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ABSTRACT

Plasma spray coatings are vital to the capabilitigetoéngines They allonenginesto
operate atcombustiontemperatures that would otherwise melt the superalloy components.
Coatingdighten clearance betweemnotating components, increasingnginecompression. They
prevent chemicahttack and physical erosioRlasma spray coatingse imperativeto the
durability andefficient operation of the modern jet enginén this application coating material
property variationhas a significant cost. In addition to the variatioherentin the process,
some of the biggest contributors to coating property variatitewvebeen tra@d to spraygun
nozzle wear and powder feed variatidn 2]

Presented hereare multiple methods utilizing flow induced acoustic signals to quantify
noise parameters, measure component wear, diagnose the plasma spray panckdstect
coatingproperty deviationMethodshave been developed for offline and online analysis of
components in addition to online process analysis. These inclogecterization of nozzle wear
by throat roughness measurements and nozzle castifiline detection of nazle wear by
attenuation ofdiscretetone generatiorand broadband signal variatipand offline
measurement of powder port wedy jet screech frequency variation. Online methods include
pre-ignition nozzle degree of wear measuremémgtdiscrete frequencghangesonline
parameter change detectigiprocess deviation detection with potential source identificatiaga
well as variation in coating property detection by bdband acoustic signal changes.

Offline methods allow for 100% accurate new nozzle mactufer 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 plasray acoustic signaésdescribed here can distinguish
nozzle state and powder feed variation wiikier 90% accuracy.

The capabilities developed here will aid in plasma spray process variation detection and
contribute to identifying the source of thisxation. This will improve coating quality and
consistencyreduce failures, lower operational costad ultimately nake jet engines more
economicalsafer, andmore fuel efficientwith 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 Coating Material
surfaceto create a coatings outlined irFigurel. Particle Source
These are highly valued processas high
temperatures and velocities allow for the
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deposition of high melting point materials to nearly Thermal and
any surface with a very wide range of conkable Kinetic Energy
coating properties. A variety of thermal spray Source

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, wirarc spraying, cold spraying,
flame spaying, detonation spraying, high velocity exel(HVOF) spraying, and plasma spraying. These
methods differ predominantly in their thermal and kinetic soureego produce different ranges of
temperatures and velocities. The general rangegastemperature andvelocity theyare capable of
generating is plotted ifrigure2 from [3].

Figurel: Thermal spray process schematic.
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The jet and gas turbine industriase primary users othermal spray processes. Thermal sprayed
coatings are applied to nearly every surface on thadmef modern jet engines whidias allowed
continuous improvement of engine safety and efficiency. Wear resistant coatings are applied to
compressor blades to protect them froimpactand corrosion. Compressor blade tips are coated with
abrasive and weaesistant coatings to cut into abradable coatings applied to the surrounding shrouds.
This combination results imamprovedseal of blades anaximumoperating temperature and rpm,
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increasing the compressive effects of each blade set and improvingetfigt]. Thermal barrier

coatings line the combustion chamber atbine blades permitting siper-alloy metals to operate well

above theirphase transition temperatureand improving fueburning efficienc{s]. These coatings
additionally protect their substrates froite corrosive high temperature bypragtts 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 manufactuandshipbuilding All of

these coatings serve &xtend 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 addotcomponents but alsbecause otheir inherent complexity andhallenges
Chief amongsthese challenged &8 (G KS ISy SN}t AyloAtAdGe (2 (1yz2s6 (GKS
destructively tested after spraying. This makes fault detection slow and metby clue not just to the
price of the component to be testedut to the delay in identifying where and when a fault occurrad.
with any process, thermal spraydsbject to variability, howevehe typical high value of components
coated, especially ia jet engine, and the higher cost of angervice component failure, leads to a
substantial desire for continuous thermal spray process improvemtefR.RA G A 2y f £ @ G SELISY & ¢
the rejection and replacement of imperfect coatings can reach 15%egbitbduction cost[6].
Complicating this drive for improvement is the inherent complexity of the processes: having a multitude
of input variables which often have nonlinear interactioBswder size distributions, particle injection
angle andvelocity distributions, and torch thermal and velocity profiles must all be balancedrsfer
energy to the particles uniformly toroduce a high quality coating. Gun input recipes are set for
particular powders and automated systems are often useagply 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 parametes over the lifespan of the nozzle. Wear of plasma spray nozzles has been studied in
the literature yet mitigation strategiesvhich can vary considerablyave not been developed
successfullyAn additional noise parameter arises from the powder feedirsgesy 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 vargdnle currently poorly controlled foif at all;
relying on visual inspeatn, arbitrary electrical thresholds, or changed as a last resort in fault detection.
Improvements to thanaterial properties of theoatings can thus be achieved by understanding the
process and how these variables effect the process. Then by detectisg Waeiations coating quality
and consistency can be increased and reduction in production costs can be achietésiwork
acoustic methods are used to detect wear of thermal spray components and monitor the process for a
variety of undesirable changethis will allow for improving consistency and quality of coatings applied
via thermal spray processes.



2 BACKGROUND

2.1 PLASMAPRAYPROCESS

2.1.1 Thermal Spray Coatings

Thermal spray coatings are the sum of all of the padittiat stick to the substrate durn
processing. Molten particles impacting the substrate flatten into discsnaechanically 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 thdbrms 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 impactather unique micrdsucture is
developed. Included in the coating are:-wor partially melted particles, voids, cracks, etc. that are
trapped in the coating during sprayiieg result from the thermal stressesAcoating of aluminurn
silicon and polyestetan be seen
in cros sectiorin Figure3 where
unmelts of the light phases, AlSi,
appearas roundwhite spots of
various sizes. The AlSi that did
melt isseen asighly deformed
from its sphericalparticle shape
due toimpact on the substratas
well assubsequent particle

up as exceptionally black areas
dispersed in the grayer black
polymer phase. At the bottom Mo
the steel substrat@ppears gray hﬁ?
andcan be seen to have a L W
roughened surfaceat the A e S S g I S s D
interface with the cating, to R e S R ST .-',is.l‘._t’,s.t _’_at‘_?j.:_":_"-?

improve particle/coating PRSI R R P e IR I AR
adhesion. Figure3: Features of a plasma sprayed coating crasstion

The materialpropertiesexhibited by the coatinggs such are an aggregate measure of the
collective structure and its constituents. The process must be designed and controlled to allow for
repeatability of desed 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 miarigpating adhesion. Relative to
other coating processethermal spray has a very high deposition rakowing for an economical
throughput.

2.1.2 Atmospheric Plasma Spray

In Atmospheric Plasma SprayifR Sa direct currentelectric arc is struck thoughanfined gas
flow to heat and accelerate the gas to form a plasma torch. This heat and momeamnéthen imparted
upon particles by injection into the plume to be projected towards a substrate to form a coating. The
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device that does this is called a plasapay guror torchand consists of a cathode aad anode
contained in a water cooling jackeind 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, momraaaly,
outside the gunSchematically this is shownfigure4.

Powder Feed —.

Cooling Water
I Powder Port

Ar & H, Gas

Coating
Substrate

Figure4: Image of operating plasma spray gun (left) and gun esessional proess shematic(right).

The plasma torch in this application operates with a-non W)
transferredelectricalarc, as the anode is part of the gun itself. A \ '
transferred arc is often the tectology behind plasma cutting torchess
shown inFigureb, where the work piece functions as the anode for the l l
arc to attach. The cutting torathesignis similarto that in Figure &xcept -
for the anode beinglectricallyneutralized, no powder is required, the
substrate/workpiece is closer and additional gas flows serve to shape and 4N
direct the plasma to the substrate and blow away molten material from _
the cut. While both devices areferredto as torches and have FigureS: Schematic of transferred

g ] ; . arc plasma cutting torch operatior
relevantreseach to this workthat will be discusseccutting torches
and transferred arcs will explicitly be labeled as such.

More specific details of thplasma spraprocesswill become apparent by discussing some of
the details of thandividualcomponentsbelow, with a focus on those mosifecting this researchAPS
is touted for its versatility as a coating process. Plasma generation can produce temperatures near
30,000 K which allows fdine application ofalmost any powder material. Plasieas a processing
medium, has high energy density, high heat flux density, high flux of reactive species, high quench rate,
and high processingte [7].

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

2.1.2.1 Cathode

The cathode is the electron source in the plasma forming circuit. So it must be designed t
readily release electrons dccupies a prominent position in the internal gun flow stresmit has an
aerodynamic component tostdesigrthat isoften paired with a particular anode design/geometihe
cathode shapeésdesigned to keephe arc attachment at single location byhe force of thegas flow
[7]. Electron emission is largest ¢img mechanisnof the cathode but a high melting temperature
material is still required to slowrosion[7]. The cathode is typically made of tungsten that is sometimes

4



doped/alloyed to lower the work function of éhmaterial to reduce the energy requirement for freeing
electrons. Thereslittle influence ofthe cathode material on the plasma electron teematureand
densityas reported ir{7].

2.1.2.2 Anode/Nozzle

The anode servete dual role of electron receptor and flow nozzle and is thus a critical
O2YLRYSYild Ay RSGSNNAYAY IthepdtislesThizye@ds ozalddnd/=acHEaNI 2 F Sy
be used interchangeably hebrit will generally differentiate between applicatis of flow and electrical
phenomenaDifferent 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 suclsavater/gas seals and cooling fins are geneiailylemented on anozzl€ &
exterior. Heatis transferredo the anode ly condensation of electrongjectron enthalpy thw and
thermo-diffusion effectsheavy particle and electron conductipand ion recombation at the anode
surface[7]. TypeGH Yy R Dt y 211t Sa ¥F2NJ aS§ prédénantygtadied imdid a Y+ & LIN
work, are shown in crossectionin Figure6.

Figure6: Crosssections of type GH (left) and GP (right) 9MB plasma spray ndzinesdirection: top to
bottom. Scale in millimeters.

Some internal desigraviations such as.aval nozzlesre usedto 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 seéelalleviatddelay 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 microseconds for typical operating conditiof. Factors that influence electrode erosion
include traces of molecular gas which haeatalytic effect on the surface, and gas flow rate which
stretches arc and boundary layer thickngdsOxidation of the copper also occurs as evidenced by the
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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 contribst® 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 $oifoe 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 electic and magnetic fields by Lorentz forces, while a
friction force resists its motion. These forces combine to kee R |
the arc in a constant state of high frequency fluctuation. Thew
motion is characterized by three modes of operation: steady,
takeover, andestrike which relate to the intensity and pattern T |
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, |
Figure7 illustrates he radial motion the electrical arc can haveu
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. Tangentia\‘ '
motion of the arc also occurs. The voltage fluctuation and arc
motion phenomena in particular has been the subject of much —~agg |
research to be discussed in the next chapter. N ‘ '
When confined in a plasma spray nozzle, the electric arc is '

longel8] and has ineased attachment spot lifetim§s0] for |
larger nozzles. Current reduce apot time but also increases
arc diameter increasing shunting. Erosion rate from currents Q ‘
100-600A have been measured aboutl to 100 Figure7: Cycle of arc attachment moti
microgram/coulomtb9]. Erosiorcausesan increase in arc root and restrike in the flow/axial direction.
stagnation to a particular poifj8]. Ttrough flow investigation

gAGK | 3t aa alfofirtl Bh&thearc leads ttagsrecBciilatibnfpatternslownstream
of the foot, which is the regiothat erosion occus{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 beimgasma 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 igsc@a G KS LX I &Y
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 th 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 heatiag[42]. 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 freeelectrons. Plasmas can be observed naturally, as they compose the mass of the Sun and are
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generated my lightning. Artificial plasmas occur in TV screens, light bulbs and in manufacturing torches
for cuttingand plasmaspray[12].

In some systemdie plasma forming gas is injected into the cathode cavity thrdaghor more
small holes at its back that generally impart a swirling motion upon the gas flow to redomore
uniform plasma plumeThe use obnlyfour gas injectorshowever hasbeen bund to lead to
circumferential noruniformity in the gas flojd 1]. Swirl injection has been seen to add centrifugal force
which aids in destabilizing the sheardawat nozzleexit and increases entrainmefit3].

Input gases in the systems used hegbied onflow meters to standardize the gas flow inputs
into the plasma spray guns and test setups. An important distinction must be made mehsurement
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 conditiong &0 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 commonrdgune 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
andservestode¥ Ay S (G(KS LI2gRSNNRA Y2YSylildzy 0S¥2NBE SYyGSNAy
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 partictestdise plume, so
additional considerations are required. The primary plasma gas is typically used as the carrier gas for
simple logistical reasons in addition to nogactivity with the powder or plasma plume.

! i
Figure8: Powder port types studied here with their geomeinyernal diameter (in mm),
and powder injection angl&he constituent components of types 1 and 5 are also
included. Size of GH nozzle included for relative comparison.



The powder port, also called the powder icjer, 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 trajextorie
the thermal requirements of the powder usethethree types of powder ports studied heese shown
in Figures8.

The plasma patrticle interaction is quite complex. Heat and momentum must be transferred from
a plasma, wheredith 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 mtes for a particular coatingdany parameters areelevant 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 piécle 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 for{de§. These are going to depend on particle
shape, diameter, deiity, velocity, drag coefficiengnd plama density, viscosity and velodifyb].
Comprehensive force considerations must incltlikesteep pressure gradient that can affect trajectory,
for sub 10 micron scale particles temperature gradients can result in thermepisorand depending on
particle injection location and properties, Coriolis forces can be obsgt@gd

2.1.3 High Veloity Oxygen Fuel Spraying

High velocity oxygen fuel spraying, HY@Qffers from the plasma sprgyrocess mostly in
energy sourceModern spray booths and controllers are often designed to run either process. The
powder feed system must tolerate higher pmires but otherwise can be the satheughaxial
injection in the torch is more feasible amdmmon. Longer nozzles allow for more particle acceleration
time and thus increased velocity. HVOF is often sought for increased coating density due to the high
velocitiesthat particles have at impact. Without arc root motion the flamel/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 ion using a resistance heating element remotely placed
into the combustible gas flowut of the nozzle

2.1.4 ProcesMonitoring Equipment

The thermal spray processes require the consistent control of multiple gunsiapdt
environmental andsafetycontrols.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 componeniEhese systems offer some indicatiortloé properties of a sprayed
coating, but after powder leaves the feedeseparate monitors are requiredarticle temperature and
velocity are taken as the best indication of coating properties as will be discussed further in the
Literature Review, and their sensongedhe most common system aetwhs. In both industry and
research institutions the particle stategenerally determined opticallyiwo popular commercial
technologiesand those used in this worlare AccuraSpray and DPV2@38tems both by Tecnar
(Quebes Canada)The AccuraSpray is a spray plume monitor and determines average particle
temperature and velocity while the DPV2000 tracks individual partiBleth use optical sensors to track
objects in their field of view andtly onthe intensity of partite emissions to determine temperature.
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Both systems require a fixed position of the plasmatpgcikK A OK R2Say Qi Fff2¢ F2NI &)

of substrates while measuring particle states adding time and costs to coating processes. These systems
are alsdboth expensiverunning in the tenso hundredsof thousand of dollars.The DPV measurement
area is 0.25 cubic millimetetisat auto centerson the plumeand can auto map a sprgumein a few
minuteswhile the AccuraSpragollects average informatiorf @ large area. DPVneasuredvelocityis
accurate to abou0.5% with temperatureswithin 3% andcalculateddiameter at 715% if calibrated.
AccuraSpragverage valueslaims similar accuracy. Without plume mapping both allow for
misrepresentation of plum characteristics via avaging and sampling errors. DPV measurements have
been seen to beeryseltconsistentwith better than 1% repeatabilifit 7]. Applicability of these
measurements for process monitoring and control is complicated by natucaii&tions in tie process
Theseoccur on multiple time scalewiith powder feeder instabilities at 0.1 to 100 Hz, plasma jet
fluctuations at a few kHz, and arc voltage fluctuations betwe@® RHz.

2.2 AEROACOUSTICS

2.2.1 AeroacoustiSignal 8urces

Sound propagates through matats in the form of a pressure waw&/hile sound is typically
associated with the vibration of a solite a speaker or a tuning farthere are numerous mechanism
by which a fluid flow can produce an acoustic signal. The study of such aerodynamicatbteg noise,
or aeroacousticsinds most of its application in jet engine design, air and terrestrial vehicle design,
structure engineering, and HVAThe phenomenahowever,are encountered on a daily basfsom the
sound of an open window to the whigg one does while workingrhe 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 characterizésiRgynolds number
(Re)}s KA OK NXBf | (i Ssaale(f) &y valdciy(¥)aril fluidwiscaSity(A .0

YQ — Equation1

Laminar flows are typically observed with Reynolds humbers below 2000 and turbulent flow
Reynolds numbers above 5000 with a transitional region between thethis 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 noiseAcoustic signals in air by fluctuations in pressure, the steadiness of a
laminar flow des not produce acoustic wave tétbulent flow though,characterizedy random
fluctuations of momentum and pressure, where the pressure fluctuations propagate away from the flow
as acoustisignalsThe 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 pragswave creation at reguldime
intervalsthat producesanacoustic toneobservable as peak in the frequency spectrum.

