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Abstract

The impact phenomena of high velocity micigine particlesalthough commonly considered and
describedas detrimentain numerous engineering applicatiprcan be useid a beneficial wayf
properly undestoodand controlledThe Cold Gas DynamicSpray (GSDS) process known asa
surface modification repair and additive manufacturingrocess relies onsuch high velocity
impacs. In the process, solid particlase accelerated by a supersonic gas flowelocities up to
1200 m/s andare simultaneouslyheated to temperatures lower thanirtheelting point When
propelledunder proper velocity and temperatuttes particls can bondnto atarget surfaceThis
bonding is caused bthe resulting interfacial deformation processeasccurring at the contact

interface Hence, the process relies heavily ondhe/particle and particle/substrate interactions.

Although numerous experimental and/or numerical studies have been performed to describe the
phenomenaccurringduring particle flight anempactin the CGDS processumerouphenomena
remainpoorly understoodFirst, the effect ofsubstrate surface topogaphical condition on the
particle deformation and ability to successfatiherei.e. atomicallyand/ormechanicallyhas not
been thoroughly investigatedich that its influence is not well understoAdother aspeobf the
process that igeneratinghe largest gap between experingindnumerical studies the field
is thelack of particle in-flight temperature measuremens. Obtainingsuchdatahas proven to be
technically difficult The challenges stem frorthe short particle flight timelow particle
temperature andmall particle sizepreventing the use dafstablishedhermal spraypyrometry
equipment.Relatedly,lack of such measurements precludgzoper experimentadtudy ofthe
impact related phenomena at the particle/substragaine As a resultthe effect of particle size
dependent temperatureon overall coating propertiesand atomic bondingelies currently on
estimatesFinally, the effect of particle impact characteristics on interfacial phenomenai.e.
grain skze andgeometry,velocitytemperature,and oxide scale thicknessn adhesion and
deformation uponsingle particlecollision hasalso been scarcely studigdr soft particle

depositions on hard substrate.

Hence, theurrentresearch workims atstudyingfundanental aspects of particle/ghsat transfer
and particle/substraimpactfeaturesn goals to improve thanderstanding of thEGDS process.
Different surface preparation methods will be used to create various surfacenessigind
topographical feature$o provide a clear understanding of the target surface state influence on

coatingformation andadhesion. Additionally, @w equipmentelying onnovel technology i.e.



high-speedIR camera,will be utilized to obtain particlein-flight temperature readisgwith
sequence recordingSubsequentiythe experimental particle-fight temperature readings will be
used to develop computational fluid dynamics model in goalsv#édidate currentlyusedNusselt
number correlatiomandheat trasferequations. The particle sizkependent temperature effect on
thep a r t elaslicaddplastic response to its impact with a targeted swafacés ability to
successfully bondnd form a coatingvill be studiedexperimentalf. A thorough CFD numeral
work, based on experimental findingwill be included to provide full impact characteristics
(velocity, temperaturesize and trajectory) of successfully deposited particles. Finally, the
numerical results will beautilized in the ensuingstudy tocorrelate single particle deformatign
adhesion and interfacial featutesmpact characteristic# finite element modelvill be included

to investigate the effect of particle size dependent temperaturgingle particle interfacial

pressuretemperature and bondiradpility.
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Abbreviations

Abbreviation Definition Abbreviation Definition
BCC Body-centered cubic JC JohnsorCook
BSE Back-scattered electron L2F Laser twefocus velocimetry
CCD Chargecoupled single color LCM Lumped capacitance metho
CFD Computational fluid dynamics LDV Laser Doppler velocimetry
CGDS.CS SC’:Is)rléljygas dynamic spray, Cold LPCS Low pressure cold spray
CP Commercially pure PBI Polybenzimidazole
CPFEM Crystal plasticity finite element PEEQ Equivalent plastic strain
modeling
CSM Cold spray meter PIV Particle imaging velocimetry
DE Deposition efficiency PSvV Particle streakelocimetry
DPM Discrete phase modeling PTV Particle tracking velocimetry
DPV Doppler picture velocimetry PTW PrestorTonksWallace
EDS Energydispersive XRay RANS Reynold averaged Navier
spectroscopy Strokes
EOS Equation of state RSM Reynoldsstress model
Facecentered cubic RTTC Real time temperature
FCC o
calibration
FEA Finite element analysis SE Secondary electron
Finite element modeling SEM Scanning electron
FEM microscope
FPWJ Forced pulsed waterjet SOD Standoff distance
TS Thermal spray
HPCS High pressure cold spray UMAT User material
IR Infrared VDW Van der Waals
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INTRODUCTION

Establishing a proper understanding of trehavior of different materials subjected to
high speed impact processes has become a leading area of research'thcéret @y
(Ref 1 4). Numerous processes rely on high speed imgadisnction as intendesuch as
cold gas dynamic spray (CGD&ef 5) forced pulsed watgt (FPWJ)(Ref 6) and laser
shock compressiaiRef 7) Others, on the othéand, find the presencelufjh speedlynamic
collisionsdetrimental to their systerauch as ballistic impac{Ref 8) cavitation erosioiiRef

9) and minute space debris attritiRef 10) Although proper understandingf extreme
impactphenomenas essential irall these fields, numerous characteristics of the impactor
materialandor resulting impacted surface featsremaininappropriately characterizetlie

to technologicalimitations Thesechallenges are associatedhe shortime and dimension
scals & p 11 sand 1nm, andnonequilibrium regimesi.e. high cooling rates in the order of
1 K/s, under which these everdgvelop(Ref 9,11,12)To improwe the knowledge ofuch
high strain ratdocalizedimpact events numerical models have been develo@ed the
impactorgtargeted surfacbehavior and microstructural evolutibave beenanalysedising
multi-scale methods, i.e. continuum, quesarsegrained dynamics aratomistic(Ref 8,13

18). However, since these models rely primarily on experiments to validate their suitability
their accuracyin defining the highspeed impactdynamicsis tied to thequality of the

assumptionsisedin the advent of
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impossible experimental measuremefitese CGDSpr oc e s s, di scovered in
facingsuch challengedespite the growing use of the process in many applications and fields.

