperature along the spraying direction
for a voltage of 34 V, a feed rate of 3.8 m/min and pressure of 2.8 bar. Compressed air was used
as atomizing gas. Because the voltage is the most temperature influencing parameter, the
parameters used in this work that should cause the most comparable temperatures are a voltage
of 33 V, a feed rate of 4 m/min and a pressure of 4 bar. The results measured in this work and
the results measured by Newbery et al. are presented in Figure 109. The temperatures from
Newbery et al. decrease from 2638 K at 70 mm to 2539 K at 200 mm and are approximately
100 K lower than the temperatures measured in this work. Since the voltage used by Newbery
et al. is higher and the feed rate and the pressure are lower, the measured temperatures should
according to the above discussed trends actually be higher. As Newbery et al. mention,
responsible for the too low temperatures is the underestimation up to 250 K caused by the
assumption that the steel particles have the same emissivity ratio as tungsten at the two widely
separated filter wavelengths (950 nm and 1350 nm). Taking this underestimation into account
the temperatures of Newbery et al. are above the temperatures measured in this work and
therefore would better match to the discussed tendencies.

All in all it can be noted that the measured particle temperatures are in good agreement with
literature and that the determined trends fit well together with the current and voltage
measurements. Finally, the tomographic two-color-pyrometry is a suitable diagnostic allowing
average particle temperature determination along the spraying direction without the need of
scanning the whole spray plume.
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Figure 109: Particle temperatures depending on z measured in the middle of spray plume.
The orange curve shows results of this work. The blue curve shows results measured by
Newbery et al. [33] using a two-color pyrometer.

Besides the application of the tomographic measurement technique on the wire arc spray plume,
the in-flight determination of material depended emissivities is the innovative approach of this
work. Using the model presented in Chapter 4 and the tomographic two-color-pyrometry, the
PSI and the DPV results as input, the average particle emissivities can be calculated. Since all
emissivities measured at a wavelength of 800 nm (see Figure 102 to Figure 105) are between
0.1 and 0.35, the emissivity of liquid S235 above 2100 K ( &g,,; =0.087 compare Table 7)
measured by Schopp et al. [132] seems to be the most suitable value for the iron based feedstock
material used in this work. Furthermore for the emissivity of liquid FeO (&, =0.7 compare
Table 7) the value of Muller et al. [133] has to be used to discuss the results, because no other
values could be found in literature for temperatures above 2100 K.

Assuming that the unoxidized material and the dominating oxide FeO are mixed continuously
and thus the surface is measure for the degree of oxidation of the whole particle, the in-flight
oxide content depending on z can be estimated by Equation 7.3.

c, (2)= 21" %m 1004 7.3

[0):4
Ere0 ~ Es235

To be able to evaluate the in-flight oxide content, it is assumed that the oxide area fractions
presented in Chapter 6.3 represent the absolute oxide content of the test coatings and that these
oxides are only caused by particle in-flight oxidation and not by the post-oxidation of the splat
surfaces. This assumption may be justified, since the wire arc spray process is a process with
high deposition rates leading to short times between the impingement of two consecutive
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particles. Furthermore, the dwell time of the particles in the gas stream is compared to other
thermal spray process (e.g. HVOF) long [43], whereby the degree of in-flight oxidation is high.

The diagrams in Figure 110 to Figure 113 show the comparison of the test coating oxide
contents and the particle oxide contents for the different investigated parameter sets. With
compressed air as atomizing gas, the measured particle oxide contents tend to be higher than
the oxide contents determined for the test coatings. Furthermore in contrast to the coating oxide
contents, the particle oxide contents do not linearly increase, but slowly go into saturation. Both
observations are evidence that the feedstock material and the oxides do not continuously mix.
Instead, it is assumed that the oxidation on the particle surfaces initially progresses fast and
subsides with increasing oxide shell. Nevertheless, the relative increase of the particle oxide
contents along the observed distance is in good agreement with the increase of the oxide
contents of the test coatings. However, it is not possible to measure the trend of the changing
parameters. For example, the proportional relations between the pressure and the oxide content
and the feed rate and the oxide content cannot be found in the in-flight oxidation measurements.

As Figure 113 shows, the particle oxide contents calculated for nitrogen as atomizing gas are
significantly smaller than the corresponding test coating oxide contents. Responsible therefore
is most probably the too low particle size measured with the PSI (see discussion in Chapter 7.1).
Through inserting Equation 4.4 into Equation 4.6 it can be seen that the emissivity and
consequently the particle oxide content are direct proportional to the particle radius. To clarify
the influence of the particle size, the particle oxide content trace calculated for a 45 % increased
particle radius is presented in Figure 113. Apart from that, both the slope of the original particle
oxide contents and the slope of the modified particle oxide contents are in good agreement with
the slope of the coating oxide contents. Due to the significant lower degree of oxidation no
saturation can be observed.