2.2.1.1 Coherent Flow Structures

Within a laminar or turbulent flow, large scale and periodic flow phenomenaceanr. These
are often the poduct of a resonant feedback where pressure waves from the breakdown of the
structure pass upstream and triggand/or strengthen the next flow structure. Whistles in all their
incarnations are a common occurrence of this phenomena. Geometry plays hatvilye frequency at

9



which this can occur in addition to the gas flow velocity. A constant Strouhal Nu@®t)eften
describes these flows as the product of frequeff€)and characteristic length, divided by flow velocity.

z

YO Equation2

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

2.2.1.2 Boundary Layer

When a fluid flows over a surface, that fluid is slowed by fricfidmis can be envisioned Bs & y 2
At AL OaherRA KA 2Y2f SOdA Sa Ay O2ydl OG @A GK Adjisnt & dzNF I O
molecules are then slowed lyscous forceandthis slowing of the flow extends out away from the
surface. The effect on the flow at a distance d frora slurface is determined by thiiid and flow
properties The region near the surface where the flow is below 90% of the center velocity is termed the
boundary layerBoundary lagr momentum thickness is often betwedh003 and 0.023 times the jet
radius Thinner boundary layers have longer potential cores with lower centerline turbu[@Bte

A similarboundary layetike effect is observewhen aflow issues into another fluid medium
termed a jet being adifferent fluid orwith different properties (T, VBoth fluids arethen acted upon by
viscous frictional forceslhe region where this occurs is called a shear layer. Mixing and momentum
trangfer occur in this region.

2.2.1.3 Acoustic Signal Processing

To convert a continuous signal into one that a computer can recorchaatyze discrete
measurements must be takeMVhenanalyzinga regularly fluctuating signatare must be taken to
sample frequenthenough tocapturethe 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 frequencipue to the discrete sampling, a sigmath 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 3 wheelobserved
accelerating forwed, can appear to slow, stop or even reverse the direction it is spinning.

Time dependent signals are convertedhe frequency domain by Rourier Transformwith the
FastFourierTransform (FFTbeing a particular mathematicedrmulation of the techngue. TheFFT
effectively decomposeatime varying signal into the sum of multiple sine functions. The intensities then
determined are those of the constituent sine wave of the corresponding frequehiog.spectra
reported here are calculated lyquation3 implemented in Matlab.

QO ¢ E " WOIQQe— Equation3

Wherexis thetime-dependent audio wave signal, anef is the reference pressur€0.00002 for
decibel scale)Thisproduces dogarithmicallyscaled intensitydr each frequency valudhefrequencies
resolved by the FFT are dependent upon the sample rate and number of samples
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3 LTERATUHEEVIEW

Due to the complexity of the interactions in the plasma spray prochssstate of the art
relevant to this investig#on falls intoseveralcategorieselectrical arc phenomena, plasma flow,
electrode wear effects, plasma spray monitoring, particle injecipbeisma spray acousticagoustic
process diagnosticandaeroacoustics of nozzfeows.

The wear phenomena ohe nozzle and other noise factors in the thermal spray prottests
affect coating quality argery multidisciplinary probles Aspects of the phenomena have been
investigated from many different perspectives and those that are applicable are discusged hisr
includesresearch that both justifies the approach takieere poth by alternatives and similar attempts)
and that helps explain the sources of the problem and the solutions presented.

Aspects of relevant research that aretivating/explainingghe need andrelevanceof this work
focus on:how and why the process drifts and is inconsistantdin what way and why,noise
parameterscontribute. These discuss the anode wear phenomena and the plasma generation with the
effects on the process. Partcinjection and its role in coating properties. This includes vg@airrently
done to monitor and compensate for the effects of thesgiationswhich will lead to why these sources
of variation were selected as the focus of this work.

Acousticwere seécted as a means diagnosticsas they have been shown to offer information
about gas flows and plasma spray proces$hs breadth of thigpreviouswork will be discussed here.
Lastly works that help explainrounderstand the phenomena behind the sucsfesimplementation of
the aeroacoustic signals in plasma spray process monitoring developediteeaéso included

3.1 THEPLASMASPRAYANODEANDNOZZLE

Wearing of plasma spray nozziesawell-establishedsource of drift in the proces§hese
nozzles alsserve as the anodes in the plasma generating electrical circuit and become the target of
excess localized heating when the electrical arc develops a preferential attachmentThigrtas been
an understood problem since the comna@lization of the techalogyas evidenced by cheap and easily
replaced nozzled-urthet a selling point for newer gun modelscuses ontheir increased nozzle life and
processstability. Nozzle erosiohas been well investigated by many research groups. Groups
investigated theerosion phenomena with focuses on its cauE®s25], effects[26, 27] detection[6,
28-32], and some attempts to avoid/delay[B3-36]. 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 understarglthe mechanisms behind electrode wear and
the parameters that influence iThis has applications well beyond plasma spraying as electrical arcs
interact with materials in many processes so othgstemawill be discussed below agell. When
present thegeometrical or system differences will be highlighted.

A studyby Herberlain on different DC plasma torch desjtighlighted the inherent 3D nature
of the anode being parallel to the arc aj@3]. He describes thelectron 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 terepature, andthermal diffusion coefficientEhergy
transferis as®ciated with electron condensatioand energy released following recombination of
plasma gas atoms. It therefore decreases with atom and electron thermal conductiiitiée.plasma
channel, present between the arc column and the anode,wla highly vscous plasmés acted on by
drag from the flow and Lorenz foréem its ownmagnetic field and curvature of the current path.
These forces on the attachment point caaseotion that reduces localized heatipgnd thus erosion
The motion alsvaries theelectricalvoltage and powerand ultimately heating ratekeading to
instabilities of the jet. New anodes favor random motion while eroded ones have a very preferred
movement which iprevalentin the voltage FFT. Herberlain points to increased swirbgdsexternal
magnetic fields as means to force anotion [37].

{1TSyiSQa GKSara A yi@deebphabeciiSurRderStanging dfifpBsm&torénS I NJ
erosion.Theirwork was based on experiments with contéc rodelectrodes in the middle of tubular
electrodeswith a magnetically drivearc to force motion. Plasma/arc temperatures achieved \litis
setupreached5 ¢ 20 KKand hadextremely high viscosity with Re >1000. In calculating forces on the
electrical argin addition to Lorenz and fluid drag thayso includedh surface drag related to arc/surface
interaction. Experiments showed the average arc lerigthe dependenbn gas compositiowhich
includedargon, helium, and nitrogen. Auger experimeotathodes after arcing with various gases
indicatethat melting of the electrode to about 10@m depth and diffusion of plasma gas into molten
copper occurs. They calculate that ion implantation is unlikely due to the approxim&e\sfequired
to implant ionsto this depth. Contamination of cathode surfamas seen tcwhange 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 cathof23].

In work bySzenteet al. regardingoppercathode erosiorin the same concentrielectrode
plasma torchit isindicated that important parametersare arc velocity, water cooling rate, transverse
magnetic field strength, oxide layer thickness, experiment duration and gas compd¢2iticAn
attempt was made to calculate the potential erosion rate based on arc attachment diameter, arc power,

erosion rates in 3DTheir 2D simulatiodid not include evaporation or volitization but did look at the
effect of multiple arc root attachment points, instead afelarge oneltwas in agreement with their
measured, observed, and suspected phenomena. They explained that multiple smaller attachments
reduced the heating load on the cathode and wouldieavilyinfluenced by cathode contamination

and geometry changeshich could focus multiple spots into a tighter af23].

Other work such as that by An et al. sought to redudmeinherent fluctuation in the arc root
though torch desigfi26]. Thiswaspredicated by a study of the fluctuation modes of the plasma spray
torch; steadytakeover, and restrike. Steady mode was achieved via bigient and low gas flow rate
such that Lorentz and drdgrces wereequal. Thicameat a cost of increased anode wear and poor
plume propertiedi.e. velocity). Takeover mode was achieved with helium, argon or their combination,
while diatomic hydrogen onitrogen or their mix with argon incited restrike made both takeover and
restrikemodes dragis much greater than the Lorentz force such thia¢ arc rootis forceddown stream
with voltage increasing until the arc short circuits to move upstreanmativating theirtorch 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 albdg also mention
aSiO02 b SERNMIVSdzAaly Sdzi NP RS&¢ (I KI (steddiBegR6l. KSy GKS | ND

They developed a two anode torch that sought to reduce CBL thickness to increase stalilitystyle
nozzle waseparatedinto two, with a cutperpendicularto the flow direction, separated with an
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insulator ring. The upstream anode section was attadhed switch to the power supplyo be used to
start the torch then isolate the downstream anode. This produced an extendethareasingvoltage
which decrease therequired current fora particular power level and thus decreasadodeerosion
[26].

Comparisons were made betwedrmeir design with aonventionals mm IDtorch, for alumina and
tungsten carhile coatings, by microstructure observation and Vickers hardnessgitrohardness).
Gun current was selected for constant power and voltagetfetwo guns with 366LM Ar ané SLM

H2. For alumina no differences were perceiv&tis wasn agreement wilh calculations and simulations
in other studies that indicaté an approxmately equaltemperature and velocity transfer to particles for
the two gun designs. Tungsten carbide coagihngweverwere different, decreased decarbonization
occurredwith the streched arc gun which could have been from temperature effects or oxygen in the
plasma jet. Sincthere wasno differenceperceivedin the aluminacoatings, indicating theameparticle
temperatures forthe two guns, they concluded that there must be diffat@xygen content of plumes
from entrainment. They claithe Lt dzY Skl YO ASYy i @St 20AG& 3INIRASYd FyR
Fy2RS | NO NERcuse ehtfaidrientda thieik #hgfld i$ 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 nozzlear as thinning this boundary layer and reducing motion of arc root
[20].

Schein et aldescribel the development of triple arc guns whidlivide the current by three by
splitting the anode attachmentvhich aim to approxnatelydecrease the anode heating by three. This is
done commerciallyith one cathode and three anodes as in the DeltaBuiG TV (Germangy with
three cathodesandardsy R | aAy 3t S | y2RS | & ¢ mnihgTripl&Npiral] 2y aSi
plasma gas injection is omitted, reducing radial instabilities and multiple neutralaiegssedo force
the arc farther downstream in the nozzle. Any of these rings casebected to be the analto adjust
gun voltage. In this setujne arcs stay separated due to shortest path favoreltaGurs have three
anodes and one cathogeoa single arc splits intthree nearthe end ofthe nozzle. Other propertieare
similar tothe Triplex, with selectable voltagandno swirl gas injectidi3s].

One nanosecond exposure images of plasma jedsvet increased stability of bottorchesoveranF4
(Metco)gunwhich has a single cathode and andde ¢ KS& | f 323828 KT EKOBS 61 GOl LI
injectedacross fronthe Lt I & Y Q& GNR I y3f S LiAdckeyolihe cedtgrgfink plumg 3 G K S
[35].

Marques et al. observed changes in jet length and luminosity on the order of 50 kHz for an F4
gun with 6 mm diametenozzle 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 moremmiflow 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 partigle/ 2 SOU A2y LRAY(I® aSIygKAES (GKS
separation/dividing point fluctuation causes flow instabilifiz&.

fdul

Other researchers have also sought to alter the nozzle fooremonsistent arc attachment
such ady adding boundary layer bleed holes to a GE type n¢2&]e
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Theonsetof the nozzle weaphenomenawasstudied in work by Planche et §9]. They cite an
arc root digplacement dependence upon surface roughness and oxidation. This was suithedlab
built gun with a7mm nozzle at 60045 SLMAr, 15 SLMH2by monitoringvoltage and plasma
temperature and velocity. After 30 miites of operationno noticeable erosiomasLING & Sy i a4 SEOS LI
avyrtf GNIXOSa fSTlO o0& GKS I NDO NR2G ¢gAGK2dzi Y2RATFAO
measured. With more operational tinteey observed many worn regions arise then finally merge and
become deeper and deepehfter 12 hoursof use, they observed less than thcreasean plasma
temperature, and so concluded that temperature was unaffected by electrode condition. They did
observe variation in the velocity profjl8% decrease in maximumwhich they attributed to catbde tip
changes[39].

Vardell et alreviewedplasma sprayrocess diagnostics and simulatidrhey oted that anode
erosionoccurredwith root residence longer than 15080 microsecmds, which corresponds to@6
kHz5.5 kHzminimum fluctuationfrequency They reference studies that indicate voltage drop with
nozzle wear should be corrected via current increasdthat plume fluctuationglo affect particle
velocitieg40].

3.1.1.2 Plasma Flow

Sunand Herberleindescribecurrent, voltage and cooling watéemperatureincreaseas
GONF RAGAZ2Y It & Y $[R2Y Bheirdxperimdn® abdrediad recteatiyigitieBas/plasma flow
properties withina Praxair SG 100 torch equivalent. They calculatdensity ratio of 0.0%between
argon at 300K and heliuat 600K in agreement i i K S A NJ NXal& NB02 © 8.6d0r the
argon to plasma density ratio within an operating plasma spray funplasmaat600-800 m/s and 10
12kK in half oitn8 mm IDnozzlewas calculatedo have aReynoldshumber of 58100, while the
boundary layerat 200-400m/s and 2-5 kK, would have d0004000Reynolds numbefThey sought to
simulate these values with 4.6 &5 SLM helium and 7.55 to 10.97 SLM aiigaa clear plastic and glass
G3dzyé SAGK KSE AdzY Ay 2SO0 aswag B thdiflkvbwithithrégnidoh (G KS & O
particles for flow visualization. This setup vedso simulatedn 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 spot28®mm from nozzle exit which was moved by rotating
the gasinjector 45degrees. A 4 hotewirl injector produced a slanted ring ¥ way arounel8ém from
the nozzle end whilan8 holeswirl injector producedhe least erosion that was also uniformly
distributed ~2615mm. Their nozzles were woraMn K2 dzNB FyR @2t GF3S (N} O0Sa a
2F SNRaA2yé¢ GKIFIG Aa2yz2 LISIF] Ay @2t Gl 3S aLiSOoaNyzy

Fora SGL00 torch, Duan calculatgelasma gasndair to have a 0.049.07 density ratio with
600-1000 Reynolds number assuming jet temperature of 36000 K on average. They simulated these
propertieswith a600K helium flow (0.0&g/m”3 foraratio of 0.068 to air density) at a 58LMflow
rate through an 8mm nozzlfor an 800Reynoldshumber. They then looked at flow effects with new
and worn nozzles with different gas injectors (swirl to straight). Fsohtierenvideo ofthe flows they
measured jet lenth and divergence angle. Swirl decreased jet length and increased divergence angle as
did nozzle wear. Thizbservationis qualified as not necessarily the same effect swirl would have on an
actual torch as swirl affects the arc properties in the nozzlelwtdo more to lengthen the jet thaihis
shortened bythe increasd turbulence generated after exiting the nozj26].

Spores and Pfendeoperated agun with50 SFCldrgonthrougha 6.35mm nozzleat 10.8 kW
powerand32.8% efficiency. Turbulent intensity measurements indiddeninar flow atthe nozzle exit
as the high tempratures ofthe plasma increasgits viscositywhich lowers its Raylds numberThey
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proposed torroidal vortex shedding #e fluid dynamic mechanism behind air entrainment due to
laminar flow exiting the nozzle with a high density gradi&8t

Pfender et al. approximatithe LJ | & Reyn@ldsiumber to be at about 106 6 F & SR 2y y 211
RAFYSGSNE |G it guBklyfigsiolathoG 10080hére turffuience is appareftil]

Badie et al. identifiethe laminarto turbulent transition in theiplasmatorch to be at around
5.2 SLM argofor 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 phlithdess turbulent
mixing.[42]

Ca 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 densif¢3].

A torch was modified by Viienzi et al. to improve process consistency as measured by the
plasma jet length, plume fluctuations, partigdeoperties and coatingporosity. They identified fluid
dynamics as a source of process variability in the form of arc motion causing corstichinge 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 weagial 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 affectday nozzle modifications. Reducisgirl 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 deviftiins

3.1.1.3 Electrode WedEffects

Leblanc et almonitored yttria stabilized zirconia powder particle stathile sprayindor 40
hourswith one set of eletodes in a SA00 plasma spray torcfihey measured aD particle T and V
distribution and set pointThey aw gun power increase then decrease othex course ofthe nozzl€ a
life without good correlation with particl®2 200 C mean temperature dramd ro correlation with
particleQa o n Yk & . TS, theyQobkiaidicRtiNgglLd poweas beindikely a poor means of
control. With nozzle weartheyd Ry Qi &4SS I Gtk dfdp Soma5Yoeto K12 NBepdsitiod =
efficiencywas measuredWith old electrodes increasing hydrogpercentand total gadlow rate
produced particle states and coating properties similar to a new nozzleitlugun power 5 kW higher
At points they tserveda 200C drop in mean temperature with ordyl KW drop irpower which could
result in more than 10% differencelin O 2 I thiedmyl BaRductivity. Coatirgsprayed duringheir test
showed changes in microstructuvgth varied amounts of crackirfig7].

Another expanded full lifetime test by Leblanc and Moreaswith a 7 mm F4junusing
32.4/12.6 LPM Ar/H2 and 550 A arc curréltiey dtributed electrode wear to high local energy loads
from the electrical arc. They observed a mipdinear drop in voltage from 67V to 55V over 55 hours of
testing along with a gun power change from 36.5 to 31 kW andlime@ar change in temperature from
2700C to 2500C aramichange ofL75 to 145 m/s in velocityl heyalso tracked the frequency of valje
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fluctuationsincreasingn 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% tei@¥the wear of the nozzI5].

3.2 PLASMAPRAWMONITORING

It is obviously advantageous to know what the it 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 aredeveloped to identify the impaantinput parameters and determine how their variation
effects theoutput. The input to output relationships ijplasma spragan beseparated into gun inputs
determine particle state, particle state determines coating properties, and coating properties determine
coating performance. The most commonly studied relationshgger around particle state, though
Ang et aldeveloped propertyperformance maps as a step towards developing process parameter to
coating property magd46].

