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ABSTRACT 

Plasma spray coatings are vital to the capabilities of jet engines. They allow engines to 
operate at combustion temperatures that would otherwise melt the superalloy components. 
Coatings tighten clearance between rotating components, increasing engine compression. They 
prevent chemical attack and physical erosion. Plasma spray coatings are imperative to the 
durability and efficient operation of the modern jet engine. In this application coating material 
property variation has a significant cost. In addition to the variation inherent in the process, 
some of the biggest contributors to coating property variation have been traced to spray gun 
nozzle wear and powder feed variation[1, 2].  

Presented here are multiple methods utilizing flow induced acoustic signals to quantify 
noise parameters, measure component wear, diagnose the plasma spray process and detect 
coating property deviation. Methods have been developed for offline and online analysis of 
components in addition to online process analysis. These include characterization of nozzle wear 
by throat roughness measurements and nozzle casting, offline detection of nozzle wear by 
attenuation of discrete tone generation and broadband signal variation, and offline 
measurement of powder port wear by jet screech frequency variation. Online methods include 
pre-ignition nozzle degree of wear measurement by discrete frequency changes; online 
parameter change detection, process deviation detection with potential source identification, as 
well as variation in coating property detection by broadband acoustic signal changes. 

Offline methods allow for 100% accurate new nozzle manufacturer identification. By the 
same test nozzle wear state can be predicted with over 95% accuracy with the potential for a 
degree of wear determination. Internal diameter changes of less than 10 microns can similarly 
be detected. Analysis of online plasma spray acoustic signals as described here can distinguish 
nozzle state and powder feed variation with over 90% accuracy. 

The capabilities developed here will aid in plasma spray process variation detection and 
contribute to identifying the source of this variation. This will improve coating quality and 
consistency, reduce failures, lower operational costs and ultimately make jet engines more 
economical, safer, and more fuel efficient with significant environmental and financial cost 
reduction. 
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1 INTRODUCTION 

The thermal spray processes use a high energy 
flow to transfer both thermal energy and 
momentum to particles to be projected onto a 
surface to create a coating as outlined in Figure 1.  
These are highly valued processes, as high 
temperatures and velocities allow for the 
deposition of high melting point materials to nearly 
any surface with a very wide range of controllable 
coating properties. A variety of thermal spray 
processes exist to suit a wider range of desired 
coatings and coating properties, as well as cost or 
other constraints. Methods can primarily be 
categorized as, wire-arc spraying, cold spraying, 
flame spraying, detonation spraying, high velocity oxy-fuel(HVOF) spraying, and plasma spraying. These 
methods differ predominantly in their thermal and kinetic sources as to produce different ranges of 
temperatures and velocities. The general ranges of gas temperature and velocity they are capable of 
generating is plotted in Figure 2 from [3]. 

The jet and gas turbine industries are primary users of thermal spray processes. Thermal sprayed 
coatings are applied to nearly every surface on the inside of modern jet engines which has allowed 
continuous improvement of engine safety and efficiency. Wear resistant coatings are applied to 
compressor blades to protect them from impact and corrosion. Compressor blade tips are coated with 
abrasive and wear resistant coatings to cut into abradable coatings applied to the surrounding shrouds. 
This combination results in an improved seal of blades at maximum operating temperature and rpm, 

Figure 2: Relative thermal spray process temperature and velocity regimes, Republished with 
permission of Springer US, from Thermal Spray Fundamentals, From Powder to Part. 
Fauchais, P.L., J.V.R. Heberlein, and M.I. Boulos, 2014˟  ǇŜǊƳƛǎǎƛƻƴ ŎƻƴǾŜȅŜŘ ǘƘǊƻǳƎƘ 
Copyright Clearance Center, Inc. 

Figure 1: Thermal spray process schematic. 
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increasing the compressive effects of each blade set and improving efficiency[4]. Thermal barrier 
coatings line the combustion chamber and turbine blades, permitting super-alloy metals to operate well 
above their phase transition temperatures and improving fuel-burning efficiency[5]. These coatings 
additionally protect their substrates from the corrosive high temperature byproducts of combustion, 
increasing service life. These coating types, thermal barrier, wear resistant, abradable, and abrasive also 
find wide use in such industries as automotive, print and paper manufacturing, and shipbuilding. All of 
these coatings serve to extend the capabilities, useful life and serviceability of their substrate 
components and thereby their constituent systems.  

Thermal spray processes are seen as special processes to industry not just due to the high value and 
capabilities that they add to components but also because of their inherent complexity and challenges. 
Chief amongst these challenges ƛǎ ǘƘŜ ƎŜƴŜǊŀƭ ƛƴŀōƛƭƛǘȅ ǘƻ ƪƴƻǿ ǘƘŜ ŎƻŀǘƛƴƎΩǎ ǇǊƻǇŜǊǘƛŜǎ ǳƴǘƛƭ ƛǘ ƛǎ 
destructively tested after spraying. This makes fault detection slow and more costly due, not just to the 
price of the component to be tested, but to the delay in identifying where and when a fault occurred. As 
with any process, thermal spray is subject to variability, however the typical high value of components 
coated, especially in a jet engine, and the higher cost of an in-service component failure, leads to a 
substantial desire for continuous thermal spray process improvement. !ŘŘƛǘƛƻƴŀƭƭȅ άŜȄǇŜƴǎŜǎ ǊŜƭŀǘŜŘ ǘƻ 
the rejection and replacement of imperfect coatings can reach 15% of the production costέ [6]. 
Complicating this drive for improvement is the inherent complexity of the processes: having a multitude 
of input variables which often have nonlinear interactions. Powder size distributions, particle injection 
angle and velocity distributions, and torch thermal and velocity profiles must all be balanced to transfer 
energy to the particles uniformly to produce a high quality coating. Gun input recipes are set for 
particular powders and automated systems are often used to apply the coatings and ensure constant 
input values. However, uncontrolled noise parameters can have drastic effects on the system. Primary 
amongst these is wear of plasma spray nozzles which produces a continuous drift in gun output and 
particle parameters over the lifespan of the nozzle. Wear of plasma spray nozzles has been studied in 
the literature yet mitigation strategies, which can vary considerably, have not been developed 
successfully. An additional noise parameter arises from the powder feeding system where powder port 
wear and several sources of feed variability alter the thermal and momentum transfer to the particles 
and thus the coating they produce. These noise variables are currently poorly controlled for, if at all; 
relying on visual inspection, arbitrary electrical thresholds, or changed as a last resort in fault detection. 
Improvements to the material properties of the coatings can thus be achieved by understanding the 
process and how these variables effect the process. Then by detecting these variations coating quality 
and consistency can be increased and reduction in production costs can be achieved. In this work, 
acoustic methods are used to detect wear of thermal spray components and monitor the process for a 
variety of undesirable changes, this will allow for improving consistency and quality of coatings applied 
via thermal spray processes. 
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2 BACKGROUND 

2.1 PLASMA SPRAY PROCESS 

2.1.1 Thermal Spray Coatings 

Thermal spray coatings are the sum of all of the particles that stick to the substrate during 
processing. Molten particles impacting the substrate flatten into discs and mechanically bond to the 
surface. These splats, as they are called, build up in layers with multiple passes of the spray gun to build 
a cohesive structure that forms the coating. The coating buildup is conceptually the same for all thermal 
spray processes but the material and process dependent temperature and velocity vary the nature of 
the bonding. With the variation in particle properties prior to impact, a rather unique microstructure is 
developed. Included in the coating are: un- or partially melted particles, voids, cracks, etc. that are 
trapped in the coating during spraying or result from the thermal stresses.  A coating of aluminum-
silicon and polyester can be seen 
in cross section in Figure 3 where 
unmelts of the light phases, AlSi, 
appear as round white spots of 
various sizes. The AlSi that did 
melt is seen as highly deformed 
from its spherical particle shape 
due to impact on the substrate as 
well as subsequent particle 
impacts. Voids and porosity show 
up as exceptionally black areas 
dispersed in the grayer black 
polymer phase. At the bottom, 
the steel substrate appears gray 
and can be seen to have a 
roughened surface, at the 
interface with the coating, to 
improve particle/coating 
adhesion. 

The materials properties exhibited by the coating, as such are an aggregate measure of the 
collective structure and its constituents. The process must be designed and controlled to allow for 
repeatability of desired coating features such as porosity, oxide content, and hardness. Coatings must be 
characterized after spraying via mechanical testing and metallographic analysis. Substrates must be 
prepared for coatings typically by cleaning and grit blasting to maximize coating adhesion. Relative to 
other coating processes, thermal spray has a very high deposition rate, allowing for an economical 
throughput. 

2.1.2 Atmospheric Plasma Spray 

In Atmospheric Plasma Spraying, APS, a direct current electric arc is struck though a confined gas 
flow to heat and accelerate the gas to form a plasma torch. This heat and momentum are then imparted 
upon particles by injection into the plume to be projected towards a substrate to form a coating. The 

Figure 3: Features of a plasma sprayed coating cross-section 
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device that does this is called a plasma spray gun or torch and consists of a cathode and an anode, 
contained in a water cooling jacket, and is fed by electricity and a plasma forming gas or gases. The 
powder is carried at a controlled rate via a gas flow to be injected either inside or, more commonly, 
outside the gun. Schematically this is shown in Figure 4.  

The plasma torch in this application operates with a non-
transferred electrical arc, as the anode is part of the gun itself. A 
transferred arc is often the technology behind plasma cutting torches, as 
shown in Figure 5, where the work piece functions as the anode for the 
arc to attach. The cutting torch design is similar to that in Figure 4 except 
for the anode being electrically neutralized, no powder is required, the 
substrate/workpiece is closer and additional gas flows serve to shape and 
direct the plasma to the substrate and blow away molten material from 
the cut. While both devices are referred to as torches and have 
relevant research to this work that will be discussed, cutting torches 
and transferred arcs will explicitly be labeled as such.  

More specific details of the plasma spray process will become apparent by discussing some of 
the details of the individual components below, with a focus on those most affecting this research. APS 
is touted for its versatility as a coating process. Plasma generation can produce temperatures near 
30,000 K which allows for the application of almost any powder material. Plasma, as a processing 
medium, has high energy density, high heat flux density, high flux of reactive species, high quench rate, 
and high processing rate [7].  

As with all thermal spray processes there is a huge spectrum to the types of coatings that are 
applied with APS but in general they are coatings with some amount of porosity and non-reactive or 
oxidizing powders. Further elucidation about the process and the interactions of the components 
described below will be contained within the Literature Review section. 

2.1.2.1 Cathode 

The cathode is the electron source in the plasma forming circuit. So it must be designed to 
readily release electrons. It occupies a prominent position in the internal gun flow stream so it has an 
aerodynamic component to its design that is often paired with a particular anode design/geometry. The 
cathode shape is designed to keep the arc attachment at a single location by the force of the gas flow 
[7]. Electron emission is largest cooling mechanism of the cathode but a high melting temperature 
material is still required to slow erosion [7]. The cathode is typically made of tungsten that is sometimes 

Figure 4: Image of operating plasma spray gun (left) and gun cross-sectional process schematic (right). 

Figure 5: Schematic of transferred 
arc plasma cutting torch operation 
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doped/alloyed to lower the work function of the material to reduce the energy requirement for freeing 
electrons. There is little influence of the cathode material on the plasma electron temperature and 
density as reported in [7]. 

2.1.2.2 Anode/Nozzle 

The anode serves the dual role of electron receptor and flow nozzle and is thus a critical 
ŎƻƳǇƻƴŜƴǘ ƛƴ ŘŜǘŜǊƳƛƴƛƴƎ ǘƘŜ ƎǳƴΩǎ ǘǊŀƴǎŦŜǊ ƻŦ ŜƴŜǊƎȅ ǘƻ the particles. The terms nozzle and anode can 
be used interchangeably here but will generally differentiate between applications of flow and electrical 
phenomena. Different nozzle designs exist to achieve different gas velocities or suit particular plasma 
gases or coating deposition rates. Anodes are designed to be easily cooled by internal water flow so 
design components such as water/gas seals and cooling fins are generally implemented on a nozzleΩǎ 
exterior. Heat is transferred to the anode by condensation of electrons; electron enthalpy flow and 
thermo-diffusion effects; heavy particle and electron conduction; and ion recombination at the anode 
surface [7]. Type GH ŀƴŘ Dt ƴƻȊȊƭŜǎ ŦƻǊ aŜǘŎƻΩǎ фa. ǇƭŀǎƳŀ ǎǇǊŀȅ Ǝǳƴ, predominantly studied in this 
work, are shown in cross-section in Figure 6.  

Some internal design variations, such as Laval nozzles, are used to limit gas entrainment into the 
plume [6]. Typically high purity copper is used for its thermal/electrical conductivity, though tungsten 
lined copper nozzles are also common which seeks to alleviate/delay the wear process. The wear 
process is a result of localized melting of the nozzle material by the electrical arc and blowing of that 
molten material by the gas flows. Melt time of copper anode from arc residence can be calculated to be 
100-200 micro seconds for typical operating conditions [8]. Factors that influence electrode erosion 
include traces of molecular gas which have a catalytic effect on the surface, and gas flow rate which 
stretches arc and boundary layer thickness[9]. Oxidation of the copper also occurs as evidenced by the 

Figure 6: Cross-sections of type GH (left) and GP (right) 9MB plasma spray nozzles. Flow direction: top to 
bottom. Scale in millimeters. 
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coloration of the nozzles once used. Ultimately this material change likely affects the electrical and 
thermal transport through the material and thereby contributes to the wear process. 

2.1.2.3 Electrical Arc 

Electrical breakdown of the gas in the plasma spray gun excites it into a conductive plasmatic 
state to connect the cathode to the anode. The rest of the gas forces the arc downstream and constricts 
it to the center of the nozzle, except where it bridges to the anode, creating a cold gas boundary layer 
surrounding the arc. The arc attachment to the anode, or foot, is pushed around by the gas flow and 
induced electric and magnetic fields by Lorentz forces, while a 
friction force resists its motion. These forces combine to keep 
the arc in a constant state of high frequency fluctuation. The arc 
motion is characterized by three modes of operation: steady, 
takeover, and restrike which relate to the intensity and pattern 
of the voltage changes resulting from arc motion. In these 
different modes, the arc root motion parallels the gun voltage 
and is influenced by the plasma gas flow and its constituents. 
Figure 7 illustrates the radial motion the electrical arc can have 
with in the spray gun. The gas flow forces the attachment 
downstream, increasing the voltage, until shunting occurs 
shortening the arc and again lowering the voltage. Tangential 
motion of the arc also occurs. The voltage fluctuation and arc 
motion phenomena in particular has been the subject of much 
research to be discussed in the next chapter.  
When confined in a plasma spray nozzle, the electric arc is 
longer[8] and has increased attachment spot lifetimes[10] for 
larger nozzles. Current reduces arc spot time but also increases 
arc diameter increasing shunting. Erosion rate from currents at 
100-600 A have been measured at about 1 to 100 
microgram/coulomb [9]. Erosion causes an increase in arc root 
stagnation to a particular point [8]. Through flow investigation 
ǿƛǘƘ ŀ Ǝƭŀǎǎ άŀƴƻŘŜΣέ ²ǳǘȊƪŜ Ŝǘ ŀƭ. found that the arc leads to a gas recirculation patterns downstream 
of the foot, which is the region that erosion occurs[11]. 

2.1.2.4 Plasma Gas 

Plasma gas is a process input, selected for a particular powder and/or coating to be applied. Key 
gas selection criteria being plasma forming ability, thermal transport, operating temperature and 
velocity, and its reactivity with the materials involved. Argon and nitrogen are the most commonly used 
primary plasma gases. Mixed with these is typically hydrogen or helium which increŀǎŜǎ ǘƘŜ ǇƭŀǎƳŀΩǎ 
energy significantly for the melting of ceramic particles. Plasma is a highly ionized state of matter similar 
to a gas, consisting of molecules, atoms, ions and electrons. The various concentration of these species, 
however, results in the plasma having some properties significantly different from gases, including 
electrical and thermal conduction as well as responding to electromagnetic fields. Plasmas can be 
formed by electromagnetic means but are generally the result of super heating a gas [12]. Increasing the 
temperature of a gas results in higher molecular velocities, which in turn results in more collisions, of 
higher energy, eventually increasing to the level where collisions can dissociate diatomic gases and then 
even free electrons. Plasmas can be observed naturally, as they compose the mass of the Sun and are 

Figure 7: Cycle of arc attachment motion 
and restrike in the flow/axial direction. 
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generated my lightning. Artificial plasmas occur in TV screens, light bulbs and in manufacturing torches 
for cutting and plasma spray [12]. 

In some systems the plasma forming gas is injected into the cathode cavity through four or more 
small holes at its back that generally impart a swirling motion upon the gas flow to produce a more 
uniform plasma plume. The use of only four gas injectors, however, has been found to lead to 
circumferential non-uniformity in the gas flow[11]. Swirl injection has been seen to add centrifugal force 
which aids in destabilizing the shear layer at nozzle exit and increases entrainment [13]. 

Input gases in the systems used here relied on flow meters to standardize the gas flow inputs 
into the plasma spray guns and test setups. An important distinction must be made in the measurement 
units between normal liters per minute and standard liters per minute, which could have an effect on 
process and measurement variation. The difference lies in the reference temperatures used in 
calculating the two values. Normal conditions are 20 C vs standard being 0 C, with both at atmospheric 
pressure 101.3 kPa. The metering systems measure the volume of gas flowing through them as well as 
the temperature and calculate what the volume would be at the reference temperature. 

2.1.2.5 Powder Feeding  

Powder makes its way into the plasma flame by the means of a dedicated powder feed system. 
Conveying powder in a controlled manner to the plasma spray gun can be a daunting task and feeder 
designs vary widely to accomplish this. Powder feeders commonly measure powder volumetrically by 
mechanical means or in a fluidized bed feeder, powder is gravimetrically fed by weight. As the volume or 
mass of the powder injected is determined by the powder feeder, the carrier gas transports the powder 
and serves to deteǊƳƛƴŜ ǘƘŜ ǇƻǿŘŜǊΩǎ ƳƻƳŜƴǘǳƳ ōŜŦƻǊŜ ŜƴǘŜǊƛƴƎ ǘƘŜ ǇƭǳƳŜΦ Lǘ ƛǎ ƛƳǇƻǊǘŀƴǘ ǘƻ 
maximize the time particles spend in the plume so the carrier gas flow rate is an important process 
input. The gas flow also passes into the plume and together with the particles distort the plume, so 
additional considerations are required. The primary plasma gas is typically used as the carrier gas for 
simple logistical reasons in addition to non-reactivity with the powder or plasma plume. 

Figure 8: Powder port types studied here with their geometry, internal diameter (in mm), 
and powder injection angle.The constituent components of types 1 and 5 are also 
included. Size of GH nozzle included for relative comparison. 
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The powder port, also called the powder injector, seeds the powder directly into the flame and 
is made of a hardened steel to resist wear of the powder flow and the temperatures in close proximity 
to the plasma jet. Powder ports vary in diameter and injection angle to tailor the particle trajectories to 
the thermal requirements of the powder used. The three types of powder ports studied here are shown 
in Figure 8.  

The plasma particle interaction is quite complex. Heat and momentum must be transferred from 
a plasma, where both have a spatial and temporal, to thousands of particles with their own spatial and 
temporal distribution of momentum, size and shape. This interaction must be optimized to achieve the 
desired particle states for a particular coating. Many parameters are relevant to the momentum transfer 
to the particle. The initial particle conditions are an injection velocity distribution, injection angle and 
particle size distribution. Variance occurs in the particle injection velocity from the powder nozzle 
diameter, shape, and carrier gas flow rate. The position and orientation of the nozzle relative to the 
plasma jet axis determines initial relative velocities.  Individual particle positions within the nozzle's area 
also contributes to the initial distribution of particle states. 

Any particular particle within the plasma is acted upon by inertial forces consisting of viscous 
drag and to a certain extent gravity and Lorentz forces [14]. These are going to depend on particle 
shape, diameter, density, velocity, drag coefficient; and plasma density, viscosity and velocity [15]. 
Comprehensive force considerations must include the steep pressure gradient that can affect trajectory, 
for sub 10 micron scale particles temperature gradients can result in thermophoresis, and depending on 
particle injection location and properties, Coriolis forces can be observed[16]. 

2.1.3 High Velocity Oxygen Fuel Spraying 

High velocity oxygen fuel spraying, HVOF, differs from the plasma spray process mostly in 
energy source. Modern spray booths and controllers are often designed to run either process. The 
powder feed system must tolerate higher pressures but otherwise can be the same though axial 
injection in the torch is more feasible and common. Longer nozzles allow for more particle acceleration 
time and thus increased velocity. HVOF is often sought for increased coating density due to the high 
velocities that particles have at impact. Without arc root motion the flame/jet is a lot steadier, it also 
has higher jet velocities, generally supersonic; both have implications on the process acoustic signal. The 
gun used here required external remote ignition using a resistance heating element remotely placed 
into the combustible gas flow out of the nozzle. 

2.1.4 Process Monitoring Equipment 

The thermal spray processes require the consistent control of multiple gun inputs and 
environmental and safety controls. While manual systems are still in use, most modern spraying is done 
in integrated, digitally controlled systems where a single computer controls and records all digital 
meters, electronics and components. These systems offer some indication of the properties of a sprayed 
coating, but after powder leaves the feeder, separate monitors are required. Particle temperature and 
velocity are taken as the best indication of coating properties as will be discussed further in the 
Literature Review, and their sensors are the most common system add-ons. In both industry and 
research institutions the particle state is generally determined optically. Two popular commercial 
technologies, and those used in this work, are AccuraSpray and DPV2000 systems both by Tecnar 
(Quebec Canada). The AccuraSpray is a spray plume monitor and determines average particle 
temperature and velocity while the DPV2000 tracks individual particles. Both use optical sensors to track 
objects in their field of view and rely on the intensity of particle emissions to determine temperature. 
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Both systems require a fixed position of the plasma torch, ǿƘƛŎƘ ŘƻŜǎƴΩǘ ŀƭƭƻǿ ŦƻǊ ǎƛƳǳƭǘŀƴŜƻǳǎ ŎƻŀǘƛƴƎ 
of substrates while measuring particle states adding time and costs to coating processes. These systems 
are also both expensive, running in the tens to hundreds of thousands of dollars. The DPV measurement 
area is 0.25 cubic millimeters that auto centers on the plume and can auto map a spray plume in a few 
minutes while the AccuraSpray collects average information of a larger area. DPV measured velocity is 
accurate to about 0.5%, with temperatures within 3% and calculated diameter at 7-15% if calibrated. 
AccuraSpray average values claims similar accuracy. Without plume mapping both allow for 
misrepresentation of plume characteristics via averaging and sampling errors. DPV measurements have 
been seen to be very self-consistent with better than 1% repeatability[17]. Applicability of these 
measurements for process monitoring and control is complicated by natural fluctuations in the process. 
These occur on multiple time scales, with powder feeder instabilities at 0.1 to 100 Hz, plasma jet 
fluctuations at a few kHz, and arc voltage fluctuations between 2-20 kHz. 

2.2 AEROACOUSTICS 

2.2.1 Aeroacoustic Signal Sources 

Sound propagates through materials in the form of a pressure wave. While sound is typically 
associated with the vibration of a solid like a speaker or a tuning fork, there are numerous mechanisms 
by which a fluid flow can produce an acoustic signal. The study of such aerodynamically generated noise, 
or aeroacoustics, finds most of its application in jet engine design, air and terrestrial vehicle design, 
structure engineering, and HVAC. The phenomena, however, are encountered on a daily basis, from the 
sound of an open window to the whistling one does while working. The acoustic signals are dependent 
upon the structures in the flow and their scales. Structures in this sense being eddies and vortices in the 
fluid. These are a function of the flow which can most simply be characterized by its Reynolds number 
(Re) ǿƘƛŎƘ ǊŜƭŀǘŜǎ ǘƘŜ ŦƭƻǿΩǎ ǎƛȊŜ scale (L), flow velocity (V) and fluid viscosity (˄ύ. 