To conclude, the tomographic two-color-pyrometry in combination with particle size and
velocity measurements offers the possibility of in-flight oxidation measurements. The results
are in good agreement with the oxide contents of sprayed coatings. To obtain more precise
results it may be necessary to perform spatial resolved particle size and velocity measurements
along the spraying direction.
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Figure 110: Comparison of test coating oxide contents and in-flight measured particle oxide
contents. The process was operated with CA, 4 m/min, 4 bar and three different voltages.
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Figure 111: Comparison of test coating oxide contents and in-flight measured particle oxide
contents. The process was operated with CA, 28.9 V, 4 m/min and three different pressures.
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Figure 112 Comparison of test coating oxide contents and in-flight measured particle oxide
contents. The process was operated with CA, 28.9 V, 4 bar and three different wire feed rates.
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Figure 113: Comparison of test coating oxide contents and in flight measured particle oxide
contents. In addition the particle oxide contents calculated for a particle radius 1.45 times
higher than the measured one are presented. The process was operated with nitrogen, 33 V,
4 m/min and 4 bar.
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8 Conclusion

Thermal spraying is the generic term for processes that provide a high amount of energy in
order to melt and atomize feedstock material that is finally accelerate towards a substrate to be
coated. Due to the broad available power range, a great variety of feedstock materials and their
combinations can be used to improve the surface properties of the base material. Decisive for
the quality of a coating are the proper selection of materials and gases as well as a conscientious
substrate preparation. Important parameters that cannot be proved beforehand and that may
change during the coating process are the properties of the atomized particles. The velocity, the
size, the temperature and the rate influence for example the adhesion to the substrate, the
cohesion between the splats or the hardness of the coating. A key factor that is strongly
connected to the before-mentioned coating properties is the oxide content, whereby a high
amount of oxides depending on the requirements on the coating can both be desirable or
undesirable. The oxide content in turn strongly depends on the in-flight oxidation of the
particles and consequently on their temperature, size and velocity. For the measurement of these
properties many diagnostics for industry and for research purpose are available and known.
However, the determination of the particle in-flight oxidation based on these diagnostics and
their results can only be done qualitatively, since the influence of the used process gases and
the surrounding environment is not taken into account. For these reasons the approach of this
work is the development of a thermal spraying diagnostic allowing quantitative conclusions on
the in-flight particle oxidation.

The innovative diagnostic combines two-color-pyrometry with tomographic recording and
evaluation techniques. Observing the spray plume at two different wavelength bands from
different directions enables the determination of three dimensional intensity and temperature
distributions. The measured total intensity along the spraying direction depends on the particle
rate, velocity, size, temperature and emissivity. Since the emissivities for the used feedstock
material and the resulting oxides are known form literature and the temperature and the
intensities are measured using the tomographic two-color-pyrometry, it is possible to determine
the in-flight particle oxide content. Whereby the velocities and sizes have to be measured using
the established diagnostics DPV and PSI.

The two-color-pyrometry setup consist of a beam splitter and two CCD-cameras with different
interference filters in front. All components are chosen in a way that the error due the
assumption of gray body behavior and the error caused by measurement uncertainties are low.
Furthermore, for every pixel of the cameras a calibration factor is determined using a moving
tungsten calibration lamp, whose temperature is spectroscopically measured.

The two-color-pyrometry module is moved around the spray plume and acquires images in
defined angle steps with a long exposure time (>1s). By applying the so called algebraic
reconstruction technique on the raw data three dimensional intensity distributions for the two
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used wavelength regions are processed, that in turn are used in order to calculate three
dimensional temperature distributions. Based on these results and the particle velocity and size
measurements, a model is developed allowing the calculation of the material dependent
emissivity. Finally feedstock and oxide emissivities known from literature are used in order to
calculate the particle in-flight oxide content.

To prove the feasibility of applying the tomography on the spray plume of the wire arc spray
process, different conditions have to be fulfilled. Since the spray plume consist of fast moving
liquid steel droplets that are opaque, the exposure time of the camera has to be long enough to
guarantee a sufficient amount of particles on every position of the measurement volume.
Applying this statistical method, it has to be ensured that the spray plume is optically thin and
that consequently the radiation of almost all particles is received by the detector. For the
determination of the optical thickness, a model was developed that needs the particle rates
(LDA measurements), velocities (DPV measurements) and sizes (PSI measurements) as input.
The results of the model show that the wire arc spray plume is optically thin for all investigated
parameters.