1.1 Background

In the CGDS process, micqarticles injected in a converging/diverging nozzle and
accelerated by the supersonic gas to velocities ranging between 300m/s to 1200m/s rely on
the impact procesesulting phenoment adhereo a target surface. Describing the wide
range of mechanical and thermodynamic conditions occuminder such loading is
challenging andheinducedocal microstructural featurese extremely difficultd segregate

and observe isitu. Under extreme dynamic loading circumstano#ghjenced by the particle
material properties, the particle impact velocity/temperature and target surface material
properties/topographythe resulting high strainrate pressue, and temperature cause the
material to behave differently than under gtstatic conditiongRef 2) To simplify the study

of the CGDS process, i.e. from particle injection to particle deposition, the system
typically been divided in two distinct fields of study; 3as Dynamics relevant to the in

flight particle/gas interactions and BnpactDynamics pertinent to theparticle/substrate

deformation phenomena.

Gas dynamics perspective

The gas expansiomand the presenceof shock wavesin the CGDS proces#nducelarge
variations in thedriving gas propertiegRef 19,20) The complex gaflow structure(inside

and outside the nozzléas been visualized using Schlieren imaging and modeled through
computational fluid dynamics (CFD) simulatioiRef 19,21,22) The particle irflight
characteristics (position and velocityave also been measurasing lasedight sheet and
laser twefocus velocimetryRef 23,24) However,the particlein-flight temperaturdnas yet

to be measuredClassical pyrometrynethod providing reasonablyaccurate readings for
temperatures above 120) far above the CGDS®arrier gasstagnation temperaturare
unsuited for the measurement GGDS particle in-flight temperatureqRef 25,26) To
overcome this issue, modeling has been used to prbdictalue ofparticle temperature.
However, he validity of heat transfegoefficients,such asNusselt numberand equations
currently used intheseCFD simulationgemain to beconfirmed(Ref 27 29). Since particle
impacttemperature affects the particle deformati@hnavior its inaccurate prediction could
lead to erroneousdeformation prediction upon impact and consequently affect the

understanding ahe particle bonding process
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Impact dynamicperspective
The shock wavegeneratedrom the particle impadeads to the activation afeformation
resultingin the propagatiorof high pressure waves. Once tloeal pressure exceeds the
Hugoniot elastic limit, the material starts deforming plastically under the action of dislocation
motion anddevelopmenfollowing the particle/substrate surface interface topogrdef
30). Tangential velocity and friction at contact surfaces produce additional shearfitites
magnitudes dependent sabstrate propertiend conditionRef 31) Theresultingmaterial
elasticplastic flow propagationlargely relieson thelocal particle temperaturéNumerous
plastic constitutive relations already exist, which relate solid flow parameters to physical
deformation processdfRef 14,3233). Underthe high shock loadingonditionsof CGDS
particles,local in-situ impact phenomenaccur very rapidly and visualisation beconse
difficult. In addition to the effect of particleftight characteristis and substrate condition
on deformatn and shock wave propagatiothe microrsize particles microstructural
featuresi.e. grain size and shagdso influence the shock wave/material interactions. Powder
manufacturingand processing conditions letm specific particle microstructuseimpurity
levelsand oxygen contegtwhich altogetheinfer mechanicaproperties that diffefrom one
particleto anothe(Ref 34,35)

1.2 Motivation and Objectives

To date, the CGDS process has been used in a varietigld$ for several different
applicationssuch acomposite coatings for medical ugeef 36,37) polymer metallization

in electronic (Ref 38 46), corrosion protection of large metal deep water structures and
nuclear fuel containerRef 41 56), restoration of aerospace pafRef 57,58,67,5966),
production of energetic materialRef 68,69) photovoltaic and photocatalytic performance

in the energy industryRef 70,71) generation of wear resistant surfaces in automobile
applicationgRef 72,73andas aradditivemanufacturing procegRef 62,74 80). TheCGDS
process implementation in aerospace amomotiveindustries has become an importasaty

to strengthen Canadaés position in the indust:H
has been made in aim to build a network of industrial partners for a stronger Canadian value
chain(Ref 81) In the US market, the CGDS repairs generate significant benefits and savings
evaluate at 22.5 million USD, which are associated mainly to the reduction of magnesium
production and utilization of chromated surface treatmgmef 82) Since current
technological developments rely on sustainability and performamggessoptimizing the

CGDS process is crucialTo achieve a actual improvement the gas/particle and
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particle/substrate interactions must Ibetter understoodand currentgaps inthe process
fundamentahspectsnustbe reduced.

To this end, the current research aimseadluatingthe influence ofsubstrée surface
topography on particle adhesidn, provideparticle inflight temperatureneasuremerdnd
consequentlyalidate the energy transport coefficients (Nusselt) usedoidelingwork, to
assessthe influence of sizelependentparticle temperature orcoating and deposition
characteristicsand to investigatethe combined effect of particle microstructure and
temperature othe occurrencef metallidatomicbondingfor single CGDSparticle impacts
The soft aluminum particléhard steel substratematerial combinationwill be utilized
throughout the researchiable 1.1 summarizeghe separate objectivés becoveredin this

thesis

Tablel.1:Research objectives and project descriptions

Objective # Title Description

1  Surface roughness effect on
particle/substrate interfacial stress,

#1 Substrate surface influence on bonding strain, contact pressure and velocity

nature and adhesion strength 1  Bonding naturéDiffusion test

1 Impact requirements to enhance and
induce metallic bonding-EM model

1 Particle/gas interactions

1 Particle inflight temperature
experimental measurements
CFD modelfor heat transfer and
momentumanalysis

1 CFD model ohigh pressure (axial
injection-high temperature) and low
pressure (radial injectielow particle
temperature) CGDS systems
Particle inflight characteristics
statistical analysis based on flight
trajectory and injection location