Fincke et allowered particleinjection velocityand measured a decreasa mean particle
GSYLISNI (dzNB 0SSt 26 whicthN@nergdideposition éficierdcidhét injedgioh y
velocityhoweverincreased vaation in particle temperaturdut melted and deposited a larger portion
of the particles They also mnitored particle velocity and temperature and spray pattern shape and
trajectory. Theyidentify particle and surface temperatures, partictelocity, and surface topologgs
primarily determining deposition propertiesA multiple input multiple output PID contraystemwas
developed that mapped particle and plume characteristics to coating properties for process pbfitrol

Mauer et al. ptimized particle injection through plume amdrticle monitoring of a F4 gun at
600A, 40 SLMAr, 10 SLMHZ2, and4.5 g/minof AFMg powderthougha 1.8 mm port. This was lBodone
with TriplexProwith a9 mm nozzlel.8mm port with Metco204NS YSZ) at 20 g/miwhere they
observed swirl to the plume. They saw effects on temgture and velocity from varied carrier gas flow
rate, emphasizing that carrigras flow ratevas themost important parameter for improving powder
injection adt dictates particle heating and acceleratigh particle temperature drop was also observed
with changingrom 1.8 mm to 2.0 mm diameter powder ports but were able to regaaan particle
temperature by increasing the carrier gas flow rate to match the initial flow ve[&@ity

Afractional factorial experimentation on magnesia spinel abradable coating properties
(hardness, porosity, abradability) as a function of argon, currentysgistance, and powder feed rate
on a F4 torchwas performed by SteinkéJItimately 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 velocityhardnessvasdependent upon both particle T and V and porogigsmost
dependent upon temperature. They measured about HMD.5 decrease and 1% increas@orosity
with 50m/s particle velocity increase while a 1@0ncrease in temperature increasédrdness about
100HVO0.5 and decreagmrosity2%. Correlation between hardness gmatositywas observed. Ghe
parametersthey tested,whichnotably lackedhydrogen, none had significant effects on
temperaturg48].

In thethesis by Trunerthey ceveloped HVOF process maps, online diagnosticparfdrmed
single splat studies. Online particle monitorings donevia DPV2000. For alumina coatingsardness
and wear resistanceas determined as function of particle veloty and temperaturevhich in turn
were determined by fuel/gases and standofflumina was selected as haviabigh melting
temperature andwouldthusbe sensitive to process temperatures as well as being sensitive to
composition changes in the flame. HV@ffticle temperatures and velocitiegere dependent upon fuel
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gas, fuel ratio and gas flow ratddltimately they bund increased coating hardness and wessistance
wasproduced bythe highesttemperature and velocitproducing input paramete{49].

The dssertation by Vaidydescribegrocess maps for thermal sprayarticularly focusing on
particle state and stresses induced in a coagffgcts on properties. Theyampared inputs to partle
state acrossnultiple guns F4 ¢, 7,8mmdiameter nozzles and bell shaped 7.3mm), 3V8B &traight
gas injector for nitrogen plasma swirled for argon), SG 100, St Gobain TS 7 and Praxair HV 2000 HVOF.
Particlestatesin their investigations were motared with 3 different systems. Substrate curvature
measurements were implemented fapating stress determination. The workeks 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 powdersThis showed thearrier gas flow rate effect on particle tempture, velocity and
plume position A JMPstatistical model for temperature aneklocityfrom mass flow/airrent/hydrogen
ratio and interactionsvas develope@dndfavorablycompared predicted values to those measured.
From repeated measures of the same parameters over time saw d 17.R N2 LJ LISNJ K2 dzZNX» | &
observe a correlatin between temperature drop and voltage readings they concluded that nozzle
degradation was an unlikely cause of the eff@dtey doserved similar drop with other plasma densified
powder sathey claimedmore likely morphology relatedhypothesizing that its powder feeder induced
aSaANB3IFGAz2y o6& &aAl S 2NIoOoNBIF] BBy 2F (GKS LR26RSNI o

The tesisby Wentz developegrocess maps for Metco BprayedYSZ coatingghese
determinedargon current, and hydroge® éffects onparticletemperature and velocity, measured by
AccuraSpragnd DPVand coating properties, measured by in situvature, temperature and porosity.
They dsoproduced gprocess map for a new and a used cathode with no mention of nozzle/afibde
dzZi SR OF iK2RS 4l a RSAONAROSR la KIFE@Ay3d aloz2dzi GKN
V points fell withiror near2 sigma calculateffom 5 old cathode process mapkhey dserved a small
increase in temperature for all parameters run with inconsistent velocity effects. With repeated
measures of the same parametdlegey observedatemperaturedrop of 95C andvelocity drop of 2.6
m/s viaAccuraSpraput an increase of 6.8 and 8.1n/s drop via DN. Thickness per pass increased
about 2 micrometers on a 15800 micron coating from 30 passeisabout 2630% The control system
developed based otemperature and ®locity process maps and by other particle metrics and coating
YSF&Adz2NBYSyiGa KIFER RSOSy( thedathcds arbzzle weds1RA Ry Qi | 002 dzy

&
(V)]

More relationships between particle state and processametersand coating properties careb
found in the work byFauchais et al. which reviews particle monitoring methods and pradkesll as
methods of implementinguchinformation into a control strateg{62].

3.3 PARTICLINJECTION

Particle injection received attention alot of work out of Stonfrook Universityas an
optimizable parameter particularly with their process map development discuesede but it was also
studiedon a more fundamental level in works by Vardelle eTakse include online particle /plume
monitoring, which discerned carrier gas flow r@éffect on particle position, particle injection effect on
the plume, and particle state effect on flattening degree and cooling58le They also performed a
more broad review of controlling particle injecti@#]. TheReynolds number for 1.75 mm injectaith
3-8 SIM argon flowwas determinedo be 30008000,the effect beinghat curvature othe feed line
effect on flow is gone and the flow is fully develommbut29-34 mm aftera curve peing a function of
Reynold number and radiug curvaturg. Their xperimens varied injectodiameter from 0.5 mm to
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1.8mm andalsovaried 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 paticle penetration unlike plasma momenturgrand that particle injection velocitywasnearly
independent of particle siz&8hey alsolaimedthat external injection of carrier gas has a negligible

effect on the plasma jet as measured by its temperature agidoity profile$54].

Work by Ettouil et alsimulated thetemperature for twoidenticalzirconia particles injected at
I SN2 laggRsramverticalthat showed adifferenceof about 150 KThey also developedraodel
to determinevelocity and sizdistribution of powders apowderport exit based on initial size
distributions and collisions with walls and between partif3é$

Apart from variation to powder injection velocity, very little work has been dedicated to other
sourcesof changes to powder feeding. It has been mentioned in passing as atiabource of process
drift [50] and some of the causes of feed variation such as pulsng beerdiscussed ifbrief[56, 57]

3.4 THERMASPRAYACOUSTE

Inherent in the thermal spray process is the very intense acoustialdiggenerates. It is an
important consideration for operator safety equipment and quality spray booth dgsgnThe acoustic
signal also carries with it a great deal of information about the process. Those familiar with the process
I NB ljdza 01 G2 Sttt 2F (KS SE LIS NearLalasNireSeant®o | 0 A f A i
the acoustic singl& | & offédd superior diagnostics to particle state or voltage monitarifige
acoustic signal of the thermal spray processes has been studied with some sasagkbe discussed
below, generallyfor its correlationto the arc rootmotion, the gun voltageand 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, 587]. Soalso includedelow are papers that include voltage fluctuations as a
measure of wegras the changes observed in the peaks inwbkagefrequency spectrum can be
assumed to be also indicate the change that would occur in the same portion ofthistec frequency
spectrum even if not explicitly recorded or studi®bme if not all changes in the voltage frequency
spectrum should have parallels in the acoustic regime.

3411 1 02dAGAO { A3JyVotageSignaSf  GA2yaAKA L) {2

DK2NXzA S I f @@ting plagnid]though notdn alplasté tde€h, identifies arc root
fluctuations as the origin of voltage, optical and acoustic fluctuatidtisvere also identified as
4 OK I 2 théir@lasma ayc deviceonsisting ofwo magnetically driven copper tubdsr 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 sigaal.

Dourier et al. studied an F4 gun with anén diameter nozzle with swirl gas injector, no
powder injection, and witla 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 x20"5Hz andHanning windowed prior to FFT, with the aim of avoiding aliasing and
eliminating DC component. These spectra were averaged over 50 segmentsHa 868k was
identified as being from power supphlyhereasclearly defined peaks in30 kHz range were attruted
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 &kBlz and 6.5kHz, while just Argon peaks were at
about 4.25kHz, and 10.25kHz with 1/3 the power spectral inteféty
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Using a CPM 200 torch (Soudure Autogene Francaiseawatgon plasmaPauvit et alstudied
the acoustic signals in the 2@z to 50 kHz range. Nozzle diametei2.4, 3.6,and4.8 mm had peak
frequenciesggo from 32.5 kHz to 5.9 kHz widiameter increase. Currenthangel from 40 to 17Qonly
increasedhe frequency from 8.5 to 10.25 kHz. Argavhenchangel from 17 to29 NLPMincreased
the peakfrequency from 40 11 kHzawith a 4.8 mm nozzleélhe group pplied a scaling law to relathe
acoustic and voltage frequenayon-dimensionallyto current,argon flow rate anchozzle diametef63].

Pfender et al., ithe frequency spectrum ahe voltagesignal saw large changes intensity
betweentorch runs with constant conditions. Peaks at 4.5 kHz and 2.5 kHz varied inwadsanost
intense. This wastigibuted to randomness ofhe arc motion andwo different patterns of fluctuations
Theyposited that onefrequency of flutuation might limit nozzle erosion and flow turbulencérgon
plasma gaflow changesrom 25 to100 SCFHroduced ahuge change in voltage frequency spectrum
(both frequencyand intensity of peaks) and promotedstrike mode. Sharper and higher psak
occurredwith increased current too but ndb the same degreas argon flo & SWith&8 O
microphone placed 1 inch frotthe jet center atthe nozzle exit, in an anechoic champirey claimed to
be able to identify flow modes by detecting shear layetadhdities. They statedhat vortices would
create a discrete frequency while a helical mode "has no characteristic length scale and produces a
broad band acoustical spectrum." Thest higher mass flow rates, lower temperature, and decrehse
viscosityasall increafng mixing and swirl ofn exiting jet. Acoustically they determined that at SCFH,
the spectral peak was from torroidal vortex shedding, aSt8-H the peak wadicative of a
transitionalflow, whilea 100SCFH flow produceghelical modeTheyalso mentioned that there was a
strong correlation with voltage and light emissid68].

The work byBrilhac et al. was aimed ptasmacutting torch wearthough they used a noen
transferred arc torchTher torch used a button type cathode and completely straight anade
operatedin the same modes andaxe by the same mechanism as an APS anode. They describe arc
AKdzy GAy3 a GFlAy3 0EBf F2AKIFTAGHENHKl thaDl NBEa B HO T N,
shorten the cold boundary layefhisgenerates saw tooth arc voltage fluctuation in thd3 kHz range
as the arc restrikes closer to the cathoddey also discussesthunting radially fronthe attachment
pointasd & Y I f f -t&dl ff S & MNIBRI-f0F MDY a Kdzy G Ay ITé GKAOK I NB 20
constant attachment point at frequencies above 10 kHz. They developed dimensionless parameters for
arc resistance, enthalpy flow/dissipation ratin addition to Reynolds number with the aim of
extrapolation to higher powerand more expensiyglasma torchesTheseparameters were used to
recalculate arc characteristics within 5% of measured values. Their plasma torch ugeshachthode
with 8 and 9mm ID anodes, 10¢m long, with a gas injectiacthamberwith 45mm ID. Acoustic signals
were recorded from 4H200 kHz. Withhe arc ignited, they found a frequency peak at 4848 Hz that
changed with current and anode design that they associated with aradieptacement They found the
acoustic signatorrelated with arc root fluctuatiorj49].

Brilhac et al. followed up that work by investigating the same setup but with aslaped
cathode which they compared to two commercial torches up to 2 MW in power. They only looked at air
as the plasma ga3he voltage frequencwas measured to have increasdcbm 4.5 to 7.5 kHz, analith
noisier and broadespectrum They found the frequendpcreasedwith current. They deduced that the
arcrootorfinthe O 4 K2 RS LINER 6 | ddvidg ato@isuaug @achmentzaslihEre is no flow
through the cathode. Frequency also increased with increaseathode diameterThiswas explained
by likely increasedluctuations inthe arc from cathode attachment motigrshortenshe CBL thickness
leading to shuntingrad thus more rapid voltage chandé89].
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3.4.1.2 Voltage FluctuationsansAcoustics

The typical means of identifying nozzle wear is through voltage monitoring. Wadmaspray
torches operate in a direct current basilse 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 understanis fthenomena.

Zhao et al.nvestigated a Tm IDtorch with a neutrode, at 380 A and &% LPM argon flow
Theyobserved 3 and 7.7 kHz peaks in both the voltage optical signahndthus relatedthe arc root
motion to changes to the external jet. @bptical signal had a peak &2 kHxot observedn the
voltage signal sthey surmised that it wakkely related to fluid dynamic procesdsuch as engulfment,
turbulence, or eddies. The same tests with a nozzle withountgrodedid not show clear paks in
either optical or voltage FFThey @e the relationship of increasing arc lengby increasing gas flow
rate, also increasing gun voltagéey relatel arc lengthto measured increases in peak intensities with
gas flow rate but # R y@dive omffer amechanisnfor changes in frequen¢yo].

Maueret al., with a F4 gun, took voltage and partioeeasurements atlifferent stages ohozzle
wear. Theysaw decreasing voltage roughness and high frequency noise as well as observing changes in
particle velocity and temperatureia DPV2000. Theprsidered4-11 kHzhe range ofmain voltage
peaksandlooked at above0 kHzas an indication of macroscopic arc root motitmvestigations used
50/8 SLMAr/H2 with 500A current in additio to two argon nitrogergasmixes. Theynicrementally
tested a nozle over 25 hours of operatiogR Sy 2 i Ay3 GKS Hp K2dzZNA OF asS | a ac
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 erosismntd its constriction of the plasma
core, producing higler energy density. They averaged 8 time voltage measurements per compared case.
As they mly saw noticeable change e main peaks and harmonicstite end ofi K S y Bfésb t S Q&
concluded that vltage frequency waa poor measure of wear of a nozzle the high frequency regime,
over 20 kHzthey observed gradual decrease in intensitigish wearwhich wasattributed to stronger
arc root anchoring. Theoltage dropped from 68.6 to 6%oltsover 25 hourswhile voltagepeak
frequencydecreased oncat 10hours hen not again, the second peak, akl8z,only deceased at 20
hours andthen was significantly attenuatedNitrogen versus hydrogess a secondary gapectral
differences were explained aitrogen producinga shorter arcthat O y Qi NB I OK G KS K& RNER:
point soit had more motive freedom. Also a less constricted core decreases velocity which slows the
downstream progression of the arc attachment, lowering the voltage fluctuateuigncy. Aluminate
particles sprayed at 668, 40/10 SLMAr/H2,were measured to decrease in mean temperature of about
50-100C. They concluded that voltage measurement for wear required voltage histomyultiple
testings over the course of wearing. tBiarticle temperature onlyweededone measuremento identify
worn nozzles based on an absolute crit¢8@].

Weckmanret al. investigated the frequency optical and voltage fluctuations from an F4 gun
with Laval type nozzl&hey observed three voltage peaks between 4 @iz The #and 3¢
increasedn intensity with increased ignitions. Thé& fieak shifted with progressive wear thie
anodg71].

Ramachandran et ain simulating arc root motion in a F4 nozzkere able to demonstrate
that increasing arc current increases the arc core radius while decreasing its length. Decpeasflow
rate had the opposite effecThey alsshowed thathydrogenhas strong plasma core constriction
effects which causes higher power dengigj.
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These high frequency plasma plume fluctuation have been seen to effect particleBitgeret
al. measured 60@ ard 200 m/s temperature and velocity diffaerees within particles due to
plasma/voltage fluctuatiorjg3]. Thiswork was carried orto study the microstructura¢ffectswhich
saw more porosity and unmeltsom a less stable plasma [é4].

3.4.1.3 Through SubstratSignal

Another facet of the acoustsignalgn thermalspray processes are those madegarticle
impact with thesubstrate Reuss investigatetie acoustic signals from a 9MB plasma spray gun (and a
wire arc gun) as a function obzzle wear and powder feed variatiorheirwork was motivated by
analysis othe same coating applied on 3 different dapsoducingcoatings with3 different thicknesses,
porosities and roughnes#.coustic emission analysighich is generally analyr the signals
transmitted througha solid bodywas implemented. Ae ultrasonic signal from particle impacts, and
thermal and mechanical shifting of the coating/substrate was used to determine particle velocity,
temperature, mass, viscosity and interactiwith the substrate. They founthis process to be
complicated by effectively continuous signals from particle impasts$ndividual impacts were not
discernable Theycalculated that approximately 1.8 *10/"7 particle®gre sprayed per seconar one
evely 40 nsso to reduce the sample size, the sampling area was reduced. Ultimately they sprayed onto
a small test sensor or a specially altered larger substitte signal wastill complicated by substrate
material and dimensions, coating thickness andenial, and gun spray position. They simulated noise
variable influence by the use ah8 mm nozzle instead ahe normal6 mm, in addition to 3 worn
nozzles. Faulty powder injection was achieved by replacing a tppa@erport with types 5 and 1.
The orrelation between the optimal casend thevaried parametersvas then calculated for the
potential ofdistinguishing the fault source. An artificial neural network was developed to structure the
frequency spectra according to their similarity gifohonen network fromspectrabetween400 kHz
and 1 MHz divided into 960 binghismethod could identify/categorize signsfrom 3 different currents
as well as the different nozzle and powder port stfif&$. A follow up o this workwas presentedn
[76]. The largest problems with this methedasthe geometrical effects, as too large an area
complex geometries could nbe processed. Thus this methaauld haveto be applied as a separate
measurement/tesing process akin to a DPV/AccuraSpray measurepimniting its usefulness

In another &oustic emissions analyse®ethod, Lugscheider et al. placdchnsducers orthe
back ofa substrate These gathered thacoustic signals from particle impatite plagna jet, cooling jet
and cracking in the formation of thick thermal barrier coatings by recording up to 5.12IMthis case
aF4 gun with 6mm nozzlewasused[77].