In order to evaluate the measured particle in-flight oxidation, test coatings are generated at
different positions along the spraying direction and oxide contents are determined by means of
scanning electron microscope photographs of cross sections. These coating oxide contents are
in good agreement with the measured particle in-flight oxide contents and are evidence for the
principle function of tomographic two-color-pyrometry. Especially the differences between
using nitrogen as atomizing gas instead of compressed air are significant. Unfortunately the
differences caused by changing process parameters like the gas pressure or the wire feed rate
could not be detected.

To achieve more detailed results the particle velocity and size measurements should be
performed spatial resolved. Furthermore it would be useful to integrate the particle velocity and
size diagnostic into the tomographic two-color-pyrometry in order to reduce the experimental
effort and the measurement time. This could be achieved by mounting a sensor head using the
two-slit-method of the DPV on the two-color-pyrometer.

In summary, the tomographic two-color-pyrometry developed in this work proves the ability of
performing tomographic measurements on the spray plume of a wire arc spray process and
provides first results for the quantitative determination of particle in-flight oxidation.
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A Appendix

A.1l Two-color-pyrometry

Derivation of the measurement error E_, (Equation A.2) caused by the gray body assumption.
For the calculation of the temperature the Wien approximation is used (Equation A.1).
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Derivation of the temperature uncertainty (Equation A.4) caused by measurement errors. Again
for the calculation of the temperature the Wien approximation is used (Equation A.3), whereby
the spectral radiant exitance is replaced by the measured intensities I, and 1,.
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compressed air.

Figure 114: Intensities camera 2

compressed air.

Figure 115: Correction factors camera 2,
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Intensities camera 1, nitrogen.

Figure 116:

Figure 117: Correction factors camera 1, nitrogen.
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nitrogen.

Figure 118: Intensities camera 2

Figure 119: Correction factors camera 2, nitrogen.
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A.2 Tomographic measurement of the temperature distribution

1,=0 1,=0
At=0.1 ps
i=0
=0
n=>0
Z=0
j=0

(i+j)yAtmod ¢, <A, ?
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Z=At./At?
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abs
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fot tot

N=N+1 |*
Z=0

Total intensity sent to the detector

Total intensity sent to the detector

At:  Time step

i, J, n: Control variables

N: Number of particles that may shadow others

Z: Counter variable for the particle appearance
t.,:  Time between two particles for channel n
At,: Pulse with of a particle

¥y Particle radius

I Edge length of an observation cube

L,.: Probabilty for the overlapping

t.:  Width of the observation window

N.: Number of observation cubes
Figure 120: Program flow chart for the determination of the total intensity I
detector and the absorbed intensity 1|, .

. sent to the
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A.3 General experimental settings and pretests

Equations (A.5 and A.6) for the calculation of the PSI scale using group number 5, element 1
of the 1951 USAF resolution target (see Figure 121).

Figure 121: Image of the 1951 USAF resolution target acquired by the PSI-diagnostic.

Group number 5, element 1: 32 Line pairs A5
mm
_ 2.5Line pairs 1000 pm _186 pm AG

32 Linepairs 42Pixel ~ Pixel
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A.4 Results
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Figure 122: Voltage and current traces of the wire arc spray process operated with 28.9 V,
4 m/min, 4 bar and compressed air (CA).
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Figure 123: Voltage and current traces of the wire arc spray process operated with 33 V,
4 m/min, 4 bar and compressed air (CA).
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Figure 124: Voltage and current traces of the wire arc spray process operated with 38.8 V,
4 m/min, 4 bar and compressed air (CA).
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——Voltage ——Current
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Figure 125: Voltage and current traces of the wire arc spray process operated with 28.9 V,
4 m/min, 3 bar and compressed air (CA).
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Figure 126: Voltage and current traces of the wire arc spray process operated with 28.9 V,
4 m/min, 5 bar and compressed air (CA).
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Figure 127: Voltage and current traces of the wire arc spray process operated with 28.9 V,
3 m/min, 4 bar and compressed air (CA).
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——Voltage ——Current
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Figure 128: Voltage and current traces of the wire arc spray process operated with 28.9 V,
5 m/min, 4 bar and compressed air (CA).
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Figure 129: Voltage and current traces of the wire arc spray process operated with 33 V,
4 m/min, 4 bar and nitrogen.
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Figure 130: Spectrum of the wire arc spray process measured at different positions in front
of the wire tips using the spectrometer “ARYELLE”. The blue curve belongs to the primary
axis, the red and green curves to the secondary axis. The process parameters were set to
28.9 V, 4 m/min and 4 bar. Compressed air was used as atomizing gas.
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A.5 Nomenclature