1 Particle temperature effech impact
ensuing adhesidicoating properties

1 Particle characteristics influence on
single particldbondingprocess
Particle temperature and size effect or
single particle deformation

1 Particleinterfacialfeatures influence on
bonding

#2 Particle inflight temperature
measurement/Heat transfer analysis

#3 Particle impact temperature influence ot
deposition and adhesion

Particle impact characteristics influence
#4 on interfacial impact occurring
phenomena
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1.3 Outline

The current thesis has been dividedix distinct chaptersThe currenCChapter 1 has been
devoted to provide a simplified overview of trEevantstudy background, to present the
motivations that have led to the extensive numerical and experimarabnd to describe
the main objectives of the research

In Chapter 2, a review othe GGDS proceswill be presentednd described in terms
of thecurrentfield state of knowledgdr-irst, the gas dynamics principlesill be utilizedto
explain the working basis of the proceSsbsequently, thimteraction between gas and in
flight particles will be covered through kinetics and heat transfer thedies) a detailed
review of material deformation processes based on imparted strains, stresses and strain rates
will be given Mechanismsgoverning deformation will be presented based on shock
wave/medium interactions, dislocation movement, multiplicadiosh generatian

Chapter 3 will present in detail the research objectiandinteress of the planned
studes It will provide to the reader a clear understanding of the current research direction.

Chapter 4 will provide the methodology and approagsedin orderto complete the
set research objectives. Thlguipment and additional material will be describ&tie
characterisation, analysis and measurement apparatus will be presented. Finally, a detailed
planning of experimental and numerical steps will be given.

Chapter 5 presents the experimental and numerical results along with their
discussion. Three studies have been published irrpewed journals and are presented in
their published form. The last wois writtenas an articlén preparation to the submission
processo a peetreviewedjournal Each of the presented studies address different objectives
presented in detail in ChapterT allow the reader to easitgcognizeeach separate work,
the cantent of each stydis introduced at the beginning of each subsedtig@hapter 5.

Finally, Chapter 6 summarizes and gathers the main conclusions from each
investigation, highlighting the important results and outcomes. It also provides numerous
suggestiasfor future workto simplify future studies on the effeat impact characteristics

on the fundamental phenomena arising at the particle/substate interface.
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LITERATURE REVIEW

Reviewof thein-flight andimpact procesphenomenaccurring during the CGDIS provided
in this chapter It will presentiindings andtheoriesrelated to the current thegspics The
review will cover the following subjects
1. Cold gas dynamic sprayistorical background
Gas dynamics principles for converging/diverging nozzles
Computational fluid dynamics
Particleladen flows
Particle velocitytemperature
Particle impacensuingphenomena
Particlebonding

Particle and substrate characteristics ifice on deposition

© ® N o gk~ w D

Finite element modeling

10. Particle microstructure
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2.1 Cold Gas Dynamic Spré@GDS) Process
2.1.1 Background

Although designed in early T@entury, it is only in 1980 that wind tunnel experiments lead to the
creation and patent of a process referred t
principles were based on the use of a converging/diverging ndzefe65) The CGDSprocess

also referred to as Cold Spray (C®asred i s c ov er e d atithe Indithte of Th8oB1lcél s

and AppliedMechanics in Novosibirsk RusdqiRef 21) Its deposition and workingrincipleshave
beenfound and revealeduring the study of two-phase flow interactian(Ref 83,84) Small
aluminumtracer particles have been injected in a supersonic wind tandeduccessful deposition

has been discoveregontheir impactwith an endplate Alkhimov et al. have publishedresults

based on spatial and temporal laser diagnostic methods, i.e. laser Doppler velocimetry (LDV), laser
sheet photograpghand pulsed Schlierephotography which allowed the visualisation of the
particles within the flow andpermitted thaneasuremestof individual particlein-flight velocity

prior and after impacfRef 85) Figure 2.1 illustratesthe influence of flow and target surface on

particle trajectory and rebound velocity.
Incident particles

Reflected particles

Substrate

A 4

Gas and particle flow
Figure 2.1: The impact process of 360um Cu particles traveling at 150mfecorded through laser sheet
photography techniquéRef 83) (Reproduced witlpermission of Elsevier)

In 1987 a preheatingchambemvas added to the original desjgmd in 1989, a device wdesigned
toincludeseparate powder and gas flow injectiddisice then and afteountlesdiled patens, the
CGDShasbecomea commercial processsedto deposit protective coating laydRef 52,55,86)
restore components dimensional featuief 59,62,87)and form bulk material, i.eadditive

manufacturingprocesgRef 75,88)In addition, Karashiet al.proposedn 1996a modified version

(0]

t
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of the patente@€GDS in which the particleareinjected into the diverging nozzle section, instead
of the stagnating converging p@Ref 65)

2.1.2 Procesverview

Basedon Alkimov et al.and Karashipatentsthe CGDSprocesss divided into two main systems
based on thpowder material injection location; high pressure cold spray (HPCS) and low pressure
cold spray (LPCS)The former utilizes powdetrinjectionlocatedin the converging nozzlpart,
while the latter injects the powder materialthve diverging nozzlesecton. In both systems, two
gas streams entahe converging/divergingde-Laval nozzle. The first, referred to as the
propulsive/carrier gas, passes through a powder feeder after which it bdoanedwith the
powder feedstock material. The second streafarned to as the driving gas, passdsigh pressure
through a gas heater to reach high stagnation temperaheealriving gaghenaccelerates as is
travels through the converging/diverging nozzle to supersonic velocities, by conversiomul
enepy to kinetic energyThegeneral features of thHéPCSsystem ardlustrated inFigure2.2. The
powder feedeis operated at a pressure near or superior to the main gas kicedpnessuret the
injection point which can reach valuesbove 4MPaThe HPCS process design allows faywder
preheatingoy the main gas flown the prechamber sectigrashighlighted inFigure2.2, prior to
its acceleration after the nozzle throat.