 

ὙὩ 
ᶻ
      Equation 1 

 
Laminar flows are typically observed with Reynolds numbers below 2000 and turbulent flow 

Reynolds numbers above 5000 with a transitional region between them. In this investigation we are 
focused on flows issuing forth into atmospheric condition with many different initial conditions. Primary 
of interest to the aerodynamically generated noise applicable here are turbulent flow noise and 
coherent flow structure noise. Acoustic signals in air being fluctuations in pressure, the steadiness of a 
laminar flow does not produce acoustic wave. A turbulent flow though, characterized by random 
fluctuations of momentum and pressure, where the pressure fluctuations propagate away from the flow 
as acoustic signals. The randomness of the turbulence results in no specific peaks in the frequency 
domain but a broadband increase in frequency spectral intensity. Coherent or regular and defined flow 
phenomena, in either laminar or turbulent flows, result in pressure wave creation at regular time 
intervals that produces an acoustic tone observable as a peak in the frequency spectrum.  

2.2.1.1 Coherent Flow Structures 

Within a laminar or turbulent flow, large scale and periodic flow phenomena can occur. These 
are often the product of a resonant feedback where pressure waves from the breakdown of the 
structure pass upstream and trigger and/or strengthen the next flow structure. Whistles in all their 
incarnations are a common occurrence of this phenomena. Geometry plays heavily into the frequency at 
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which this can occur in addition to the gas flow velocity. A constant Strouhal Number (St) often 
describes these flows as the product of frequency (F) and characteristic length, divided by flow velocity.  

Ὓὸ 
ᶻ
      Equation 2 

 
There generally is some variation to the Strouhal number with Reynolds number. 

2.2.1.2 Boundary Layer 

When a fluid flows over a surface, that fluid is slowed by friction. This can be envisioned as ŀ άƴƻ 
ǎƭƛǇ ŎƻƴŘƛǘƛƻƴέ where ǘƘŜ ƳƻƭŜŎǳƭŜǎ ƛƴ ŎƻƴǘŀŎǘ ǿƛǘƘ ǘƘŜ ǎǳǊŦŀŎŜ ōŜŎƻƳŜ ŦƛȄŜŘ ŀƴŘ ŘƻƴΩǘ ƳƻǾŜΦ Adjacent 
molecules are then slowed by viscous forces and this slowing of the flow extends out away from the 
surface. The effect on the flow at a distance d from the surface is determined by the fluid and flow 
properties. The region near the surface where the flow is below 90% of the center velocity is termed the 
boundary layer. Boundary layer momentum thickness is often between 0.003 and 0.023 times the jet 
radius. Thinner boundary layers have longer potential cores with lower centerline turbulence [18]. 

A similar boundary layer like effect is observed when a flow issues into another fluid medium, 
termed a jet, being a different fluid or with different properties (T, V). Both fluids are then acted upon by 
viscous frictional forces. The region where this occurs is called a shear layer. Mixing and momentum 
transfer occur in this region. 

2.2.1.3 Acoustic Signal Processing 

To convert a continuous signal into one that a computer can record and analyze, discrete 
measurements must be taken. When analyzing a regularly fluctuating signal, care must be taken to 
sample frequently enough to capture the fluctuations. The Nyquist criteria stipulates that the sampling 
frequency must be more than double the highest frequency of interest. The Nyquist frequency is then 
half of the sampling frequency. Due to the discrete sampling, a signal with frequency higher than the 
Nyquist frequency can be misconstrued as a lower frequency signal that can generate the same discrete 
points, this is termed aliasing. This phenomena occurs visually in the way that a wheel, when observed 
accelerating forward, can appear to slow, stop or even reverse the direction it is spinning. 

Time dependent signals are converted to the frequency domain by a Fourier Transform, with the 
Fast Fourier Transform (FFT) being a particular mathematical formulation of the technique. The FFT 
effectively decomposes a time varying signal into the sum of multiple sine functions. The intensities then 
determined, are those of the constituent sine wave of the corresponding frequency. The spectra 
reported here are calculated by Equation 3 implemented in Matlab.  

Ὠὄ ςπzὰέὫὥὦίὪὪὸ       Equation 3 

 
Where x is the time-dependent audio wave signal, and ref is the reference pressure (0.00002 for 

decibel scale). This produces a logarithmically scaled intensity for each frequency value. The frequencies 
resolved by the FFT are dependent upon the sample rate and number of samples.  
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3 LITERATURE REVIEW 

Due to the complexity of the interactions in the plasma spray process, the state of the art 

relevant to this investigation falls into several categories: electrical arc phenomena, plasma flow, 

electrode wear effects, plasma spray monitoring, particle injection, plasma spray acoustics, acoustic 

process diagnostics, and aeroacoustics of nozzle flows. 

The wear phenomena of the nozzle and other noise factors in the thermal spray process that 

affect coating quality are very multidisciplinary problems. Aspects of the phenomena have been 

investigated from many different perspectives and those that are applicable are discussed here. This 

includes research that both justifies the approach taken here (both by alternatives and similar attempts) 

and that helps explain the sources of the problem and the solutions presented.  

Aspects of relevant research that are motivating/explaining the need and relevance of this work 

focus on: how and why the process drifts and is inconsistent, and in what way, and why, noise 

parameters contribute. These discuss the anode wear phenomena and the plasma generation with the 

effects on the process. Particle injection and its role in coating properties. This includes what is currently 

done to monitor and compensate for the effects of these variations which will lead to why these sources 

of variation were selected as the focus of this work. 

Acoustics were selected as a means of diagnostics as they have been shown to offer information 

about gas flows and plasma spray processes. The breadth of this previous work will be discussed here. 

Lastly, works that help explain or understand the phenomena behind the successful implementation of 

the aeroacoustic signals in plasma spray process monitoring developed here are also included. 

3.1 THE PLASMA SPRAY ANODE AND NOZZLE 

Wearing of plasma spray nozzles is a well-established source of drift in the process. These 
nozzles also serve as the anodes in the plasma generating electrical circuit and become the target of 
excess localized heating when the electrical arc develops a preferential attachment point. This has been 
an understood problem since the commercialization of the technology as evidenced by cheap and easily 
replaced nozzles. Further, a selling point for newer gun models focuses on their increased nozzle life and 
process stability. Nozzle erosion has been well investigated by many research groups. Groups 
investigated the erosion phenomena with focuses on its causes [19-25], effects [26, 27], detection [6, 
28-32], and some attempts to avoid/delay it [33-36]. An understanding and overview of their work will 
aid in the understanding of the complex problem to be investigated here and the phenomena observed.  

3.1.1.1 Electrical Arc 

Much study has been dedicated to understanding the mechanisms behind electrode wear and 
the parameters that influence it. This has applications well beyond plasma spraying as electrical arcs 
interact with materials in many processes so other systems will be discussed below as well. When 
present the geometrical or system differences will be highlighted. 

A study by Herberlain on different DC plasma torch designs, highlighted the inherent 3D nature 
of the anode being parallel to the arc axis [37]. He describes the electron density gradient between 
anode and arc helping to drive electron flux and heat transfer to the anode. Heat transfer is increased 
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with work function, current density, electron temperature, and thermal diffusion coefficient. Energy 
transfer is associated with electron condensation and energy released following recombination of 
plasma gas atoms. It therefore decreases with atom and electron thermal conductivities. In the plasma 
channel, present between the arc column and the anode wall, the highly viscous plasma is acted on by 
drag from the flow and Lorenz force from its own magnetic field and curvature of the current path. 
These forces on the attachment point causes motion that reduces localized heating, and thus erosion. 
The motion also varies the electrical voltage and power, and ultimately heating rates leading to 
instabilities of the jet. New anodes favor random motion while eroded ones have a very preferred 
movement which is prevalent in the voltage FFT. Herberlain points to increased swirl gas and external 
magnetic fields as means to force arc motion [37]. 

{ȊŜƴǘŜΩǎ ǘƘŜǎƛǎ ƛƴǾŜǎǘƛƎŀǘŜŘ ŜƭŜŎǘǊƻŘŜ ǿŜŀǊ to develop a specific understanding of plasma torch 
erosion. Their work was based on experiments with concentric rod electrodes in the middle of tubular 
electrodes with a magnetically driven arc to force motion. Plasma/arc temperatures achieved with this 
setup reached 5 ς 20 kK and had extremely high viscosity with Re >1000. In calculating forces on the 
electrical arc, in addition to Lorenz and fluid drag they also included a surface drag related to arc/surface 
interaction. Experiments showed the average arc length to be dependent on gas composition which 
included argon, helium, and nitrogen. Auger experiments of cathodes after arcing with various gases 
indicate that melting of the electrode to about 100 nm depth and diffusion of plasma gas into molten 
copper occurs. They calculate that ion implantation is unlikely due to the approximate 50 keV required 
to implant ions to this depth. Contamination of cathode surface was seen to change arc velocity and arc 
voltage. Their anode saw effectively no erosion over 50+ hours of cathode testings which was attributed 
to low current density relative to the cathode[23].  

In work by Szente et al. regarding copper cathode erosion in the same concentric-electrode 
plasma torch; it is indicated that important parameters are arc velocity, water cooling rate, transverse 
magnetic field strength, oxide layer thickness, experiment duration and gas composition [24]. An 
attempt was made to calculate the potential erosion rate based on arc attachment diameter, arc power, 
and arc velocity όǊŜǎƛŘŜƴŎŜ ǘƛƳŜύ ǿƘƛŎƘ ŀŎƘƛŜǾŜŘ ŀǇǇǊƻǇǊƛŀǘŜ ǘǊŜƴŘǎ ōǳǘ ŎƻǳƭŘƴΩǘ ǇǊŜŘƛŎǘ ŀŎŎǳǊŀǘŜƭȅ 
erosion rates in 3D. Their 2D simulation did not include evaporation or volitization but did look at the 
effect of multiple arc root attachment points, instead of one large one. It was in agreement with their 
measured, observed, and suspected phenomena. They explained that multiple smaller attachments 
reduced the heating load on the cathode and would be heavily influenced by cathode contamination 
and geometry changes which could focus multiple spots into a tighter area[23]. 

Other work such as that by An et al. sought to reduce the inherent fluctuation in the arc root 
though torch design [26]. This was predicated by a study of the fluctuation modes of the plasma spray 
torch; steady, takeover, and restrike. Steady mode was achieved via high current and low gas flow rate 
such that Lorentz and drag forces were equal. This came at a cost of increased anode wear and poor 
plume properties (i.e. velocity). Takeover mode was achieved with helium, argon or their combination, 
while diatomic hydrogen or nitrogen or their mix with argon incited restrike mode. In both takeover and 
restrike modes, drag is much greater than the Lorentz force such that the arc root is forced down stream 
with voltage increasing until the arc short circuits to move upstream. In motivating their torch design 
modification they cite experimental nozzle designs that increased turbulence in the cold boundary layer 
(CBL) to encourage shunting or limited root motion by using a stick type anode. They also mention 
aŜǘŎƻΩǎ {ƛƳǇƭŜȄΩǎ ƳǳƭǘƛǇƭŜ άƴŜǳǘǊƻŘŜǎέ ǘƘŀǘ ƭŜƴƎǘƘŜƴ ǘƘŜ ŀǊŎ ǘƻ ƛƴŎǊŜŀǎŜ steadiness [26]. 

They developed a two anode torch that sought to reduce CBL thickness to increase stability. A GH style 
nozzle was separated into two, with a cut perpendicular to the flow direction, separated with an 



 

13 

 

insulator ring. The upstream anode section was attached by a switch to the power supply, to be used to 
start the torch then isolate the downstream anode. This produced an extended arc, increasing voltage 
which decreased the required current for a particular power level and thus decreased anode erosion 
[26].  

Comparisons were made between their design with a conventional 5 mm ID torch, for alumina and 
tungsten carbide coatings, by microstructure observation and Vickers hardness (MH-6 microhardness). 
Gun current was selected for constant power and voltage for the two guns with 36 SLM Ar and 6 SLM 
H2. For alumina no differences were perceived. This was in agreement with calculations and simulations 
in other studies that indicated an approximately equal temperature and velocity transfer to particles for 
the two gun designs. Tungsten carbide coatings however were different, decreased decarbonization 
occurred with the stretched arc gun which could have been from temperature effects or oxygen in the 
plasma jet. Since there was no difference perceived in the alumina coatings, indicating the same particle 
temperatures for the two guns, they concluded that there must be different oxygen content of plumes 
from entrainment. They claim the ǇƭǳƳŜκŀƳōƛŜƴǘ ǾŜƭƻŎƛǘȅ ƎǊŀŘƛŜƴǘ ŀƴŘ άǇƛǎǘƻƴ Ŧƭƻǿ ƛƴŘǳŎŜŘ ōȅ ǘƘŜ 
ŀƴƻŘŜ ŀǊŎ Ǌƻƻǘ ŦƭǳŎǘǳŀǘƛƻƴǎέ cause entrainment so their anode is decreasing entrainment/shear layer 
turbulence [26]. 

The thesis by Duan offers a thorough description of steady, restrike and takeover voltage 
fluctuation modes then relates them to thickness and temperature of the cold gas boundary layer in the 
nozzle. Further, it describes nozzle wear as thinning this boundary layer and reducing motion of arc root 
[20]. 

Schein et al. described the development of triple arc guns which divide the current by three by 
splitting the anode attachment, which aim to approximately decrease the anode heating by three. This is 
done commercially with one cathode and three anodes as in the DeltaGun by GTV (Germany) or with 
three cathodes and arcs ŀƴŘ ŀ ǎƛƴƎƭŜ ŀƴƻŘŜ ŀǎ ǿƛǘƘ hŜǊƭƛƪƻƴ aŜǘŎƻΩǎ ¢ǊƛǇƭŜȄ ƎǳƴΦ In the Triplex, spiral 
plasma gas injection is omitted, reducing radial instabilities and multiple neutral rings are used to force 
the arc farther downstream in the nozzle. Any of these rings can be selected to be the anode to adjust 
gun voltage. In this setup the arcs stay separated due to shortest path favoring. DeltaGuns have three 
anodes and one cathode, so a single arc splits into three near the end of the nozzle. Other properties are 
similar to the Triplex, with selectable voltage and no swirl gas injection[35]. 

One nanosecond exposure images of plasma jets showed increased stability of both torches over an F4 
(Metco) gun which has a single cathode and anodeΦ ¢ƘŜȅ ŀƭǎƻ ōƻǘƘ ƘŀǾŜ ŀ άŎŀƎŜ ŜŦŦŜŎǘέ ǿƛǘƘ ǇƻǿŘŜǊ 
injected across from the ǇƭŀǎƳŀΩǎ ǘǊƛŀƴƎƭŜ Ǉƻƛƴǘǎ ŎƻƴŦƛƴƛƴƎ ǘƘŜ ǇƻǿŘŜǊ more to the center of the plume 
[35]. 

Marques et al. observed changes in jet length and luminosity on the order of 50 kHz for an F4 
gun with 6 mm diameter nozzle with 45/12 SLM Ar/N2 at 540 A. Diatomic gases add dissociation energy 
to the plasma but constrict the arc and its attachment shortening anode life. A wide variety of 
multielectrode torch designs were presented that all aimed to produce a more uniform flow and 
temperature profile for particles to encounter and to simplify powder injection(with axial being 
preferred). With the triplex they observed that changing operating parameters produced rotation of the 
plasma jet which changes the ideal particle ƛƴƧŜŎǘƛƻƴ ǇƻƛƴǘΦ aŜŀƴǿƘƛƭŜ ǘƘŜ 5Ŝƭǘŀ ƎǳƴΩǎ ŀǊŎ 
separation/dividing point fluctuation causes flow instabilities[36]. 

Other researchers have also sought to alter the nozzle for a more consistent arc attachment, 
such as by adding boundary layer bleed holes to a GE type nozzle [38] 
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The onset of the nozzle wear phenomena was studied in work by Planche et al. [39]. They cite an 
arc root displacement dependence upon surface roughness and oxidation. This was studied with a lab 
built gun with a 7mm nozzle at 600A, 45 SLM Ar, 15 SLM H2 by monitoring voltage, and plasma 
temperature and velocity. After 30 minutes of operation no noticeable erosion was ǇǊŜǎŜƴǘ άŜȄŎŜǇǘŜŘ 
ǎƳŀƭƭ ǘǊŀŎŜǎ ƭŜŦǘ ōȅ ǘƘŜ ŀǊŎ Ǌƻƻǘ ǿƛǘƘƻǳǘ ƳƻŘƛŦƛŎŀǘƛƻƴ ƻŦ ŀ ǿŀƭƭ ǊƻǳƎƘƴŜǎǎΦέ wƻǳƎƘƴŜǎǎΣ ƘƻǿŜǾŜǊΣ ǿŀǎ ƴƻǘ 
measured. With more operational time they observed many worn regions arise then finally merge and 
become deeper and deeper. After 12 hours of use, they observed less than 1% decrease in plasma 
temperature, and so concluded that temperature was unaffected by electrode condition. They did 
observe variation in the velocity profile, 9% decrease in maximum, which they attributed to cathode tip 
changes. [39]. 

Vardell et al. reviewed plasma spray process diagnostics and simulation. They noted that anode 
erosion occurred with root residence longer than 150-180 microseconds, which corresponds to a 6.6 
kHz-5.5 kHz minimum fluctuation frequency. They reference studies that indicate voltage drop with 
nozzle wear should be corrected via current increase and that plume fluctuations do affect particle 
velocities[40]. 

3.1.1.2 Plasma Flow 

Sun and Herberlein describe current, voltage and cooling water temperature increase as 
άǘǊŀŘƛǘƛƻƴŀƭέ ƳŜŀƴǎ ƻŦ ǇǊƻŎŜǎǎ ŎƻƴǘǊƻl [22]. Their experiments aimed at recreating the gas/plasma flow 
properties within a Praxair SG 100 torch equivalent. They calculated a density ratio of 0.05 between 
argon at 300K and helium at 600K in agreement with ǘƘŜƛǊ ǊŜŦŜǊŜƴŎŜǎΩ values of 0.02 to 0.06 for the 
argon to plasma density ratio within an operating plasma spray gun. The plasma, at 600-800 m/s and 10-
12 kK in half of an 8 mm ID nozzle was calculated to have a Reynolds number of 50-100, while the 
boundary layer, at 200-400 m/s and 2-5 kK, would have a 1000-4000 Reynolds number. They sought to 
simulate these values with 4.6 to 8.5 SLM helium and 7.55 to 10.97 SLM argon in a clear plastic and glass 
άƎǳƴέ ǿƛǘƘ ƘŜƭƛǳƳ ƛƴƧŜŎǘŜŘ ŦǊƻƳ ǘƘŜ ǘƛǇ ƻŦ ǘƘŜ άŎŀǘƘƻŘŜέ as well as seeding the flow with three micron 
particles for flow visualization. This setup was also simulated in ANSYS CFD software. For comparison 
with the flow characteristics, the wear patterns were observed for 3 different gas injectors. A 4 hole-
straight injector produced a single erosion spot 20-28mm from nozzle exit which was moved by rotating 
the gas injector 45 degrees. A 4 hole-swirl injector produced a slanted ring ¾ way around 26-15mm from 
the nozzle end while an 8 hole-swirl injector produced the least erosion that was also uniformly 
distributed ~26-15mm. Their nozzles were worn 1-мл ƘƻǳǊǎ ŀƴŘ ǾƻƭǘŀƎŜ ǘǊŀŎŜǎ άŘƛŘ ƴƻǘ ǎƘƻǿ ŀƴȅ ŜŦŦŜŎǘ 
ƻŦ ŜǊƻǎƛƻƴέ ǘƘŀǘ ƛǎΣ ƴƻ ǇŜŀƪ ƛƴ ǾƻƭǘŀƎŜ ǎǇŜŎǘǊǳƳ[22]. 

For a SG-100 torch, Duan calculated plasma gas and air to have a 0.04-0.07 density ratio with 
600-1000 Reynolds number assuming jet temperature of 3000-6000 K on average. They simulated these 
properties with a 600 K helium flow (0.08 kg/m^3 for a ratio of 0.068 to air density) at a 54 SLM flow 
rate through an 8mm nozzle for an 800 Reynolds number. They then looked at flow effects with new 
and worn nozzles with different gas injectors (swirl to straight). From schlieren video of the flows they 
measured jet length and divergence angle. Swirl decreased jet length and increased divergence angle as 
did nozzle wear. This observation is qualified as not necessarily the same effect swirl would have on an 
actual torch as swirl affects the arc properties in the nozzle which do more to lengthen the jet than it is 
shortened by the increased turbulence generated after exiting the nozzle[20]. 

Spores and Pfender operated a gun with 50 SFCH argon through a 6.35 mm nozzle at 10.8 kW 
power and 32.8% efficiency. Turbulent intensity measurements indicated laminar flow at the nozzle exit 
as the high temperatures of the plasma increased its viscosity which lowers its Reynolds number. They 
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proposed torroidal vortex shedding as the fluid dynamic mechanism behind air entrainment due to 
laminar flow exiting the nozzle with a high density gradient[13]. 

Pfender et al. approximated the ǇƭŀǎƳŀΩǎ Reynolds number to be at about 100 έōŀǎŜŘ ƻƴ ƴƻȊȊƭŜ 
ŘƛŀƳŜǘŜǊέ ŀǘ ǘƘŜ ƴƻȊȊƭŜ ŜȄƛǘ ŀƴŘ it quickly rises to about 10,000 where turbulence is apparent[41] 

Badie et al. identified the laminar to turbulent transition in their plasma torch to be at around 
5.2 SLM argon for their 3-4 mm nozzles. 

3.1.1.2.1 Nozzle Design Variation 

Choi et al. added a step to the anode downstream of the cathode, in an effort to decrease air 
entrainment, which resulted in delayed cooling and slow down of the plasma plume with less turbulent 
mixing. [42] 

Cao et al. looked at the coating properties after changing from a 5mm ID standard nozzle to a 
Mach 3 Laval nozzle in a low pressure plasma(VPS) spray gun which saw increase in spraying efficiency 
and spray density[43]. 

A torch was modified by Vincenzi et al. to improve process consistency as measured by the 
plasma jet length, plume fluctuations, particle properties, and coating porosity. They identified fluid 
dynamics as a source of process variability in the form of arc motion causing continuous change in 
power and plasma heating; as well as the temperature and density gradients across the shear mixing 
layer. They modified a SG100 anode that they coupled with different gas swirl injectors to alter the 
mixing shear layer. Variations explored were: axial bore grooves, bore micro jet gas flows, external 
microjet gas shroud, and increased number of swirl injector holes(with constant area). Voltage and 
plume luminosity were not much affected by nozzle modifications. Reducing swirl reduced the voltage 
FFT peaks at 2, 5, and 8 kHz but a smaller 1 kHz peak appeared. Changes were observed in plume shape 
and fluctuations; particle states; and coating porosities and standard deviations[44]. 

3.1.1.3 Electrode Wear Effects 

Leblanc et al. monitored yttria stabilized zirconia powder particle state while spraying for 40 

hours with one set of electrodes in a SG-100 plasma spray torch. They measured a 2D particle T and V 

distribution and set point. They saw gun power increase then decrease over the course of the nozzleΩǎ 

life without good correlation with particleΩǎ 200 C mean temperature drop and no correlation with 

particleΩǎ ол Ƴκǎ ǾŜƭƻŎƛǘȅ ŘǊƻǇ. This, they took as indicating gun power as being likely a poor means of 

control. With nozzle wear they dƛŘƴΩǘ ǎŜŜ ŀ ŎƘŀƴƎŜ ƛƴ ǇƻǊƻǎƛǘȅΣ but a drop from 55% to 41% in deposition 

efficiency was measured. With old electrodes increasing hydrogen percent and total gas flow rate 

produced particle states and coating properties similar to a new nozzle but with gun power 5 kW higher. 

At points they observed a 200C drop in mean temperature with only a 1 kW drop in power which could 

result in more than 10% difference in ŀ ŎƻŀǘƛƴƎΩǎ thermal conductivity. Coatings sprayed during their test 

showed changes in microstructure with varied amounts of cracking[27]. 

Another expanded full lifetime test by Leblanc and Moreau was with a 7 mm F4 gun using 

32.4/12.6 LPM Ar/H2 and 550 A arc current. They attributed electrode wear to high local energy loads 

from the electrical arc. They observed a mostly linear drop in voltage from 67V to 55V over 55 hours of 

testing along with a gun power change from 36.5 to 31 kW and non-linear change in temperature from 

2700C to 2500C and a change of 175 to 145 m/s in velocity. They also tracked the frequency of voltage 
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fluctuations increasing in steps from 4.8 to 5.1 to 5.2 to 5.5 kHz with a bell shaped intensity profile. 

Coating porosity was measured to increase from about 7% to 9% with the wear of the nozzle [45].  