Zielkeet al., acoustically monitored the substrate during twin wire arc spragnd highlighted
the decrease in intensity with coating thicknegsontinuedecordngthe sampleafter sprayingletected
cracking due tgart coolind67]. Similar approaches were applied to HVOF by Faisal[ 8.

3.4.1.4 Acoustic Signal Process Monitor ontl

3.4.1.4.1 Plasma Spray

From their work @ the acoustic signal from a low argon, low current, plasma torch with
adjustable cathodeanode distance, Badie et al. suggeahthat the peak frequencies are a function of
temperaturd60]. 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 motior{79]

21



RigoQtesisused anF4 gun and manufactured F4 nozzle equivalengstigatedcurrentQ a
effect on acoustic signathichsaw peaks in-1.5kHz range and-4.5kHz rangeTheir mcrophonewas
placed31 degrees off jet axis 33@&m in front of gundirected towards the nozzle exihAcousticsignals
were recorded aB kHzfor 1-10 min with and without powder feed. Voltage was recordedddtHzand
briefly sampled ab0 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 60B&yperformed extended lifetime testing for 2
nozzles where they observed/identified at least two stages of wear, one slow on@Ihshsummary
of the conclusonsand implementation®f RigoQ thesiswere discussed by Lenain etwaherekernel
smoothed signals from acoustics and voltage-8t%2kHz andl.6-5 kHzrespectively were used as
measures of wedi29].

Rigot et al. desibe electrode wear rat@asdependent uponstarts and hours of operatigiut
also parameters run including current and gas flows and composiftogy d4so noted that mean
voltage (hich is theMulticoat recordedvalue and root mean squared) is fluctuamta minute scale
but global means work to characteriaesprayrun. They @ted that amplitude ofthe acoustic signdtas
been found to beproportional to electrical arc powdB0, 81]but instant voltage is heceasy to
estimate the shift on the hour scal&hey measure the initial arc restrike frequency to be alddi@150
microsecondgor an F4 gun at 60@& with 75-25% mix oAr-H2[82].

Xi et al. investigatethe wear ofa SG100 plasma torch (129,145,130 electrode and gas injector
configuratior). They placednicrophones at 45 and 90 degreef§ the torch axisNo changes were
observed at the 9@egree positionAt 45 degreeshowever they detected high frequencyd9t 50kHz,
peaks in acoustic signal that were not in the voltage signal, withkdd42eak that wasensitive to
weal[32]. In another work by the same group Leblanc et al. a 200 C temperature drop was recorded
over 40 hours of spraying with om®zzle. 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
2yS (2 OKIFNIOGSNATS y211TtS 6SI NE A (redortldd yotage 2 T F S NJ
signal[83].

Beall et al. studied a Miller SI®O spray torch operating in subsonic mode with argon/helium
mixes, acoustically in th20 Hzto 20 kHz rangegecorded 9degrees ofthe spray axis. They
determined that voltage and sound signals gdevsimilar information about the state of the plasma
spraying system buhat the sound signal seemdd provide some additional information whiaannot
be found inthe voltage signal. Acoustic peaks in th& kHzrange were found to mirror voltage
fluctuation frequencyand sowere related to arc length and poweThey poposed that acoustic peaks
in 8-12 kHzangewererelated to large scale turbulenc&hey lad 5 anodes with increasing numbers of
ignitions, service time and depth of erosidrhey it 5" degree polynomialso the two frequency ranges
and identified peaks in those and their relative ra®well aghe length of the spray jefThese values
werefound to berelated to current andhe He/Ar ratio.Ultimately they @velopeda controller ©
stabilize the jet length by controlling current and gas ratio based on anode condgietermined by
acoustic sound peak rafi@l].

In another work by the same groupuan et ajwith their SG100 in subsonic mode&eposited
yttria stabilized zirconiayith 5 differentworn anodes, while recording 2020k Hz acoustic signals.
They observediecreassin depositionefficiencyand increased porosity withnodeservice hours.This
work only inspected thd to 8 kHzrangewhere the acoustic signal was seen to be the samebtage
in the frequency domaifid4].
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Rat and Coudert have produced several works that focus on the acoustic signpldsma
spray.In [64] they investigated the acoustic signatusEsuspension plasma spraying. Usirfg\F4gun
(6mm nozzle) with external fluid suspension injection with Argon and Ar/H2 as plasmaaa8ekHz
microphoneat 45degreesoff the flow axisvas used to determine thacousticpower spectra. They
explaired (i K Indrrovéipeaks in the power spectrum means resonance phenomena occur in the plasma
02 NOK®é { LIS OA FtheQitlehtifyad 4-5khzpehkiish Malkhhalts réstrialice mode of the
cathode cavity and 7 kHzpeakthat they suspect ianother cavity resonance mode. Their voltage
signals were affected by suspension injection along with a decreased intengiy ©kHzpeak while it
increased a¥4 kHz Sincdlows weresubsoni¢pressure fluctuations from injection were suspected of
propagating upstream and slightly modifying the resonance of the cathode cavity. Their calculated
sound speed in the plasmvaasabout 3000m/s, but liquid injection locally coolethe plasma decreasing
the speed of sound. They identified an increase in sound propagation time with increased mass injected.
They hypothesize that spension drop injection which occurrdgetween 3550kHzshould be, butvas
not, observable in power spectrunThey diddentify a drop irintensity in frequencies abov&0 kHz
along with increases belo20 kHawith suspension injectionfheyderived a formula for attenuation of
frequency ranges based on plasma temperature and massréitewvhich agreed pretty well with their
observed phenomena. Ultimately they cladchtheir method gave signature of plasma and liquid
interactionin the intensity increase in th&0-20 kHzange ordecreasen the 35-50 kKHzrange, but
below 10kHzobsened no acoustic characteristic of fluid plasma interac{e4l.

In another work by Coudert and Rat they experimented with agi#@mm nozle) and a
custom built torch with adjustable back erthey decreasethe volume behindhe cathode in their
torch and saw large frequency increases in the voltage fluctuations and slight voltage dectbases.
measuredhe pressure drop alonthe insideof torch with and without cathode and plasma which was
used to calculate and present a Helmholtz frequency formula for a much simplified gun gedmetry.
comparing the effects of varying the cavity size at a few cuwahtesto that predicted by their
Helmholtz formula they had pretty good agreem¢st).

Ratand udert modified a F4 gun to insera microphone ito the cathode cavity and
recordedfrequencies up td.60 kHz Their gas inlet pressure was measured immediately prior to
entering the gun and inside the cathodavity @verage pressure 1.6fars +0.02bars), while observing
a 100microseond delay in pressure behind voltage fluctuations. They considered the restrike mode to
affect the whole frequency range due to the randomness of thaneng and as white noise
spectrally[86]). Filtering the voltage and pressure signals allowednthe be dividednto (or identified
as the sum ofa Helmholtzmode,4.5 kHZor 45/6 SLMAr/H2, 600A; modes 1 and 2, at 7 and 16.5 kHz
and restrike signals. Modes 1 anav2re suspected tde from standing acoustic wavestire cathodic
cavity. Mode 2 was not present in their voltage signal and appears to increase frequentydvithen
flow rate while the Helmholtz and mode 1 exchanged en&gly

In[88], Rat and @udert, noted that takeover moderasmore easily observed witmonatomic
gases and restrike modeasfavored with diatomic additions or with pure argon awaver arc current
or increasecozzle diameter. Arc root spot lifetime was linked to nozzle erosion rate seen in voltage
fluctuations as saw tooth separation aad a function of cold boundary layer thickness. Arc column
thickness increased with arc current and decreased with hydrogen increase as it etittaaroeal
constriction. They determined that the mean spot lifetime was not the same as the arc voltagé.perio
According taheir voltage signalarcrestrikes about everg0to 100 microseconds, corresponding to a
frequency greater tha0 kHzso the main fluctuation frequency kH O | Yexélated to cold
boundarylayer thicknessTheir short time=FTwith time step 3Imicrosecondswindow width 7.936ms
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and signal duratiolf 0.2s showedan alternating signal between restrike and mode 1 such that they

were not occurring concurrentlyt was concluded that the acoustic modes are exchanging energy. By

adding a 10mm ID piston anaylinder &coustic stub or acoustic resonator)ttee cathode cavity they

gSNBE FofS G2 FEt3dSNI 0KS 3FdzyQa FTNBIdzSyOrSaod ¢KSe& 20
that damped theHelmholtzmode and increased the meancavoltage. They identifiethat the

difference between dampingidda LJt | O $orré&sgoado the kalf acoustic wave lengthf cold

plasma forming gas@siB8]

In a variation to thisvork, Rat and Coudeiihcreased the piston neck diameteagping from 4 to
5mm,which decreased the Helmholtz mode more. This was explained as the smaller neck having more
FNAOGAZ2Y fAYAGAY 3T -odeSsgnalliHaviezeyvwihén g&rig FoG omntyered K S |
wasa slight rise in Helmholtz mode sidnattributed to a decrease in the damping coupl[B4].

Another work byCoudertet al.on F4gunshas a more detailed calculation of Helmholtz
frequency as a function of specific enthalffeircalalationsdidy QG | £ £ 26 T2 NUcKasa KSNJ K |
those observe@dxperimentally TK S @  Rde Regulativoltage fluctuations blelmhdtz frequencies in
ahomemade gun which they claim was due to geometrical differences that inaddaseamping
factor of the cavitj89].

Badie et al. looked at the acoustic signal from an argon plasma torchheithim of
determining its characteristicklarmonicpeaks tathe primary frequencywere 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 tlamode-cathode distance was increaseth increase in frequency and
in voltagewasobservedwith a nonlinear voltage/frequency relationship. At different argon flow rates
different relationships between voltage and frequency were observed when varyéngrnibdecathode
distance.They suspected that the frequency position is mainly a functiomofeamperature though
they were not able to directly measure 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 approximatiof60].

The thesis by Du20] investigated the acoustics &G100 Praxair spragund® ¢ KS I dzy Qa
nozzle/anode has an@®m diameter 25nmm channelNozzlesat three different states were tested,
new(less than 10rs. use,50 start, and 0.2 mm erosion depth), used (~200 starts, +86. use, and.4
mm erosion), and trnt due to cooling failure (1.Aam 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 td figquency voltage sampling,
their spray process was monitored by acoustic signals in tHe0RHz range as well as walbPV 2000.

At low gun current with high flow tas, restrike mode was observedrFAr/He as plasmgases
(primary/secondary) at 108, 100/40SLM respectivelwas neededvhich is outside the S@ n n Qa
normal operational range. With increased current with/or decreased flow rates, the voltage switches to
GFf dzOGdzk Ay 3 YikRaReowrn thikwasiadchje$ed @ith QK20 Ar/HESO0A where most
Ar/He spray recipes operate. With high current and a émad straight gas flow injectionto the

cathode cavitysteady modavasachieved and was observed at 9@@0vith 60 SLMAr. Between these
ranges mixed modesere common.Mixed @seswere observed of steady/takeover at 8@0with argon

at 100SLM restrike/takeover at 40@\ and Ar/Heat 98/20 SLM. An arc mode valuascalculated

based on the shape of the voltag&gnal 2=restrike, 1=takeover, O=steady with full range between).
Takewer mode has a thin cold gas bound&ayer CBL) such that minor distortions can cause electrical
shunt development. Swirled gas injection encourages takeover mode as it increases attachment
randomnesf20].

24



In their anaysis anddescription of the arc root fluctuations they inclutla friction force(as in[23]) for
the arc root attachment to the anode that opposes the drag force pushing the foot skoeam.
Additionally hey associatedteady mode with low jet noisanda highly laminar and long j&0].

Ther arc was also visually monitored with a camera in the jet axis. In takeover, 3066 degree

tangentialarc root motion was obseed during a voltage cycle with a broad root and deduced that

FGdl OKYSYyld R2SayQi @GFryAaK AYYSRAIFIGSte 6KSy OoNBI{R
new attachment. In comparisorestrikemode, had a clearly defined attachment and maov& 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 segasd@ljum)

fraction. Constricting the arc can increase power level plasma peak temperature. CBL thicknass

YSI adz2NBR o0& (GKS 2SS4 FEA& OFYSNI} RARYyQl O2NNBtFGS
especially with mode valudsetweenl and2 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, theywere not necessarily measuring the arc thickrjeés.

Plasmavelocitiesmeasuredl7 mm in front of gun nozzldemonstratedower velocities with straight
gasinjector (s swirled) and evelower velocitieswith an eroded anode. This was explairedresulting
from lower power level from lower voltagas well asncreased entrainment due to stronger
fluctuationg20].

In takeover mode, voltage spectrum progressimm new to wornnozzle state observed no peak with

abrand new electrodaswithout favorable attachment locationgerfectly random fluctuations
200dINNEROFSHziAdYXRGESRY B 2N 02dzZLl) S 2F YAydziSa 27
preference and spectral peaks present themselves at about 3.5 and 7 kHz. More erosiahroatese

preference for a spowith longer residence time thus lower frequency. Aterfdiock Sy Bfd the? S Q &

kHz peakvaslost inthe signal for a 2.&Hzpeal20].

From looking at DPV datar particletemperature, velody and diametedistributions in spacghey
observed lower max and mean values for T and V with the burnt anode. Exkjdasned as erosion
increasedluctuations in particle heating and momentum transfer with increchpgat instability and
decreasecffect of swirled flowThe lurnt electrode reducedhe averagetemperatureof particles by
about 150C(5%) and average velocity by s (5.3%) while the used electrode lowered temps by
about 10 C and velocities by aboutrb/s for NiAl and YSZ powders. Foge burnt anode this translated
to a 6% drop in deposition efficiency and about a 5% increase in pgatgity

Their aoustic signal seeat to provide additional information not found in the voltage sigridie

acoustic signalvas identified as havinggvo major partsone from the arc instability and the other from

turbulent eddy breakdown and mixing with ambient air. Sia@5 kHza A 3 yWavéldngth is 460cm

and is much larger than the nozzle diameteey claim thatsound produced inside the nozzle can be

considered a point sourc€urther, dizS G2 K2Y23SySAaide 2F GKS Gdz2NbdzZ Sy O
measurement voluméeinglarger thanthe plasma jetthe signal of the turbulent entrainment should

beangleA Y RSLISY RSy & & dzOK { KI { affécttizMdudicBighSFifthdéq@de S & K 2 dzf R\
polynomialswerefit to 2-8 kHzand 8-20 kHArequency rangeandpeaks and width at 0.7&axheight

were compared20].

Duan developed a fuzzy logic system to deterntiveecondition ofthe anode on a scale from 0 to 10,

based on ar current, total flow rate, Ar/He ratio, and ratio of peak heights friliasound spectrum.

{2dzy R LISI] KSAIKGAQ | 0Af Adiode degendenypdn@urrénSbiingraic i £ S 6 S
25



no mentionof gas change effectdJItimately their nonitoring andcontrol systemcentered around

plasma jet length. Sound peak ratio determined wear state was used ordy fodicationof how

effective a He/Ar ratio increase would be on increasing the jet length or to determine the rate at which
to increase currat or Ar/He to achieve a desired flame lenff20]. Some of this work was summarized

by Beall et aj61].

3.4.1.4.2 Other Processs

Tillmanet al. investigated the acoustic signabm twin wire arc sprayingn which a steady gas
flow past the arcing and liquefying wiregomizes and projects the material onto a substrate to form a
coating. Electricity arcs betweehe shortest distance betweetihe two wires. Two signals were
identified, one from gas flow and the other from vanyilength of arc as wire meltl and wasemoved
and the arc extinguishes and reignites. In wire arc spraying, the primary gas is directed through a
straight bore nozzle about 1rém in diameter. Secondary gases are outsidegun to help shape the
particle stream.Microphones on the substrate and nozzle produced nearly identical sigraisary gas
wasseen to behe only parameter that affected the frequency spectrum at the naZehe effect of
primary gas was seen as solalproadband change in intemgiattributed to differing atomization
behavior of the liquefied wirg65, 67] The signals measured were between 0.1 and 1 MHz so likely
missing information in the subOO kHzange.

In work by Chen et abariation in the acoustic signalasused to determine if blockas are
present in automotive engine manifol(®d].

Jemielniak and Otman applied acoustic sighal monitoring to detect tool chipping and breakage of
lathe cutting bit§91]. Acoustic emissionisavealsobeen usedor monitoring cutting tool conditiof92].
Theyhave also been used monitoring of hard turning and grinding to determine workpiece quality
and process progresg/here sgnals alloved for determination of theinfluence ofthe process on
subsurface microstructuf@3].

Wang et al.mplemented arartificial neuralnetwork (ANN) using acoustic emissions for detection
of burn of grinding workpieces. They found that reducing the acoustic signal down to stimtigdc
(threshold oriented stdsticaltools) had limited predictive ability. Very high accura@s achievedvith
an ANNusingradial basis function architecture even walvery small training set. F@40-400 kHz
frequency bandtheyused the band powekurtosisand skew and their meaand standard deviatian
across blocks of acoustic signal as inputs/predictots@rANN to determine burn, neburn and ne
grinding statesThey #so triedseveralother predictor values with success, no clear
outperformancg94].