Powder feeder

Patticles [\7Z Flow straightener
Pre-chamber

Coating

N Valve

High pressure
gas supply i ; E ; i

Valve Gas heater

Supersonic nozzle

Substrate

Figure 2.2: High pressure CGDS system layout with powder inject@mturring upstreamin the stagnating gas of
the converging nozzle sectidiRef 89) (Reproduced with permission of Elsevier)

In Figure2.3, illustrating theLPCSsystem|t is shown thathe powder isnjectedafterthe throat
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Flow straightencr

Low pressure

gas supply

GET

Valve Gas heater

Pre-chamber

Powder feeder

Particles

N Valve Coaling

Supersonic nozzle

Substrate

Figure 2.3: Low pressure CGDS system showitige downstream, in the supersonic flomowder injection(Ref 90)

(Reproduced with permission &@pringer Nature

In the LPCS design, tHecal gaspressure aftethe throat is restricted to normally 1.7MRéhich

ensurathat atmospheric pressure is enough to drive the powder material into the nozzle main gas

stream. In addition, the range of nozzle expansion limits the Mach number increase at the outlet of

the nozzle to usually 3, which altogether lowers the accessjidgticle velocity. These features

make th& PCSsystem more flexible and the equipment cheaper. Since the injection is made inside

the supersonic gas flow, the particles accelerate at high rates immediately after entering the nozzle

but at the cost of renrdng atvery low in-flight temperatures.

2.1.3 Other thermal spray processes

The CGDS coating deposition process belongs to the family of thermal spray pr{Re$94s92)

Its main advantages over common thermal spray methods, i.e. electricity arc spray, plasma spray

andhigh velocityoxyfuel, is the low working carrier gas stagnation temperature and resulting solid

state particle deposition, as depictedFigure 2.4, which limit the oxidation, deconagition,

formation of metastable phases, uncontrolled grain growth in powder material during their flight in

the nozzle and | i mi

ts

the substrate surface

that particle melting was necessary for dépms it was quickly found that successful particle

bonding was achieved even at low temperature due imgectresultingmaterial characteristics

that occur at th@article/substrat&contact interface. Although, it provides great control over the

patticle characteristics during and upon impact, low particle temperature limits the variety of

materials that can be sprayed using the CGDS process to materials capable of plastic flow. It is for

this reason that the process only effectively works excluysfeemetals, polymers and composites

where one of the components ensures proper degree of material plasticity.

t emp
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Figure 2.4: Cold spray process particle velocity, substrate temperature and working gas temperature in comparison
to other important thermal spray process@ef 90) Exin and Enerm Stand for kinetic energy and thermal energy

respectively(Reproduced with permissioof Springer Naturg

To fully capture the CGDS working principles, the procemsbe divided in multiple segments
and analysed from the perspective of gas dynamics, particle/gas interactions, particle impact and
bonding mechanisms. These segments will deed in details in the upcoming Chapter 2

sections.

2.1.4 Gasdynamicprinciples

The CGDS process relies on the energy imparted on the particles by the gas as they travel within

the highspeed flow. Coating deposition, bonding and impact phenomena predominantly depend

on particle velocity and temperature, for a given material, whindters the study of the gas stream

properties important. The stored energy (enthalpy) in the high pressure and temperature flow is
efficiently converted to kinetic energy using a converging/diverging nozzle with an appropriate
pressure ratio betweenthemok e 6s t hr oat and outl et foll owing g:¢
the ensuing paragraphs.

Fl uids with appreciable change in density (dj}),
(dT), as a result of flow are calle®mpressible flowsThe rate of change of fluid density with

respect to pressure can be associated to the speed of sound. Sound is described as an infinitesimal
pressure wave, which creates a change in pressure, density and velocity by propagating steadily
through a fluid. s speed is defined as the distance traveled per unit time by a pressure wave that
propagates through the studied fluid. By the continuity and the conservation of momentum

equations across the pressure wave front, the following relations are obtained

10



A. Nastic Chapter 2 Literature Review
3 Q_N P Eq.1
and
) E Eq.2

h

[
|

T "

where the subscripgtrefers to a process of constant entropy as the small variation in pressure and

temperature produce a nearly reversible process. Thd gpeseund is, thuslsodefined as the

square root of stiffnes¥) , over density;, of a material or the instantaneous change in elastic

stress due to the variation of density. Given that the fluid is a perfect gas and utiliging theY "Y

ided gas law, the speed of sound of an ideal gas can be obtained through

& TYRY Fa.3
where R is the gas universal constant W8.3144
and’ is the ratio of specific heats, —. Hence, a fluid characterized by a low speed of sound

requires a low change of pressure to generate a certain change in density, which based on the

previously presented relations makes that fluid more compleskin one that is described with

a high speed of sound. Additionally, as describeBdn3, the speed of sound of an ideal gas is

influenced solely by the gas temperatufeand nature,. Such that, the higher the temperature

and the specific heats ratio, the higher can the glxity be at the exit of the nozzle, which is

desired in the CGDS process. Froable2.1, which presents the speed of sound of common gases,

it can be concluded thatid to its low reactivity and abundant availability, i.e. low cost, the nitrogen

gas is best suited for commercial CGDS applications.

Table2.1: Speed of sound, ¢, of common gases at standard pressure argetatare.