3.2 PLASMA SPRAY MONITORING  

It is obviously advantageous to know what the output of a process will be before it is run. This 
can be exceptionally difficult when there are many interacting inputs as with plasma spray. Process 
maps are developed to identify the important input parameters and determine how their variation 
effects the output. The input to output relationships in plasma spray can be separated into gun inputs 
determine particle state, particle state determines coating properties, and coating properties determine 
coating performance. The most commonly studied relationships center around particle state, though 
Ang et al. developed property-performance maps as a step towards  developing process parameter to 
coating property maps[46]. 

Fincke et al. lowered particle injection velocity and measured a decrease in mean particle 
ǘŜƳǇŜǊŀǘǳǊŜ ōŜƭƻǿ ȊƛǊŎƻƴƛŀΩǎ ƳŜƭǘƛƴƎ Ǉƻƛƴǘ which lowered deposition efficiency. Higher injection 
velocity however increased variation in particle temperature but melted and deposited a larger portion 
of the particles. They also monitored particle velocity and temperature and spray pattern shape and 
trajectory. They identify particle and surface temperatures, particle velocity, and surface topology as 
primarily determining deposition properties. A multiple input multiple output PID control system was 
developed that mapped particle and plume characteristics to coating properties for process control[47]. 

Mauer et al. optimized particle injection through plume and particle monitoring of a F4 gun at 
600 A, 40 SLM Ar, 10 SLM H2, and 4.5 g/min of Al-Mg powder though a 1.8 mm port. This was also done 
with TriplexPro with a 9 mm nozzle, 1.8 mm port with Metco 204NS (YSZ) at 20 g/min where they 
observed swirl to the plume. They saw effects on temperature and velocity from varied carrier gas flow 
rate, emphasizing that carrier gas flow rate was the most important parameter for improving powder 
injection as it dictates particle heating and acceleration. A particle temperature drop was also observed 
with changing from 1.8 mm to 2.0 mm diameter powder ports but were able to regain mean particle 
temperature by increasing the carrier gas flow rate to match the initial flow velocity[17]. 

A fractional factorial experimentation on magnesia spinel abradable coating properties 
(hardness, porosity, abradability) as a function of argon, current, spray distance, and powder feed rate 
on a F4 torch was performed by Steinke. Ultimately this was used to approximate coating properties 
from online particle T and V measurements. With their materials, they found that argon flow most 
affects particle velocity, hardness was dependent upon both particle T and V and porosity was most 
dependent upon temperature. They measured about 100 HV0.5 decrease and 1% increase in porosity 
with 50 m/s particle velocity increase while a 100 C increase in temperature increased hardness about 
100 HV0.5 and decrease porosity 2%.  Correlation between hardness and porosity was observed. Of the 
parameters they tested, which notably lacked hydrogen, none had significant effects on 
temperature[48]. 

In the thesis by Trunen, they developed HVOF process maps, online diagnostics and performed 
single splat studies. Online particle monitoring was done via DPV-2000. For alumina coatings, hardness 
and wear resistance was determined as a function of particle velocity and temperature which in turn 
were determined by fuel/gases and standoff. Alumina was selected as having a high melting 
temperature and would thus be sensitive to process temperatures as well as being sensitive to 
composition changes in the flame. HVOF particle temperatures and velocities were dependent upon fuel 
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gas, fuel ratio and gas flow rates. Ultimately they found increased coating hardness and wear resistance 
was produced by the highest temperature and velocity producing input parameters[49]. 

The dissertation by Vaidya describes process maps for thermal spray, particularly focusing on 
particle state and stresses induced in a coating effects on properties. They compared inputs to particle 
state across multiple guns: F4 (6, 7,8mm diameter nozzles and bell shaped 7.3mm), 3MB, 7MB (straight 
gas injector for nitrogen plasma swirled for argon), SG 100, St Gobain TS 7 and Praxair HV 2000 HVOF. 
Particle states in their investigations were monitored with 3 different systems. Substrate curvature 
measurements were implemented for coating stress determination. The work does much to highlight 
the effect of particle temperature and velocity on individual spat structure and coating microstructure in 
molybdenum and zirconia powders. Particle injection was varied to achieve consistent plume center 
between powders. This showed the carrier gas flow rate effect on particle temperature, velocity and 
plume position. A JMP statistical model for temperature and velocity from mass flow/current/hydrogen 
ratio and interactions was developed and favorably compared predicted values to those measured. 
From repeated measures of the same parameters over time saw a 17.2 / ŘǊƻǇ ǇŜǊ ƘƻǳǊΦ !ǎ ǘƘŜȅ ŘƛŘƴΩǘ 
observe a correlation between temperature drop and voltage readings they concluded that nozzle 
degradation was an unlikely cause of the effect. They observed similar drop with other plasma densified 
powder so they claimed more likely morphology related, hypothesizing that it is powder feeder induced 
ǎŜƎǊŜƎŀǘƛƻƴ ōȅ ǎƛȊŜ ƻǊ ōǊŜŀƪ Řƻǿƴ ƻŦ ǘƘŜ ǇƻǿŘŜǊ ōȅ ǘƘŜ ŦŜŜŘŜǊΩǎ ǎǘƛǊǊŜǊǎ[50]. 

The thesis by Wentz developed process maps for Metco F4 sprayed YSZ coatings. These 
determined argon, current, and hydrogenΩǎ effects on particle temperature and velocity, measured by 
AccuraSpray and DPV; and coating properties, measured by in situ curvature, temperature and porosity. 
They also produced a process map for a new and a used cathode with no mention of nozzle/anode. The 
ǳǎŜŘ ŎŀǘƘƻŘŜ ǿŀǎ ŘŜǎŎǊƛōŜŘ ŀǎ ƘŀǾƛƴƎ άŀōƻǳǘ ǘƘǊŜŜ ƳƻƴǘƘǎ ƻŦ ƻǇŜǊŀǘƛƴƎ ǘƛƳŜ ƻƴ ƛǘΦέ bŜǿ ŎŀǘƘƻŘŜ ¢ ŀƴŘ 
V points fell within or near 2 sigma calculated from 5 old cathode process maps. They observed a small 
increase in temperature for all parameters run with inconsistent velocity effects. With repeated 
measures of the same parameters they observed a temperature drop of 95 C and velocity drop of 2.6 
m/s via AccuraSpray but an increase of 6.8 C and 8.1 m/s drop via DPV. Thickness per pass increased 
about 2 micrometers on a 150-300 micron coating from 30 passes or about 20-30%. The control system 
developed based on temperature and velocity process maps and by other particle metrics and coating 
ƳŜŀǎǳǊŜƳŜƴǘǎ ƘŀŘ ŘŜŎŜƴǘ ǎǳŎŎŜǎǎ ōǳǘ ŘƛŘƴΩǘ ŀŎŎƻǳƴǘ ŦƻǊ the cathode or nozzle wear[51]. 

More relationships between particle state and process parameters and coating properties can be 
found in the work by Fauchais et al. which reviews particle monitoring methods and practices as well as 
methods of implementing such information into a control strategy [52]. 

3.3 PARTICLE INJECTION 

Particle injection received attention in a lot of work out of Stony Brook University as an 
optimizable parameter particularly with their process map development discussed above, but it was also 
studied on a more fundamental level in works by Vardelle et al. These include online particle /plume 
monitoring, which discerned carrier gas flow rateΩǎ effect on particle position, particle injection effect on 
the plume, and particle state effect on flattening degree and cooling rate[53]. They also performed a 
more broad review of controlling particle injection[54]. The Reynolds number for 1.75 mm injector with 
3-8 SLM argon flow was determined to be 3000-8000, the effect being that curvature of the feed line 
effect on flow is gone and the flow is fully developed about 29-34 mm after a curve (being a function of 
Reynold number and radius of curvature). Their experiments varied injector diameter from 0.5 mm to 
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1.8 mm and also varied carrier gas flow rate. With a larger port and higher flow rate, such that the 
velocity was the same, more powder bypassed the jet. Plasma viscosity was shown to not have a large 
effect on particle penetration, unlike plasma momentum, and that particle injection velocity was nearly 
independent of particle size. They also claimed that external injection of carrier gas has a negligible 
effect on the plasma jet as measured by its temperature and velocity profiles[54]. 

Work by Ettouil et al. simulated the temperature for two identical zirconia particles injected at 
ȊŜǊƻ ŀƴŘ млх angles from vertical that showed a difference of about 150 K. They also developed a model 
to determine velocity and size distribution of powders at powder port exit based on initial size 
distributions and collisions with walls and between particles[55]. 

Apart from variation to powder injection velocity, very little work has been dedicated to other 
sources of changes to powder feeding. It has been mentioned in passing as a potential source of process 
drift [50] and some of the causes of feed variation such as pulsing have been discussed in brief[56, 57]. 

3.4 THERMAL SPRAY ACOUSTICS 

Inherent in the thermal spray process is the very intense acoustic signal it generates. It is an 
important consideration for operator safety equipment and quality spray booth design[58]. The acoustic 
signal also carries with it a great deal of information about the process. Those familiar with the process 
ŀǊŜ ǉǳƛŎƪ ǘƻ ǘŜƭƭ ƻŦ ǘƘŜ ŜȄǇŜǊǘ ƻǇŜǊŀǘƻǊǎΩ ŀōƛƭƛǘȅ ǘƻ ŘƛŀƎƴƻǎŜ ǘƘŜ ǇǊƻŎŜǎǎ ōy ears alone but research on 
the acoustic single ƘŀǎƴΩǘ offered superior diagnostics to particle state or voltage monitoring. The 
acoustic signal of the thermal spray processes has been studied with some success, as will be discussed 
below, generally for its correlation to the arc root motion, the gun voltage, and the optical emission 
intensity. The rapid fluctuations of the gun voltage are seen to parallel a component of the acoustic 
signal [28, 29, 31, 32, 52, 59-67]. So also included below are papers that include voltage fluctuations as a 
measure of wear, as the changes observed in the peaks in the voltage frequency spectrum can be 
assumed to be also indicate the change that would occur in the same portion of the acoustic frequency 
spectrum even if not explicitly recorded or studied. Some if not all changes in the voltage frequency 
spectrum should have parallels in the acoustic regime. 

3.4.1.1 !ŎƻǳǎǘƛŎ {ƛƎƴŀƭΩǎ wŜƭŀǘƛƻƴǎƘƛǇ ǘƻ Voltage Signal 

DƘƻǊǳƛ Ŝǘ ŀƭΦΩǎ ǿƻǊƪ ǿƛǘƘ ŀ ŦƭǳŎtuating plasma, though not in a plasma torch, identifies arc root 
fluctuations as the origin of voltage, optical and acoustic fluctuations. All were also identified as 
άŎƘŀƻǘƛŎέ ƛƴ their plasma arc device consisting of two magnetically driven copper tubes for electrodes 
(end to end with a space with gas flow). They also deduce that the amplitude of acoustic fluctuation is 
mostly proportional to the time derivative of the voltage signal[28].  

Dourier et al. studied an F4 gun with a 6 mm diameter nozzle with a swirl gas injector, no 
powder injection, and with a Multicoat control system. Their microphone was placed at 90 degrees 1.2 
meters from the jet axis. Acoustic, voltage, current, and light emission signals were sampled at 166 kHz, 
band passed 10-10^5Hz and Hanning windowed prior to FFT, with the aim of avoiding aliasing and 
eliminating DC component. These spectra were averaged over 50 segments. A 300 Hz peak was 
identified as being from power supply, whereas clearly defined peaks in 3-30 kHz range were attributed 
to arc motion and restrike. They mention that peaks change in amplitude and frequency with torch 
aging due to electrode wear but do not present any tests of such. 50/2 SLM Ar/H2 and 50 SLM Ar both 
at 500 A were tested. With hydrogen, peaks were at 3.5kHz and 6.5kHz, while just Argon peaks were at 
about 4.25kHz, and 10.25kHz with 1/3 the power spectral intensity[62]. 
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Using a CPM 200 torch (Soudure Autogene Francaise) with an argon plasma, Pauvit et al. studied 
the acoustic signals in the 20 Hz to 50 kHz range. Nozzle diameters of 2.4, 3.6, and 4.8 mm had peak 
frequencies go from 32.5 kHz to 5.9 kHz with diameter increase. Current, changed from 40 to 170, only 
increased the frequency from 8.5 to 10.25 kHz. Argon, when changed from 17 to 29 NLPM, increased 
the peak frequency from 4 to 11 kHz with a 4.8 mm nozzle. The group applied a scaling law to relate the 
acoustic and voltage frequency, non-dimensionally, to current, argon flow rate and nozzle diameter [63]. 

Pfender et al., in the frequency spectrum of the voltage signal, saw large changes in intensity 
between torch runs with constant conditions. Peaks at 4.5 kHz and 2.5 kHz varied in which was most 
intense. This was attributed to randomness of the arc motion and two different patterns of fluctuations. 
They posited that one frequency of fluctuation might limit nozzle erosion and flow turbulence.  Argon 
plasma gas flow changes from 25 to 100 SCFH produced a huge change in voltage frequency spectrum 
(both frequency and intensity of peaks) and promoted restrike mode. Sharper and higher peaks 
occurred with increased current too but not to the same degree as argon flowΩǎ ŜŦŦŜŎǘ. With a 
microphone placed 1 inch from the jet center at the nozzle exit, in an anechoic chamber, they claimed to 
be able to identify flow modes by detecting shear layer instabilities. They stated that vortices would 
create a discrete frequency while a helical mode "has no characteristic length scale and produces a 
broad band acoustical spectrum." They list higher mass flow rates, lower temperature, and decreased 
viscosity as all increasing mixing and swirl of an exiting jet. Acoustically they determined that at 50 SCFH, 
the spectral peak was from torroidal vortex shedding, at 75 SCFH the peak was indicative of a 
transitional flow, while a 100 SCFH flow produced a helical mode. They also mentioned that there was a 
strong correlation with voltage and light emissions [68]. 

The work by Brilhac et al. was aimed at plasma cutting torch wear though they used a non-
transferred arc torch. Their torch used a button type cathode and completely straight anode and 
operated in the same modes and wore by the same mechanism as an APS anode. They describe arc 
ǎƘǳƴǘƛƴƎ ŀǎ ǘŀƪƛƴƎ ǘƘŜ ŦƻǊƳ ƻŦ άƭŀǊƎŜ ǎŎŀƭŜ ŀǊŎ-to-ǿŀƭƭ ǎƘǳƴǘƛƴƎέ ǘƘŀǘ ŀǊƛǎŜǎ ŦǊƻƳ ǘǳǊōǳƭŜƴŎŜǎ that 
shorten the cold boundary layer. This generates saw tooth arc voltage fluctuation in the 1-15 kHz range 
as the arc restrikes closer to the cathode. They also discussed shunting radially from the attachment 
point as άǎƳŀƭƭ ǎŎŀƭŜ ŀǊŎ-to-ǿŀƭƭ ǎƘǳƴǘƛƴƎέΣ ŀƴŘ άŀǊŎ-to-ŀǊŎ ǎƘǳƴǘƛƴƎέ ǿƘƛŎƘ ŀǊŜ ƭƻǿ ƳŀƎƴƛǘǳŘŜ ǿƛǘƘ 
constant attachment point at frequencies above 10 kHz. They developed dimensionless parameters for 
arc resistance, enthalpy flow/dissipation ratio, in addition to Reynolds number with the aim of 
extrapolation to higher power, and more expensive, plasma torches. These parameters were used to 
recalculate arc characteristics within 5% of measured values. Their plasma torch used a button cathode 
with 8 and 9 mm ID anodes, 100 mm long, with a gas injection chamber with 45mm ID. Acoustic signals 
were recorded from 4Hz-100 kHz. With the arc ignited, they found a frequency peak at 4848 Hz that 
changed with current and anode design that they associated with arc root displacement. They found the 
acoustic signal correlated with arc root fluctuations[19].  

Brilhac et al. followed up that work by investigating the same setup but with a well-shaped 
cathode which they compared to two commercial torches up to 2 MW in power. They only looked at air 
as the plasma gas. The voltage frequency was measured to have increased, from 4.5 to 7.5 kHz, and with 
noisier and broader spectrum. They found the frequency increased with current.  They deduced that the 
arc root on/in the ŎŀǘƘƻŘŜ ǇǊƻōŀōƭȅ ŘƻŜǎƴΩǘ ƧǳƳǇΣ having a continuous attachment, as there is no flow 
through the cathode. Frequency also increased with increases in cathode diameter. This was explained 
by likely increased fluctuations in the arc from cathode attachment motion, shortens the CBL thickness 
leading to shunting and thus more rapid voltage changes[69]. 
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3.4.1.2 Voltage Fluctuations sans Acoustics 

The typical means of identifying nozzle wear is through voltage monitoring. While plasma spray 
torches operate in a direct current basis, the voltage is seen to fluctuate very rapidly. And as the 
frequency of these fluctuations and the mean voltage are observed to change with nozzle degradation 
much research has been done to understand this phenomena.   

Zhao et al. investigated a 7 mm ID torch with a neutrode, at 380 A and 33-50 LPM argon flow. 
They observed 3 and 7.7 kHz peaks in both the voltage and optical signal, and thus related the arc root 
motion to changes to the external jet. The optical signal had a peak at 12 kHz not observed in the 
voltage signal so they surmised that it was likely related to fluid dynamic processed such as engulfment, 
turbulence, or eddies. The same tests with a nozzle without the neutrode did not show clear peaks in 
either optical or voltage FFT. They cite the relationship of increasing arc length, by increasing gas flow 
rate, also increasing gun voltage. They related arc length to measured increases in peak intensities with 
gas flow rate but dƛŘƴΩǘ observe or offer a mechanism for changes in frequency[70].  

Mauer et al., with a F4 gun, took voltage and particle measurements at different stages of nozzle 
wear. They saw decreasing voltage roughness and high frequency noise as well as observing changes in 
particle velocity and temperature via DPV2000. They considered 4-11 kHz the range of main voltage 
peaks and looked at above 20 kHz as an indication of macroscopic arc root motion. Investigations used 
50/8 SLM Ar/H2 with 500 A current in addition to two argon nitrogen gas mixes. They incrementally 
tested a nozzle over 25 hours of operation, ŘŜƴƻǘƛƴƎ ǘƘŜ нр ƘƻǳǊǎ ŎŀǎŜ ŀǎ άǾŜǊȅ ǿƻǊƴέΦ ±ƛǎǳŀƭ ƛƴǎǇŜŎǘƛƻƴ 
saw more wear to the anode than cathode so effects were attributed to the anode wear state. It was 
expected that the hydrogen case would lead to the most erosion due to its constriction of the plasma 
core, producing higher energy density. They averaged 8 time voltage measurements per compared case. 
As they only saw noticeable change in the main peaks and harmonics at the end of ǘƘŜ ƴƻȊȊƭŜΩǎ life so 
concluded that voltage frequency was a poor measure of wear of a nozzle. In the high frequency regime, 
over 20 kHz, they observed gradual decrease in intensities with wear which was attributed to stronger 
arc root anchoring. The voltage dropped from 68.6 to 65 volts over 25 hours, while voltage peak 
frequency decreased once at 10 hours then not again, the second peak, at 8 kHz, only deceased at 20 
hours and then was significantly attenuated. Nitrogen versus hydrogen as a secondary gas spectral 
differences were explained as nitrogen producing a shorter arc  that ŎŀƴΩǘ ǊŜŀŎƘ ǘƘŜ ƘȅŘǊƻƎŜƴ ŜǊƻǎƛƻƴ 
point so it had more motive freedom. Also a less constricted core decreases velocity which slows the 
downstream progression of the arc attachment, lowering the voltage fluctuation frequency. Aluminate 
particles sprayed at 660 A, 40/10 SLM Ar/H2, were measured to decrease in mean temperature of about 
50-100 C. They concluded that voltage measurement for wear required voltage history i.e. multiple 
testings over the course of wearing. But particle temperature only needed one measurement to identify 
worn nozzles based on an absolute criteria [30]. 

Weckmann et al. investigated the frequency of optical and voltage fluctuations from an F4 gun 
with Laval type nozzle. They observed three voltage peaks between 4 and 9 kHz. The 1st and 3rd 
increased in intensity with increased ignitions. The 1st peak shifted with progressive wear of the 
anode[71].  

Ramachandran et al., in simulating arc root motion in a F4 nozzle, were able to demonstrate 
that increasing arc current increases the arc core radius while decreasing its length. Decreasing gas flow 
rate had the opposite effect. They also showed that hydrogen has strong plasma core constriction 
effects which causes higher power density[72]. 
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These high frequency plasma plume fluctuation have been seen to effect particle state. Bisson et 
al. measured 600 C and 200 m/s  temperature and velocity differences  within particles due to 
plasma/voltage  fluctuations[73]. This work was carried on to study the microstructural effects which 
saw more porosity and unmelts from a less stable plasma jet[74]. 

3.4.1.3 Through Substrate Signal 

Another facet of the acoustic signals in thermal spray processes are those made by particle 
impacts with the substrate. Reuss investigated the acoustic signals from a 9MB plasma spray gun (and a 
wire arc gun) as a function of nozzle wear and powder feed variation. Their work was motivated by 
analysis of the same coating applied on 3 different days, producing coatings with 3 different thicknesses, 
porosities and roughness. Acoustic emission analysis, which is generally analyzing the signals 
transmitted through a solid body, was implemented. The ultrasonic signal from particle impacts, and 
thermal and mechanical shifting of the coating/substrate was used to determine particle velocity, 
temperature, mass, viscosity and interaction with the substrate. They found this process to be 
complicated by effectively continuous signals from particle impacts, as individual impacts were not 
discernable. They calculated that approximately 1.8 *10^7 particles were sprayed per second, or one 
every 40 ns, so to reduce the sample size, the sampling area was reduced. Ultimately they sprayed onto 
a small test sensor or a specially altered larger substrate. The signal was still complicated by substrate 
material and dimensions, coating thickness and material, and gun spray position. They simulated noise 
variable influence by the use of an 8 mm nozzle instead of the normal 6 mm, in addition to 3 worn 
nozzles. Faulty powder injection was achieved by replacing a type 2 powder port with types 5 and 1.  
The correlation between the optimal case and the varied parameters was then calculated for the 
potential of distinguishing the fault source. An artificial neural network was developed to structure the 
frequency spectra according to their similarity via a Kohonen network from spectra between 400 kHz 
and 1 MHz divided into 960 bins. This method could identify/categorize signals from 3 different currents, 
as well as the different nozzle and powder port states[75]. A follow up to this work was presented in 
[76]. The largest problems with this method was the geometrical effects, as too large an area nor 
complex geometries could not be processed. Thus this method would have to be applied as a separate 
measurement/testing process akin to a DPV/AccuraSpray measurement, limiting its usefulness. 

In another acoustic emissions analyses method, Lugscheider et al. placed transducers on the 
back of a substrate. These gathered the acoustic signals from particle impact, the plasma jet, cooling jets 
and cracking in the formation of thick thermal barrier coatings by recording up to 5.12 MHz. In this case 
a F4 gun with 6m m nozzle was used [77]. 

Zielke et al., acoustically monitored the substrate during twin wire arc spraying and highlighted 
the decrease in intensity with coating thickness. Continued recording the sample after spraying detected 
cracking due to part cooling[67]. Similar approaches were applied to HVOF by Faisal et al.[78]. 

3.4.1.4 Acoustic Signal Process Monitor or Control 

3.4.1.4.1 Plasma Spray 

From their work on the acoustic signal from a low argon, low current, plasma torch with 
adjustable cathode, anode distance, Badie et al. suggested that the peak frequencies are a function of 
temperature[60]. They also investigated the acoustic field around a plasma torch which was found to be 
highly directional such that parallel and forward of torch would have significant changes in intensity with 
gun motion[79] 
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RigotΩǎ thesis used an F4 gun and manufactured F4 nozzle equivalent, investigated currentΩǎ 
effect on acoustic signal which saw peaks in 1-1.5kHz range and 4-4.5kHz range. Their microphone was 
placed 31 degrees off jet axis 336 mm in front of gun, directed towards the nozzle exit. Acoustic signals 
were recorded at 8 kHz for 1-10 min with and without powder feed. Voltage was recorded at 5 kHz and 
briefly sampled at 50 kHz. The higher frequency peak was observed to increase in frequency from 3.9 
kHz at 300 A to 4.7 kHz at 600 A. A reversed trend was observed with the lower frequency peak that 
decreased from 1.4 kHz at 300 A to 0.6 kHz at 600 A They performed extended lifetime testing for 2 
nozzles where they observed/identified at least two stages of wear, one slow one fast [31]. A summary 
of the conclusions and implementations of RigotΩǎ thesis were discussed by Lenain et al. where kernel 
smoothed signals from acoustics and voltage of 2-2.5 kHz and 1.6-5 kHz respectively were used as 
measures of wear [29].  