3.5 NozzLBE OWACOUSTICS

3.5.1 Aeroacoustic Signals

Brilhac et alwith an unignited aiflow, at 53SLM througha 10 mm nozzle had a peak the
acousticspectrumat 1566 Hz with a harmonic 8170Hz. This peak frequency increased with gas flow
rate and decreasedith larger nozzle diametaand they attributedit to vortex flow inside the nozzle.
With anarc ignitedthey noted that the acousticignal of the plain flow, their vortex flosignal was not
present ordetectable in the spectrdt was explainedhat the no arcacoustic signalasfrom swirl of
the gasandthe arc attached well down the nozzle were swirl is reduced, both by wall friction and
expanding arc gas forcdamiting the vorte flow[19].
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In another work Brilhacet al.also varied the cathode chamber region diameter and the length of
a straight Zm ID nozzleincreasing the flow rate increased the peak frequency in all chsagasing
the length decreased the peak frequerregorded at a given flow rat€€hanging the length from 7.5 cm
to 22.5 cm decreased the frequency at 200 SLM from about 900 to 600 Hz. Inctatisadke chamber
diameter appeaedto have increased the linearity of the effect of flowrate on frequency, ey at
high flowrates. Both effectwere attributed to the changes in the pressure drop due to the geometrical
change® ¢KS G2yS gl a (K2daAKG (2 aOKINIOGSNATS GKS asg
to reach a plateau from increasingélo NI S | GNRO6dziSR (2 FTNROGAZ2Y F2ND
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Coudert and Ratxperimented with an F4 gun (6mm nozzMJjithout gun ignition, whistling was
observed above 20 SLM argthat wasproportional to flow rate. Their calculated frequency from the
gas swirler based on hole geometry anddtionwhichwas 5 times lower than the recorded frequency,
ruling it out as a potential sourc&hey found the signal to persist after removing the swirl ring, cathode
and nozzle/anodeTonal frequencies were 4.6 kHz and 5.5 kHz for 50 and 60 SLMflangoSound
emission was attributed to ®¥on Karman vortex stre¢85].

In the work by Baeueland company a gas flow through the nozzlestodnsferred ar@lasma
cutting torches was used to identify wear in thezzles 1.7, 2.36, 2.87, 3.1&minternal diameters) All
hadsharp edged 3.168im long cylindrical hole geometry. At lower Reynolds nuraltkeere were sharp
harmonically spaced peaks attributed to a periodic but4sorusoidal pressure variation. Peak
frequencieswvere the same for different nozzles at the same flow velocity so they condltide the
orifice lengthwasthe pertinent charaatristic length.Their signal was insensitive to cathode cavity
volume.They vere able to distinguish 14 worn from 3 new nozzles and observed a progressive drop in
intensity ofthe resonant peak with wear of a single noz#6é, 97]

/ KSy3a |yR [/ KSyQa & sighdzintensitgengrateéd by alpkstna jetGRodmd A O
increases in intensity with temperature and velocity. When comparing the effects on the flow they saw a
larger contribution to the acousticgmal from temperaturevelocity correlated noise(entropic source)
than from just velocity correlated noise(aerodynanjég].

3.5.2 Roughness Acoustic Signal

Surface roughness has been studied as a source of an acoustifa8ihnaften using sandpaper
to provide a uniform surface roughned®0]. With sufficiently low background noise levels, signal to
noise ratios as high &0 dB have been measured faughnessoisg101]. But while the 0.03 to 20
micron Ra values discussed here amilsir to finer sandpapetthe roughness is much less uniform and
the size relative to th 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 igli@ders were roughened with 0.05 mm to 0.8 mm glass beads
2NJ FONF AABS LI LISN®» w2daAKySaa f26SNBR (GKS 02dzyRI NEB
observed changes in Strouhal number with varying rougHta628%
Wall roughness effects have been testuthethroat of a supersoniaozzlewith a30 cm
radiusby Demetriades Upstream pressure, surface roughness heightl cooling move the laminar to

turbulent transition upstream. Roughness was addeatigchingsandpapeinof 60-600 grit (0.265nm
to 0.016mm), weaveand wire screen. The turbulence changes were seen to be most sensitive to
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random sanegrain roughness. The work also indicates that thegesensitivity threshold below which
the transition point would no longer move with roughness chafib@3).

3.5.3 Pipe Tones

Anderson studied the discrete todie ¥ NB Y LJA LIS a Zffeatet by Bipe feBgyhdrificg € =  a |
diameter and gas preseg[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 investighthe dependence on Reynolds number(up to ~5000) in
[108]and[109]

3.5.4 Frequency Loek

Dunlapstudied freqiency lockin as the potential source of significant oscillations in rocket
motors. Reriodicvortex sheddingnatched the acoustic mode frequency of the chamber(=na/2L
a=sound speed L=cavity length) so St=n(characteristic dimension)/2ML (M=flow Milcarhurheir
setup had acoustic peaks correspondinghe first 6 axial modes of the chamber with
M=0.042(~14m/s) in a 3@n ID 10&m long steel tube. When restrictors were added to middle of the
tube and their spacing was varied, some damping was @ksePlacing baffles abdes of the acoustic
modesdecreased their intensifiL10].

E. de Langre definddck-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. Naticiadly they
RSAONAROSR Al a NBaz2ylryoS 06SG¢SSy (KS az2dz2NOSa adz0
feedback amplifies the frequency and make it resistant to change (as from change in flow properties). In
their work they studied coupling of égtler motion with vortex shedding behind it and modeling both as
simple mechanical systefid1].

Flatau investigatethe coupling of baffle andhamber geometry in a rocket motor. They noted
thatlockA Yy T NBIj dzSy GQS2a FRNDHRDI RBEMBRTI v I Kk H[ 6 KAALES yE2 NI & Of
systems, f= (211) 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 HHLX].

Debut et al explored lockin phenomena coupling pipe tone modes with those of the same
LIALISQa O2NNHAIF GA2yad | &adSNGasdsddeedtypedd Ff 29 @St 2
consequence of nonlinear effects. Sometimes modes were skipped while also seeinrgpnagtbr not
clean jump from one mode to another, where more than one mode appearederisf113].

Paduano ad Meskell, in an investigation of vortex shedding off a cylinder, giteohto predict
lockin, 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 phenuefiel4].

3.5.5 Jet Screech

Cain et al. described jet screediiginally discovered and studied by Powell in 1983being
from aresonant loop where vorticesteract with shocks creating acoustic waves that excite vortices.
They also not¢hat it is only presentri an imperfectly expanded jet. Thehien that increasing
temperatures decreases potential core length and number of shock cells (decreasing parkiethis
opposed by temperature increasing growth rate of instabilities. Four detailed steps are listed in the
resonance phenomena: flow disturbances are amplified by exponential grovetKe¥irHelmholtz
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inflectional instability mode; by the time theastability mode reaches the second shock cell it has
significant intensity and vertical structure creates acoustic radiation from interactiontixgtihock cell;
that propagates upstream and is scatteredtbg nozzle lip; creating a broad spectrum ofwetengths
that can couple with the downstream instability wat&5].

In the review by Rang 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. Otheshowed that stage Al is unstable, #table, B very stable, C very stable, D
unstable and not always visiblk.had also been shown th#1/A2 are axisymmetric, B, sinuous, C,
helical, and D, unclassified, with later work showing B and C were helical, while D was sinuous. Multiple
screechm®@Sa OFy 200dzNJ GaAayYdz GFyS2dzatese GKSasS Oty
alternating, which can be distinguished by short time FFhese different modesere determinedwith
multiple microphones andtesting for phase differences at different giions. Microphone placement on
top/slightly behind nozzle is common for jet screech experiments when not characterizing flow or
mapping acoustic/pressure field$16].

(@]
0]

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 contributetaccausethe 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 hadedsoseen to change the med
Rdlectors and dampeners on the lip or in the near field can influence the intensity as well. Many
applications require complex geometries, where nozzles are altereabiee reduction, thrust
vectoring, enhanced mixilg 2 NJ & 4 S f (0 K3 YO S/U NaReO (=S NvaSCR YWIBISIRE = | Y R

A review by Tam notes that in subsonic catage turbulence structies 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 tone® aypically accompanied by harmonics up to 4 or 5. The acoustic
signal can be divided into turbulent mixing noise, broadband slasskciated noiseand screech.

Mixing dominates downstream, the broadband shadsociated noise is dominant upstream and
saeech 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, temperatureacaise a mismatch between the screech
frequency and that of the instability waj#l7].

/' L' YdZA&aArQa 06221 2y Gdz2NbdzZ SyO0S 3ISYySNIGSR y2iaas y
radiation from air jes from a nozzle produces unique acoustic phenomena. Doppler Effesesdigh
directivity forward andhe 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[118].
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4 METHODS

4.1 PLASMAPRAYCOMPONENTS

New and used nozzles, of g6H, 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
(PF5). While some features and measurements of the new noizles shown herendicate some
RAFFSNBYyOSas y2 | Oddzrf YSF&AdZNE 2F LISNF2NXIyOS 41 a
nozzles and no indication of superiority or inferiority is implieihtended. RollsRoyce 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 embodpivih nozzles past their usefiife and
some with Ife 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 numbereckiortter they were received and not as
an indication of use. For repeatability and comparison, acoustic signhals and other measurements are
GASR (2 LI NIAOdzZ I NJ y211tS8 dzaiay3da GKS RSaAdaylGAzy a
y21 1t S onisitdafeR ik dny relevant figuresdiscussiom® Ly (KA & R2O0dzySyid GKS
label is taken to indicate nozzles never before used or otherwise damaged and during their first process
dzal 38> 4! aSRé¢ y211tS8a KI @S ANFESIYR26Y a2RBINFzf | Y26 Y ¢
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,andPPS2 YAf ft AYSGSNI L2S6RSNI LI2NIa RSaA3IySR F2N a
F4, Simplex and Triplex, were received from Oerlikon Metco. Used Powder ports were received from
RollsRoyce and Oerlikon Metco. Microscopic inspection could distinguish botioerwear of the
powder port bores and a buildup of material on the powder port face, to varying degrees on the used
L2 NI ad t 26RSNI LIR2NIL A NS T2 MISE SR -Hifay theSEIHROMESRMENNI t GEre LIS
ports were artificially worn by feedg a 50/50 mix by volume esilica bead$170-375 mesh sizegnd
alumina powdel(325500 mesh sizehrough 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 beadsheittatdness 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 mioscope at 5X magnifation. Dgitally, acircle was manually fit to the internal
diameter of the nozzle face image for which the microscope software (Olympus Stream Maotion)
calculated the area based on the magnification, from which the diameter was determined.

4.2 OFFLINSGNALGENERATIQIRECORDING ANROCESSING

The thermal spray componentgere testedfor their effect on gas flowvhile removed from the
plasma spray gun. Compressed air fed to the lab facilities provided a dry air supply which was controlled
by an Oerlikon Metcowo stage air filter/regulator and an Alicat Scientific MORSLPM gas flow
controller. The flow controller was operated through aZ32 cable to an Alicat BB9SB Signall
Distribution box connected to a computer via USB. The Alicat flow controllerumesagauge pressure,
gas temperatureandliters per minute flow ratewhile 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 abut 15Hz. A compessed air hose connects the flow controller ta&mmID, 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 i® @std secure

seal on the nozzle. Powder ports were tested with an equivalent setup that replaced the PVC pipe with a
6.35 mmID copper tube onto which powder port assemblies (stem, block and port) could be affixed via
compression fittings.

Acousticsig  f & @ SNB NBO2NRSR ¢ A (feldmicropthbia® Typex138 21 SNI m
A-015, Type 2670 Microphone preamplifier and Type 2804 Power Supply. These were serially connected
to a laptop by an U 0204 USB Audio Interface utilized at its maximunrbi24192 kHz A/D
conversion. The setup used is outlinedigure9, 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 ofthe test piece for simplicity, repeatability and portability of the test setup.

GH Nozzles

Figure9: Equipment setup for acoustic testing of plasma spray
componentsGH nozzle sgtushown

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 signgittR6 M 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 pgram allowed for the flow to be achieved and thed®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 betsvard 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 portsThis program is rluded asAppendix 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 characteristidues for a particular nozzle and flow condition.

Additional features extracted from the acoustic signals are the sound pressure levels'irottaOes

after [101], for which, each second of audio was divided into twenty 9,600 sample segments with 960
sample overlaps. The 163®bint (next power of 2 of 9600) discrete Fourier transform was taken, for 25
Hz frequencyesolution, of the segment and converted to decibels. These frequency spectra were then
averaged per second within each 1f06ctave frequency range.
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Flowvelocitieswere determined as Mach numbers calculated by Equatidias bw subsonic
flowsand Equaion 5 for supersonic flows.

o T
v Equationd

2 KSNE a Aa GKS al OK ydzYoSNE [ta A& (KSsecoBdl adzZNER 7T
area

0 — p Z— Equations[119]

In Equation 5p; is the ypstream total pressure,qis the ambient pressure, and gamma is tpedfic
heat ratio or about 1.4or dry air[119].

4.3 ROUGHNEEASUREMENTS ANBBARGEOMETRY

A Precision Devices Surfometer 430 with a SMT Skidmount on a PB&feladced Tracer was
used to measure roughness axially along the flow direction of the internal surfaces of the glasya
nozzleswith a 5.6 mm draw lengthMultiple surfacdengths, diagramed iRigurel0, were averaged,
including measurements in the diverging, straight, and converging (front, middle, and back) portions of
the GH nozzles..Rvas taken as the measure of roughness for comparisons apparent dissimilarity
in the trends was observed betweeg &d other roughness parameters determined by the
profilometer. R is the average of the absolute values of the profile heights, reldtvthe mean, over
the evaluation lengtfiL20]. ForGP and GE nozzles, which lackvarging section, the measurements for
the straight bore section we taken with a 10.16hm draw length to cover more of the internal surface.
Measurements were oriented to thengraving on the nozzle face as the right inin Figure 9

Figurel0: Lengths of GH nozzle bore surface over which roughness measurements we(ef)adeirfaces measured on C
internal surfaces(center), and orientation of @aserements taken in nozzles(right).

Silicone castings of nozzles were made using aparotin-cure silicone rubber, OO®IO 30
from SmoothOn. Petroleum jelly heated to 2R0 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 caseSilicon was slowly poutdéan to completely fill the nozzles and left to cure for at
least six hours3D scans of castings were performed by Exact Metrology and 3D Printsmith LLC.
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Visual inspection and digital image processing was used to cortipaseverity of wear based
on physcal 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 wasdetkto be 1adegrees 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 anglegnd the actual radius. At Idegrees the maximum divergence is 27 microns, while
at 5, 15 and 30 it is B0,240 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 etqud0 microns so 10 degrees was
deemed adequate for eliminating wasted effort. A HD Logitech 905 webcam was used with resolution
1600x1200, exposure was set-@f Pan:0, White Balance: 10000, Saturation: 45, Gain: 0, Sharpness:
255, Contrast: 31, Brighess: 76, Backlight Compensation: 1, Tilt: 0. The Focus was set to its minimum
distance 255 and the castings were placed at that distancecn3.8Vith a LED light above and between
the camera and the casting, very high contrast images could be captured.

4.4 HOWMSUALIZATION

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 flas were captured with a Phain-Ultima APXRS at 9,000 fpsnd 640 x 480 pixel
resolution. A high intensity microscope fluorescence light source and liquid filled light guide projected
GKNRdzZAK (GKS Ft2¢ 2yi2 o0oé¢ INRR LI LISND

4.5 SMULATIONS

The commercial CFD software, ANSYS Fluent wastasidulate the low velocity flows of
acoustically recorded nozzle experiments andfaee flows observed and recorded during thermal
spray processeSimulationsof the offline test setup were performed in 2D, 3D with axial symmetry and
full 3D. Transiet 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 commamodelapplied in jet aeroacoustisimulations as ifil21][122]. Wear was
daAYdzZ F SR o0& [FTRRAY3 ¢ ff NRBdzAKY S alawsibethein&Biony21 1Tt SQ
of a sandgrain roughness value to wall properties and values for this parameter were calculated based
on measured profilometer Ra values as outlineflL23].

Some of the effects of powder feed variation were investigated with the plasma spray
simuation softwareLAVA BBD (124, 125]. Inthe version of theprogram usedlit performs 2D
axisymmetric simulations of a plasma torch with enthalpy and momentum calculations based on gun
current, voltage, gas flonend plasma gas species. It performs a 3D simulations efmeracting
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 aremgéed 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
velocityfrom the carrier gas flov 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 waghivell as a slowing the
injection velocity based on calculationsflafw velocity changes from inteahdiameter increass
Geometry and process parameters simulated are showsignrellandTablel.
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Tablel: LAVA simulation input parameters.
Plasma jet configuration

]n ,\\'(11'1‘ l't'twl

Current 600 A
Voltage 70V
Gun efficiency 70 %
Primary gas flow rate, Ar 40SLM
\» Secondary gas flow rate, H2 12SLM
" bl ST - Particle configuration
ey GG Material NiCrAIV601
R ‘ Vamadre s %t Melting Temperature 13601411 K
¥ g™ Density 8.11 g/cm3
ran ' Injection velocity 812-1170cm/s
& Particle diameter 22-45 microns
Figurell: LAVAP-3D simulation geometry Carrier gas flow rate, Ar SSLM
schematic. Powder injecti (MpXaX

4.6 ONLINETHERMASPRAYROCESHIONITORING

Plasma spray and HVOF spray processes were acoustically recorded with the same recording
equipment & above with the microphone placed in the back corner of the bo@&hsess ports allowed
for the insertion of the microphone into the booths in a quick amdbbtrusivemanor. The location
relative to the plasma torch is taken to be well outside of theustic nearfield to beinsensitive to
moderate motion of the spray guithemicrophone was always perpendicular to the sprag.axi

GH and GP nozzles were installed on a 9MB plasma spray gun operated in an Oerlikon Metco
Multicoat platform in the Commonweth Center for Advanced Manufacturing (CCAM, Richmond,
Virginia).Powder was fed by a mechanical disc type TW8A powder feeder external of the booth.
Plasma gray experiments were acoustically recordaud aligned with the Multicoat datBor analysis.