Gases Speed of sound
Carbon dioxide, C® 269m/s
Argon, Ar 322m/s
Air, 0.78N + 0.21Q+0.093Ar + 0.0007CO® 346m/s
Nitrogen, N 351m/s
Helium, He 1016n/s
Hydrogen, H 1315m/s

11
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The influence of speed of sound over the flusdsnpressibility and pressure pulse pattern is
guantified using the Mach number
5 —((%8 Eq.4
The gas flow characteristics, hence, depend on the flow velocity and the local speed of sound. The
compressible effect of flows initiates subsonic (0.3 < M 1) speeds and fully develop at M > 1.
The flow patterns and phenomena occurring in a real system comprising a compressible fluid are
very complex but can be analysed and interpreted using a combination of assumptions. In such
simplified analysis, the changes in flow properties are hypothesised to occur and follow
1. Isentropic gas flowConsidered adiabatic and frictional effects are assumed to be
small. Therefore, the flow can also be considered reversible and thus isentropic.
2. Onedimensional gas flowgas propertieare uniform across the perpendicular flow

direction.

Ideal gas

The constanpressure@Q 0 ‘Q")¥and constartolume Q6 O Q")Yspecific heats

of the gas are considered constaatprically perfect gas.
Hence, if the flow inside a converging/diverging nozzle is regarded as a control volume, which has
no external source of energy or work added to it, other than the pressure and heat at the stagnation
location and if heat and fricin losses are negligible, then the first law of thermodynamics can be
written as the stagnation enthalpy of the control volume

Q Q ‘*’? Al 1 OOAT O Ea.5

whereQ is the enthalpy of the fluid when the velocity is equal,tar@V is the flow velocity The

assumed constant specific heat capacity at constant pressure and the ideal gas law provide

& ¥ ps8 =46

The stagnation tempedtae,”Y, and the mass flow raté,, of the gas are set by the user during the
CGDS processHence, using the variables set by the user alongEujtle, the gas properties at

any location inside the nozztan be obtained through the followiisgntropic relatiors

Y rop. . Eq.7
v, p C v
which clearly demonstrates the energy conversion from enthalpy to kinetic energy,
5 rop. _ﬁ Eq.8
T P

and

12
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" r p. Eq.9

Eq.9 showsthat as the gas Mach number increases, the density is required to drastically decrease.
As it will be described in a following section, this decrease in density decreases the drag force
applied on the particles traveling inside the, gaschconsequentlyeducesheir velocity. Hence,
expanding the gas to higher Mach numbers inside the converging/diverging nozzle may not provide
higher particle velocities. For this reason, the CGDS m®bas €en designed to work under the
supersonic regime with M=t 3 instead of the hypersonic regime. As showRigure2.5, in the
incompressible regime, the enlfiiya remains constant. At high flow velocities, the influence on

enthalpy, therefore temperature and consequently pressaffected through the perfect gas law.
1

W T T ¥ T T T T T ¥ T T T

09 e P/Po

- P[pa

0.8 o TITo

0.7

P B I S

0.6

0.5 i
04}
03}
0z

0.1

00 1 2 3 4 5 6 7 8 9
Mach number

Figure 2.5: Static stagnation ratio of gaproperties as a function of stream Mach numbgRef 93) (Reproduced

with permission of Springer Nature)

In addition to the first law of thermodynamics, the conservation of mass can also be used across

the same control volume and with the relatigiven inEq. 1 andEq. 2 to yield;

Tw 160 Eq.10

At M<1, reducing the crossectional area in the direction of the fldwo 1, is the sole way to
induce flow acceleratiofh (w T, which is an intuitive process. With decreasing area, the velocity
will keep increasing at, however, lower rate asvitlecity nears the speed of sound. This decrease
in rate is directly affected by the ( 0 ) term, which decreases as M increases with velocity. For

M 1, Eq.10stateslhat the only way to increase the gas stream velocity is by increasing the area,

T O T Hence, to ensure proper constant acceleration of the flow, a converging/diverging nozzle

13
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has to be utilized, which explains its usage in the CGDS process, i.e. taghatsg converging
section of the nozzle (M<1) the area is reduced and the flow accelerated, once sttbeoweat

with proper conditions, the gas will keep accelerating in the diverging portion. The condition that
needs to be reached at the thrtoaallow proper gas acceleration throughout the nozzle is a flow
with M=1.

Although the previous flow analysis process can be used for isentropic flows, there exists certain
conditions of stagnation pressure and back pressure, i.e. nozzle exit préssussult in a non
isentropic stream and/or that do not provide proper conditions at the fignat 2.6 illustrates

the gas behavior for various back pressure aiigeessure ratios.

1 If YO m, the gas will remain static and no acceleration will be produicedno
transformation from enthalpy to kinetic energy.

1 Asthe back pressure is reduced, the flow accelerates in the direction of the noadmexit
the conerging section towards the diverging region, as similarly observed previously
throughEg. 10 and area variations. If, in addition, a subsoni&{Mcondition isreached
at the throat, the flow will decelerate in the diverging part of the no&zésea)

1 Upon further decrease of the back pressure, and when a sonic (M=1) behavior is obtained
at the throat, two cases can appear;

o If the decrease in pressure is v enough to sustain the acceleration in the
nozzle diverging section, the gas will still decelerate, reconverting kinetic energy
into enthalpy(Caseb)

o If the exit pressure is below a critical value, i.e. below cageessure, the flow
will acceleraten the diverging section and a supersonic regime will be reached.
However, a normal shock wave will be necessary to equalize the flow pressure
with the back pressure, after which the flow velocity, temperature and density
drastically decrease. The loweethxit pressure, the further downstream will this
shock wave apped€asec) until it reacheased.

9 Casese and g represent oveexpanded and undexpanded flowsrespectively. In the
overexpanded case, the exhaust pressure is found to be lowehéeggistered back
pressure from cageA series of irreversible oblique shocks and expansion waves are then
required at the exit to increase the flow pressure. On the other hand, arexraieded
flow requires additional expansion to reduce the exharestsure to the back pressure.

Expansion waves and oblique shocks then form to ensure that the back pressure is reached.

14
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1 Finally, Casef represents an ideal isentropic evolution characterized by an absence of
strong disturbances inside and outside thezleozZThis occurs when the gas inside the

nozzle reaches exactly the back pressure once it arrives at the exit.