Rigot et al. describe electrode wear rate as dependent upon: starts and hours of operation, but 
also parameters run including current and gas flows and composition. They also noted that mean 
voltage (which is the Multicoat recorded value and root mean squared) is fluctuant on a minute scale 
but global means work to characterize a spray run. They cited that amplitude of the acoustic signal has 
been found to be proportional to electrical arc power [80, 81] but instant voltage is necessary to 
estimate the shift on the hour scale. They measure the initial arc restrike frequency to be about 100-150 
microseconds for an F4 gun at 600 A with 75-25% mix of Ar-H2 [82]. 

Xi et al. investigated the wear of a SG100 plasma torch (129,145,130 electrode and gas injector 
configuration). They placed microphones at 45 and 90 degrees off the torch axis. No changes were 
observed at the 90 degree position. At 45 degrees, however, they detected high frequency, 39τ50 kHz, 
peaks in acoustic signal that were not in the voltage signal, with a 42 kHz peak that was sensitive to 
wear[32]. In another work by the same group Leblanc et al. a 200 C temperature drop was recorded 
over 40 hours of spraying with one nozzle. Peaks at 5 and 9 kHz developed and increased in both the 
voltage and microphone signals with wear. They ultimately concluded that the acoustic signal does allow 
ƻƴŜ ǘƻ ŎƘŀǊŀŎǘŜǊƛȊŜ ƴƻȊȊƭŜ ǿŜŀǊΣ ƛǘ ŘƛŘƴΩǘ ƻŦŦŜǊ ŀƴȅ ŀŘǾŀƴǘŀƎŜǎ ƻǾŜǊ ǘƘŜ ŀƭǊŜŀŘȅ ōŜƛƴƎ recorded voltage 
signal [83]. 

Beall et al. studied a Miller SG-100 spray torch operating in subsonic mode with argon/helium 
mixes, acoustically in the 20 Hz to 20 kHz range, recorded 90 degrees off the spray axis. They 
determined that voltage and sound signals provide similar information about the state of the plasma 
spraying system but that the sound signal seemed to provide some additional information which cannot 
be found in the voltage signal. Acoustic peaks in the 4-8 kHz range were found to mirror voltage 
fluctuation frequency and so were related to arc length and power. They proposed that acoustic peaks 
in 8-12 kHz range were related to large scale turbulence. They had 5 anodes with increasing numbers of 
ignitions, service time and depth of erosion. They fit 5th degree polynomials to the two frequency ranges 
and identified peaks in those and their relative ratio as well as the length of the spray jet. These values 
were found to be related to current and the He/Ar ratio. Ultimately they developed a controller to 
stabilize the jet length by controlling current and gas ratio based on anode condition as determined by 
acoustic sound peak ratio[61].   

In another work by the same group, Duan et al, with their SG-100 in subsonic mode, deposited 
yttria stabilized zirconia, with 5 different worn anodes, while recording 20 ς 20k Hz acoustic signals. 
They observed decreases in deposition efficiency and increased porosity with anode service hours.  This 
work only inspected the 1 to 8 kHz range where the acoustic signal was seen to be the same as voltage 
in the frequency domain [84]. 
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Rat and Coudert have produced several works that focus on the acoustic signal from plasma 
spray. In [64] they investigated the acoustic signature of suspension plasma spraying. Using a SMF4 gun 
(6mm nozzle) with external fluid suspension injection with Argon and Ar/H2 as plasma gases, a 100 kHz 
microphone at 45 degrees off the flow axis was used to determine the acoustic power spectra. They 
explained ǘƘŀǘ άnarrow peaks in the power spectrum means resonance phenomena occur in the plasma 
ǘƻǊŎƘΦέ {ǇŜŎƛŦƛŎŀƭƭȅ ƛƴ ǘƘŜƛǊ ǎŜǘǳǇΣ they identify a 4-5 kHz peak as a Helmholtz resonance mode of the 
cathode cavity and a 7 kHz peak that they suspect is another cavity resonance mode. Their voltage 
signals were affected by suspension injection along with a decreased intensity of the 7 kHz peak while it 
increased at 4 kHz. Since flows were subsonic, pressure fluctuations from injection were suspected of 
propagating upstream and slightly modifying the resonance of the cathode cavity. Their calculated 
sound speed in the plasma was about 3000 m/s, but liquid injection locally cooled the plasma decreasing 
the speed of sound. They identified an increase in sound propagation time with increased mass injected. 
They hypothesize that suspension drop injection which occurred between 35-50 kHz should be, but was 
not, observable in power spectrum. They did identify a drop in intensity in frequencies above 20 kHz 
along with increases below 20 kHz with suspension injection. They derived a formula for attenuation of 
frequency ranges based on plasma temperature and mass flow rate which agreed pretty well with their 
observed phenomena. Ultimately they claimed their method gave a signature of plasma and liquid 
interaction in the intensity increase in the 10-20 kHz range or decrease in the 35-50 kHz range, but 
below 10 kHz observed no acoustic characteristic of fluid plasma interaction [64].  

In another work by Coudert and Rat they experimented with an F4 gun (6mm nozzle) and a 
custom built torch with adjustable back end. They decreased the volume behind the cathode in their 
torch and saw large frequency increases in the voltage fluctuations and slight voltage decreases. They 
measured the pressure drop along the inside of torch with and without cathode and plasma which was 
used to calculate and present a Helmholtz frequency formula for a much simplified gun geometry. In 
comparing the effects of varying the cavity size at a few current values to that predicted by their 
Helmholtz formula they had pretty good agreement[85].  

Rat and Coudert modified an F4 gun to insert a microphone into the cathode cavity and 
recorded frequencies up to 160 kHz. Their gas inlet pressure was measured immediately prior to 
entering the gun and inside the cathode cavity (average pressure 1.66 bars +-0.02 bars), while observing 
a 100 microsecond delay in pressure behind voltage fluctuations. They considered the restrike mode to 
affect the whole frequency range due to the randomness of the re-arcing and as white noise 
spectrally([86]). Filtering the voltage and pressure signals allowed them to be divided into (or identified 
as the sum of) a Helmholtz mode, 4.5 kHz for 45/6 SLM Ar/H2, 600 A; modes 1 and 2, at 7 and 16.5 kHz; 
and restrike signals. Modes 1 and 2 were suspected to be from standing acoustic waves in the cathodic 
cavity. Mode 2 was not present in their voltage signal and appears to increase frequency with hydrogen 
flow rate while the Helmholtz and mode 1 exchanged energy[87].  

In [88], Rat and Coudert, noted that takeover mode was more easily observed with monatomic 
gases and restrike mode was favored with diatomic additions or with pure argon and lower arc current 
or increased nozzle diameter. Arc root spot lifetime was linked to nozzle erosion rate seen in voltage 
fluctuations as saw tooth separation and as a function of cold boundary layer thickness. Arc column 
thickness increased with arc current and decreased with hydrogen increase as it enhanced thermal 
constriction. They determined that the mean spot lifetime was not the same as the arc voltage period. 
According to their voltage signal, arc restrikes about every 30 to 100 microseconds, corresponding to a 
frequency greater than 10 kHz so the main fluctuation frequency (4-5 kHz) ŎŀƴΩǘ be related to cold 
boundary layer thickness. Their short time FFT with time step 31 microseconds, window width 7.936 ms 
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and signal duration of 0.2 s showed an alternating signal between restrike and mode 1 such that they 
were not occurring concurrently. It was concluded that the acoustic modes are exchanging energy. By 
adding a 10 mm ID piston and cylinder (acoustic stub or acoustic resonator) to the cathode cavity they 
ǿŜǊŜ ŀōƭŜ ǘƻ ŀƭǘŜǊ ǘƘŜ ƎǳƴΩǎ ŦǊŜǉǳŜƴŎƛŜǎΦ ¢ƘŜȅ ƻōǎŜǊǾŜ ǘƘŀǘ ǘƘŜǊŜ ǿŜǊŜ Ǉƛǎǘƻƴ ŘƛǎǇƭŀŎŜƳŜƴǘ Ǉƻǎƛǘƛƻƴǎ 
that damped the Helmholtz mode and increased the mean arc voltage. They identified that the 
difference between damping dƛǎǇƭŀŎŜƳŜƴǘǎΣ άcorrespond to the half acoustic wave length of cold 
plasma forming gasesΦέ [88] 

In a variation to this work, Rat and Coudert increased the piston neck diameter, going from 4 to 
5 mm, which decreased the Helmholtz mode more. This was explained as the smaller neck having more 
ŦǊƛŎǘƛƻƴ ƭƛƳƛǘƛƴƎ ǘƘŜ ǇƛǎǘƻƴΩǎ ŜŦŦŜŎǘ ƻƴ ǘƘŜ I-mode signal. However when going from 5 to 6 mm there 
was a slight rise in Helmholtz mode signal, attributed to a decrease in the damping coupling [34]. 

Another work by Coudert et al. on F4 guns has a more detailed calculation of Helmholtz 
frequency as a function of specific enthalpy. Their calculations didƴΩǘ ŀƭƭƻǿ ŦƻǊ ƘƛƎƘŜǊ ƘŀǊƳƻƴƛŎǎ such as 
those observed experimentally. TƘŜȅ ŘƛŘƴΩǘ see regular voltage fluctuations or Helmholtz frequencies in 
a homemade gun which they claim was due to geometrical differences that increased the damping 
factor of the cavity[89]. 

Badie et al. looked at the acoustic signal from an argon plasma torch with the aim of 
determining its characteristics. Harmonic peaks to the primary frequency were observed, with random 
intensities, that were invariant in frequency for a given flow rate. A linear decrease in frequency with gas 
flow rate was observed. When the anode-cathode distance was increased, an increase in frequency and 
in voltage was observed with a non-linear voltage/frequency relationship. At different argon flow rates, 
different relationships between voltage and frequency were observed when varying the anode-cathode 
distance. They suspected that the frequency position is mainly a function of arc temperature though 
they were not able to directly measure it. Attempts to calculate the arc temperature from enthalpy and 
relate that to frequency were unsuccessful but attributed to inaccuracy of the enthalpy balance based 
temperature approximation[60]. 

The thesis by Duan[20] investigated the acoustics of SG-100 Praxair spray gunΦ ¢ƘŜ ƎǳƴΩǎ 
nozzle/anode has an 8 mm diameter 25 mm channel. Nozzles at three different states were tested, 
new(less than 10 hrs. use, 50 start, and 0.2 mm erosion depth), used (~200 starts, ~50 hrs. use, and 0.4 
mm erosion), and burnt due to cooling failure (1.4 mm erosion depth). Coating analysis consisted of 
coating thickness distribution, porosity and unmelted particles per area. Deposition efficiency was also 
determined from spraying on a plate and weighting. In addition to high frequency voltage sampling, 
their spray process was monitored by acoustic signals in the 20-20k Hz range as well as with a DPV 2000. 
At low gun current with high flow rates, restrike mode was observed. For Ar/He as plasma gases 
(primary/secondary) at 100 A, 100/40 SLM respectively was needed which is outside the SG-мллΩǎ 
normal operational range. With increased current with/or decreased flow rates, the voltage switches to 
άŦƭǳŎǘǳŀǘƛƴƎ ƳƻŘŜ ǿƛǘƘ ǘŀƪŜƻǾŜǊέ i.e. takeover: this was achieved with 40/20 Ar/He at 500A where most 
Ar/He spray recipes operate. With high current and a low and straight gas flow injection into the 
cathode cavity, steady mode was achieved and was observed at 900 A with 60 SLM Ar. Between these 
ranges mixed modes were common. Mixed cases were observed of steady/takeover at 800 A with argon 
at 100 SLM; restrike/takeover at 400 A and Ar/He at 98/20 SLM. An arc mode value was calculated 
based on the shape of the voltage signal (2=restrike, 1=takeover, 0=steady with full range between). 
Takeover mode has a thin cold gas boundary layer (CBL) such that minor distortions can cause electrical 
shunt development. Swirled gas injection encourages takeover mode as it increases attachment 
randomness[20]. 
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In their analysis and description of the arc root fluctuations they included a friction force (as in [23]) for 
the arc root attachment to the anode that opposes the drag force pushing the foot downstream. 
Additionally they associated steady mode with low jet noise and a highly laminar and long jet[20]. 

Their arc was also visually monitored with a camera in the jet axis. In takeover mode, 30-60 degree 
tangential arc root motion was observed during a voltage cycle with a broad root and deduced that 
ŀǘǘŀŎƘƳŜƴǘ ŘƻŜǎƴΩǘ ǾŀƴƛǎƘ ƛƳƳŜŘƛŀǘŜƭȅ ǿƘŜƴ ōǊŜŀƪŘƻǿƴ ƻŎŎǳǊǎ ŀǎ ǘƘŜ ŀǊŎ ƎǊŀŘǳŀƭƭȅ ǘǊŀƴǎŦŜǊǎ ǘƻ ǘƘŜ 
new attachment. In comparison, restrike mode, had a clearly defined attachment and moved ¾ around 
the perimeter during one voltage fluctuation cycle. They were able to observe the CBL thickness 
decrease with increases to arc current, decreased mass flow rate and decreased secondary gas (helium) 
fraction. Constricting the arc can increase power level and plasma peak temperature. CBL thickness as 
ƳŜŀǎǳǊŜŘ ōȅ ǘƘŜ ƧŜǘ ŀȄƛǎ ŎŀƳŜǊŀ ŘƛŘƴΩǘ ŎƻǊǊŜƭŀǘŜ ǇŜǊŦŜŎǘƭȅ ǿŜƭƭ ǿƛǘƘ ǘƘŜ ŎŀƭŎǳƭŀǘŜŘ ǾƻƭǘŀƎŜ ƳƻŘŜ ǾŀƭǳŜΣ 
especially with mode values between 1 and 2 where there is a split to the data where thickness could 
indicate either mode is dominant. It was noted however that, CBL was measured by visual imaging down 
the jet axis by brightness gradient and as plasma brightness is a function of temperature and 
composition, they were not necessarily measuring the arc thickness[20]. 

Plasma velocities measured 17 mm in front of gun nozzle demonstrated lower velocities with straight 
gas injector (vs swirled) and even lower velocities with an eroded anode. This was explained as resulting 
from lower power level from lower voltage as well as increased entrainment due to stronger 
fluctuations[20]. 

In takeover mode, voltage spectrum progression from new to worn nozzle state observed no peak with 
a brand new electrode as without favorable attachment locations, perfectly random fluctuations 
ƻŎŎǳǊǊŜŘΦ .ǳǘ άŀŦǘŜǊ ŀ ŦŜǿ ƛƎƴƛǘƛƻƴǎ ƻǊ ŀ ŎƻǳǇƭŜ ƻŦ ƳƛƴǳǘŜǎ ƻŦ ƻǇŜǊŀǘƛƻƴέ ƴŜǿ ƴƻȊȊƭŜǎ ŘŜǾŜƭƻǇŜŘ ǎƻƳŜ 
preference and spectral peaks present themselves at about 3.5 and 7 kHz. More erosion caused more 
preference for a spot with longer residence time thus lower frequency. At end of ǘƘŜ ƴƻȊȊƭŜΩǎ life the 7 
kHz peak was lost in the signal for a 2.5 kHz peak[20]. 

From looking at DPV data for particle temperature, velocity and diameter distributions in space, they 
observed lower max and mean values for T and V with the burnt anode. This is explained as erosion 
increased fluctuations in particle heating and momentum transfer with increased jet instability and 
decreased effect of swirled flow. The burnt electrode reduced the average temperature of particles by 
about 150 C (5%) and average velocity by 10 m/s (5.3%) while the used electrode lowered temps by 
about 10 C and velocities by about 5 m/s for NiAl and YSZ powders. For the burnt anode this translated 
to a 6% drop in deposition efficiency and about a 5% increase in porosity[20]. 

Their acoustic signal seemed to provide additional information not found in the voltage signal. The 
acoustic signal was identified as having two major parts, one from the arc instability and the other from 
turbulent eddy breakdown and mixing with ambient air. Since a 3-5 kHz ǎƛƎƴŀƭΩǎ wavelength is 40-60 cm 
and is much larger than the nozzle diameter they claim that sound produced inside the nozzle can be 
considered a point source. Further, dǳŜ ǘƻ ƘƻƳƻƎŜƴŜƛǘȅ ƻŦ ǘƘŜ ǘǳǊōǳƭŜƴŎŜ ŀƴŘ ǘƘŜ ƳƛŎǊƻǇƘƻƴŜΩǎ 
measurement volume being larger than the plasma jet, the signal of the turbulent entrainment should 
be angle-ƛƴŘŜǇŜƴŘŜƴǘ ǎǳŎƘ ǘƘŀǘ ƳƛŎǊƻǇƘƻƴŜ ŀƴƎƭŜ ǎƘƻǳƭŘƴΩǘ affect the acoustic signal. Fifth degree 
polynomials were fit to 2-8 kHz and 8-20 kHz frequency ranges and peaks and width at 0.75 max height 
were compared[20]. 

Duan developed a fuzzy logic system to determine the condition of the anode, on a scale from 0 to 10, 
based on arc current, total flow rate, Ar/He ratio, and ratio of peak heights from the sound spectrum. 
{ƻǳƴŘ ǇŜŀƪ ƘŜƛƎƘǘǎΩ ŀōƛƭƛǘȅ ǘƻ ƛƴŘƛŎŀǘŜ ƴƻȊȊƭŜ ǿŜŀǊ ǿŀǎ Ŧƻǳnd to be dependent upon current but there is 
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no mention of gas change effects. Ultimately their monitoring and control system centered around 
plasma jet length. Sound peak ratio determined wear state was used only for an indication of how 
effective a He/Ar ratio increase would be on increasing the jet length or to determine the rate at which 
to increase current or Ar/He to achieve a desired flame length[20]. Some of this work was summarized 
by Beall et al.[61]. 

3.4.1.4.2 Other Processes 

Tillman et al. investigated the acoustic signal from twin wire arc spraying, in which a steady gas 
flow past the arcing and liquefying wires, atomizes and projects the material onto a substrate to form a 
coating. Electricity arcs between the shortest distance between the two wires. Two signals were 
identified, one from gas flow and the other from varying length of arc as wire melted and was removed 
and the arc extinguishes and reignites. In wire arc spraying, the primary gas is directed through a 
straight bore nozzle about 1.6 mm in diameter. Secondary gases are outside the gun to help shape the 
particle stream. Microphones on the substrate and nozzle produced nearly identical signals. Primary gas 
was seen to be the only parameter that affected the frequency spectrum at the nozzle. The effect of 
primary gas was seen as solely a broadband change in intensity attributed to differing atomization 
behavior of the liquefied wires[65, 67]. The signals measured were between 0.1 and 1 MHz so likely 
missing information in the sub 100 kHz range. 

In work by Chen et al. variation in the acoustic signal was used to determine if blockages are 
present in automotive engine manifolds[90]. 

Jemielniak and Otman applied acoustic signal monitoring to detect tool chipping and breakage of 
lathe cutting bits[91]. Acoustic emissions have also been used for monitoring cutting tool condition[92]. 
They have also been used in monitoring of hard turning and grinding to determine workpiece quality 
and process progress. Where signals allowed for determination of the influence of the process on 
subsurface microstructure[93]. 

Wang et al. implemented an artificial neural network (ANN) using acoustic emissions for detection 
of burn of grinding workpieces. They found that reducing the acoustic signal down to single statistic 
(threshold oriented statistical tools) had limited predictive ability. Very high accuracy was achieved with 
an ANN using radial basis function architecture even with a very small training set. For 240-400 kHz 
frequency band, they used the band power, kurtosis and skew and their means and standard deviations 
across blocks of acoustic signal as inputs/predictors in the ANN to determine burn, non-burn and no-
grinding states. They also tried several other predictor values with success, no clear 
outperformance[94]. 

3.5 NOZZLE FLOW ACOUSTICS 

3.5.1 Aeroacoustic Signals 

Brilhac et al. with an unignited air flow, at 53 SLM, through a 10 mm nozzle had a peak in the 
acoustic spectrum at 1566 Hz with a harmonic at 3170 Hz. This peak frequency increased with gas flow 
rate and decreased with larger nozzle diameter and they attributed it to vortex flow inside the nozzle. 
With an arc ignited they noted that the acoustic signal of the plain flow, their vortex flow signal, was not 
present or detectable in the spectra. It was explained that the no arc acoustic signal was from swirl of 
the gas, and the arc attached well down the nozzle were swirl is reduced, both by wall friction and 
expanding arc gas forces, limiting the vortex flow [19]. 
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In another work, Brilhac et al. also varied the cathode chamber region diameter and the length of 
a straight 2 cm ID nozzle. Increasing the flow rate increased the peak frequency in all cases. Increasing 
the length decreased the peak frequency recorded at a given flow rate. Changing the length from 7.5 cm 
to 22.5 cm decreased the frequency at 200 SLM from about 900 to 600 Hz. Increased cathode chamber 
diameter appeared to have increased the linearity of the effect of flowrate on frequency, especially at 
high flowrates. Both effects were attributed to the changes in the pressure drop due to the geometrical 
changesΦ ¢ƘŜ ǘƻƴŜ ǿŀǎ ǘƘƻǳƎƘǘ ǘƻ άŎƘŀǊŀŎǘŜǊƛȊŜ ǘƘŜ ǎǿƛǊƭ Ŧƭƻǿ ƛƴǎƛŘŜ ǘƘŜ ǘƻǊŎƘΦέ ¢ƘŜ ŦǊŜǉǳŜƴŎȅ ǿŀǎ ǎŜŜƴ 
to reach a plateau from increasing floǿ ǊŀǘŜ ŀǘǘǊƛōǳǘŜŘ ǘƻ ŦǊƛŎǘƛƻƴ ŦƻǊŎŜǎ ǊŜŘǳŎƛƴƎ ǘƘŜ Ǝŀǎ ǾŜƭƻŎƛǘȅ ŀǘ άǘƻƻ 
ƘƛƎƘέ ƻŦ Ŧƭƻǿ ǊŀǘŜ[95]. 

Coudert and Rat experimented with an F4 gun (6mm nozzle). Without gun ignition, whistling was 

observed above 20 SLM argon that was proportional to flow rate. Their calculated frequency from the 

gas swirler based on hole geometry and location which was 5 times lower than the recorded frequency, 

ruling it out as a potential source. They found the signal to persist after removing the swirl ring, cathode 

and nozzle/anode. Tonal frequencies were 4.6 kHz and 5.5 kHz for 50 and 60 SLM argon flow. Sound 

emission was attributed to a Von Karman vortex street [85]. 

In the work by Braeuel and company, a gas flow through the nozzles of transferred arc plasma 
cutting torches was used to identify wear in the nozzles (1.7, 2.36, 2.87, 3.18 mm internal diameters). All 
had sharp edged 3.18 mm long cylindrical hole geometry. At lower Reynolds numbers there were sharp 
harmonically spaced peaks attributed to a periodic but non-sinusoidal pressure variation. Peak 
frequencies were the same for different nozzles at the same flow velocity so they concluded that the 
orifice length was the pertinent characteristic length. Their signal was insensitive to cathode cavity 
volume. They were able to distinguish 14 worn from 3 new nozzles and observed a progressive drop in 
intensity of the resonant peak with wear of a single nozzle [96, 97]. 

/ƘŜƴƎ ŀƴŘ /ƘŜƴΩǎ ǎƛƳǳƭŀǘƛƻƴ ƻŦ ǘƘŜ ŀŎƻǳǎǘƛŎ signal intensity generated by a plasma jet, showed 
increases in intensity with temperature and velocity. When comparing the effects on the flow they saw a 
larger contribution to the acoustic signal from temperature-velocity correlated noise(entropic source) 
than from  just velocity correlated noise(aerodynamic) [98].  

3.5.2 Roughness Acoustic Signal 

Surface roughness has been studied as a source of an acoustic signal[99]., often using sandpaper 
to provide a uniform surface roughness [100].  With sufficiently low background noise levels, signal to 
noise ratios as high as 20 dB have been measured for roughness noise[101]. But while the 0.03 to 20 
micron Ra values discussed here are similar to finer sandpaper, the roughness is much less uniform and 
the size relative to the nozzle diameter is much larger.  