Every secondhe Multicoat system recordshe time, cooling jet gas pressure, argon flow rate,

hydrogen, flow rate, current, voltage, powegoling water conductivitygooling water flow rate,

cooling water inlet and outlet temperatures, and powder dee parameters. Famechanicatlisc

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, vibratopgessure, and hopper weight.

Nozzles wergermitted to reach a steady state mean voltage before coatings were applied or

characteristic values weretakén C2NJ yS¢g y211¢Sa GKAa Ay.EOAvdzRSR | FA
different parameter sets were run in sequence followed by a repeat ofitseset. Current and gas flow

rates were varied while mean voltage was recorded every second. Voltage difference was calculated by
Equation 6

P wé a oBWAAQ Re00 Zp T Equation6

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 appnated from the final voltage of the new nozzle
that had consistently higher voltages across parameter sets.
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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. Garameters 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 pwder 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 88d Erger diameter than
the new powder port used in the other trigl2.24 mm and 2.05 mm resptively. Powder pulsing was
induced by lowering the carrier gas flow rate, from 5 to 3.5 NLPM, while maintaining the powder feeder
discspeed Powder pulsing was confirmed by visual inspection of the gtaye. The powder feeder is
outside the booth s@cousticsignals were also recorded outside the bootlgn from the powder
pickup location of the powdeeeder. An AccuraSpray (TECNAR Automatgystem was setup in the
booth allowing for particle and plume measurements of most spray runs.

In a sepeate series of tests,raF4 gun witlbmm 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 sepanatavith 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 wergerformed with simultaneous high or low argon flow rate and pulsing power feed.
In addition to inbooth measurements for each run, acoustic signals were recorded at three positions
2dzAaARS 2F (KS 06220K Ff2y3 (KStothRbbdSadhefpSv@I& f Ay S
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 OerlitamnN#dticoat
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 Aexur with 9 NLPM argon carrier gas, and 26 g/min powder
feed rate. Dal coaxial cooling jets were run with air at 4 bAr#2 powder port was used.

Metco 6QLNS powder is eutectic aluminufr?%silicon blended with 40% by weight polyestar
PETwith a noninal size range ofLl25 +11 micrometers. ABB1NScoatings are specified by Oerlikon
Metco as having macrohardness HR15Y of 70, bond strength 9.7chRimg density of 1.55/cm”3,
max service temperature of 325 tBermal conductivity of 0.53 W/m K, drthermal expansion of 20
30*107-6/K[126]. Metco 601NS produces an abradable coating for use with untipped blades for
clearance conwl.

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, 7.80, and 12.5 NLPM; and current at 300, 350, 400, and 450 A. Some combinations
were also run at 500 Aut this generally exceededdhpower limits for the systemausing an
automatically shut downApproximately 2.5nm thick coatings of Metco 601NS powder were applied to
5 coupons each with 5 new and 5 used nozzles. Coupons were mounted amadi@meter drum
rotated at 78 rpmand spayed from 89 mmPlasma 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 spragedi® of these
conditions. Used powder ports had diamete94(1.95 mm) and 5(2.67 mm)arger than the new
powder por{1.77 mmused in the other trials. Pulsing was induced by lowering the carrier gas flow rate
from 9 to 4 NLPM at constant mass faadle 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 liatsahy
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Ayadltt Ay 3éstemdssaiddya S
(Metco catalog numbeB8M331) that had a
hole eroced through it as seen iRigurel2.
The hole was 0.581m”"2 and ovular with 1.77
mm major axis perpendicular to the flow and
0.38mm tangential to the flowCoatings
about 1.25 mm thickvere applied with carrier
induced pulsing, he 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 coatmgn to be
@WlFRE 2N RSTSOUGADS o0¢8
This was done by visual observation of
significantinternal degradation and confirmed
retrospectively m multiple online
measurementsA manufacturing defect was suspected as the cause but there wasehlant from the
y 21 1T t S @idg omitBelinddiohconvergent segment of the nozzle which could have led to the
irregular wear phenomenadveasurements and tests run with this specific nozzle will be explicitly
discussed asriginating fromthe nozzl®t Hn | YRk 2NJ f I 6 St $IRsthkénasisb STSOGA OGS
LRGSYyGALFfte Foy2NXIf OFrasS GGKFd R2Sa y2i0 FTAG Aydaz

Figurel2: 9MB gun setup, hole in powder stem assembly
circled in white.

Additional test were run with both F4 and Sinplex plasma spray guns (Oerlikon Metco,
Westbury, NYvith a new and a used electrode sets. Sinplex was run at-48@4.0, 150, and 190)
NLPM argon, 22 NLPM hydrogen, and 36000 A currentvith inputs varied independently-4 was
run at 46+10 NLPM argon, 10.53NLPM hydrogen, and 65360 A current.

HVOF coating manufacturing processes and deliberate experiments were recorded at Turbine
Surfa@ Technologies Ltd. (Nottinghatdnited Kingdom). The process was controlled and monitored
with an Oerlikon Metco Multicoaystem In addition to variations inperating parameters, deliberate
alterations to gun ignition and rarmpp step procedureswere made to induce badr faultyignitions
where by the gun would fail to light dine flamewould burn back into the mixer block.

4.7 OCOATINAESTING

Sprayed coupons wersectioned 12L5 mm from the end that was not attached to the drum
during spraying. Coupons were cut with a Struers Secdtbwith a 200 mm diameter aluminum oxide
cut-off wheel at 3000 rpm and a OrAm/s feed speed. A sample was cut from each of 5 coapmer
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 & 7@ 510 minutes. 12 grams of
EpoFix Hardener from Struersas mixed with @0 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 unddi6dkPa vacuum for £20
minutesto 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
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ground by hand while the other half were mounted for automafimding. Samples were ground on a
Struers RotoPei2 with RotoForcet in 6 sample mounts in steps pEable2.

Table2: 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 pm silica | 100 | 360 | Struers OFS

Manual efforts took samples through 80, 120, 320, 500, 800, 1200, 2400, 4000 grit silicde carbi
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 Tegizbnin

Coating composition was determined by image thresholding of optical microgapdtistinguish
PET polymer from AISi and porosity/polishing defectsnageJimagej.nih.gov/ij/j127]. Coating
thicknesses were measured digitally from tresssectionedsamples and via calipers on the coupons
Measured thickness divided by number off passes substitutes for deposition efficléRapY
superficial hardnesssts 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 rotationagigroximately 3nm
separation.

4.8 DATAPROCESSING AARALYSIS

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
waswritten to align and process the data from multiple sows,cend is included a&ppendix B
Synchronization in time was performed manually to ensure alignment. This was done both by comparing
computer clocks and by aligning theominent acoustic features of starting argon flow and the start of
electrical current to those changes in Multicgatrameters The Multicoat controller (Oerlikon Metco)
records time averaged parameters every secand the audio was split into correspdimg one second
segments. Frequency spectra wangracted from the acoustic signal witlm &FT, signal peaks (both
frequency and intensity) were extracted from multiple frequency windtves were selected with the
aim of capturing prminent features intie 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 talililateanalysis. The saftare
JMP by SAS was used for pattern discovery aatisstal analysis of the data

Many other variablewere controlled for through data selectiormhis was donby ensuring
variableswvere the same for sampédo be compared or individually testedrftheir effect. These
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included ar jets,primary and secondary gas flow, current, carrier gas flow, feeder vibratdinges
location/background noise, arfaboth conditions (temperature, pressure, and humidity),
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5 RESULTANDDISCUSSION

5.1 PROCESS AMPONETMEASUREMENTS

5.1.1 Traditional Process MonitoriRpsults

5.1.1.1 Voltage Signals and Particle Measurements

Five gun parameters were sequentially run @#inozzle with the first set run again at the end
of other testing. Parameters and percent voltage differencestfe nozzles tested are listéd Table3.
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 theetabl

Table3: Percent voltage difference from new nozzle voltage for five used GH nozzles and three new GH nozzles as a function of
gun input parameters

% Voltage Difference by Nozzle Number
Parameter| Current | Argon | Hydrogen | New Nozzle Used New
Set# A | SLM) | (SLM) | Voltage (V) e 0TG4 GH15| GH17| GHI8| GH20| GH23| GHE6
la 435 42 8 73 34| -21| 59| -36 | -5.3 0 -0.2 1.1
2 500 30 6 60.34 -4.2 1.4 -1.8 | -3.2 | 49 1.8 -0.2
3 350 30 13 83.1 -88 | 56| -10 | -8.8 | -12 | -3.7 0
4 500 30 18 86.7 -7 43| -84 | 65| -76 | -23 | -0.1
5 500 42 0 31.45 13 20 13 13 13 4.1 0.4
1b 435 42 8 73 81| -75| -79| 66 | -99 | -25 -0.7
Hydrogen to Achieve 73 V (NLPM)
1c | 435 | 42 | | 73 10 | 11 | 11 | 10 | 12 | 85 | |

While it is readily apparent that the ude
nozzles do operate at lower voltages than new ar
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 newnozzles. Secondly, the variation in
voltage between new nozzled 73, 72.85, and
73.8volts,complicates the setting of the new
nozzle voltage used in comparisofi$is either
requirestracking of individual nozzle starting
voltages or not accommodatingew nozzles with aof
particularly high or low starting voltages.

— GH14
— GH15
— GH1T
— GH18
— GH20
— GH23
— GH36

ent Yoltage Differance
-

Perc

1 2 3 4 5 Repeated 1
Parameter Set

Furth?rmore’ th_e. parameter _Set Figurel3: Percen voltage difference by gun parameter set.
dependence is exemplified by the different voltagpoints connected for visibility

drops for different parameter set for each nozzle
and highlighted ifFigurel3. Thesdlifficulties are exacerbated by the time dependence of the gun
voltage. lllustrated irFigurel4 arethe variatiorsin voltage signals vs time for four new nozzle runs.

39



== GH20 Run1
= GH23 Runl
= GH36 Run1
= GH36 Run 2
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| I |
100 200 300
Time From Run Start (s)

Figurel4: Time dependence of gun voltage for four starts of 3 nozzles

Each run ramped up to operating parameters at differenteiyindicated by the left most peak
in each curve between 50 and 125 second but the time dependence of the voltages from this point is
KAIKEe OFENARFoftSd | aoNBF]l Ay LISNA2RE 27F | 62 dzi
can be seen thavoltages are still changing at this point and the variability between new nozzles still
exists. Two runs with nozzle GH36 exhibit two different tdependenciesndneither clearly
converges to a single voltage value.

AccuraSpraparticle and plume dignostic 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 {a) and end ofesting (Lb) are shown irFigurelb.

Nozzle State
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200+ G—-—-’/F

Nozzle Number
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+ | —GH17
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Figurel5: AccuraSpray measured particle and plume charastics tor new and used nozzles at the begin

of testing (1a) and after testing (1b).
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With sone 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 AccuraSprawas not centered on the plume and repositing was required to get a
measurable signalhe particle temperature increadevith time in 3 cases and decreabi& two others
The new nozzle mirr@dtwo of the used nozzled/elocity largely increased for the used nozzles with
usageby an average & 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 haviingher intensity than all
of the used nozzle®\fter parameter set 1 was repeated, the hydrogen levels were increased tovachie
the initial new gun voltagdncreasingn secondary hydrogen hadh &ffect of sharply increasinthe
measured plume intenti 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 conditiondiefriozzles 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 changethe plume will change the number and average size of the
particles being measuretiut the positioning is done by manually aligning the sensor with the perceived
center of the plumendinstilling a lot of variation. This measurement was further degeteerdy single
point value acquisition, as a booth operator mighea production environmentwhich is very likely to
miss small changes between nozzles as the measurements had a large amount of variation.
¢tKS&S DI y2i1ft8a ¢S NXerlad edidencedibg fRduEnSdrisgion of & & LIA (0 £
large, bright, green particles intbe plume. Changes to their physiclaracteristicsvere obvious upon
removal from the gun, with marked changes to the internal surface and nozzle faces.

Measurements with the BV2000 alleviate the issues with tAecuraSprafor this application
to a certain degree. The autocenter function applied at the beginning of each case, centers the

Condition

O Defective Mozzle

Speed_m/s Mean

4201
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Z Worn Powder Port: +120% Area
* Worn Powder Port; +20% Area

Figurel6: 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 pluntvidual partite tracking
allows for better comparison between cases. The small sampled area can however misrepresent the
plume. InFigurel6is plotted the mean particle temperatures and speed for different test conditions

with specific new ad used nozzles labeled individually. Standard deviations were very consistent across
cases aabout 40 m/s and 80.’here are many features of interest here. First, the used nozzles
separate themselves well from the new nozzles averaging a 40 m/s dvegoicity and a 30 C drop in
temperature. Thalefectivenewnozzle 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 hoofparametric testing, labeled GP26b, averaged a slight increase in

L — o . Condition
a0} RA2=048 % 2220 R*2=058 + b 34 Defectve Hozle
F Ratio = 13.8 ¥ F Ratio = 21.1 —e 244+ New Nozle

- 410 Prob > F=0.002 . z 2210__ Prob >F =0.0004 2 T O Powder Line Leak - Hole in Gooseneck

é 400_— 26 e 3 2200 X Powder Line Leak - Loose Fitting

é 300+ g 5 90'_ | A Powder Pulsing - Carrier Gas Induced

i F 2 1 i Y Powder Pulsing - Hose Induced

E,j,_ 380_- é_ 2180+ Used Nozzle )

“ 370 8 - Z Womn Powder Port: +120% Area
360.— 2170.- % Worn Powder Port: +20% Area
350_ 1 1 1 1 1 1 2160_ 1 1 1 1 1 1 1 1

82 84 86 88 90 92 94 96 82 84 8 88 90 92 94 96 98
Voltage_V_MEAN Mean Voltage_V_MEAN Mean

Figurel?: Average patrticle spel and temperature as functions of gun voltage.

velocity. All the powder feed variation testshich wereperformed with GP22had increased average

velocity except for the loose fitting which had no discernable change. Carrier gaethgowder

LJdzf aAy3Qa LI dz¥YS G NAIF GA2y LINBOf dZRSR (GKS 5t FNRY
centering and the DPahdregistered only a single particleat was not included in the plot

As seen ifrigurel?, wltage 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 usdgepredict particle state and therebyating propertiesare
evident in the overlap of new and used voltage signals, the sometimes far divergence observable in
Dt MmoQ& GSYLISNI (dzZNB 2NJ Dt MmnQa @St20Aie FYyR GKS O2Y
phenomena. Additionally the sdat in new nozzle voltages is present with an almogbrange 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 imgtigate the effect of this on particle temperature and velocity in
LAVAP-3Dit is necessary to consider particle injection angle and velocity. As a simplifying assumption
the software generateparticles ata single point with a random velocity vecfoom agiven injection
velocity and a conangle instead of the manrlyody 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
increasingvear (vider angle, lowevelocity). Velocities were calculated basedaoriil.7m/s baseline
injection velocity with nozzle diameter increases of 2.5, 5, 10, and 20 percent assuming a constant flow
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rate. The effecon average particle temperature and velocity at spray distarasebe seen irFigurel8
andFigurel9.
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Figurel8: Effect of powder port wear on average particle temperature
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Figurel9: Effect of powder port wear on averaggialparticle velocity.

Intuitively, wear effects decrease the number of particles optimally injected into the center of
the plasma plume and thus lower the average temperature and vglo€ithe particles. Itan be
estimated that for the NiCrAlY simulated thear induced in the powder pts tested, 1650%
increased diameter, could producg to 200Cand 10m/s drops in the average particle state when
arriving at a substrate.

5.1.1.3 Coating Aalysis

Figure20: Full crossection of abradable coating on a steel coupon, 25.4 mm across.
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A typical cross sectianf a Metco601 coating on a steel substratedepictedn Figure20.

ﬁreatlonTlme ::13/312201511650PM . ¢ ” i ; é, NP4 o k - ©
IObtechve Lens:_MPLFLN BD 5x/0.15 V-— 7 _m‘t.‘ Sie - " oo
Figure21: Magnified view of MetcoGOl crosectlon hlghllghtlng regions magnlfledl-‘rrgure22 AlISi: nght phase PET Dark
phase.

Figure22: Reglons 1(Left) and 2(R|ght) frétigure21, hlghllghtlng the phases present in the coatifigAlSi; 2, Phases
separated AlSi; 3, PET; 4, porosity.
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The 250 by 175 micrometer regions outlinedrigure21 are magnified irFigure22, on the leftfor
regionl, andon the rightfor region2. The light AlSi phaskapbeledl in theFigure40can be observed to
be phase separating sBome regionsas where lablked 2 where iscan beseen as two shades of the
lightest phase. The PHa&beled3, can be interspersed withorosity, 4 that takes on an exceptionally
dark color in the less magnifiedicrographs

Cross sections of three different new nozzle @ns M@skaré shown below where @ariationin coating
thickness is evident and the distribution of the light, AISi, and dark phase, PET, seems even and random.

Figure24: Cross section of Metco 601 coating sprayed dutimgl30 with GP26
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Figure25: Cross section of Metco 601 coating sprayed dutinglB84 with GP20

No apparent differenceasultedfrom 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 verticallydrient
(relative to the substratepolymer 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 prodddoy the low carrier gas flow rate induced powder
pulsing. A full coupon is shown in cross sectioRigure26 along with a magnified segmeint Figure27.

Figure27: Closer inspection of coating sprayed with low carrier gas induced powder puls

In both, the significant coating surface ghness is apparent when comparedRigure20,
above sprayed under normal conditionm the enlarged viewFigure27, the presence of many AlSi
unmelts are apparent as the circular white features thribogt the coating. A larger amount of inherent
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porosity is also evident as the darkest phase in the coating. All otaging cross sectiorrequired
digital processingo determine quantitative differences.