A

Subsonic flow at
S— nozzle exit
(shock in nozzle)

Supersonic flow at
> nozzle exit
(no shock in nozzle)

expansion
wave

Figure 2.6: Gas flow behavior based on the stagnation and back pressure rgRief 94)

(Reproduced with permission of Elsevier)

When the sonic regime isaehed at the throat, the stagnation pressureand the properties at
the throat, denoted bthes ubscr i pt 6* 06, are calculated wusing
procedurdEq.7 - Eq.9):

The temperature at the thro&, is obtainedy:

Y A s i s s oA x A Eqg.11
Y O —— AT T OEAAOBHIOOAOA
P I pTg PIOw
then the gas velocity at the throat is given by;
O W Eq. 12

Imposing gprocesgyas flow rate allows to calculate the sonic gas density, i.e. at the throat;

z

a Eq.13
©wZzZ . . d)zaz g . .
whereo” is the crossectional area at the throat. In addition, using the ideal gas law, the gas

nZ

pressure at the throat is obtained as follow;

15
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- Eq.14
Lr)z ” Z'Y"Y q
From the throat pressure, the stagnation pressure can be computed by;
L, Y 5 rop Eq.15
0 0 = 0 8
Y P C
Finally, the area ratio can be related to the Mach and flow property as follow;
o J
o . . Eq.16
oC v [ p C

which allows to predict the exit Mach number for a designed nozzle. The throai ‘argajcally

varies between 1 to 3mm in current commercial CGDS systems and its size usually depends on the
maximum gas flow rate the system has been designed to handle based on the gas heater system
capacity. The gas mass flow rate, constant throughoutottde, can be expressed as;

0 T p T Eq.17
— — 0]
Y Y C

In the CGDS process, nozzles are designed to operate as close as possible to the isentropic scenario,

a

shown inFigure 2.6 casef, as to avoid flow disturbances and large variations in flow properties,
which can induce uncertain deposition properties. Commonly, however, for practicality reasons, a
regular nozzle is used with numerous gas stagnation properties resultingéxpaeied or under
expanded regimes. Although, shocks inside the nozzle can be avoided, they cannot completely be
eliminated in the CGDS spray process. After the nozzle exit and pressure readjustment processes,
the supersonic gas flow is directed towards a satessurface upon which at impact it is required

to decelerate to stagnation. To successfully achieve such drastic change in velocity a bow shock is
generated, as depicted kgure 2.7, at the targeted material surfadsbrupt changes in gas
properties and sudden increase in flow density in the static region affects the flow trajectory and
particle inflight properties, i.esignificant influence on smaller particlesatreling with lower

inertia The strength of the bow shock increases with increasing gas velocity, which additionally

limits the gas M to optimized values betweeto 2.
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| Nozzle | Shear
Layer

Jet

Shock Primary

Jet Flow

Radial
Wall Jet

Bow

<+ / —

Stagnation Bubble

Figure 2.7: lllustration of supersaic flow impingement resulting flow features at the substrate interfa@d®ef 95)
(Reproduced with permission of Elsevier)

The influence of the bow shock on particle velocity can be reduced by increasing the nozzle to
substrate surface distance, called the st#hdistance (SOD). The larger the SOD the smaller is
the gas velocity at the impact with the substrate surfactharidsser is the bow chock energyj, i.e.
disappearing if high enough distance is reached. However, although the bow shock effect is
diminished with SOD, particles traveling longer times within a decelerating flow, i.e. negative
velocity, can also experieaadrastic decrease in velocity. Hence, for optimal deposition, SOD,

particle size and bow shock features need to be evaluated.

The analysis presented in the current-sebtion is based on isentropic assumptions. However, in
reality, irreversike featursin the CGDS process exist and they occur mainly due to the presence
of friction, heat losses and viscous effg®ef 96) These irreversible effects reduce the available
enthalpy that is transformed to kinetic energynsequently lowéang gas velocitiesat exit The
boundary layer appearing at the nezalalls can decrease the velocity of the gas up to 67% from
the calculated isentropic val(igef 97) Larger nozzles with higher area/length ratio can reduce the
disturbances generated from the boundary lagdrimprove the flow velocitgRef 97)

2.2 ParticleLadenFlows

The flow regimes encountered by micrsized particles traveling in the CGDS process are such
that commonly available particle heat transfer and momentum equations need to include
appropriate correctiongigure 2.8 illustrates the various flow regimes encountered by particles
traveling in a rocket nozzle, which demonstrates that the usenohon correlationgestricted to
continuum, incompressible floand Reynolds number below 1, is not appropriate for the analysis

of supersonic microgize particldaden flows(Ref 10,98 100). From Figure 2.8, it is observed
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that the flow regimesinder which the particle travare dependent on the particle Reynolds

number,Y 'Q and Mach numbei) , defined as;

T WwQ P W 0 o . ~ ~ . Eq.18
vy —2 2 AT A o ~— OAODAROE d

where the subscriptg andp refer to thegas and particle respectively apds the gas dynamic
viscosity. To assess the flow regimes and their deviation from the contippnoximation the
particle Knudsen numbeb, ¢ , is usedanddefined as;

0 Yo v
where_ is themean free path of moleculesd0 in the CGDS process referstte

V-

_ T 0 0 . Eq. 19
C

particle diametefThecontinuum criterior{molecular structure can be ignorésljollowed as long
asU ¢ L p, as depicted ifrigure 2.8. The fluid is consideredontinuous and its velocity at the

particle wall is set by the rslip condition, i.e. must be zero, as seen in the indé&igure2.8.
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T