Alemdaroglu investigated the effect of roughness of a cylinder on the vortex shedding and 
acoustic signal of an air flow around it. Cylinders were roughened with 0.05 mm to 0.8 mm glass beads 
ƻǊ ŀōǊŀǎƛǾŜ ǇŀǇŜǊΦ wƻǳƎƘƴŜǎǎ ƭƻǿŜǊŜŘ ǘƘŜ ōƻǳƴŘŀǊȅ ƭŀȅŜǊΩǎ ǘǊŀƴǎƛǘƛƻƴŀƭ wŜȅƴƻƭŘǎ ƴǳƳōŜǊ ŀƴŘ ǘƘŜȅ 
observed changes in Strouhal number with varying roughness[102].  

Wall roughness effects have been tested on the throat of a supersonic nozzle with a 30 cm 
radius by Demetriades. Upstream pressure, surface roughness height, and cooling moved the laminar to 
turbulent transition upstream. Roughness was added by attaching sandpaper of 60-600 grit (0.265 mm 
to 0.016 mm), weave, and wire screen. The turbulence changes were seen to be most sensitive to 
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random sand-grain roughness. The work also indicates that there is a sensitivity threshold below which 
the transition point would no longer move with roughness changes[103]. 

3.5.3 Pipe Tones 

Anderson studied the discrete toneǎ ŦǊƻƳ ǇƛǇŜǎΣ άtŦŜƛŦŜƴǘƻƴέΣ ŀǎ ŀffected by pipe length, orifice 
diameter and gas pressure[104, 105]. In [106, 107] thicker orifices were investigated for their 
geometrical effect on the tones generated. They performed vortex shedding flow visualization via 
shadowgraphs of CO2 flows and investigated the dependence on Reynolds number(up to ~5000) in 
[108] and [109] 

3.5.4 Frequency Lock-in 

Dunlap studied frequency lock-in as the potential source of significant oscillations in rocket 
motors. Periodic vortex shedding matched the acoustic mode frequency of the chamber(=na/2L   
a=sound speed   L=cavity length) so St=n(characteristic dimension)/2ML (M=flow Mach number). Their 
setup had acoustic peaks corresponding to the first 6 axial modes of the chamber with 
M=0.042(~14m/s) in a 3.8 cm ID 106 cm long steel tube. When restrictors were added to middle of the 
tube and their spacing was varied, some damping was observed. Placing baffles at nodes of the acoustic 
modes decreased their intensity[110]. 

E. de Langre defined lock-in phenomenologically as a resonant frequency deviating from its 
expected value (based on input parameters) when the frequency is close to another frequency of the 
system. This can include an oscillatory frequency of a component in the system. Mechanistically they 
ŘŜǎŎǊƛōŜŘ ƛǘ ŀǎ ǊŜǎƻƴŀƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ ǎƻǳǊŎŜǎ ǎǳŎƘ ǘƘŀǘ ŀǎ ƻƴŜ ŀǇǇǊƻŀŎƘŜǎ ǘƘŜ ƻǘƘŜǊΩǎ ǊŜǎƻƴŀƴŎŜΣ 
feedback amplifies the frequency and make it resistant to change (as from change in flow properties). In 
their work they studied coupling of cylinder motion with vortex shedding behind it and modeling both as 
simple mechanical systems[111]. 

Flatau investigated the coupling of baffle and chamber geometry in a rocket motor. They noted 
that lock-ƛƴ ŦǊŜǉǳŜƴŎƛŜǎ ŦƻǊ άŎƭƻǎŜŘ-ŎƭƻǎŜŘέ ǎȅǎǘŜƳǎ could be found by ŦҐƴŀκн[ ǿƘƛƭŜ ŦƻǊ άŎƭƻǎŜŘ-ƻǇŜƴέ 
systems, f= (2n-1) a/4L. Flow velocities of M=0.05 to 0.23 were studied and the system produced 
vortices from the baffle that impinged and reflected off the nozzle back[112]. 

Debut et al. explored lock-in phenomena coupling pipe tone modes with those of the same 
ǇƛǇŜΩǎ ŎƻǊǊǳƎŀǘƛƻƴǎΦ IȅǎǘŜǊŜǎƛǎ ŀǘ ƘƛƎƘ Ŧƭƻǿ ǾŜƭƻŎƛǘƛŜǎ ǿŀǎ ƻōǎŜǊǾŜŘ, as was deemed a typical 
consequence of nonlinear effects. Sometimes modes were skipped while also seeing multi-tones or not 
clean jump from one mode to another, where more than one mode appeared to coexist[113]. 

Paduano and Meskell, in an investigation of vortex shedding off a cylinder, attempted to predict 
lock-in, particularly the starting point thereof. They found that it depends on the amplitude of the 
acoustic wave and the ratio of frequencies between the two phenomena[114].  

3.5.5 Jet Screech 

Cain et al. described jet screech, originally discovered and studied by Powell in 1953, as being 
from a resonant loop where vortices interact with shocks creating acoustic waves that excite vortices. 
They also note that it is only present in an imperfectly expanded jet. They claim that increasing 
temperatures decreases potential core length and number of shock cells (decreasing screech) which is 
opposed by temperature increasing growth rate of instabilities. Four detailed steps are listed in the 
resonance phenomena: flow disturbances are amplified by exponential growth of a Kevin-Helmholtz 
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inflectional instability mode; by the time the instability mode reaches the second shock cell it has 
significant intensity and vertical structure creates acoustic radiation from interaction with the shock cell; 
that propagates upstream and is scattered by the nozzle lip; creating a broad spectrum of wavelengths 
that can couple with the downstream instability wave[115]. 

In the review by Raman, they note that Powell presented the four stages as seen in Cain, the 
fourth stage is now known as receptivity. Powell had also identified 4 frequency stages in a round jet 
labeled A through D. Others showed that stage A1 is unstable, A2 stable, B very stable, C very stable, D 
unstable and not always visible. It had also been shown that A1/A2 are axisymmetric, B, sinuous, C, 
helical, and D, unclassified, with later work showing B and C were helical, while D was sinuous. Multiple 
screech moŘŜǎ Ŏŀƴ ƻŎŎǳǊ άǎƛƳǳƭǘŀƴŜƻǳǎƭȅΣέ ǘƘŜǎŜ Ŏŀƴ ōŜ ŎƻŜȄƛǎǘƛƴƎ ƻǊ Ƴǳǘǳŀƭƭȅ ŜȄŎƭǳǎƛǾŜ ŀƴŘ 
alternating, which can be distinguished by short time FFTs. These different modes were determined with 
multiple microphones and testing for phase differences at different positions. Microphone placement on 
top/slightly behind nozzle is common for jet screech experiments when not characterizing flow or 
mapping acoustic/pressure fields [116]. 

Screech frequency can be approximately calculated as a function of phase velocity of instability 
waves, ambient sound speed, and wavenumber of the shock cell structure which is equal to 2Pi/shock 
cell spacing. Gas temperature affects screech with heat increasing instability wave velocity. Ambient 
velocity (flight speed in the typical application of this work) also affects frequency. Movement of the 
shock cells occurs and this could also contribute to, or cause, the acoustic radiation. Standing waves are 
present with a shock containing screeching jet, Lepicovsky & Ahuja (1985) also saw such with a subsonic 
edge tone setup. Lip thickness affects screech intensity but has also been seen to change the mode. 
Reflectors and dampeners on the lip or in the near field can influence the intensity as well. Many 
applications require complex geometries, where nozzles are altered for noise reduction, thrust 
vectoring, enhanced mixingΣ ƻǊ ǎǘŜŀƭǘƘΣ Ŏŀƴ ōȅ ǘŜǊƳŜŘΥ άŀǎȅƳƳŜǘǊƛŎέΣ άǎŎŀǊŦŜŘέΣ ŀƴŘ άōŜǾŜƭŜŘέ[116]. 

A review by Tam notes that in subsonic cases, large turbulence structures are ineffective noise 
generators and noise production is dominated by small scale turbulence. Large scale structures 
dominate in supersonic flows due to their velocity (supersonic). Shock cell structure results from 
imperfect expansion. Screech tones are typically accompanied by harmonics up to 4 or 5. The acoustic 
signal can be divided into turbulent mixing noise, broadband shock-associated noise, and screech. 
Mixing dominates downstream, the broadband shock-associated noise is dominant upstream and 
screech propagate primarily upstream for round jets. Temperature affects the screech frequency and 
instability wave growth. It does this by decreasing instability wave growth and thereby decreasing 
screech intensity and at a given Mach number, temperature can cause a mismatch between the screech 
frequency and that of the instability wave[117]. 

/ŀƳǳǎǎƛΩǎ ōƻƻƪ ƻƴ ǘǳǊōǳƭŜƴŎŜ ƎŜƴŜǊŀǘŜŘ ƴƻƛǎŜ ƴƻǘŜǎ ǘƘŀǘ ŀǘ ƘƛƎƘ aŀŎƘ ƴǳƳōŜǊǎ ŀŎƻǳǎǘƛŎ 
radiation from air jets from a nozzle produces unique acoustic phenomena. Doppler Effect causes high 
directivity forward and the shear layer causes refraction creating an axial cone of silence. It also notes 
that Strouhal number for circular jets is on the order of one St=Df/U~=1 while for a planar jets 
St=(Thickness)f/U~=0.1 [118]. 
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4 METHODS 

4.1 PLASMA SPRAY COMPONENTS 

New and used nozzles, of type GH, GP, G and GE, for Oerlikon Metco 9MB plasma spray guns 
were obtained from several sources. New nozzles were received from Oerlikon Metco (OM) and Rolls-
Royce. New nozzles were purchased from American Torch Tip (ATT) and Plasma Powders and Systems 
(PPS). While some features and measurements of the new nozzles to be shown here indicate some 
ŘƛŦŦŜǊŜƴŎŜǎΣ ƴƻ ŀŎǘǳŀƭ ƳŜŀǎǳǊŜ ƻŦ ǇŜǊŦƻǊƳŀƴŎŜ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ƻƴ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ƳŀƴǳŦŀŎǘǳǊŜǊǎΩ ƴŜǿ 
nozzles and no indication of superiority or inferiority is implied or intended. Rolls-Royce also donated 
the used nozzles investigated in this study. All used nozzles came with no information regarding amount 
of usage but were identified by an expert operator as embodying both nozzles past their useful life and 
some with life still remaining. Visually, all appeared used due to their oxidation and surface corrosion 
causing severe discoloration, relative to the untarnished copper of new nozzles. Beaded copper flows 
were also present in most nozzles. Nozzles were numbered in the order they were received and not as 
an indication of use. For repeatability and comparison, acoustic signals and other measurements are 
ǘƛŜŘ ǘƻ ǇŀǊǘƛŎǳƭŀǊ ƴƻȊȊƭŜ ǳǎƛƴƎ ǘƘŜ ŘŜǎƛƎƴŀǘƛƻƴ άbƻȊȊƭŜ¢ȅǇŜІέΣ ŜΦƎΦ DIнΣ DIнрΣ ŀƴŘ DtмнΦ ! ǇŀǊǘƛŎǳƭŀǊ 
ƴƻȊȊƭŜΩǎ ŎƻƴŘƛǘƛon is indicated in any relevant figures or discussionsΦ Lƴ ǘƘƛǎ ŘƻŎǳƳŜƴǘ ǘƘŜ άbŜǿέ ƴƻȊȊƭŜ 
label is taken to indicate nozzles never before used or otherwise damaged and during their first process 
ǳǎŀƎŜΣ ά¦ǎŜŘέ ƴƻȊȊƭŜǎ ƘŀǾŜ ǎƻƳŜ ƪƴƻǿƴ ƻǊ ǳƴƪƴƻǿƴ ŘŜƎǊŜŜ ƻŦ ǿŜŀǊΣ ŀƴŘ ŀ ά²ƻǊƴέ ƴƻȊȊƭŜ ǿƻǳƭŘ ōŜ 
beyond its typical useful life. Other measures of the state of the nozzles will be developed and described 
below. 

Powder ports of type 1, 2 and 5 for OM 9MB and 3MB plasma spray guns were purchased from 
ATT, OM, and PPS. Tǿƻ ƳƛƭƭƛƳŜǘŜǊ ǇƻǿŘŜǊ ǇƻǊǘǎ ŘŜǎƛƎƴŜŘ ŦƻǊ aŜǘŎƻΩǎ ƴŜǿŜǊ ǇƭŀǎƳŀ ǎǇǊŀȅ Ǝǳƴ ƳƻŘŜƭǎΣ 
F4, Simplex and Triplex, were received from Oerlikon Metco. Used Powder ports were received from 
Rolls-Royce and Oerlikon Metco. Microscopic inspection could distinguish both erosion/wear of the 
powder port bores and a buildup of material on the powder port face, to varying degrees on the used 
ǇƻǊǘǎΦ tƻǿŘŜǊ ǇƻǊǘǎ ŀǊŜ ƭŀōŜƭŜŘ ōȅ ŜƛǘƘŜǊ άtt¢ȅǇŜ-Іέ ŦƻǊ ǘƘŜ фa. ǇƻǊǘǎ ƻǊ Cп-# for the F4 ports. New 
ports were artificially worn by feeding a 50/50 mix by volume of silica beads (170-375 mesh size) and 
alumina powder (325-500 mesh size) through them via a high pressure carrier gas in a modified grit blast 
chamber. The 50/50 mix balanced the superior flow properties of the silica beads with the hardness and 
abrasiveness of the alumina. Degree of wear was quantified by the volume/mass of powder fed through 
each port. The powder ports were incrementally acoustically tested as described below, weighted, and 
imaged under a microscope at 5X magnification. Digitally, a circle was manually fit to the internal 
diameter of the nozzle face image for which the microscope software (Olympus Stream Motion) 
calculated the area based on the magnification, from which the diameter was determined. 

4.2 OFFLINE SIGNAL GENERATION, RECORDING AND PROCESSING 

The thermal spray components were tested for their effect on gas flow while removed from the 
plasma spray gun. Compressed air fed to the lab facilities provided a dry air supply which was controlled 
by an Oerlikon Metco two stage air filter/regulator and an Alicat Scientific MCR-100 SLPM gas flow 
controller. The flow controller was operated through a RS-232 cable to an Alicat BB9-USB Signal 
Distribution box connected to a computer via USB. The Alicat flow controller measures gauge pressure, 
gas temperature, and liters per minute flow rate, while calculating standard liters per minute (SLM) flow 
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rate accounting for the set flow gas composition, pressure and temperature. These parameters were 
recorded at about 15 Hz. A compressed air hose connects the flow controller to a 19 mm ID, 254 mm 
long, PVC tube into which the back end of 9MB plasma spray nozzles fit reasonably snuggly. A collar at 
the end of the PVC tube ensures a uniform and repeatable fit and a pipe clamp is used to get a secure 
seal on the nozzle. Powder ports were tested with an equivalent setup that replaced the PVC pipe with a 
6.35 mm ID copper tube onto which powder port assemblies (stem, block and port) could be affixed via 
compression fittings. 

Acoustic sigƴŀƭǎ ǿŜǊŜ ǊŜŎƻǊŘŜŘ ǿƛǘƘ ŀ .ǊǳŜƭ ϧ YƧŀŜǊ мκуέ ǇǊŜǎǎǳǊŜ-field microphone Type 4138-
A-015, Type 2670 Microphone preamplifier and Type 2804 Power Supply. These were serially connected 
to a laptop by an E-MU 0204 USB Audio Interface utilized at its maximum 24-bit, 192 kHz A/D 
conversion. The setup used is outlined in Figure 9, where the GH nozzle depicted could be replaced by 
any other component to be tested. The microphone was placed coaxial to the gas flow and aligned with 
the tip of the test piece for simplicity, repeatability and portability of the test setup. 

A Matlab program was developed to control the gas flow rate via serial connection to the gas 
flow controller and to record the resultant audio signal at 192 kHz as a signed 16 bit PCM WAV file. For 
investigating flow dependent acoustic phenomena, the Matlab program would step the gas flow and 
record and save the corresponding acoustic signal and log its operations. After a flow set point signal 
was sent to the controller, the program allowed for the flow to be achieved and then 5-10 seconds in 
which to record the resultant audio signal. The audio signal was divided into multiple segments each 
labeled with its measured flow parameters. The flow meter allowed for set values between 5 and 125 
SLM and the program would set and record the entire range where acoustic signals were generated by 
the nozzle. For the plasma spray nozzles this would be approximately 40 to 125 SLM and 20 to 125 SLM 
for the powder ports. This program is included as Appendix A. 

A Fast Fourier Transform (FFT) was taken of the time dependent signal to generate a frequency 
dependent spectrum. Within one or more frequency range, the maximum intensity and corresponding 
frequency were then extracted as characteristic values for a particular nozzle and flow condition. 
Additional features extracted from the acoustic signals are the sound pressure levels in 1/10th octaves 
after [101], for which, each second of audio was divided into twenty 9,600 sample segments with 960 
sample overlaps. The 16384-point (next power of 2 of 9600) discrete Fourier transform was taken, for 25 
Hz frequency resolution, of the segment and converted to decibels. These frequency spectra were then 
averaged per second within each 1/10th octave frequency range. 

Figure 9: Equipment setup for acoustic testing of plasma spray 
components, GH nozzle setup shown 
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Flow velocities were determined as Mach numbers calculated by Equations 4 for low subsonic 
flows and Equation 5 for supersonic flows. 

ὓ 
Ⱦ  

  
     Equation 4 

 
²ƘŜǊŜ a ƛǎ ǘƘŜ aŀŎƘ ƴǳƳōŜǊΣ [ta ƛǎ ǘƘŜ ƳŜŀǎǳǊŜŘ Ŧƭƻǿ ǊŀǘŜΣ ŀƴŘ ŀǊŜŀ ƛǎ ǘƘŜ ƴƻȊȊƭŜΩǎ ŎǊƻǎǎ-sectional 

area 

ὓ ρ ᶻ       Equation 5[119] 

 
In Equation 5, p1 is the upstream total pressure, p0 is the ambient pressure, and gamma is the specific 
heat ratio or about 1.4 for dry air [119]. 

4.3 ROUGHNESS MEASUREMENTS AND WEAR GEOMETRY 

A Precision Devices Surfometer 430 with a SMT Skidmount on a PDK skid-referenced Tracer was 
used to measure roughness axially along the flow direction of the internal surfaces of the plasma spray 
nozzles with a 5.6 mm draw length. Multiple surface lengths, diagramed in Figure 10, were averaged, 
including measurements in the diverging, straight, and converging (front, middle, and back) portions of 
the GH nozzles. Ra was taken as the measure of roughness for comparisons as no apparent dissimilarity 
in the trends was observed between Ra and other roughness parameters determined by the 
profilometer. Ra is the average of the absolute values of the profile heights, relative to the mean, over 
the evaluation length[120]. For GP and GE nozzles, which lack a diverging section, the measurements for 
the straight bore section were taken with a 10.16 mm draw length to cover more of the internal surface. 
Measurements were oriented to the engraving on the nozzle face as on the right in in Figure 9. 

Silicone castings of nozzles were made using a two-part tin-cure silicone rubber, OOMOO 30 
from Smooth-On. Petroleum jelly heated to 200хC was poured through heated used nozzles to act as a 
release agent. Nozzle faces were placed down on a flat surface such that the narrower internal diameter 
was down in all cases. Silicon was slowly poured in to completely fill the nozzles and left to cure for at 
least six hours. 3D scans of castings were performed by Exact Metrology and 3D Printsmith LLC. 

Middle 

Flow  

Figure 10: Lengths of GH nozzle bore surface over which roughness measurements were made (left),  surfaces measured on GP 
internal surfaces(center), and orientation of measurements taken in nozzles(right). 
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Visual inspection and digital image processing was used to compare the severity of wear based 
on physical erosion of nozzles. Based on the depth and area of erosion spot perceived, nozzles could be 
ranked as new/unworn and low, medium and high degrees of wear. Castings were placed on a turntable 
for imaging where the rotation angle between images was selected to be 10 degrees to balance 
efficiency and result detail. Assuming a perfectly cylindrical component to be measured, the difference 
between the radius and cosine of half the delta theta times the radius is the maximum error for the 
interpolated angles and the actual radius. At 10 degrees the maximum divergence  is 27 microns, while 
at 5, 15 and 30 it is 7, 60, 240 microns. These correspond to 0.4, 0.1, 0.9, 3.4 % error. However the pixel 
resolution at the measurement distance is 1 pixel is about equal to 30 microns so 10 degrees was 
deemed adequate for eliminating wasted effort. A HD Logitech 905 webcam was used with resolution 
1600x1200, exposure was set at -7, Pan:0, White Balance: 10000, Saturation: 45,  Gain: 0,  Sharpness: 
255, Contrast: 31,  Brightness: 76,  Backlight Compensation: 1, Tilt: 0. The Focus was set to its minimum 
distance 255 and the castings were placed at that distance ~3.8 cm. With a LED light above and between 
the camera and the casting, very high contrast images could be captured. 

4.4 FLOW VISUALIZATION 

Helium and supersonic flows were imaged by shadowgraphy. Still images were captured of a 
single LED point source projecting through flows onto a screen with a Nikon D5100 DSLR camera. High 
speed video of flows were captured with a Photron-Ultima APX-RS at 9,000 fps and 640 x 480 pixel 
resolution. A high intensity microscope fluorescence light source and liquid filled light guide projected 
ǘƘǊƻǳƎƘ ǘƘŜ Ŧƭƻǿ ƻƴǘƻ ѻέ ƎǊƛŘ ǇŀǇŜǊΦ 

4.5 SIMULATIONS 

The commercial CFD software, ANSYS Fluent was used to simulate the low velocity flows of 
acoustically recorded nozzle experiments and arc-free flows observed and recorded during thermal 
spray processes. Simulations of the offline test setup were performed in 2D, 3D with axial symmetry and 
full 3D. Transient simulations were developed by first initializing the flows to a steady state solution with 
k-epsilon turbulence model then changing to transient solution mode and Large Eddy Simulation (LES) 
formulation. LES is a common model applied in jet aeroacoustic simulations as in [121] [122]. Wear was 
ǎƛƳǳƭŀǘŜŘ ōȅ ŀŘŘƛƴƎ ǿŀƭƭ ǊƻǳƎƘƴŜǎǎ ǘƻ ǘƘŜ ƴƻȊȊƭŜΩǎ ōƻǳƴŘŀǊȅ ŎƻƴŘƛǘƛƻƴΦ CƭǳŜƴǘ allows for the inclusion 
of a sand-grain roughness value to wall properties and values for this parameter were calculated based 
on measured profilometer Ra values as outlined in [123]. 

Some of the effects of powder feed variation were investigated with the plasma spray 
simulation software LAVA P-3D ([124, 125]). In the version of the program used, it performs 2D 
axisymmetric simulations of a plasma torch with enthalpy and momentum calculations based on gun 
current, voltage, gas flows and plasma gas species. It performs a 3D simulations of non-interacting 
particles injected into the plume, calculating the momentum and temperature profile at each time step. 
Relevant to the worn powder port that was simulated: the powder particles are generated at a single 
point, one at a time. Their mass follows an input particle size distribution and particle material 
properties. Initial velocity vector is determined by a random value determining the injection angle with 
velocity from the carrier gas flow rate and powder feed rate inputs. Powder port wear was simulated by 
increasing the cone angle (the range a particle can get an injection angle within) as well as a slowing the 
injection velocity based on calculations of flow velocity changes from internal diameter increases. 
Geometry and process parameters simulated are shown in Figure 11 and Table 1. 
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4.6 ONLINE THERMAL SPRAY PROCESS MONITORING 

Plasma spray and HVOF spray processes were acoustically recorded with the same recording 
equipment as above with the microphone placed in the back corner of the booths. Access ports allowed 
for the insertion of the microphone into the booths in a quick and unobtrusive manor. The location 
relative to the plasma torch is taken to be well outside of the acoustic near-field to be insensitive to 
moderate motion of the spray gun. The microphone was always perpendicular to the spray axis. 