Acronyms
HVOF
PFI

PIV
LDA
L2F
PDA
PSI
FWHM
DOF
CoC
LM

CT
GMAW
ROI
CA

Constants
R
C

LFe

Symbols
k

E

a

T

High Velocity Oxygen Fuel
Particle Flux Imaging
Particle Image Velocimetry
Laser Doppler Anemometry
Laser-Two-Focus

Phase Doppler Anemometry

Particle Shape Imaging

Full Width at Half Maximum

Depth of Field

Circle of Confusion
Levenberg-Marquardt
Computed tomography
Gas Metal Arc Welding
Region of Interest

Compressed Air

Gas constant

Speed of light
Stefan-Boltzmann-constant
Planck’s constant
Boltzmann constant

Density of iron

Rate of a chemical reaction
Activation energy

Temperature

(83144598 kg m? s2 mol™* K1)
(299272458 m sY)
(5.6704-10% W m? K™)
(6.6260-10° J s)

(1.3806-10% J K1)

(7.874 g cm®)

(kJ mol™)
(K)
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A Frequency factor or surface area (Hz, m?)

® Angle °)

f, Doppler frequency (Hz)

v, Particle velocity (ms?

f, Laser frequency (Hz)

A Laser wavelength (nm)

K Wave vector

fons Doppler shifted frequency (Hz)

fo Doppler-difference frequency (Hz)

X, Y, Z Cartesian coordinates (m or Pixel)

dn/dt Particle rate (s

Yo, Reflectivity

o Absorptivity

T Transmissivity

£ Emissivity

P Power (W)

A wavelength (nm)

M, Spectral exitance (W m?)

C, First radiation constant (I m?s?)

C, Second radiation constant (m K
R Spectral radiant exitance (W m?)

A A, Peak intensity wavelengths (nm)

Q Calculated two-color-pyrometry quotient

Q, Measured two-color-pyrometry quotient

a. Quantum efficiency

f, f, Transmission curves of interference filters

= Measurement error

o, Measured or calculated intensities

W Width of the object plane (mm)

H Height of the object plane (mm)
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DOF

« - o L

Depth of field
Nera and far DOF limits
Obiject distance

Focal length

f-Number or number of measurements

Diameter of the CoC
Width of the CCD sensor
Height of the CCD sensor
Dimension of an object
Image distance

Dimension of an image

Dimension of blurred images

in the near and far DOF
Distance

Calibration factors

Quotient of the calibration factors

Wavelength step
Proportional factor
Proportional factor
Sum of square residuals
Paramter vector
Jacobi matrix

Control variable
Correction vector
Damping term
Identity matrix

Error vector

Auxiliary matrices
Reference temperature

Calibration lamp velocity

(mm)
(mm)
(mm)

(mm)

(um)
(Pixel)
(Pixel)
(mm)
(mm)
(mm)

(mm)

(mm)

(m? W)

(nm)
(m® W)
(m® W)

(K)

(cm min™?)
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to,t

E' "exp
Iref,l’ Iref,2
p

¢

L.

f(xy)
Ag
k

BE—MUTEZZ:’

)

tot

rec

dN, /dt

VP,x’ VP,y’ VP,Z

Exposure time

Average reference values
Projection value

Projection angle

Integration direction

2D intensity distribution

Angle step

Number of projections directions
Edge length of a cross section
Number of cells in a cross section
Number of projections

Weight of projection i and cell j
Projection vector

Intensity vector

Weight matrix

Iteration step

Optical thickness

Source intensity

Received intensity

Particle rate flying through channel
Time between following particles
Particle radius

Particle velocity components
Particle time pulse

Channel cube edge length
Particle duration of stay in a cube
Time step

Absorbed intensity

Particle overlapping probability

Intensity emitted by one particle

(s)

)

)

(Pixel)

(s%)
(s)
(um)
(m/s)
(s)
(m)
(s)
(s)
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gFe

€Fe0

Ltot? "2,tot

mass

ox

Emissivity of liquid iron
Emissivity of liquid oxidized iron
Total measured intensities from particles
flying through a cross section
Luminous area of particle number i
Number of particles

flying through a cross section
Average temperature

Wire federate

Wire radius

Calibration factors

Voltage

Electric current

Time period

Energy input per unit mass

In-flight oxide content of the particles

(m?)

(K)

(m min™)
(mm)
()

(V)

(A)

(s)

(J/9)