10,000
NOTE:
CIRCLES AND NUMBERS
REFER TO AREA RATIO; Velocity
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Figure 2.8: Computer calculated flow regimesieounteredby particles traveling in a rocket nozzlevith size ranging
between 1 to 0. Inserts of particle velocity profil@nd contact surface condition (slpo slip)for different flow
regimes are includedRef10). (Reproduced with permission of AIAA)
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Based on the definition af ¢ , at very high Reynolds numbers (Re) the flow is dominated by

compressibility 0 . At very low Reynolds number, however, rarefaction effects become

dominant. In continuuma naoslip condition can be applied at the particle/gas interface as a very

large number of molecular collisions occur. With increasing, a departure from the rslip

condition arisesWhen into the slip flow regime, a temperature and velocity jungeés at the

particle surfaceThe particlevelocity profile included in the slip regime Bfgure 2.8 illustrates

this jump in velocity As the Knudsen number increasesthte free molecular state flgwhe

mol ecul es i mpact and reflect from 4dmbleulapar ti cl e
interactions Hence, the gas molecules arriving at the particle surface leave with full stream

velocity, as depicted in the corresponding inseRigfire2.8.

2.2.1 Flow structure characteristics

Many studies in the CGDS fieldutilize correlations limited to low speed and incompressible flows

to describe the particlmotionandoccurringheat transfer processeé®.0 QY Q e WO

"QY'Q, while only a limited amount of studies hawneludedthe effects of compressibilityRef
101,102) Figure2.9a shows that ab 0.6, important compressibility features start to emanate
near the particleppersurface and appear as weak expansion waves followed by a lambda shock
structure as the flow becomes locally supersoriibe lanbdashock patterngeadto early flow
separatia. As the Mach number increases, increasingparticle velocity laga bow shock is
formed near the particle surface and the flow separation is moved further back due to the
elimination of the lambdahock pattern, as shown kiigure2.9b. Aerodynamiérecoveryheating

of the particle results from the important friction and compression found near the particle surface
that converts the kinetic energy obtion into heat within a thin layer surrounding the particle

surface.
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Figure 2.9: Particle with] g=9x1C at a)! _=0.86, b} _=1.53 and c)}!' _=3. d)Calculated Mach number field

(top) and static pressure obtained with experimental measurem@Ref 103,104)The flow patterns shows; 1:
attached bow shock, 2: subsic region, 3: flowat M=1, 4: Recirculating zone, 5: shear flow, 6: Expanding Prandtl
Meyer, 7: Rear shock and 8: turbulent vortefReproduced with permission of AIAA and Springer Nature)

2.2.2 Particle motion

2.2.2.1 Experimental observations

The particlein-flight velocity and trajectory have been visualized and characteusiad particle
imaging velocimetry (PIV)(Ref 24,77,106107) shown in Figure 2.10a, laser twefocus
velocimetry (L2F)(Ref 105,108,109and doppler picture velocimetry (DPYRRef 19,46,75,110
112) i.e. cold spray meter (CSM) depictedrigure2.10b.

Number of particles

a) b "

Coated Area

Nozzle Exit Area

. Powder Inlet

Figure 2.10:a) Particle stream velocity measured using PIV method at the nozzle(Beit 113)and b) CSM particle
flow rate mapping at SOD=25mr{Ref 87) (Reproduced with permission of Elsevier)
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2.2.2.2 Empirial analysis
The particle velocityexperimental measurements aiged to develop analyticand numerical
particle velocity modelsThe paticulate phase in the CGDS process is commonly assumed to be

sufficiently dilute to express its velocity as follow;
0 . Eq. 20
o 0"w o o Th
whered ,®,0 ,0 ando are the particle mass, particle acceleration, drag coefficient, particle
velocity and crossectional area of particle, respectively. Inserting the definition of ideal gas speed
of sound & I "YAMach numberEq.4) and using the ideal gésw, the particle acceleration

can be expressed as;

0 rop. T C W rop. ., b Eq.21
c'Y’Yp c 0 0 p c i) ® Oco’oét’x

It is customary to run the CGDS process at elevated gas stagnation pressures, up, ttm 5SMPa
maximize the gas densitiAowever, the benefits of increased pressure HJeffddased on particle
nature and sizéRef 114) Eq.21 also reveals that the particle geometry and volume as well as the

particle material density affect its momentum inside the gas stream.

2.2.2.3 Drag coefficient

Accurate representation of the particle drag coefficient over a witdg raf flow conditiondas
been shown to be necessary for the calculatiopaoficle velocityin the CGDS process, as
explainedin the introduction of section 2.Zable2.2 presents a few of the drag coefficients that

have been utilised in CGDS processdeling
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Table2.2: Drag coefficient, @, correlationsused in CGDS proceq®Ref 27) (Only a fewcorrelationsare shown forconciseness

References
Authors Equations Range of applicability Flow structure studiesin
CGDS
¢ " PR DD ot i 7 0 QYQ
°© 0 G BK T Tq ™ YQ pmUmTTT
Crowe* (Ref 99) ) . Compressible  (Ref 115,116)
Q0 YQ p 0 C
I 1o [q4]
Morsi and 0 W — —,wherek; are constants ™ YQ uvfmmm  Incompressible (Ref118,119)
Alexander (Ref 117)
5 CT o T 0P ™ ¢ YQ ommmnm Incompressile/ (Ref 121.122)
i A - - e ,
Clift et al. (Ref 120) YQ p T8 dp MYQ® 0 ™ Compressible
6 EIO p
Hendersort* 6 AEipdODd pgu Across alld Compressible  (Ref 112,123)
(Ref 98) ’ N
0 A0 p& v
oy —— % % angab —° py —

8

** Refer to thgRef 81)publicationfor details regarding the extensive equation developdents AT &  across numerous flow regimes and characteristics
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2.2.3 Particletemperature

The difficulty in measuring particle temperatws®ms from the particle small size, high velocity
and nore importantly low temperature, which explains the absence of any temperature
measurement in the CGDsince its inventiorn(Ref 32,124) To determine the particlm-flight
temperature within the CGDS flow, it is necessamyefinean overall averagearicle heat transfer
convection oefficient,’Q whichaccounts for all flow features surrounding the particle surface, as
shown previously irFigure 2.9. The total heat transfer arising at the particle swfaan be
expressed as