GH and GP nozzles were installed on a 9MB plasma spray gun operated in an Oerlikon Metco 
Multicoat platform in the Commonwealth Center for Advanced Manufacturing (CCAM, Richmond, 
Virginia). Powder was fed by a mechanical disc type Twin-120-A powder feeder external of the booth. 
Plasma spray experiments were acoustically recorded and aligned with the Multicoat data for analysis. 
Every second, the Multicoat system records: the time, cooling jet gas pressure, argon flow rate, 
hydrogen, flow rate, current, voltage, power, cooling water conductivity, cooling water flow rate, 
cooling water inlet and outlet temperatures, and powder feeder parameters. For mechanical disc 
feeders, these are: carrier gas flow rate, disc speed, stirrer speed, and hopper pressure. Fluidized bed 
feeders used: carrier gas flow rate, powder mass flow rate, vibrator gas pressure, and hopper weight. 
Nozzles were permitted to reach a steady state mean voltage before coatings were applied or 
characteristic values were takenΦ CƻǊ ƴŜǿ ƴƻȊȊƭŜǎ ǘƘƛǎ ƛƴŎƭǳŘŜŘ ŀ ŦƛǾŜ ƳƛƴǳǘŜ άōǊŜŀƪ ƛƴ ǇŜǊƛƻŘ.έ Five 
different parameter sets were run in sequence followed by a repeat of the first set. Current and gas flow 
rates were varied while mean voltage was recorded every second. Voltage difference was calculated by 
Equation 6. 

Ϸ ὠέὰὸὥὫὩ ὈὭὪὪὩὶὩὲὧὩ
   

  
ρzππ       Equation 6 

 
As the voltage for each new nozzle varied for each parameter set and during each test, the new nozzle 
voltage used in voltage drop calculations was approximated from the final voltage of the new nozzle 
that had consistently higher voltages across parameter sets.  

Table 1: LAVA simulation input parameters. 

Plasma jet configuration 

Current   600 A 

Voltage   70 V 

Gun efficiency   70 % 

Primary gas flow rate, Ar   40 SLM 

Secondary gas flow rate, H2   12 SLM 

Particle configuration 

Material   NiCrAlY-601 

Melting Temperature  1360-1411 K 

Density   8.11 g/cm3 

Injection velocity   812-1170 cm/s 

Particle diameter  22-45 microns 

Carrier gas flow rate, Ar   5 SLM 

Powder injection cone angle, ɗ  мрх-слх 
Figure 11: LAVA-P-3D simulation geometry 
schematic. 
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An F4 gun was run under varying conditions at the CCAM facilities. Metco 320NS was applied to 
three test coupons for hardness measurements. Gun parameters were: 60 NLPM Argon, 8 NLPM 
Hydrogen, 500 A current, carrier gas 5 NLPM argon, disk at 24.72%, with dual 2 bar coaxial air jets. In 
addition to a normal operation case, the gun was also run with a worn electrode set, a powder line leak, 
a worn powder port and with evident powder pulsing. A powder line leak was simulated by bleeding 
0.095 SLM from the hose at the powder feeder. The worn powder port had a 9% larger diameter than 
the new powder port used in the other trials, 2.24 mm and 2.05 mm respectively. Powder pulsing was 
induced by lowering the carrier gas flow rate, from 5 to 3.5 NLPM, while maintaining the powder feeder 
disc speed. Powder pulsing was confirmed by visual inspection of the spray plume. The powder feeder is 
outside the booth so acoustic signals were also recorded outside the booth, 5 cm from the powder 
pickup location of the powder feeder. An AccuraSpray (TECNAR Automation) system was setup in the 
booth allowing for particle and plume measurements of most spray runs.  

In a separate series of tests, an F4 gun with 6mm nozzle was again used to spray Metco 320NS 
for relative deposition rate measurements, AccuraSpray measurements were taken of the powder and 
plume, and acoustic signals recorded. The process was varied in separate runs with a low powder feed 
rate, low carrier gas flow rate, high carrier gas flow rate, varied primary gas flow rate(argon), a 0.095 
SLM leak in the powder feed line. Pulsing was again induced by lowering the carrier gas flow rate and 
additional runs were performed with simultaneous high or low argon flow rate and pulsing power feed. 
In addition to in-booth measurements for each run, acoustic signals were recorded at three positions 
ƻǳǘǎƛŘŜ ƻŦ ǘƘŜ ōƻƻǘƘ ŀƭƻƴƎ ǘƘŜ ǇƻǿŘŜǊ ŦŜŜŘ ƭƛƴŜΦ hƴŜΣ ŀǘ ǘƘŜ ƭƛƴŜΩǎ ŀŎŎŜǎǎ to the booth, at the powder 
pickup on the powder feeder and midway between these points. A recording was also made two meters 
away from the booth and powder feeder for comparison.  

GP nozzles were tested on a 9MB plasma spray gun operated in an Oerlikon Metco Multicoat 
platform at Oerlikon Metco (Westbury, New York). The powder feeder used in these test was a fluidized 
bed 9MP CL feeder located inside the spray booth. Baseline settings were for Metco 601NS powder, 90 
NLPM argon, 7.5 NLPM Hydrogen, 400 A current, with 9 NLPM argon carrier gas, and 26 g/min powder 
feed rate. Dual coaxial cooling jets were run with air at 4 bar. A #2 powder port was used. 

Metco 601NS powder is eutectic aluminum-12%silicon blended with 40% by weight polyester, or 
PET, with a nominal size range of -125 +11 micrometers. APS 601NS coatings are specified by Oerlikon 
Metco as having macrohardness HR15Y of 70, bond strength 9.7 MPa, coating density of 1.55 g/cm^3, 
max service temperature of 325 C, thermal conductivity of 0.53 W/m K, and thermal expansion of 20-
30*10 -̂6/K [126]. Metco 601NS produces an abradable coating for use with untipped blades for 
clearance control. 

One new nozzle was run through a full factorial DOE with Argon at 50, 70, 80, 90 and 110 NLPM; 
Hydrogen at 2.5, 5, 7.5, 10, and 12.5 NLPM; and current at 300, 350, 400, and 450 A. Some combinations 
were also run at 500 A, but this generally exceeded the power limits for the system causing an 
automatically shut down. Approximately 2.5 mm thick coatings of Metco 601NS powder were applied to 
5 coupons each with 5 new and 5 used nozzles. Coupons were mounted on a 30 cm diameter drum 
rotated at 78 rpm and sprayed from 89 mm. Plasma gas feed leaks were simulated by varying the argon 
flow +/- 3 NLPM and hydrogen +/- 0.5 NLPM, worn powder ports were equipped, powder pulsing was 
induced and leaks were created in the feed line and test coupons were also sprayed for some of these 
conditions. Used powder ports had diameters 10% (1.95 mm) and 51%(2.67 mm) larger than the new 
powder port(1.77 mm) used in the other trials.  Pulsing was induced by lowering the carrier gas flow rate 
from 9 to 4 NLPM at constant mass feed rate and by coiling the excess powder feed line into two 30cm 
diameter vertical loops. Leaks were created by loosening a fixture on the powder feed line and also by 
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ƛƴǎǘŀƭƭƛƴƎ ŀ άƎƻƻǎŜ ƴŜŎƪ,έ stem assembly 
(Metco catalog number 3M331) that had a 
hole eroded through it as seen in Figure 12. 
The hole was 0.53 mm^2 and ovular with 1.77 
mm major axis perpendicular to the flow and 
0.38 mm tangential to the flow. Coatings 
about 1.25 mm thick were applied with carrier 
induced pulsing, hole in the gooseneck and 
10% larger ID powder port for comparison. 
For all conditions a DPV2000 (TECNAR 
Automation) was autocentered and used to 
gather inflight particle properties.  

One previously unused, new nozzle, 
GP20, was identified after its coating run to be 
άōŀŘέ ƻǊ ŘŜŦŜŎǘƛǾŜ ōȅ ŜȄǇŜǊƛŜƴŎŜŘ ƻǇŜǊŀǘƻǊǎ. 
This was done by visual observation of 
significant internal degradation and confirmed 
retrospectively in multiple online 
measurements. A manufacturing defect was suspected as the cause but there was also sealant from the 
ƴƻȊȊƭŜΩǎ ǊŜŀǊ h-ring on the interior convergent segment of the nozzle which could have led to the 
irregular wear phenomena. Measurements and tests run with this specific nozzle will be explicitly 
discussed as originating from the nozzle Dtнл ŀƴŘκƻǊ ƭŀōŜƭŜŘ ŀǎ ά5ŜŦŜŎǘƛǾŜ bƻȊȊƭŜ.έ It is taken as a 
ǇƻǘŜƴǘƛŀƭƭȅ ŀōƴƻǊƳŀƭ ŎŀǎŜ ǘƘŀǘ ŘƻŜǎ ƴƻǘ Ŧƛǘ ƛƴǘƻ ŜƛǘƘŜǊ άbŜǿέ ƻǊ ά¦ǎŜŘέ ƛƴ ǎƻƳŜ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴǎΦ 

Additional test were run with both F4 and Sinplex plasma spray guns (Oerlikon Metco, 
Westbury, NY) with a new and a used electrode sets. Sinplex was run at 150+-40(110, 150, and 190) 
NLPM argon, 2+-2 NLPM hydrogen, and 360+-100 A current with inputs varied independently. F4 was 
run at 46+-10 NLPM argon, 10.5+-3 NLPM hydrogen, and 650+-100 A current.  

HVOF coating manufacturing processes and deliberate experiments were recorded at Turbine 
Surface Technologies Ltd. (Nottingham, United Kingdom). The process was controlled and monitored 
with an Oerlikon Metco Multicoat system. In addition to variations in operating parameters, deliberate 
alterations to gun ignition and ramp-up step procedures were made to induce bad or faulty ignitions 
where by the gun would fail to light or the flame would burn back into the mixer block. 

4.7 COATING TESTING 

Sprayed coupons were sectioned 12-15 mm from the end that was not attached to the drum 
during spraying. Coupons were cut with a Struers Secotom-15 with a 200 mm diameter aluminum oxide 
cut-off wheel at 3000 rpm and a 0.2 mm/s feed speed. A sample was cut from each of 5 coupons per 
test condition and randomly assigned a designation from one to five. These were ultrasonically cleaned 
while submerged in acetone for over 15 minutes and then dried at 70 C for 5-10 minutes. 12 grams of 
EpoFix Hardener from Struers, was mixed with 100 grams of Epofix slow set epoxy resin. Coupon 
sections were placed, cut edge down, in mold release coated 18 g silicone molds which were slowly 
filled about 1/3 full with the resin mixture. These were then placed under a -165 kPa vacuum for 15-20 
minutes to remove bubbles from the coating and resin and ensure proper penetration into the coating. 
The molds were then filled the rest of the way and let sit overnight. Half of the sample were then 

Figure 12: 9MB gun setup, hole in powder stem assembly 
circled in white. 
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ground by hand while the other half were mounted for automatic grinding. Samples were ground on a 
Struers RotoPol-22 with RotoForce-4 in 6 sample mounts in steps per Table 2.  

Table 2: Sample grinding and polishing steps. 

SiC Paper Grit Force per 6 samples (N) Time (s) Note 

120 150 50 Repeated 

220 120 40  

320 100 30  

500 100 30  

1200 80 20 Repeated 

4000 60 15 Repeated 

Final Polish 

0.05 µm silica 100 360 Struers OP-S 

 

Manual efforts took samples through 80, 120, 320, 500, 800, 1200, 2400, 4000 grit silicon carbide 

paper on a grinding wheel achieving equivalent material removal and final surface finish as above, 

before also receiving the above final polish step on a Struers Tegramin-25. 

Coating composition was determined by image thresholding of optical micrographs to distinguish 

PET polymer from AlSi and porosity/polishing defects in ImageJ (imagej.nih.gov/ij/)[127]. Coating 

thicknesses were measured digitally from the cross-sectioned samples and via calipers on the coupons. 

Measured thickness divided by number off passes substitutes for deposition efficiency. HR15Y 

superficial hardness tests were performed with an Instron Rockwell 200 on coupons that were sanded 

flat. Seven measurements were performed over two coupons per condition. Indentations were made 5 

mm from the sectioning point, in a zigzag in the direction of coupon rotation with approximately 3 mm 

separation.  

4.8 DATA PROCESSING AND ANALYSIS 

For the thermal spray processes, process parameters from the Multicoat, acoustic signals and 
other sensor data (DPV) were gathered and recorded on separate computer systems. A Matlab program 
was written to align and process the data from multiple sources, and is included as Appendix B. 
Synchronization in time was performed manually to ensure alignment. This was done both by comparing 
computer clocks and by aligning the prominent acoustic features of starting argon flow and the start of 
electrical current to those changes in Multicoat parameters. The Multicoat controller (Oerlikon Metco) 
records time averaged parameters every second and the audio was split into corresponding one second 
segments. Frequency spectra were extracted from the acoustic signal with an FFT, signal peaks (both 
frequency and intensity) were extracted from multiple frequency windows that were selected with the 
aim of capturing prominent features in the spectrum. These data points, along with the mean and 
standard deviation of the Multicoat recorded parameters for the segment, any sensor data for the time 
segment and run notes(nozzle state, powder feed state, etc.) were tabulated for analysis. The software 
JMP by SAS was used for pattern discovery and statistical analysis of the data.  

Many other variables were controlled for through data selection. This was done by ensuring 
variables were the same for samples to be compared or individually tested for their effect. These 
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included air jets, primary and secondary gas flow, current, carrier gas flow, feeder vibrator, testing 
location/background noise, and booth conditions (temperature, pressure, and humidity),  
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5 RESULTS AND DISCUSSION 

5.1 PROCESS AND COMPONENT MEASUREMENTS 

5.1.1 Traditional Process Monitoring Results 

5.1.1.1 Voltage Signals and Particle Measurements 

Five gun parameters were sequentially run per GH nozzle with the first set run again at the end 
of other testing. Parameters and percent voltage differences for the nozzles tested are listed in Table 3. 
After the run sequence the secondary gas was increased to achieve the new nozzles starting voltage, the 
required hydrogen values are included in the last line of the table. 

Table 3: Percent voltage difference from new nozzle voltage for five used GH nozzles and three new GH nozzles as a function of 
gun input parameters 

Parameter 

Set # 

Current 

(A) 

Argon 

(SLM) 

Hydrogen 

(SLM) 

New Nozzle 

Voltage (V) 

% Voltage Difference by Nozzle Number 

Used New 

GH10 GH14 GH15 GH17 GH18 GH20 GH23 GH36 

1 a 435 42 8 73 -3.4 -2.1 -5.9 -3.6 -5.3 0 -0.2 1.1 

2 500 30 6 60.34 -4.2 1.4 -1.8 -3.2 -4.9 1.8 -0.2  

3 350 30 13 83.1 -8.8 -5.6 -10 -8.8 -12 -3.7 0  

4 500 30 18 86.7 -7 -4.3 -8.4 -6.5 -7.6 -2.3 -0.1  

5 500 42 0 31.45 13 20 13 13 13 4.1 0.4  

1 b 435 42 8 73 -8.1 -7.5 -7.9 -6.6 -9.9 -2.5  -0.7 

 Hydrogen to Achieve 73 V (NLPM) 

1 c 435 42  73 10 11 11 10 12 8.5   

 

While it is readily apparent that the used 
nozzles do operate at lower voltages than new 
nozzles there are also exceptions and variations. 
First is the exception to the nozzle voltage drop 
trend observed in parameter set five, where the 
used nozzles have significantly higher voltages 
than the new nozzles. Secondly, the variation in 
voltage between new nozzles at 73, 72.85, and 
73.8 volts, complicates the setting of the new 
nozzle voltage used in comparisons. This either 
requires tracking of individual nozzle starting 
voltages or not accommodating new nozzles with 
particularly high or low starting voltages.  

Furthermore, the parameter set 
dependence is exemplified by the different voltage 
drops for different parameter set for each nozzle 
and highlighted in Figure 13. These difficulties are exacerbated by the time dependence of the gun 
voltage. Illustrated in Figure 14 are the variations in voltage signals vs time for four new nozzle runs.  

Figure 13: Percent voltage difference by gun parameter set. 
Points connected for visibility 
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Each run ramped up to operating parameters at different times, indicated by the left most peak 
in each curve between 50 and 125 second but the time dependence of the voltages from this point is 
ƘƛƎƘƭȅ ǾŀǊƛŀōƭŜΦ ! άōǊŜŀƪ ƛƴ ǇŜǊƛƻŘέ ƻŦ ŀōƻǳǘ ŦƛǾŜ ƳƛƴǳǘŜǎ ƛǎ ƎŜƴŜǊŀƭƭȅ ǇǊŜǎŎǊƛōŜŘ ŦƻǊ ƴŜǿ ƴƻȊȊƭŜǎ ōǳǘ ƛǘ 
can be seen that voltages are still changing at this point and the variability between new nozzles still 
exists. Two runs with nozzle GH36 exhibit two different time dependencies and neither clearly 
converges to a single voltage value.  

AccuraSpray particle and plume diagnostic equipment was used with the aim of identifying and 
comparing nozzle condition. Measurements taken for the two iterations of parameter set 1, at the 
beginning (1a) and end of testing (1b) are shown in Figure 15.  

Figure 14: Time dependence of gun voltage for four starts of 3 nozzles 

Figure 15: AccuraSpray measured particle and plume characteristics for new and used nozzles at the beginning 
of testing (1a) and after testing (1b). 
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With some of the used nozzles, erosion significantly altered the angle of the plume exit from the 
nozzle or made it more susceptible to deflection by powder and carrier gas. This occurred to a degree 
that the AccuraSpray was not centered on the plume and repositioning was required to get a 
measurable signal. The particle temperature increased with time in 3 cases and decreased in two others. 
The new nozzle mirrored two of the used nozzles. Velocity largely increased for the used nozzles with 
usage by an average of 2 m/s. The new nozzle however, observed a decrease of 4 m/s. Usage had a 
uniform effect on intensity, with all nozzles decreasing at similar rates with time. Intensity is also the 
only measured value that appeared to separate the new nozzle, with it having a higher intensity than all 
of the used nozzles. After parameter set 1 was repeated, the hydrogen levels were increased to achieve 
the initial new gun voltage. Increasing in secondary hydrogen had an effect of sharply increasing the 
measured plume intensity by an average of 37.4 A.U. for the used nozzles but only by 8 A.U. for the new 
nozzle. The effect of this increased hydrogen was inconsistent in both the particle temperature and 
velocity. 

Comparison between nozzles fails due to the wear conditions of the nozzles and the severity 
with which they changed the spray plume. Even with an expert operator repositioning the gun, 
comparisons between nozzles are very difficult due to the manual repositioning and the additional 
parameters affected by it. A change in the plume will change the number and average size of the 
particles being measured, but the positioning is done by manually aligning the sensor with the perceived 
center of the plume and instilling a lot of variation. This measurement was further degenerated by single 
point value acquisition, as a booth operator might in a production environment, which is very likely to 
miss small changes between nozzles as the measurements had a large amount of variation.  

¢ƘŜǎŜ DI ƴƻȊȊƭŜǎ ǿŜǊŜ ŀƭǎƻ ƻōǎŜǊǾŜŘ ǘƻ άǎǇƛǘέ ŎƻǇper as evidenced by frequent emission of 
large, bright, green particles into the plume. Changes to their physical characteristics were obvious upon 
removal from the gun, with marked changes to the internal surface and nozzle faces. 

Measurements with the DPV2000 alleviate the issues with the AccuraSpray for this application 
to a certain degree. The autocenter function applied at the beginning of each case, centers the 

Figure 16: DPV2000 measured mean particle temperature and velocity for all cases. 
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measurement head on the most intense/populated point in the spray plume. Individual particle tracking 
allows for better comparison between cases. The small sampled area can however misrepresent the 
plume. In Figure 16 is plotted the mean particle temperatures and speed for different test conditions 
with specific new and used nozzles labeled individually. Standard deviations were very consistent across 
cases at about 40 m/s and 80 C. There are many features of interest here. First, the used nozzles 
separate themselves well from the new nozzles averaging a 40 m/s drop in velocity and a 30 C drop in 
temperature. The defective new nozzle (GP20) tends towards the used nozzles with a lower 
temperature and velocity than the rest of the new nozzles. There is very good clustering of the new 
nozzles. Nozzle GP26 after four hours of parametric testing, labeled GP26b, averaged a slight increase in 

velocity. All the powder feed variation tests, which were performed with GP23, had increased average 
velocity except for the loose fitting which had no discernable change. Carrier gas induced powder 
ǇǳƭǎƛƴƎΩǎ ǇƭǳƳŜ ǾŀǊƛŀǘƛƻƴ ǇǊŜŎƭǳŘŜŘ ǘƘŜ 5t± ŦǊƻƳ ŦƛƴŘƛƴƎ ŀ ǎƛƎƴŀƭ ƭŀǊƎŜ ŀƴŘ ǊŜƎǳƭŀǊ ŜƴƻǳƎƘ ŦƻǊ ŀǳǘƻ-
centering and the DPV and registered only a single particle that was not included in the plot. 

As seen in Figure 17, voltage, while having a statistically significant relationship with both 
particle speed and temperature, offers a poor predictor of these values as indicated by the reported R^2 
values. The problems with voltage usage to predict particle state and thereby coating properties are 
evident in the overlap  of new and used voltage signals, the sometimes far divergence observable in 
DtмоΩǎ ǘŜƳǇŜǊŀǘǳǊŜ ƻǊ DtмпΩǎ ǾŜƭƻŎƛǘȅ ŀƴŘ ǘƘŜ ŎƻƳǇƭŜǘŜ ƛƴŘƛǎǘƛƴƎǳƛǎƘŀōƛƭƛǘȅ ƻŦ ŀƭƭ ƻŦ ǘƘŜ ǇƻǿŘŜǊ ŦŜŜŘ 
phenomena. Additionally the scatter in new nozzle voltages is present with an almost 6 volt range that 
also overlaps the voltages of nearly 4 used nozzles including GP20. 

5.1.1.2 Powder Flow Simulation 

Simple flow rate calculations can offer some idea of the effect of powder port wear on thermal 
spray processes. Increasing internal diameter of the powder port results in a lower flow velocity for a 
given flow rate which is a set value for a given coating recipe. This in turn slows the particles themselves 
and alters their flight trajectory. To investigate the effect of this on particle temperature and velocity in 
LAVA-P-3D it is necessary to consider particle injection angle and velocity. As a simplifying assumption 
the software generates particles at a single point with a random velocity vector from a given injection 
velocity and a cone-angle instead of the many-body problem of actual powder flow through the powder 
port. Simulations were run with a range of values for injection cone angle and velocity to simulate 
increasing wear (wider angle, lower velocity). Velocities were calculated based on an 11.7 m/s baseline 
injection velocity with nozzle diameter increases of 2.5, 5, 10, and 20 percent assuming a constant flow 

Figure 17: Average particle speed and temperature as functions of gun voltage. 
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rate. The effect on average particle temperature and velocity at spray distance can be seen in Figure 18 
and Figure 19. 

Intuitively, wear effects decrease the number of particles optimally injected into the center of 
the plasma plume and thus lower the average temperature and velocity of the particles. It can be 
estimated that for the NiCrAlY simulated the wear induced in the powder ports tested, 10-50% 
increased diameter, could produce up to 200 C and 10 m/s drops in the average particle state when 
arriving at a substrate. 

5.1.1.3 Coating Analysis 

 

Figure 20: Full cross-section of abradable coating on a steel coupon, 25.4 mm across. 

Figure 18: Effect of powder port wear on average particle temperature 

Figure 19: Effect of powder port wear on average axial particle velocity. 
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A typical cross section of a Metco601 coating on a steel substrate is depicted in Figure 20. 

Figure 21: Magnified view of Metco601 cross-section, highlighting regions magnified in Figure 22. AlSi: Light phase, PET: Dark 
phase. 

 

Figure 22: Regions 1(Left) and 2(Right) from Figure 21, highlighting the phases present in the coating: 1, AlSi; 2, Phases 
separated AlSi; 3, PET; 4, porosity. 
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The 250 by 175 micrometer regions outlined in Figure 21 are magnified in Figure 22, on the left for 
region 1, and on the right for region 2. The light AlSi phase, labeled 1 in the Figure 40 can be observed to 
be phase separating in some regions, as where labeled 2, where is can be seen as two shades of the 
lightest phase. The PET, labeled 3, can be interspersed with porosity, 4, that takes on an exceptionally 
dark color in the less magnified micrographs.  

Cross sections of three different new nozzle runsΩ Ŏƻŀǘings are shown below where a variation in coating 
thickness is evident and the distribution of the light, AlSi, and dark phase, PET, seems even and random. 

 

Figure 23: Cross section of Metco 601 coating sprayed during run 1 with GP26 

 

Figure 24: Cross section of Metco 601 coating sprayed during run 130 with GP26 
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Figure 25: Cross section of Metco 601 coating sprayed during run 134 with GP20 

No apparent difference resulted from manual versus automated grinding methods. All coatings 
appear to have good adhesion to the substrates, with no delamination occurring. Very few AlSi unmelts 
are identifiable in any of the new/used nozzle case coatings. There are no apparent vertically oriented 
(relative to the substrate) polymer rich regions that could cause coating failure after polymer burnout in 
usage. No clear stratification/layering is apparent from each pass. The only coating of noticeable 
difference by visual inspection was that produced by the low carrier gas flow rate induced powder 
pulsing. A full coupon is shown in cross section in Figure 26 along with a magnified segment in Figure 27.  