The three phasesieasuredwvere AlSi, PET, apwdrositywhich were easily isolated by thresholding- 16
bit grayscale micrographs as seetrigure28.
LA ATV X ';J‘l“': ‘:, ""v:"i‘- ‘”’Sk f:z‘ . ,/ ‘
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Figure28: Results of grayscalaresholds on a Metco 601 cressction(top left); porosity, 10869 (top right); PET,
1086924338 (bottom left); AlSi, 24338535 (bottom right)lmage widths 2.5 mm.

The plotsn Figure29 depict the averaged measurements made on the coupons from each spray

conditonL y Of dzZRSR Ay (KS KINRySaa YSIadaNBYSyida INB tAy

hardnessOM Specas well asthelowend of Rolls2 @ 0SQa O2F GAy 3 RRMRy Saa aLlS
Experimentalun 1(GP2€l) and runl30(GP2&) were both performedvith the same nozzle

with four hours of varying gun parameters in between. Run 134 was performed with an unozzd

(GP20) but upon removal it was apparent that it had worn esely and identified as a baut

defective,nozzle The coupons fronGP261 and GP2@ both fell below Rollsv2 @ 0SQa | wmp, w201

hardness lower specification limit of 68(upper limit of 78). @héectivenozzle, GP20, was justlow

the limit at 67.9. The only used nozdatside of spec was GPIBoth GP23and GP8have mean

hardnesses thatre slightly above 68\o clear trend is evident for new versus used nozzle efiasts

there is much overlap in measured values for new and used nozzles for hardness, deposition efficiency
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and coating phase compositioBimilarlywith the scatter in both the new and used nozzle
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Figure29: Measured coating hardnedBET area percent, ciiag thickness per pasand porosityfor 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 plottedmigure30. The coatings sprayed with
the powder feed variation were not sufficiently thick for a truly valid hardness test at onlyrin2%ut
as the measured values were found tolbever than the normal feed conditiowith the same nozzle
run 139, and significantly lower than that of the steel substratelHH15Y, the observed effects are
assumed to be factualThe hardness of run 140, powder pulsing, was exceptionally lowatdiboth
other powder feed treatments resulted in harnessll outside of specificatiorPowder 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 powdeort 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.
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Figure31: Plotted relationships and reverse relationships between meapasitle state variables and coating properties
Statistical significance of relationships is provided in Table 4. Red and yellow outlined plots depict significant igsatidr
yellbw indicating a greater than 99% confidence and red indicating®a €nfidence.

While by visual inspectioof Figure29 and Figure30there does appear to be correlation
between the measuredoatingvalues statistical significances lacking for most measurement pairs.
Plots of all of thgaired measurementsas well as DPV measured partigenperature and velocityare
shownin Figure31 with statisticalvalues inTable4. There was found to be statisticallysignificant
relationship with greater than 99% confidencbetween particle temperature and velocjtthickness
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per pass and the mean hardness; as welindih 95% confidencaemperature and thickness per pass.
Population densitgllipsesof 95% are shown in part as red curie&igure31and help illustrate the
strength anddirection of the relationship. A narrow, nostircular,ellipseindicatinga strong parameter
relationship is only apparent in thicknessrgpass and the mean hardness which appears taigely

influenced by the extreme values of the powder pulsing case.

Table4: Correlations between measured properties, including powder feed variations.

Pairwise Correlations With Powder Feed Treatments

Variable by Variable Correlation Count Lower 95% Upper 95% Signif Prob -8-6-4-2 0 2 4 6 .8
Mean Hardness Fehrea PET -0.0743 14 -0.5819 0.4750 0.8008 IR R

Speed m/s Mean “Area PET -0.4185 13 -0.7878 01722 01547 s Lo

Speed m/s Mean Mean Hardness -0.5239 13 -0.8341 0.0381 0.0661 i L

Temperature_C Mean 3Area PET 0.0097 13 -0.5442 0.5577 0.9749 R L

Temperature_C Mean Mean Hardness -0.2978 13 -0.7292 0.3029 0.3230 L L

Temperature_C Mean Speed mys Mean 0.7036 16 0.3192 0.8892 0.0024 I | .

Cross Section Measured Thickness/Pass (um) J2Area PET -0.0890 14 -0.5816 0.4635 0.7623 C b -

Cross Section Measured Thickness/Pass (um) Mean Hardness 0.8495 14 0.5806 0.9513 0.0001* Lo ]
Cross Section Measured Thickness/Pass (um) Speed m/s Mean -0.5026 13 -0.8251 0.0669 0.0800 s :

Cross Secticn Measured Thickness/Pass (um) Temperature_C Mean -0,5637 13 -0.8505 -0.0185 0.0448* i
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Figure32: Plotted relationships and reverse relationships between measured particle state variabtemting properties.
Statistical significance of relationships is provide@idahle5. Red outlined plots depict significant relationshigih 95%
confidence Data precludes powder feed conditions.
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Table5: Statistics for relationships plotted Figure32 which exclude powder feed variation cases

Pairwise Correlations Without Powder Feed Treatments

Variable by Variable Correlation Count Lower 95% Upper 95% Signif Prob -:8 _.'6 '.'4 _.'2 0 '.2 .4 ..6 '.8
Mean Hardness Jahrea PET 0.0863 11 -0.5416 0.6524 0.8008 R |
Speed rm/s Mean %Area PET -0.5125 11 -0.8508 0.1261 0.1070 e
Speed m/s Mean Mean Hardness -0.2225 11 -0.7255 0.4355 0.5108 |:
Temperature_C Mean %Area PET 0.0027 11 -0.5982 0.6016 0.9938 Lo N
Temperature_C Mean Mean Hardness -0.,0660 11 -0.6405 0.5559 0.8471 N
Temperature_C Mean Speed m/s Mean 0.6892 11 0.1710 0.9152 0.0167* o
Cross Secticn Measured Thickness/Pass (um) Area PET -0.0291 11 -0.6182 0.5809 0.9323 R I
Cross Section Measured Thickness/Pass (um) Mean Hardness 0.2983 11 -0.3673 0.7618 0.3729 o

Cross Section Measured Thickness/Pass (um) Speed my/s Mean -0.3918 11 -0.8020 0.2720 0.2334 ]:

Cross Section Measured Thickness/Pass (um) Temperature_C Mean -0.5538 11 -0.8660 0.0690 0.0771 :

The powder feeding conditions affect the process in a fundamentally different way than nozzle
wear. Generally with nozzle wear themperature 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 directiowith the differences in injection vectors and rat€sventhe centeronly
DPV particle temperature and velocityeasurementsany measured change jrarticle statewith
changes to the powder feed system is assuredly not necessarily indicative of the actual effect on the
entire plume.This in addition tadhe powde pulsing caséeinga clear outlier in the coating deposition
rate and hardnesgustifiedthe above plots and calculatioméso beingdone without the powder feed
casesApart from the particle statetemperature and velocity, thprobability of signifiant relationships
decrease below the 95% threshaldthout the powder feed treatments as seen in their plotted and
calculated correlations Figure32 and Table5. Thesignificare confidence level of the interaction
between the particle temperature and velocity also decreases, but only slightly from 99.75% to 98.3%.
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Figure33:Crosssectional PET content ordered by experimental run number.

Figure34: Stratified regions
in the coating cross sectior
used in layering analysis.

Anotherpattern inthe coating data presents itself when the
coating composition is plotted by run number ag-igure33, where
there is an gparentcontinuity between runsCoatings wereherefore further analyzed in quarter
thicknesses as depicted Figure34, where phase composition was analyzed in each labedethngle.
Material closer to the substrate would have been deposited first so it is labeled layekaymess can
thenbe compared in the sequence they were depositedrcent PEIB plotted inFigure35by run and
layer numberThe continuity between runs is still present and even exaggerated
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As a powder feedinghenomena was suspected, the phase compositemesplotted along with
the MulticoatsystenQ @easuredhopper weightas the only measure of the powder that is in the
feeder. Nozzle state comparisons constituted runs 1 and-139 with 140142 being powder feed
variations Runs 2129 used a separate hoppso are excludedrirstly, t can be seen that the hoppditl
level might not offer a reliable measure of the powdethe feeder with sporadic mass changes
between runs unlikely to all be from powder additions and remov@éxondly,he continuity between
layers and runs becomes more clear but the relationship with hopper level doeSh@behavior of the
powder feedtreatments, while amongst the most consistent in the through thickness composition
variation is exceptionally discontinuous between runs.
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Figure35: Coating composition by quarter layer as well as corresponding powder feeder hopper weight.
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Arelationship between coating composition and hopper fill level does become apparent when
plotted in Figure36. The deliberate pwder feed treatmentsn runs 146141are excludedlue to the
confounding of effect sourcesn Ftest demonstrates a statistically significant effect of hopper fill level
on coating phase compositiomith a greaterthan 99.99% confidence leveh mechanism for this is
proposed in the Discussion section.
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Figure36: Percent areaSi as a function of powder feeder hopper wei
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5.1.2 Nozzle Bore Roughness Measurements

Copper beads and flows are often evident in theuai inspection of used nozzIde. detect
more subtle surface changes thatcur with nozzle use, roughness measurements were takeéarge
degree of variability was seen with all measurements takemadd be expected fromvisual inspection
of the asymmetry of the nozzle wedleasurements were oriented to the engraving on faee of the
nozzles to allow forepeatability. To ensure an adequate representation of the roughnessrgarison
betweenmeasurements taken for two nozzlesagiproximatelyl2.5 degree rotationsvas compared to
90 degree measurements. This data is mdtinFigure37, which also includeseasurementgrom a

20

=@=_GP14 by 12.5° GP9 by 12.5°

18
—@= GP14 by 90° GP9 by 90°

16
=@ =GP New

pe

\ 14 /

Average Roughness(Ra, pm)

Position in Nozzle (degrees)

Figure37: Internal surfaceoughness relative torientations based on nozzle face engraving

new nozzleBoth sets of measurements at 90 degiaerementscapture the trends in the 12.5 degree
measurementsvell, but clearly omit somg@rominentfeatures.Anyregularmeasurement resolution
doeshowever, clearly capturea differentiationfrom 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@grees and their means and standard deviations are taken to
sufficiently resolve the internal micrescale
changes to th internal surfacesihen compared
with the corresponding nozzle castinghown in
Figure38, a clear pictue of the features that are
being measured by the profilometiy developed
For GP14 thgreatest roughness wdsetween the
angles of 180 and 315 and this candoenparedto
the silicone castinglignedto the nozzle faceThe
center of the erosion sposiat aboutl50 and it
coversabout 135degrees of thesurface, whilghe
copper flow spirals counter clockwise from the
attachment spot about 100 degrees and is centere
at 250.For GPXopper flows straighter frorthe Figure38: Images of nozzle castings of a new noz:

attachment spotwith both centered ambout 315 ~ GP14and GPUsed nozzles are centered at abou
Mmpnx F2NJ Dtwmn YR M@nax
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degrees, but the attachment spot takes apout 190 degreesf the bore surface to thenolten copper
flowQa mnn TRUS tHeNigiSraughness measuremerdd be seen to correspond withe beaded

and eroded copper flowegions of the erodedozzlesAdditionally, he location of the attachment

spots,at the converging to straight junctiorihe geometry of the profilometer tip, max extension of

about 15mm; and the geometry of the eroded sp deep spots in middle dhe nozzle make it

geomdrically 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 Rvalues were determined per nozzle segment with mean and standard deviation
calculated by segment and overall, with values liste@able6 for the GH nozzles testedabulated
values for new nozzles were calculatedmanufacturerfrom severalnozzles: 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 nozero mean values for each segment, between the manufacturers there is some
variation in their CNC millingrocess. These could be differtespeeds 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 degreewear 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 asymmetriss such the overall standad#viation is &ken to be the simplest and
best measure of nozzle wear. The table also includes roughness measurements both before and after
0KS LI FayYl &LIN}@& LINRPOS&a dzal 3S RSGIAESR Fo20S 10
experiments run at CCAM. Nearly eveajue was seen to increase, with more roughness and
measurement variation, indicating a correlation with usage.
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Table6: Mean and standard deviation of surface roughness (Ra) for new and used GH nozzles by segment

GH Nozzle State Front (um) Bore (um) Back (um) All (um)
Number 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 nozz|egen in theFigure39, were
obtained that were differentiated only by the engraving on the nozzle

face with no other visual indication of a differenc@he roughness
measurements seen in thEable7 however did detect statistically

significant differences in the mean and standard deviation of the
roughness measurements as shown by the prolitéds calculated from a

T-test.

New via RR

Figure39: Different
engravings on OM nozzles
from different sources.



Table7: Batch differences between differently labeled new GH nozzles

Nozzles Number of Front(um) Bore (um) Back (um) | All (um)
Nozzles 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 | 5345 | 944 | 007 | 091 | 063 | 090 | 022 | o028
based on fest

Roughness measuremenigere alsoperformed on new and used GP nozzles as se&able8.
Smilar nozzle state separation can be sesnwellasdifferences in the manufacturers and with the
effect of experimentation

Table8: Mean and standard deviation of surface roughness (Ra)da and used Bnozzles by segment

Bore (um) Back (um) All (um)
Nozzle State 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 backection GP15 though tested under different parameters also it&d
roughness decreasafter usage but these included the back segment as well. As GP20 was not identified
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be similar to the other unused nozzles and it can be seen to have Isagnificantly larger increase in

roughness than the other new nozzles tested which only experienced very slight increases in roughness
andvariabilityoverall and actually a slight decreasemean values of bore section roughness

Ultimately, hese raughness values do appear to offer a measurememtwéar dependent
characteristic of plasma spray nozzlest theyalsoK @S | I NAS | Y2dzyd 2F @ NRA I
present the full erosion effects on the nozzles.

5.1.3 Nozzle Wear Geometry

Silicone castgs, as seen iifFigure40, 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 tF
worn nozzle castings the effects of mtewearare clear
and rather consistent. The arc root attachment point
canclearly be identified on all used nozzkesa pitted
growth in the middle of theasting The depth of
erosionat the attachment point ivariable and the
amount of molten coppethat beaded in thegasflow
directionisalso variableHashing formed from over
filling the nozzle bore cavitiemdfrom siliconeleaking
underneath the casting, waseen atboth the top and
bottom of each casting and apparentat the top of the
castn_g_sin F_igl_Jre40. Othgrcasting defeCts_ occurreand Figure40: Silicone castings of a new GH nozzle (cgnte
are visible irFigure41. Air entrapment ladingto and two used GH nozzles (outsides).
imperfect filling of the bottoms of the molds seen at
the top of GP11, GP1, GPGXI18B,GH9 ad GH19. This can be seen to only affattnost the first 2
mm from the nozzle fac@op of castingsjvhere no erosion was observed in any nozizighe
converging/back section of the castings some artificial damage was induced during extractiohdrom t
molds due to insufficient or ineffectual release agent, observed at the bottoms of GP 1AGRB
GP10 Similarly, some tearing of the silicon occurred during some extractions as seen at the tops of GH3
and GH2AIl other feaure are believed to be fdiful recreations othe nozzle interiorsLastly 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 foora 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 progressiolm Figure4l, the nozzlesseparated by typayere qualitativelysorted by
severity of their erosion both in depth and area wittempted minimal consideration for the copper
flow. While the progression is generally pretty cleéhe erosion patter does appear to take on more
than one form onesmooth and one highly textured. The smooth erosion is seen in GP1&RA8 left
side of GP10, GP13, GH2, GH15, @GJ18H9, and GHB dl of the other casesa much more textured
erosion spois present.As the method was constant acradbthe casting nanufacturing andoth
feature typeswere recreated on multiple castings it is unlikely a casting defect. Ruiith¢he smooth
casesnozzle GP13 was used for 30 minutes of plasma spraying before theAGR&8ng was made
during which any obstruction wibd certainly have been eroded.
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GP23-A GP22-A

GP16 GP13-A

GH23-B GH30

GH17 GH17-B GH18-B GH14-B GH9

Figure41: Images of silicone castings of new and used plasma spray né&abbsis 32 mm in length, the GP nozzles have .
5.537 mm bore while GH nozzles have a 6.25 mm middle sectiardiFdation from bottom to top.

The physical changes to the nozzles with wear can be compared to their properties in use.
GP16GP16A had the lowest velocity, second lowest temperature, and by far the lowest voltage of the
tested nozzles. Another interaag 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. Thitidegdficiency
was the lowest for GP17 arglP14 és measured by coating thickness) but their values were more in line
with the new nozzles than the other used nozzles. GP13, GP8, GP16 anar&i@ery similar in
coating properties as areRa.6 and B14 also GP17 and GP26. These, howepgear very dissimilar
coving the full spectrum of apparent severityasbsion GP20 can further be confirmed to be defective
with small copper flows visible and some burnt material transferred from the nozzhetoasting
clearly visibleAmongst the new nozzles tested, only GP20 showed any Wearall there is some
correlation betwen visible wear and particlefiight properties and gun voltage, there is none apparent
in the coating properties.
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There also apeared adiffering severity of use during the Gidzzleexperimentsversusthose
gAGK GKS Dt y211¢tSad / 2YLI NRX y-3 cdstiigéftadéxpeyimeitdat S 6 A (1 K
/' /1Va0v (2 G4KS RATTSNSy GRrsidnyéftdd OMexprimieritsPaiie cantoliskrvel K S A NJ
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 ar@P16A 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 with3h OF 1 K2 RSQa Of 2aSail LRaAAGA2Y 6K
the material and exemplified a unique wear pattern from the rest of the used nozzles.

5.1.4 DiscussionProcess an@omponentMeasurements

The results in this section highlightedth the challenges wh current diagnostic methods and
evidence of the severity of the process variatibhese problerawhere shown in measurements of gun
voltage,particle state changesind sprayed coating analysis.

A great deal of variability was seen in plasma sprayvgltage 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 @aé would be unable to consistently rank
nozzlesbyintensit 2F @2f G+ 3S RNRLID x2f GF3S I fa2 R2SayQi 02
velocity.

Measurements byAccuraSpragasily masked changes in particle state from condition variation
due to the limited sampling performed. While DPV data was capable tiriagp nuanced changes in
particle state it is missing some pertinent information about the particléesta evidenced by the lack
of temperature and veloci®d NBf F A2y aAKALI 6AGK | YSIF&ad2NBR O2F Ay
that a full scan of thearticle plume could have provided such information. While the auto centered
measurements do show a change with nozzle wear, a more profound and ditfea¢nce, from a
coatings standpoint;ould exist in the variation away from plume center. Theme af particle plume
characteristichave been seen aspoductof nozzle wear as ja7]. Mostof the sprayed particles are
not measured by the DPV sariationin the pume periphery would affect more particles and cause
large variation in the applied particlebaracteristicand therebyin-planecoatingcharacteristics This
could account for the variation in hardness but would not explain the coating compositiorediffes
through the thickness and between runs

Visual inspection of coatings is difficultvagiationwithin a single coating can be large, though
with exceptional casesuchaspulsing bydecreasedtarrier gadlow rate alterations tothe coating were
readilyapparent

Inspection of the AISi 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 solidificatibn. So
could beanindication ofanother source ofariationin the processluringpowder manufacturing.

Subdividing the coating demonstrated a time dependent effect on coating properties likely induced by
the powder feeder. A similar time dependent effect was measumgdmperatureand velocityof a

singk phase plasma daified powder in[50] but here it appears in the coating. The effect is certainly
confounded with tke intended conditiorchangesféed variation and nozzle state) but the effect is still
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present. The phenomenean intuitively be understoodith the denserAlSi being preferentially

sprayed As the AlSwvould settle to the bottom of thepowder mix especially when agitatedausing

higher AlSwhen there ismore powderas whemewly 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 mxed powder, added on top of a not empty hopper would require time for AISi to stretify
would reach a maximursprayingconcentration before the AlSi was again depleted from the hopper.
The powder feed cases thdikely disrupted the particle injectioenough for this effecto appearnot

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 whivery 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.
Powderfeeding conditions produced minimal if any effects on the DPV measurements except in an
extreme powder pulsing case

Theseparticle and coatingneasurements demonstrate an inherent variability to the spraying of
Metco 60INSU K T R2 Say Qi fhotzie state taibk BeaSiedhy hese rRethods or sample
sizesThe influence of nozzle stateew versus used, while obvious in the DPV data, is not readily
apparent in the coating®@ Y S| & dzR@hesScyniplicating 21 1t S 6 S+ NR&a SFFSO
codingsis the variability in unused plasma spray nozadsere two out offive @ndalmost a third)
produced coatings outside of hdmess specification, one doing so twice, anchalizles testedbeing
inconsistent in their deposition efficiency and phasenposition. The spray temperature relative to the
particle melting temperature is likelynanfluencing factor in this. The AlISi melting temperature of 877
is about 1600 C less than the mean particle temperature at the autocenter point, thus a8
with nozzle weardunlikelyto affect particles properties.hie temperature effects are likely to be more
drastic elsewhere in the plumd full measurement of the plume that might catch the source of the
coating variation would be time consuming arabtty, especially in a manufacturing environment.
Particle characteristic changes have been widely reported to effect coating propertie§28s4&852],
so both the particle state and coating properties areicait 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 r@hétslight decrease in
bore roughness with the brief normal operation of the GP nozzles is likely caused electrical arc
attachment leveling of the machined striations. Increasthdard deviation in thimeasured
roughnesgould then be from a regularity in the attachment poinefarence 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

0 KS {2 safigedindhg Baick, cOri¢ergent 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 phenoraadats progressiarThe
observedsingle spot enlargingith sub-divotserosion progressiois not particularly in agreement with
the Planche et aldescription of multiplevisiblespots converging89]. Theirtime frame however, 12
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Images down the bore of the gum[45], whichshowed an extreme amount of erosion and degradation,

well beyond whatvas seenn this work, both in erosion areand severity Alsoof notewasan apparent
delocalization of tha erosion both radiallyand axially. Whilemproved centering of the cathode/anode

as part of F4 nozzlgignment could account for a more distributed erosion, such wear was not

observed in & nozzles inspected in this work. Highly distributed wearBI®0S &y Qi NB I f € & FA
peak in the voltage frequency that is a highly repeated arc length.

It is possible that the smooth vs rouglear patternsobserved in these castingse 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 I

conjecture about the exact relatioowever the deeper and T
smoother erosion is likely to correspd with less forces l
acting on arc root. This will occur with less current, less ) —)

Lorentz forces, and less primary gas would decrease flow e !
velocity and drag which could also be affected by gas

composition.A comparisorof the cathode to anode erosion

geometry to the geometry of a plasma gouging process can

N
grant some further insight into the erosion mechanisms. % \
These are shown schematicallyFigure42. The differences \ /7
are that the plasma spray anode is cooled, its arc is more —

confined, and the arc attachment is perpendicular to the

forcing gas flowThe same phenomena occurs in both, wher

the e_zlectric_al arc transfers energy to the anode, c_ausing Figure42: Gas, arcand anode geometry in

melting which is blown away by a gas flow. By this the erosion of a plasma spray noztte) and

mechanism, a very constricted ardathment would explain that of the plasma gougingrocess (bottom)

the dimpling structure and a less constricted arc or a gas flcFilled arrows indicate plasma/shielding gas

or cooling phenomena could produce the larger, smoother f0Ws: open arrow indicate gas and eroded
. material flows.

erosion spot.

Lastlythe significant amount ofrosion imparted on the GH nozzles during3@0minutes of
testing compared to the nearly negligible changes from a similar length of testiG§ nozzlesuly
illustrates the need for measurement and monitoring methods. It highlights the parameter dependence
of the erosion phenomena that can make a simple time ofrappen and number of starts record nearly
useless. Unlesan extremely conservative, arttierefore wasteful, threshold is implemented the
average lifetime by hours of operation and gun ignitions could generate a very wide range of physical
erosion charactastics. Add to this the variability in the new nozzles and potential for manufacturing
defects and it can be seen to be a wastafutlangerous control strategy. Meanwhjkbe coatings
indicate other factors or unmeasured values are at play, increasingbility and decreasing quality of
the product.
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5.2 OFFLINACOUSTIBGNALS

5.2.1 Nozzle Aeroacoustics

5.2.1.1 GH nozzles

Removed from the plasma spray gun and mounted in our test devite avcompressed air
flow, the new GH nozzles generated a discrete tone witbwa fate dependent frequency between 4
and 6 kHz. As in the spectra plotted-igure43for 70SLM 66.2 LPM, M = 0.068ow through a new
GH nozzle, left, and a used GH nozzle, right. The frequency of the tone increaseswittidlin steps

25 25
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Figure43: Acoustic frequency spectrum from 70 SLM air flow through a new GH nozzle (left)sattremzzle (right).

and with some nozzles having large stdpgvn before continuing up. At tone generating flow rgtds
100 SLM, the frequency tie peaktone was found to differ by 250 to 1000 Hz between new nozzle
manufacturersThese flow rates correspd to measured liters per minute of 41 to 84 LPM and
calculated Mach numberdy Equation 4of 0.04 to 0.083Differences in the stepping pattern are also

J e @® New-ATT .
- o
vw = ogaes oo s o ® New-OM
gnalls® 8 oo
sl o am%me o %
- [ X
- -
- e s caniifty
s _ anees cotmtGAPS
gg e eeo e coavllP & o onaPiP & &
2 6 sad o - o® il
Ll L1 L - L - oe & o AW
- - 0N SNBSS o oangn® @9 &% o OOt e w *% o
5 e e . ommmmnew o o .
. oe® * o00bur
o® ae albs
4 L X L

L L L L L L L
40 50 B0 70 80 a0 100
Flow Rate (SLM)

Figure44: Flow rate dependence of peak frequency of new nozzles
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evident between nozzle manufacturers. Both these trends are observapkainfrequency versus flow
rate data plotted inFigure44.

Several lengths of PVC tube for nozzle attachment between 5 and 60 cm were tested. While a
YAYAYdzy £ Sy3a4GdK F2NJ ASYSNIXdAy3a I G2yS ¢l & 20aSNBSR
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 plottedHigure45, decreasing tube length increased the
frequency difference between gps. This is indicative of an upstream interaction between the nozzle
flow and the attachment geometry.
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Figure45: Frequency step size between consecutive measurements for air and helium as a function

attachment tube length

Additional evidence to support this is the lackflofv rate dependentone without a nozzle in
place as welas a lack of tone for th&P fon-diverginy) 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
0 KS Bdodstic Signal. This periodic nature can then be observed witieer nozzle type is in place
but shifted in frequency. It is thus likely that the attachment pipe is actually generatimpdagie with
multiple harmonicsThe frequency of these is piength 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 lockhenomena, where the shedding frequency of
the nozle 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 gfeedding fregencybefore it can breakhe self
sustaining phenomena only to lock into another mode of the upstréaotuation.

Different gases greatly affected the acoustic signal generated by the GH néiediesawas
tested across the same range of-200 SLMM=0.0150.035, 44104 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 tieasigni
difference inReynolds numbedue to the different gas viscosities with these different regimes plotted

in Figure46.
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Figure46: Reynolds number effect oegk frequency by tube lengtBeries on left fror
helium, air on the right

C2NJ GKS alyYS Fft2¢ NIdGSa KSfAdzyQa f 2 g8mide®A &
Reynolds Numbers below 2000, well within the laminar flow regime! A NQ& KA I KSHaw DA &
of Re in the 800Q 18,000 range, well into the turbulent flow regime. The effect of the upstream tube
length also disappeared with a helium flowhile it appears that the lowest tube length and Reynolds
number plotted inFigure46 produced different frequencies than the longer tubes, this was the result of
only extracting the highest peak as all tubes had harmonic matidge same frequencies but some

slight difference in the setup or operation made the higher frequency mode have higher intensity.

a
a
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Amongst the used nozzles sampléte discrete tone was noticeably attenuatgfidiscernable
at all. Finding the maximum thin the spectrums identified the frequency of this tone as well as its
intensity and the points for all the tested nozzles are plotte#igure4?.
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Figure47: Peak acoustic intensity vs. peak frequency for used nozzles anc
nozzles from three different manufacturers
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Two patterns easily seen in this plot are the gethaegregation of new nozd versusvorn 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 abaéthe nozzles usage history (nothing) nor invalidate the clear utility of

the acoustic testlescribed, asvas confirmed by roughness measurements. It is perhaps the roughness
difference or some geometrical difference between the new nozzles that leadi® tocoustic signal
differenceobserved, but the fact that the acoustic signal is changed is proof that there is a fundamental

change to the flow though the nozzles. Whilethe &frF G A2y 06SG6SSy NRBdAdAKYySaa |\
great as seen iRigure48it does seem to explain theutliersof the acoustic test.

The roughness data can be used to 10 A
substantiate the acoui test results as seen Figure
49wherey 2 T T £ S & Q intérSity y nodfé i
plotted for a range of flow rates(887 SLM, 757
LPM, M = 0.075) is colored by overall standard
deviation of bore Ralhe used nozzles that have a
peak frequency intensity comparable to the new
nozzles can also be seen to have low average bore
roughnessn GH18 and GH2. While used nozzles GH
and GH12 have slightly lower intensities even with ) ) ) ) )
even with minor measured wear. So while a high Average Intensity at 6.35 kHz
rothness Woyld assurve a vyorn noz.z’.le, a IOAWV ~ Figure48: Average nozzle roughness as a function «

NE dz3Ky Saa R2S5SayQu Y SOSa éyerage peak spectral intensity. ¢KAa A
case for the nade 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 nozzlésstead of the limited surfaces passed over by a probe. It is also getting

information that is not captured in the nozzle castings.
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Figure49: Meanpeak intensity by nozzle for new and used plasma ¢
nozzlescolored by variation in measured roughness
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The other observation from the roughness measurements that can be substantdtexidifference
between the two versionsf OM nozzles which were found to exhibit different acoustic signals in
additionto, or because qftheir roughness differencess plotted inFigure50.
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Figureb0: Variation in the peak acoustic frequency between two versions of OM nozzles.

Using JMP glatively simple formulas can be computed to distinguish théestéa nozzle based
on its peak frequency and intensity at a set flow rate. Sedtigare51is the probability functions for a
22dB peak at &Hz with the solid black lines indicating the effect the two parameters have on the

Probability of nozzle wear state as function of frequency & intensity

é.’ B Psed p.635 Actual Predicted
New D187 New Used Worn
New 53 0 0
Used 3 4 0
Peak Frequency Peak Intensity
(kHz) (dB - logrithmic) Worn 0 0 23
Probability of nozzle manufacturer as function of frequency
1.00F O New-
NERE] ®
3 orst + New-SM ‘ (g)
% sl -E “ ® i Actual Predicted
% i A ATT SM PPS
B 025}
g . 2 % | ATT 20 0 0
DDU- 1 1 1 1 1 1 1 1 1 SM D 13 0
53 54 55 56 57 58 59 6 6.1
Peak Frequency (kHz) PPS 0 0 16

Figure51: Categorization basis and accuracy for GH nozzle state and source.
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likelihood ofa 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 categorizimgnt is dependent upon what is assigned to be the
GO2NNBOiGe aidliSed 'tdAYFGSte GKS &aSaNBIAFGA2y 27
effective. The nozzle manufacturer is a more straight forward case were the distinciocuistely
knownandpurely frequency base@nd is able to distinguisozzle manufacturergith 100% accuracy.

Both of the above distinctions are made with multiple recordings from single nozzles indicating a good
degree of repeatability Further verificatiorcan be povided by the retesting of the nozzles used in the
experimentsdescribed above. As was seerthie increases in roughness, the peak acoustic signal also
changes with wear. This is observabl&igure52 where nozzlgare label@ by number with the pluses
being before processxperimentsand circlesfrom after and coloredy roughnesyariation. Notable
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Figure52: Peak acoustic frequency amd by nozzle roughness, before (Plus) and after (Circle) nozzle usage in experim

changes occurred in GH18 which appeared new before and had a large intensity drop after usage. The
wear of the formerly new nazes GH20 and GH23 was not sufficient to change their signals. Nozzles
GH10, GH15, and GH17 all experienced a shift in frequency asdheix shedding was attenuated

even more and a broadband peak then dominated.

5.2.1.2 GP nozzles

GP type nozzles do not emitisscrete tone in thesetup andflow 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. IRigure53, the average sound intasity for GP nozzles is plotted as
the average of all new and used nozzles tested at a single flow rate. It is clear that betw@eh K2
range a fair amount of difference exists between the signals. To further illustrate the difference, the
meanintensity for individual nozzlesith a flow rate of 84 SLMOLPM, M = 0.1374etween0.5-3 kHz
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is plottedin Figure54. Aseparation of new vs used nozzles with some amount of ovedagbe
observed
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Figure53: Differences in the average spectra for new and used GP nozzles.
A nozzle of interess GPJ, identified asdefectiveafter coating applicationihich hasan

average intensity ofbout15.5andalignswell with the rest of the new nozzle3hisis not urexpected
as the physical damage/erosion of GP20 while coatirmg slightOnly asmall amouh of wearwasseen
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Figure54: Individual GP nozzle meand standard deviation spectral intensities in the-8.8Hz range.
Group means by state are also plotted as solid horizontal lines.

68



in the nozzle casting (GR20n Sectiorb.1.3), and the modedy increasel bore roughnessvas still well
below the used nozzle&SP3anewnozzlewas manufactured bATT. With an intensity below all but
one other new nozzleDt o Qa NI fdenibisttafes gotediaf forfgeometrical differences
between manufacturergn addition to the difference in surface roughness vallgsed nozzI€&P8with
an average intensity of 16uns counterto the worn nozz trend.But while themeasuredoughness
was seen to be high, the nozzle casting revealed very little actual erdisiotikely that the

profilometer measurement was skewed loppper beadingnd the acoustic signal represents a slightly
worn nozzle

With the same peak extraction meth@sused for the GH nozzlea flow rate region, arouné6
SLM, M =0.15, 71 LPMasfound that also stratifieshe new nozzles from the worn as plottedrigure
55. From thespectra it was cocluded that this maxima is a measure of the broadband intensity at 6.35
kHz as no discrete tone was present in the signal.
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Figureb5: Peak spectral intensities at 6.35 kHz for GP nozzles.

5.2.1.3 Powder Ports

From the smaller diameter powder ports.51mm #5, 1.85nm #2 and 1.58nm #1) no
discrete tonewas generated with @iw velocities comparable to the GH nozzldswever supersonic
flow createda shock related tonget screechwhichwas easily discernable for all pder port types
tested. The wearing setup was seen to be effective in pass loss, exit radius, and gefaequency
shift. The effect of upstreamressure on the peak frequency and the effect of wear on the acoustic
signal can be observed Figure56. The peak frequency decreased with powder port wear but the
intensity, as seen iRigure57, was seen to increase. Therementalchanges to the peakequency at
a particular flow ratewith powder flown is shown ikigure58. Figure58also shows a comparison in
peakfrequencieshetween powder ports made by two different companies and the overall effects
wearing had on internal diameter and ma3se exit radius measurements proved tothe least
precise measurement of the powder poyiss variation between single measurements could often be
larger than changes between erosions
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Figure57: Peak Intensity as a function of powder por
wear as measured by volume of powder flown throu
port for a #2 port atl00 SLM.
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Figureb8: Mass loss, internal diameter change, and peak frequency change with wear for #5 powder ports from two
manufacturers.

Figure59: Images taken of powder port faces from three different manufacturers for types #2, left, and #5, r
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