In both, the significant coating surface roughness is apparent when compared to Figure 20, 
above, sprayed under normal conditions. In the enlarged view, Figure 27, the presence of many AlSi 
unmelts are apparent as the circular white features throughout the coating. A larger amount of inherent 

Figure 26: Full cross-section of coating sprayed with powder pulsing induced by low carrier gas flow rate. 

Figure 27: Closer inspection of coating sprayed with low carrier gas induced powder pulsing. 
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porosity is also evident as the darkest phase in the coating. All other coating cross sections required 
digital processing to determine quantitative differences.  

The three phases measured were AlSi, PET, and porosity which were easily isolated by thresholding 16-
bit grayscale micrographs as seen in Figure 28. 

The plots in Figure 29 depict the averaged measurements made on the coupons from each spray 
condition. LƴŎƭǳŘŜŘ ƛƴ ǘƘŜ ƘŀǊŘƴŜǎǎ ƳŜŀǎǳǊŜƳŜƴǘǎ ŀǊŜ ƭƛƴŜǎ ŦƻǊ hŜǊƭƛƪƻƴ aŜǘŎƻΩǎ ǊŜǇƻǊǘŜŘ ƳŀǘŜǊƛŀƭ 
hardness, OM Spec., as well as the low end of Rolls-wƻȅŎŜΩǎ ŎƻŀǘƛƴƎ ƘŀǊŘƴŜǎǎ ǎǇŜŎƛŦƛŎŀǘƛƻƴ, RR Min. 

Experimental run 1(GP26-1) and run 130(GP26-2) were both performed with the same nozzle 
with four hours of varying gun parameters in between. Run 134 was performed with an unused nozzle 
(GP20) but upon removal it was apparent that it had worn excessively and identified as a bad, or 
defective, nozzle. The coupons from GP26-1 and GP26-2 both fell below Rolls-wƻȅŎŜΩǎ Iwмр¸ wƻŎƪǿŜƭƭ 
hardness lower specification limit of 68(upper limit of 78). The defective nozzle, GP20, was just below 
the limit at 67.9. The only used nozzle outside of spec was GP17. Both GP23 and GP8 have mean 
hardnesses that are slightly above 68. No clear trend is evident for new versus used nozzle effects as 
there is much overlap in measured values for new and used nozzles for hardness, deposition efficiency 

Figure 28: Results of grayscale thresholds on a Metco 601 cross-section (top left); porosity, 0-10869 (top right); PET, 
10869-24338 (bottom left); AlSi, 24338-65535 (bottom right). Image widths 2.5 mm. 
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and coating phase composition. Similarly with the scatter in both the new and used nozzle 
measurements it is ŘƛŦŦƛŎǳƭǘ ǘƻ ŎƻƳǇŀǊŜ ǘƘŜ ŘŜŦŜŎǘƛǾŜ ƴƻȊȊƭŜΩǎ ŎƻŀǘƛƴƎ ǘƻ ŜƛǘƘŜǊ ǎŜǘ ƛƴ ŀƴȅ ƳŜŀǎǳǊŜƳŜƴǘΦ 

 

Figure 30: Coating properties as affected by powder feed treatments. 

Figure 29: Measured coating hardness, PET area percent, coating thickness per pass, and porosity for each coating run. 
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Runs 139, 140, 141 and 142 all were performed with the same nozzle (GP23) but varied powder 
feed treatments. Measurements on these coatings are plotted in Figure 30. The coatings sprayed with 
the powder feed variation were not sufficiently thick for a truly valid hardness test at only 1.25 mm. But 
as the measured values were found to be lower than the normal feed condition with the same nozzle, 
run 139, and significantly lower than that of the steel substrate, 90 HR15Y, the observed effects are 
assumed to be factual. The hardness of run 140, powder pulsing, was exceptionally low at 45 and both 
other powder feed treatments resulted in harness well outside of specification. Powder pulsing also 
produced a notable drop in average thickness per pass as well as a much higher cross section measured 
porosity. The powder line leak and worn powder port did not exhibit notably different deposition 
efficiency or coating composition by these measurements especially when compared with the spread in 
normal spray condition coating properties. 

While by visual inspection of Figure 29 and Figure 30 there does appear to be correlation 
between the measured coating values, statistical significance is lacking for most measurement pairs. 
Plots of all of the paired measurements, as well as DPV measured particle temperature and velocity, are 
shown in Figure 31 with statistical values in Table 4. There was found to be a statistically significant 
relationship, with greater than 99% confidence, between particle temperature and velocity; thickness 

Figure 31: Plotted relationships and reverse relationships between measured particle state variables and coating properties. 
Statistical significance of relationships is provided in Table 4. Red and yellow outlined plots depict significant relationships with 
yellow indicating a greater than 99% confidence and red indicating a 95% confidence. 
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per pass and the mean hardness; as well as, with 95% confidence, temperature and thickness per pass. 
Population density ellipses of 95% are shown in part as red curves in Figure 31 and help illustrate the 
strength and direction of the relationships. A narrow, non-circular, ellipse indicating a strong parameter 
relationship is only apparent in thickness per pass and the mean hardness which appears to be largely 
influenced by the extreme values of the powder pulsing case.  

Table 4: Correlations between measured properties, including powder feed variations. 

Figure 32: Plotted relationships and reverse relationships between measured particle state variables and coating properties. 
Statistical significance of relationships is provided in Table 5. Red outlined plots depict significant relationships with 95% 
confidence. Data precludes powder feed conditions. 
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The powder feeding conditions affect the process in a fundamentally different way than nozzle 
wear. Generally with nozzle wear the temperature and velocity profiles of the plasma are altered and 
the particle states change in the same direction. Varying the powder feed, however, can change the 
particle state in either direction with the differences in injection vectors and rates. Given the center-only 
DPV particle temperature and velocity measurements, any measured change in particle state with 
changes to the powder feed system is assuredly not necessarily indicative of the actual effect on the 
entire plume. This in addition to the powder pulsing case being a clear outlier in the coating deposition 
rate and hardness, justified the above plots and calculations also being done without the powder feed 
cases. Apart from the particle state, temperature and velocity, the probability of significant relationships 
decrease below the 95% threshold without the powder feed treatments as seen in their plotted and 
calculated correlations in Figure 32 and Table 5. The significance confidence level of the interaction 
between the particle temperature and velocity also decreases, but only slightly from 99.75% to 98.3%. 

Another pattern in the coating data presents itself when the 
coating composition is plotted by run number as in Figure 33, where 
there is an apparent continuity between runs. Coatings were therefore further analyzed in quarter 
thicknesses as depicted in Figure 34, where phase composition was analyzed in each labeled rectangle. 
Material closer to the substrate would have been deposited first so it is labeled layer one. Layers can 
then be compared in the sequence they were deposited. Percent PET is plotted in Figure 35 by run and 
layer number. The continuity between runs is still present and even exaggerated 

Table 5: Statistics for relationships plotted in Figure 32 which exclude powder feed variation cases 

Figure 34: Stratified regions 
in the coating cross sections 
used in layering analysis. 

Figure 33:Cross-sectional PET content ordered by experimental run number. 
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As a powder feeding phenomena was suspected, the phase compositions are plotted along with 
the Multicoat systemΩǎ measured hopper weight as the only measure of the powder that is in the 
feeder. Nozzle state comparisons constituted runs 1 and 130-139 with 140-142 being powder feed 
variations. Runs 2-129 used a separate hopper so are excluded. Firstly, it can be seen that the hopper fill 
level might not offer a reliable measure of the powder in the feeder with sporadic mass changes 
between runs unlikely to all be from powder additions and removals. Secondly, the continuity between 
layers and runs becomes more clear but the relationship with hopper level does not. The behavior of the 
powder feed treatments, while amongst the most consistent in the through thickness composition 
variation is exceptionally discontinuous between runs. 

A relationship between coating composition and hopper fill level does become apparent when 
plotted in Figure 36. The deliberate powder feed treatments in runs 140-141 are excluded due to the 
confounding of effect sources. An F-test demonstrates a statistically significant effect of hopper fill level 
on coating phase composition with a greater than 99.99% confidence level. A mechanism for this is 
proposed in the Discussion section. 

 

Figure 35: Coating composition by quarter layer as well as corresponding powder feeder hopper weight. 

Figure 36: Percent area AlSi as a function of powder feeder hopper weight. 
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5.1.2 Nozzle Bore Roughness Measurements  

Copper beads and flows are often evident in the visual inspection of used nozzles. To detect 
more subtle surface changes that occur with nozzle use, roughness measurements were taken. A large 
degree of variability was seen with all measurements taken as would be expected from visual inspection 
of the asymmetry of the nozzle wear. Measurements were oriented to the engraving on the face of the 
nozzles to allow for repeatability. To ensure an adequate representation of the roughness a comparison 
between measurements taken for two nozzles at approximately 12.5 degree rotations was compared to 
90 degree measurements. This data is plotted in Figure 37, which also includes measurements from a 

new nozzle. Both sets of measurements at 90 degree increments capture the trends in the 12.5 degree 
measurements well, but clearly omit some prominent features. Any regular measurement resolution 
does however, clearly capture a differentiation from the new nozzle roughness both in magnitude and 
non-uniformity. So without the need for a complete accounting of the internal surface roughness of 
these nozzles, measurements at 90 degrees and their means and standard deviations are taken to 
sufficiently resolve the internal micron-scale 
changes to the internal surfaces. When compared 
with the corresponding nozzle castings, shown in 
Figure 38, a clear picture of the features that are 
being measured by the profilometry is developed.  
For GP14 the greatest roughness was between the 
angles of 180 and 315 and this can be compared to 
the silicone casting aligned to the nozzle face. The 
center of the erosion spot is at about 150 and it 
covers about 135 degrees of the surface, while the 
copper flow spirals counter clockwise from the 
attachment spot about 100 degrees and is centered 
at 250. For GP9 copper flows straighter from the 
attachment spot with both centered at about 315 

Figure 38: Images of nozzle castings of a new nozzle, 
GP14, and GP9. Used nozzles are centered at about 
мрлх ŦƻǊ Dtмп ŀƴŘ мфлх ŦƻǊ DtфΦ 

Figure 37: Internal surface roughness relative to orientations based on nozzle face engraving. 
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degrees, but the attachment spot takes up about 190 degrees of the bore surface to the molten copper 
flowΩǎ млл ŘŜƎǊŜŜǎΦ Thus the high roughness measurements cab be seen to correspond with the beaded 
and eroded copper flow regions of the eroded nozzles. Additionally, the location of the attachment 
spots, at the converging to straight junction; the geometry of the profilometer tip, max extension of 
about 15 mm; and the geometry of the eroded spots, deep spots in middle of the nozzle, make it 
geometrically impossible to measure through the erosion spots themselves with the equipment 
available. But by combining the information from the roughness measurements and the castings a clear 
picture of the internal characteristics is generated.  

Four Ra values were determined per nozzle segment with mean and standard deviation 
calculated by segment and overall, with values listed in Table 6 for the GH nozzles tested. Tabulated 
values for new nozzles were calculated by manufacturer from several nozzles: 5 from ATT, 3 from PPS, 
and 9 from OM. Comparing new nozzle manufacturers, ATT, PPS, OM, across each nozzle segment, 
front, middle and back, it can be seen that all companies have tight manufacturing tolerances, with no 
standard deviation for mean roughness larger than 0.07 micrometers across multiple new nozzles. As 
evidenced by the non-zero mean values for each segment, between the manufacturers there is some 
variation in their CNC milling process. These could be different speeds or system capabilities. 

Amongst the new nozzle manufacturers the variation in standard deviation is much smaller than 
variation in the mean so it is taken that differences in the standard deviation values might better 
indicate a nozzles degree of wear from its new state than the mean value. Additionally, from inspection 
of the used nozzles it is evident that the wear patterns were inconsistent between the different nozzle 
segments and highly asymmetric. As such the overall standard deviation is taken to be the simplest and 
best measure of nozzle wear. The table also includes roughness measurements both before and after 
ǘƘŜ ǇƭŀǎƳŀ ǎǇǊŀȅ ǇǊƻŎŜǎǎ ǳǎŀƎŜ ŘŜǘŀƛƭŜŘ ŀōƻǾŜ ƭŀōŜƭŜŘ ŀǎ ά.έ ƛƴ ǘƘŜ {ǘŀǘŜ ŎƻƭǳƳƴ ǘƻ ƛƴŘƛŎŀǘŜ 
experiments run at CCAM. Nearly every value was seen to increase, with more roughness and 
measurement variation, indicating a correlation with usage.  
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Table 6: Mean and standard deviation of surface roughness (Ra) for new and used GH nozzles by segment 

GH Nozzle 

Number 
State 

Front  (µm) Bore (µm) Back (µm) All  (µm) 

Mean  Std. Dev. Mean Std. Dev. Mean  Std. Dev. Mean  Std. Dev. 

ATT(5)  New 0.90 0.07 0.16 0.06 0.51 0.04 0.52 0.32 

PPS(3) New 1.26 0.04 0.17 0.06 3.20 0.02 1.54 1.25 

OM(6) New 1.82 0.02 0.20 0.03 0.36 0.04 0.79 0.73 

OM-Retested(3) New 1.78 0.04 0.16 0.04 0.57 0.08 0.88 0.75 

20(was New) B 2.02 0.38 3.10 3.37 0.55 0.26 1.89 2.09 

23(was New) B 1.69 0.03 1.05 1.03 0.57 0.08 1.21 0.75 

2 Used 1.49 0.11 3.2 1.45 1.25 0.09 1.98 1.21 
3 Used 6.66 5.45 4.34 3.87 1.24 0.06 4.08 4.45 
9 Used 4.11 0.7 6.21 4.31 3.66 1.03 4.66 2.82 
10 Used 2.17 0.36 5.89 2.63 0.94 0.17 3.00 2.60 

10 B 12.09 11.11 10.90 1.63 5.28 2.86 9.42 6.80 

11 Used 2.08 0.19 4.29 1.18 1.46 0.11 2.61 1.4 

12 Used 2.09 0.52 2.46 0.5 1.36 0.03 1.97 0.62 
13 Used 2.54 1.18 8.94 5.78 0.44 0.09 3.97 4.97 
14 Used 2.81 1.10 7.61 3.89 1.43 0.69 3.95 3.55 

14 B 23.15 17.40 13.04 3.53 3.79 1.02 13.33 12.43 

15 Used 1.81 0.62 5.27 3.89 0.95 0.05 2.67 2.94 

15 B 1.56 0.36 9.10 4.41 2.24 1.65 4.30 4.33 

16 Used 2.57 1.7 2.8 0.85 10.2 6.29 5.19 5.19 
17 Used 5.21 5.43 6.25 3.11 0.34 0.06 3.93 4.44 

17 B 5.79 5.66 14.79 6.70 2.83 1.29 7.81 7.05 

18 Used 1.82 0.15 3.06 0.44 1.84 0.18 2.24 0.65 

18 B 8.49 7.81 12.64 2.62 2.65 0.42 7.92 6.07 

19 Used 3.91 2.06 8.36 3.38 1.41 0.09 4.56 3.67 
30 Used 2.8 2.99 2.91 1.74 0.39 0.08 2.03 2.31 

 

Two different versions of OM nozzles, seen in the Figure 39, were 
obtained that were differentiated only by the engraving on the nozzle 
face, with no other visual indication of a difference. The roughness 
measurements seen in the Table 7 however did detect statistically 
significant differences in the mean and standard deviation of the 
roughness measurements as shown by the probabilities calculated from a 
T-test. 

Figure 39: Different 
engravings on OM nozzles 
from different sources. 
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Table 7: Batch differences between differently labeled new GH nozzles 

Nozzles 
Number of 

Nozzles 

Front (µm) Bore (µm) Back (µm) All (µm) 

Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. 

OM V1 6 1.82 0.02 0.19 0.03 0.36 0.04 0.79 0.73 

OM V2 2 0.94 0.09 0.25 0.03 0.48 0.04 0.56 0.35 

Prob. from same set 

based on T-test 
0.30 0.44 0.07 0.91 0.63 0.90 0.22 0.28 

 

Roughness measurements were also performed on new and used GP nozzles as seen in Table 8. 
Similar nozzle state separation can be seen as well as differences in the manufacturers and with the 
effect of experimentation.  

Table 8: Mean and standard deviation of surface roughness (Ra) for new and used GP nozzles by segment 

Nozzle State 
Bore (µm) Back (µm) All (µm) 

Mean Std. Dev. Mean  Mean Std. Dev. Mean  

GP2 New ATT 0.91 0.02 0.14 0.03 0.41 0.03 

GP3 New ATT 0.92 0.01 0.13 0.03 0.41 0.02 

GP6 New ATT 0.89 0.02 0.13 0.03 0.4 0.02 

GP18 New OM 0.47 0.03 0.12 0.01 0.24 0.01 

GP18 A 0.26 0.03 0.57 0.05 0.41 0.17 

GP19 New OM 0.48 0.03 0.11 0.01 0.24 0.02 

GP22 New OM 0.48 0.03 0.13 0.01 0.25 0.02 

GP22 A 0.25 0.06 0.54 0.04 0.35 0.15 

GP26 New OM 0.52 0.02 0.12 0.01 0.26 0.01 

GP26 A 0.46 0.12 0.58 0.11 0.52 0.13 

GP20 A 4.95 2.91 1.76 0.42 3.35 2.57 

GP23 A 0.33 0.14 0.52 0.03 0.42 0.14 

GP1  Used 0.92 0.01 2.17 1.85 1.72 1.2 

GP7  Used 19.91 14.6 4.69 0.37 10.09 5.42 

GP8  Used 11.25 11.62 3.24 0.95 6.08 4.74 

GP8 A 5.82 1.45 3.28 0.85 4.55 1.75 

GP9  Used 3.84 0.85 5.12 1.31 4.66 1.15 

GP10  Used 1.29 0.44 6.51 3.65 4.66 2.51 

GP11  Used 1.43 0.28 3.37 0.26 2.68 0.27 

GP12  Used 11.73 3.83 5.98 1.43 8.02 2.28 

GP13  Used 0.95 0.18 3.93 1.62 2.87 1.11 

GP13 A 7.1 2.91 2.02 1.22 4.56 3.41 

GP14  Used 0.57 0.03 5.75 2.56 3.91 1.66 

GP14 A 5.36 6.12 0.88 0.29 3.12 4.67 

GP15  Used 4.45 4.1 5.05 3.35 4.84 3.61 

GP15 B 3.94 1.45 3.27 0.8 3.61 1.11 

GP16  Used 2.1 0.55 2.65 0.06 2.45 0.23 

GP16 A 4.98 3.21 1.24 0.64 3.11 2.93 

GP17  Used 2.7 1.68 0.92 0.34 1.55 0.81 

GP17 A 7.03 4.1 1.92 1.18 4.48 3.91 

 

GP8 was found to decrease in roughness in the bore segment while having a similar 
measurement in the back section. GP15 though tested under different parameters also had its 
roughness decrease after usage but these included the back segment as well. As GP20 was not identified 
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as defective ōŜŦƻǊŜ ǘŜǎǘƛƴƎ ƛǘ ǿŀǎƴΩǘ ƳŜŀǎǳǊŜŘ ōŜŦƻǊŜ ǳǎŜΦ Lǘǎ ƛƴƛǘƛŀƭ ǊƻǳƎƘƴŜǎǎ ǾŀƭǳŜǎ Ŏŀƴ ōŜ ŀǎǎǳƳŜŘ ǘƻ 
be similar to the other unused nozzles and it can be seen to have had a significantly larger increase in 
roughness than the other new nozzles tested which only experienced very slight increases in roughness 
and variability overall and actually a slight decrease in mean values of bore section roughness. 

Ultimately, these roughness values do appear to offer a measurement of a wear dependent 
characteristic of plasma spray nozzles, but they also ƘŀǾŜ ŀ ƭŀǊƎŜ ŀƳƻǳƴǘ ƻŦ ǾŀǊƛŀōƛƭƛǘȅ ŀƴŘ ŘƻƴΩǘ ǿŜƭƭ 
present the full erosion effects on the nozzles. 

5.1.3 Nozzle Wear Geometry 

Silicone castings, as seen in Figure 40, were 
made of both new and used nozzles to allow better 
inspection of internal geometry and to generate 3D 
scans for comparisons. From visual inspection of all the 
worn nozzle castings the effects of nozzle wear are clear 
and rather consistent. The arc root attachment point 
can clearly be identified on all used nozzles as a pitted 
growth in the middle of the casting. The depth of 
erosion at the attachment point is variable and the 
amount of molten copper that beaded in the gas flow 
direction is also variable. Flashing, formed from over 
filling the nozzle bore cavities and from silicone leaking 
underneath the casting, was seen at both the top and 
bottom of each casting and is apparent at the top of the 
castings in Figure 40. Other casting defects occurred and 
are visible in Figure 41. Air entrapment leading to 
imperfect filling of the bottoms of the molds is seen at 
the top of GP11, GP1, GP12, GH18-B, GH9 and GH19. This can be seen to only affect, at most, the first 2 
mm from the nozzle face (top of castings) where no erosion was observed in any nozzle. In the 
converging/back section of the castings some artificial damage was induced during extraction from the 
molds due to insufficient or ineffectual release agent, observed at the bottoms of GP1, GP13-A and 
GP10. Similarly, some tearing of the silicon occurred during some extractions as seen at the tops of GH3 
and GH2. All other feature are believed to be faithful recreations of the nozzle interiors. Lastly some 
castings plastically deformed after extraction, before imaging, as noted by the bend some have taken on 
in the images, all nozzles were still straight after use. 

Imaging of these castings allowed for more careful inspection and comparison of the used 
nozzle cases. By aligning images of all of the nozzles tested, a clear picture can be developed of the 
physical erosion progression. In Figure 41, the nozzles, separated by type, were qualitatively sorted by 
severity of their erosion both in depth and area with attempted minimal consideration for the copper 
flow. While the progression is generally pretty clear, the erosion patter does appear to take on more 
than one form, one smooth and one highly textured. The smooth erosion is seen in GP1, GP13-A, the left 
side of GP10, GP13, GH2, GH15, GH18-B, GH9, and GH3. In all of the other cases, a much more textured 
erosion spot is present. As the method was constant across all the casting manufacturing and both 
feature types were recreated on multiple castings it is unlikely a casting defect. Further for the smooth 
cases, nozzle GP13 was used for 30 minutes of plasma spraying before the GP13-A casting was made 
during which any obstruction would certainly have been eroded. 

Figure 40: Silicone castings of a new GH nozzle (center) 
and two used GH nozzles (outsides). 
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The physical changes to the nozzles with wear can be compared to their properties in use. 
GP16/GP16-A had the lowest velocity, second lowest temperature, and by far the lowest voltage of the 
tested nozzles. Another interesting case is GP17 which after usage no longer had the large amount of 
molten flow which could have ended up in the sprayed coupons. GP17 was also the only used nozzle to 
produce a coating outside of specification for hardness, though GP8 was close. The deposition efficiency 
was the lowest for GP17 and GP14 (as measured by coating thickness) but their values were more in line 
with the new nozzles than the other used nozzles. GP13, GP8, GP16 and GP20 are all very similar in 
coating properties as are GP16 and GP14 also GP17 and GP26. These, however, appear very dissimilar, 
coving the full spectrum of apparent severity of erosion. GP20 can further be confirmed to be defective 
with small copper flows visible and some burnt material transferred from the nozzle to the casting 
clearly visible. Amongst the new nozzles tested, only GP20 showed any wear. Overall there is some 
correlation between visible wear and particle inflight properties and gun voltage, there is none apparent 
in the coating properties.  

Figure 41: Images of silicone castings of new and used plasma spray nozzles. Each is 32 mm in length, the GP nozzles have a 
5.537 mm bore while GH nozzles have a 6.25 mm middle section. Flow direction from bottom to top. 
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There also appeared a differing severity of use during the GH nozzle experiments versus those 
ǿƛǘƘ ǘƘŜ Dt ƴƻȊȊƭŜǎΦ /ƻƳǇŀǊƛƴƎ ŀƴȅ DI ƴƻȊȊƭŜ ǿƛǘƘ ƛǘǎ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ά-.έ casting (after experiments at 
//!aύ ǘƻ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜ ƛƴ Dt ƴƻȊȊƭŜǎ ǿƛǘƘ ǘƘŜƛǊ ά-!έ versions (after OM experiments) one can observe 
very large changes in the GH nozzle with virtually no change in the GP nozzles. One apparent 
contradiction to this is GH17 but this nozzle actually developed a second erosion spot on the opposite 
side of its original. This and GP16-A were the only nozzles where two completely separate 
attachment/erosion spots were visible, in all of the other cases the erosion was almost entirely 
contained to one region on a single side(which is imaged above). The large increase in damage would 
help explain the large drop in voltage for nozzles from the first time at parameter set 1 to the second 
time. One nozzle, GH13, exhibited a large addition of material in the converging portion of the nozzle in 
a ring that would approximately align with thŜ ŎŀǘƘƻŘŜΩǎ ŎƭƻǎŜǎǘ Ǉƻǎƛǘƛƻƴ ǿƘƛŎƘ ǿŀǎ ƭƛƪŜƭȅ ǘƘŜ ǎƻǳǊŎŜ ƻŦ 
the material and exemplified a unique wear pattern from the rest of the used nozzles. 

5.1.4 Discussion - Process and Component Measurements 

The results in this section highlighted both the challenges with current diagnostic methods and 
evidence of the severity of the process variation. These problems where shown in measurements of gun 
voltage, particle state changes, and sprayed coating analysis.  

A great deal of variability was seen in plasma spray gun voltage measurement, particularly for 
new nozzles, in addition to a time dependence. These decrease the utility of voltage drop as a measure 
of wear especially across more than one parameter set. One would be unable to consistently rank 
nozzles by intensitȅ ƻŦ ǾƻƭǘŀƎŜ ŘǊƻǇΦ ±ƻƭǘŀƎŜ ŀƭǎƻ ŘƻŜǎƴΩǘ ŎƻǊǊŜƭŀǘŜ ǾŜǊȅ ǿŜƭƭ ǿƛǘƘ ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ 
velocity. 

Measurements by AccuraSpray easily masked changes in particle state from condition variation 
due to the limited sampling performed. While DPV data was capable of capturing nuanced changes in 
particle state it is missing some pertinent information about the particle state as evidenced by the lack 
of temperature and velocityΩǎ ǊŜƭŀǘƛƻƴǎƘƛǇ ǿƛǘƘ ŀ ƳŜŀǎǳǊŜŘ ŎƻŀǘƛƴƎ ǇŀǊŀƳŜǘŜǊΦ Lǘ ƛǎ ǇƻǎǎƛōƭŜ ƘƻǿŜǾŜǊ 
that a full scan of the particle plume could have provided such information.  While the auto centered 
measurements do show a change with nozzle wear, a more profound and critical difference, from a 
coatings standpoint, could exist in the variation away from plume center. These sort of particle plume 
characteristics have been seen as a product of nozzle wear as in[27]. Most of the sprayed particles are 
not measured by the DPV so variation in the plume periphery would affect more particles and cause 
large variation in the applied particles characteristics and thereby in-plane coating characteristics. This 
could account for the variation in hardness but would not explain the coating composition differences 
through the thickness and between runs 

Visual inspection of coatings is difficult as variation within a single coating can be large, though 
with exceptional cases such as pulsing by decreased carrier gas flow rate alterations to the coating were 
readily apparent. 

Inspection of the AlSi phase in the coatings shows phase separation in some particles/regions. This is 
unlikely to have occurred during the spray process due to the rate of melting and solidification. So it 
could be an indication of another source of variation in the process during powder manufacturing. 

Subdividing the coating demonstrated a time dependent effect on coating properties likely induced by 
the powder feeder. A similar time dependent effect was measured in temperature and velocity of a 
single phase plasma densified powder in [50] but here it appears in the coating. The effect is certainly 
confounded with the intended condition changes (feed variation and nozzle state) but the effect is still 
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present. The phenomena can intuitively be understood with the denser AlSi being preferentially 
sprayed. As the AlSi would settle to the bottom of the powder mix, especially when agitated, causing 
higher AlSi when there is more powder as when newly filled. This could even account for the increase 
from 133 to 136 then subsequent decrease to 140. The end of a powder load would be AlSi depleted, 
new, well mixed powder, added on top of a not empty hopper would require time for AlSi to stratify, it 
would reach a maximum spraying concentration before the AlSi was again depleted from the hopper. 
The powder feed cases then, likely disrupted the particle injection enough for this effect to appear not 
to be continued in their coatings. 

While the sample size is small, the effects of powder feeding variation were stark. They 
produced very large decreases in hardness with smaller divergences in coating efficiency and 
composition. Induced powder pulsing, by lowering the carrier gas flow rate with constant feed rate, 
produced by far the largest variation in coating properties. Powder flow simulations indicate that there 
could be a threshold for powder port wear, below which very little effect is had on the average particle 
properties. The DPV measurements for the powder feed cases would seem to indicate that our cases 
were in this regime but small DPV sample area and coating property variation could point otherwise. 
Powder feeding conditions produced minimal if any effects on the DPV measurements except in an 
extreme powder pulsing case 

These particle and coating measurements demonstrate an inherent variability to the spraying of 
Metco 601NS, ǘƘŀǘ ŘƻŜǎƴΩǘ ŀƭƭƻǿ ǘƘŜ ŜŦŦŜŎǘ ƻf nozzle state to be measured by these methods or sample 
sizes. The influence of nozzle state, new versus used, while obvious in the DPV data, is not readily 
apparent in the coatingsΩ ƳŜŀǎǳǊŜƳŜƴǘǎ. Further complicating ƴƻȊȊƭŜ ǿŜŀǊΩǎ ŜŦŦŜŎǘ ƻƴ aŜǘŎƻ слм 
coatings is the variability in unused plasma spray nozzles, where two out of five (and almost a third) 
produced coatings outside of hardness specification, one doing so twice, and all nozzles tested being 
inconsistent in their deposition efficiency and phase composition. The spray temperature relative to the 
particle melting temperature is likely an influencing factor in this. The AlSi melting temperature of 577 C 
is about 1600 C less than the mean particle temperature at the autocenter point, thus the 30 C drop 
with nozzle wear is unlikely to affect particles properties. The temperature effects are likely to be more 
drastic elsewhere in the plume. A full measurement of the plume that might catch the source of the 
coating variation would be time consuming and costly, especially in a manufacturing environment. 
Particle characteristic changes have been widely reported to effect coating properties, as in [20, 48-52], 
so both the particle state and coating properties are critical parameters that can be undiagnosed with 
current systems. 

Nozzle bore roughness as a measure of nozzle wear presents a reasonable approximation of 
nozzle wear that is complicated by flowed copper beads which can skew results. The slight decrease in 
bore roughness with the brief normal operation of the GP nozzles is likely caused electrical arc 
attachment leveling of the machined striations. Increased standard deviation in this measured 
roughness could then be from a regularity in the attachment point preference, which is to be expected. 

An interesting comparison is the new OM nozzle roughnesses. As the bore of the GP nozzles is smaller 
than that of the GH nozzles smaller cutting tool could be required for the bore section. Then assuming 
ǘƘŜ ǘƻƻƭ ƛǎƴΩǘ ŎƘanged, in the back, convergent sections, which are geometrically identical, the different 
tools size effect can be seen in there average roughnesses. 

Casting of nozzles allow for better inspection of the erosion phenomena and its progression. The 
observed single spot enlarging with sub-divots erosion progression is not particularly in agreement with 
the Planche et al. description of multiple visible spots converging [39]. Their time frame however, 12 
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ƘƻǳǊǎΣ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜ ƻōǎŜǊǾŜŘ ŜǊƻǎƛƻƴ ƛǎƴΩǘ ŎƭŜŀǊΦ !ƭǎƻ ǘƘŜ ŜǊƻǎƛƻƴ ƻōǎŜǊǾŜŘ ŘƻŜǎƴΩǘ ŎƻƳǇŀǊŜ ǿŜƭƭ ǿƛǘƘ  
Images down the bore of the gun in [45], which showed an extreme amount of erosion and degradation, 
well beyond what was seen in this work, both in erosion area and severity. Also of note was an apparent 
delocalization of their erosion both radially and axially. While improved centering of the cathode/anode 
as part of F4 nozzle alignment could account for a more distributed erosion, such wear was not 
observed in F4 nozzles inspected in this work. Highly distributed wear also ŘƻŜǎƴΩǘ ǊŜŀƭƭȅ Ŧƛǘ ǿƛǘƘ ŀ ƘƛƎƘ 
peak in the voltage frequency that is a highly repeated arc length. 

It is possible that the smooth vs rough wear patterns observed in these castings are merely 
different stages of erosion but more likely the position and shape are process parameter dependent. 
The usage sample size is too small and largely unknown to 
conjecture about the exact relation. However, the deeper and 
smoother erosion is likely to correspond with less forces 
acting on arc root. This will occur with less current, less 
Lorentz forces, and less primary gas would decrease flow 
velocity and drag which could also be affected by gas 
composition. A comparison of the cathode to anode erosion 
geometry to the geometry of a plasma gouging process can 
grant some further insight into the erosion mechanisms. 
These are shown schematically in Figure 42. The differences 
are that the plasma spray anode is cooled, its arc is more 
confined, and the arc attachment is perpendicular to the 
forcing gas flow. The same phenomena occurs in both, where 
the electrical arc transfers energy to the anode, causing 
melting which is blown away by a gas flow. By this 
mechanism, a very constricted arc attachment would explain 
the dimpling structure and a less constricted arc or a gas flow 
or cooling phenomena could produce the larger, smoother 
erosion spot.  

Lastly the significant amount of erosion imparted on the GH nozzles during 20-30 minutes of 
testing compared to the nearly negligible changes from a similar length of testing of GP nozzles truly 
illustrates the need for measurement and monitoring methods. It highlights the parameter dependence 
of the erosion phenomena that can make a simple time of operation and number of starts record nearly 
useless. Unless an extremely conservative, and therefore wasteful, threshold is implemented the 
average lifetime by hours of operation and gun ignitions could generate a very wide range of physical 
erosion characteristics. Add to this the variability in the new nozzles and potential for manufacturing 
defects and it can be seen to be a wasteful to dangerous control strategy. Meanwhile, the coatings 
indicate other factors or unmeasured values are at play, increasing variability and decreasing quality of 
the product. 

Figure 42: Gas, arc, and anode geometry in 
the erosion of a plasma spray nozzle (top) and 
that of the plasma gouging process (bottom). 
Filled arrows indicate plasma/shielding gas 
flows, open arrows indicate gas and eroded 
material flows. 
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5.2 OFFLINE ACOUSTIC SIGNALS 

5.2.1 Nozzle Aeroacoustics 

5.2.1.1 GH nozzles 

Removed from the plasma spray gun and mounted in our test device, with a compressed air 
flow, the new GH nozzles generated a discrete tone with a flow rate dependent frequency between 4 
and 6 kHz. As in the spectra plotted in Figure 43 for 70 SLM, 66.2 LPM, M = 0.065, flow through a new 
GH nozzle, left, and a used GH nozzle, right. The frequency of the tone increases with flow rate in steps 

and with some nozzles having large steps down before continuing up. At tone generating flow rates, 45-
100 SLM, the frequency of the peak tone was found to differ by 250 to 1000 Hz between new nozzle 
manufacturers. These flow rates correspond to measured liters per minute of 41 to 84 LPM and 
calculated Mach numbers, by Equation 4, of 0.04 to 0.083. Differences in the stepping pattern are also 

Figure 43: Acoustic frequency spectrum from 70 SLM air flow through a new GH nozzle (left) and a used nozzle (right). 

Figure 44: Flow rate dependence of peak frequency of new nozzles 
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evident between nozzle manufacturers. Both these trends are observable in peak frequency versus flow 
rate data plotted in Figure 44.  

Several lengths of PVC tube for nozzle attachment between 5 and 60 cm were tested. While a 
ƳƛƴƛƳǳƳ ƭŜƴƎǘƘ ŦƻǊ ƎŜƴŜǊŀǘƛƴƎ ŀ ǘƻƴŜ ǿŀǎ ƻōǎŜǊǾŜŘΣ ŀƴ ŜŦŦŜŎǘ ƻƴ ǘƘŜ ŦǊŜǉǳŜƴŎȅΩǎ ǊŜǎǇƻƴǎŜ ǘƻ Ŧƭƻǿ ǊŀǘŜ 
was also very evident. Longer tubes had the effect of increasing the number and decreasing the length 
of steps for a range of flow rates. As plotted in Figure 45, decreasing tube length increased the 
frequency difference between steps. This is indicative of an upstream interaction between the nozzle 
flow and the attachment geometry.  

Additional evidence to support this is the lack of flow rate dependent tone without a nozzle in 
place as well as a lack of tone for the GP (non-diverging) type nozzles. Both point to the divergent 
portion of the GH nozzle as being the source of the acoustic signal with a coupling with the upstream 
geometry. However looking at the spectrum for the tube without a nozzle shows a periodic nature to 
ǘƘŜ ŦƭƻǿΩǎ acoustic signal. This periodic nature can then be observed when either nozzle type is in place 
but shifted in frequency. It is thus likely that the attachment pipe is actually generating a pipe tone with 
multiple harmonics. The frequency of these is pipe length dependent thus the differences observed as 
well as the change when adding a nozzle which effectively lengthens the tube.  The stepping function 
observed is in good agreement with a frequency lock-in phenomena, where the shedding frequency of 
the nozzle produces an upstream pressure fluctuation, the upstream wave adopts a hydrodynamic 
mode of an upstream cavity which enhances shedding phenomena at an equal frequency, hence locking 
in. The flow velocity then must increase well out of the shedding frequency before it can break the self-
sustaining phenomena only to lock into another mode of the upstream fluctuation.  

Different gases greatly affected the acoustic signal generated by the GH nozzles. Helium was 
tested across the same range of 40-100 SLM (M=0.015-0.035, 44-104 LPM). The acoustic signals changed 
drastically. The step function was replaced by a linear response of frequency to flow rate, strong 
harmonics, along with a large drop in the frequency of the tones. This can be explained by the significant 
difference in Reynolds number due to the different gas viscosities with these different regimes plotted 
in Figure 46. 

Figure 45: Frequency step size between consecutive measurements for air and helium as a function of 
attachment tube length 
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CƻǊ ǘƘŜ ǎŀƳŜ Ŧƭƻǿ ǊŀǘŜǎ ƘŜƭƛǳƳΩǎ ƭƻǿŜǊ ǾƛǎŎƻǎƛǘȅ ǇǊƻŘǳŎŜǎ Ŧƭƻǿ ǿƛǘƘ ƴƻȊȊƭŜ ŘƛŀƳŜǘŜǊ ŘŜǘermined 
Reynolds Numbers below 2000, well within the laminar flow regimeΦ !ƛǊΩǎ ƘƛƎƘŜǊ ǾƛǎŎƻǎƛǘȅ ǇǊƻŘǳŎŜǎ flow 
of Re in the 8000 ς 18,000 range, well into the turbulent flow regime. The effect of the upstream tube 
length also disappeared with a helium flow. While it appears that the lowest tube length and Reynolds 
number plotted in Figure 46 produced different frequencies than the longer tubes, this was the result of 
only extracting the highest peak as all tubes had harmonic modes at the same frequencies but some 
slight difference in the setup or operation made the higher frequency mode have higher intensity. 

Amongst the used nozzles sampled, the discrete tone was noticeably attenuated, if discernable 
at all. Finding the maximum within the spectrums identified the frequency of this tone as well as its 
intensity and the points for all the tested nozzles are plotted in Figure 47.  

Air  
Helium 

ñ ñ ñ 

Figure 46: Reynolds number effect on peak frequency by tube length. Series on left from 
helium, air on the right 

Figure 47: Peak acoustic intensity vs. peak frequency for used nozzles and new 
nozzles from three different manufacturers 
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Two patterns easily seen in this plot are the general segregation of new nozzles versus worn nozzles by 
intensity and the separation of new nozzle manufacturers by frequency. While three used nozzles do 
appear to have peak frequency and intensity values comparable to those of new nozzles, this does not 
contradict what was known about the nozzles usage history (nothing) nor invalidate the clear utility of 
the acoustic test described, as was confirmed by roughness measurements. It is perhaps the roughness 
difference or some geometrical difference between the new nozzles that leads to the acoustic signal 
difference observed, but the fact that the acoustic signal is changed is proof that there is a fundamental 
change to the flow though the nozzles. While the corrŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ǊƻǳƎƘƴŜǎǎ ŀƴŘ ǇŜŀƪ ƛƴǘŜƴǎƛǘȅ ƛǎƴΩǘ 
great as seen in Figure 48 it does seem to explain the outliers of the acoustic test.  

The roughness data can be used to 
substantiate the acoustic test results as seen in Figure 
49 where ƴƻȊȊƭŜǎΩ ƳŜŀƴ ǇŜŀƪ intensity by nozzle is 
plotted for a range of flow rates(85-87 SLM, 75-77 
LPM, M = 0.075) is colored by overall standard 
deviation of bore Ra. The used nozzles that have a 
peak frequency intensity comparable to the new 
nozzles can also be seen to have low average bore 
roughness in GH18 and GH2. While used nozzles GH30 
and GH12 have slightly lower intensities even with 
even with minor measured wear.  So while a high 
roughness would assure a worn nozzle, a low 
ǊƻǳƎƘƴŜǎǎ ŘƻŜǎƴΩǘ ƴŜŎŜǎǎƛǘŀǘŜ ǘƘŜ ƛƴǾŜǊǎŜ  ¢Ƙƛǎ ƛǎ ǘƘŜ 
case for the nozzle GH11 where the roughness 
measurement failed to reflect the substantial wear evident in the bore casting. This adds additional 
merit to the acoustic test method over roughness measurements as it is the sum of all of the internal 
surfaces of the nozzles instead of the limited surfaces passed over by a probe. It is also getting 
information that is not captured in the nozzle castings. 

Figure 49: Mean peak intensity by nozzle for new and used plasma spray 
nozzles, colored by variation in measured roughness 

Figure 48: Average nozzle roughness as a function of 
average peak spectral intensity. 
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The other observation from the roughness measurements that can be substantiated is the difference 
between the two versions of OM nozzles which were found to exhibit different acoustic signals in 
addition to, or because of, their roughness differences as plotted in Figure 50. 

Using JMP, relatively simple formulas can be computed to distinguish the state of a nozzle based 
on its peak frequency and intensity at a set flow rate. Seen in Figure 51 is the probability functions for a 
22dB peak at 6 kHz with the solid black lines indicating the effect the two parameters have on the 

Figure 50: Variation in the peak acoustic frequency between two versions of OM nozzles. 

Figure 51: Categorization basis and accuracy for GH nozzle state and source. 
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likelihood of a state. Decreasing frequency would be more like a new or worn nozzle and the intensity 
threshold is rather stark for separating new from worn. The difficulty lies in categorizing unknown nozzle 
states so the percent accuracy in categorizing them is dependent upon what is assigned to be the 
άŎƻǊǊŜŎǘέ ǎǘŀǘŜΦ ¦ƭǘƛƳŀǘŜƭȅ ǘƘŜ ǎŜƎǊŜƎŀǘƛƻƴ ƻŦ ǘƘŜ ƴŜǿ DI ƴƻȊȊƭŜǎ ŦǊƻƳ ǘƘƻǎŜ ǘƘŀǘ ǿŜǊŜ ǳǎŜŘ ƛǎ ǾŜǊȅ 
effective. The nozzle manufacturer is a more straight forward case were the distinction is accurately 
known and purely frequency based, and is able to distinguish nozzle manufacturers with 100% accuracy. 
Both of the above distinctions are made with multiple recordings from single nozzles indicating a good 
degree of repeatability.  Further verification can be provided by the retesting of the nozzles used in the 
experiments described above. As was seen in the increases in roughness, the peak acoustic signal also 
changes with wear.  This is observable in Figure 52 where nozzles are labeled by number with the pluses 
being before process experiments and circles from after and colored by roughness variation. Notable 

changes occurred in GH18 which appeared new before and had a large intensity drop after usage. The 
wear of the formerly new nozzles GH20 and GH23 was not sufficient to change their signals. Nozzles 
GH10, GH15, and GH17 all experienced a shift in frequency as their vortex shedding was attenuated 
even more and a broadband peak then dominated. 

5.2.1.2 GP nozzles 

GP type nozzles do not emit a discrete tone in the setup and flow regimes tested, thus a 
different mechanism must be used to indicate their wear state. Such a distinction can be made in the 
broadband intensity of the flow. In Figure 53, the average sound intensity for GP nozzles is plotted as 
the average of all new and used nozzles tested at a single flow rate.  It is clear that between 0.2-2.5 kHz 
range a fair amount of difference exists between the signals. To further illustrate the difference, the 
mean intensity for individual nozzles with a flow rate of 84 SLM, 70LPM, M = 0.1374, between 0.5-3 kHz 

Figure 52: Peak acoustic frequency colored by nozzle roughness, before (Plus) and after (Circle) nozzle usage in experimentation. 



 

68 

 

is plotted in Figure 54. A separation of new vs used nozzles with some amount of overlap can be 
observed.  

A nozzle of interest is GP20, identified as defective after coating application, which has an 
average intensity of about 15.5 and aligns well with the rest of the new nozzles. This is not unexpected 
as the physical damage/erosion of GP20 while coating, was slight. Only a small amount of wear was seen 

Figure 53: Differences in the average spectra for new and used GP nozzles. 

Figure 54: Individual GP nozzle mean and standard deviation spectral intensities in the 0.5-3 kHz range. 
Group means by state are also plotted as solid horizontal lines. 
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in the nozzle casting (GP20-A in Section 5.1.3), and the modestly increased bore roughness was still well 
below the used nozzles. GP3, a new nozzle, was manufactured by ATT. With an intensity below all but 
one other new nozzle, DtоΩǎ ǊŜƭŀǘƛǾŜ ǎƛƎƴŀƭ demonstrates a potential for geometrical differences 
between manufacturers in addition to the difference in surface roughness values. Used nozzle GP8, with 
an average intensity of 16, runs counter to the worn nozzle trend. But while the measured roughness 
was seen to be high, the nozzle casting revealed very little actual erosion. It is likely that the 
profilometer measurement was skewed by copper beading and the acoustic signal represents a slightly 
worn nozzle.  

With the same peak extraction method as used for the GH nozzles, a flow rate region, around 86 
SLM, M = 0.15, 71 LPM, was found that also stratifies the new nozzles from the worn as plotted in Figure 
55. From the spectra it was concluded that this maxima is a measure of the broadband intensity at 6.35 
kHz as no discrete tone was present in the signal. 

5.2.1.3 Powder Ports 

From the smaller diameter powder ports (1.51 mm #5, 1.85 mm #2 and 1.59 mm #1), no 
discrete tone was generated with flow velocities comparable to the GH nozzles. However supersonic 
flow created a shock related tone, jet screech, which was easily discernable for all powder port types 
tested. The wearing setup was seen to be effective in port mass loss, exit radius, and peak frequency 
shift. The effect of upstream pressure on the peak frequency and the effect of wear on the acoustic 
signal can be observed in Figure 56. The peak frequency decreased with powder port wear but the 
intensity, as seen in Figure 57, was seen to increase. The incremental changes to the peak frequency, at 
a particular flow rate, with powder flown is shown in Figure 58. Figure 58 also shows a comparison in 
peak frequencies between powder ports made by two different companies and the overall effects 
wearing had on internal diameter and mass. The exit radius measurements proved to be the least 
precise measurement of the powder ports, as variation between single measurements could often be 
larger than changes between erosions.  
 
 

Figure 55: Peak spectral intensities at 6.35 kHz for GP nozzles. 
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Figure 56Υ tƻǿŘŜǊ ǇƻǊǘ ǿŜŀǊ ŜŦŦŜŎǘ ƻƴ ǇŜŀƪ ŀŎƻǳǎǘƛŎ ŦǊŜǉǳŜƴŎȅΩǎ 
flow rate dependence for a #5 powder port. 

Figure 57: Peak Intensity as a function of powder port 
wear as measured by volume of powder flown through 
port for a #2 port at 100 SLM. 

Manufacturer 
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PPS 

Figure 58: Mass loss, internal diameter change, and peak frequency change with wear for #5 powder ports from two 
manufacturers. 
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Figure 59: Images taken of powder port faces from three different manufacturers for types #2, left, and #5, right. 






































































































