PN - Eq. 22
qo® Y Y xEOE "0 63 @ R a

whereo is the particle surface afi¥l is the gas temperature in the boundary layer, i.e. Wall.
dimensionless temperature gradient, the Nusselt Number, defined as;

M e e Eq.23
) hoo QYQD hhih

whereQ is the gas thermal conductivity af is the particle diametecan be used to provide a

0o

measure of the convection heat transfer coefficidifite simplicity of the RanMarshall
correlation given byEg. 24, has been very attractive and its usensequentlyvery abundanin
the field

66 ¢ TRYPDiS 8 =a. 24
However, the Rankarshall correlation has been developed using drepkghoration experiments

in low Reynolds numbers {200) and low Mach numbe(Ref 125) Hencejt does not account
amongst many other flow featurdsy the effect ofMach numbercompressibilityandrarefaction

on heat transfethat are known to occur iupersonic particle laden flow®ther( 6correlations
have been proposed in the literatwwkich account for the effects of € , 'Y Qand0 on heating
processes i the absence of particle temperature measurements in the CGDS proceghdimits
confirmationof their accuracy and suitability in tHield. Table2.3 presents few of the proposed

0 ocorrelations.
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Table2.3: Nusselt numbeircorrelation, Nu, used in CGDS procegRef 27) (Only a fewcorrelationsare shown for conciseneys

References
Authors Equations Range ofapplicability Flow structure studies in
CGDSs
b0 o Compressible
06 Accounts for rarefication an
Kavanau* (Ref 126) and (Ref 101)

Meingast ** 66 ¢ MYPOiITAgE Xl

A
P 08 ¢ 0y

Whitaker (Ref 128) 6o ¢ mMYP myd 0i8

Fiszdon et al. 66 ¢ Tydoi”

(Ref 130)

Lee and Pfender

o YO 017
(Ref 129) ¢ T

compressibility
0 g T
Ny
o® YQ Xx&®Pp m
™p 01 oUTm

pgt — o#

High Mach number

High Mach number

incompressible

Compressible  (Ref 101,127)

Incompressible
and (Ref 129)

compressible

Compressible  (Ref 129)

Compressible  (Ref 129)

* 0 0 is the incompressible Nu number
** Original development unavailabi@ef 131)
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2.2.3.1 Transientconduction
Upon particle injection inthe nozzle, a transierdonduction procgs occurs as the solid particle
experiences a sudden ciga in thermal environmenif. an overall energy balance on thatire
particle is performedthe resulting balanceelatingthe rate of heat gain (or los$d the rae of
change of internal energy, can be written as;
i~ Eq.25

D Y Y " og
where® @ @ is the material specific heat capacityd V is the volumdntegrating from the
initial conditions leads to the following equation, which can be used to determine the time required
for the particle to reach a certain temperature;

Yoy D Eq.26
Adb — oh
N Y 2P 8

where"Y is the initial particle temperaturBrovided thathe particle temperature rise with time is

not measurablén the CGDS process and that the particle temperature gradient, if any, is not

possible to quantify, the assumption of homogeneous particle tetufgecarbe made, under the
lumped capacitance meth@dCM), i.e. Biot number criteriond "Q —. However,the LCM has

already been commonly used in many CGi2at transfer studiesithout any proof of accuracy
or applicability(Ref 32,107,114,132)f the particle temperatures assumed uniform and the LCM

assumptioraccuratethe first law of thermodynamics yields;

O Eq.27
a 00— 0 Q%Y “Yh

Qo
whereda ,0 ,0 and”Yrepresent the particle mass, particle specific heat, particle surface area
and the recovery temperature, respectively. The recovery temperature provides the temperature
inside the boundary layer surrounding the particle during its flight in the gas sasaliscussed

in section2.2.1, and is described as;

Eq. 28

Y OUY p ir pi) h

C
wherer is the recovery coefficient, geradly close to 1 for gasd®ef 133,134)

2.3 Radiation Processes and Properties

To measure the particle temperature using radiation principles, the various heat fluxes that can be
defined and observed at its surface mustdperted Four distinct radiation fluxes can arise and

are summarized ihable 2.4 which describe the radiation over all wavelengths and in all directions.
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If the radiation is incident onsemitransparent mediunportion of the irradiation can be reflected
(redirected with no influence on the particle), absorbed (radien interacting with medium and

increasing its internal energy) and transmitted (radiation crossing the meditjmit follows that;

" f pF] Eq. 29

where” is the fraction of irradiated radiation that is reflected by the partictepresents the
fraction that is absorbed arfds the fraction of irradiation that is transmitted. If the surface is

considered aspaque Eg.29 reduces to;

N Eq. 30
| p8
Table2.4: Description of the various radiative fluxes present at the surface of an object.

Flux (W/m?) Description

Emissive powerkE Rate of the emitted radiation from a surface per |
area

Irradiation,G Rate of the radiation that is incident on theface
per unit aregfrom surroundings)

Radiosity,J Rate at which radiation is leaving a surface per |
area(emitted + reflected)

Net radiative flux,n ,J-G Net radiation rate leaving the analyzed surface
unit area

2.3.1 Planckdistribution

A blackbodyis defined as the perfect absorber and emitter and is used as a standard with which
real surface radiative properties can be compiare@lanck has shown thtite blackbody spectral

intensity is given by;

¢ Q .
_Ag®mrQy p
where h=6.626x1#J] s QaIn381x1F3J/K are the universal Planck and Boltzmann constants,

Eq.31

"q =F]"Y

respectively(d=2.99&10®m/sis the speed of light in vacuum, and T is the absolute temperature
of the blackbody (K)The spectral emissivity is described as the emitted energy at the wavelength
_in the (%) direction per unit area normal to the defined direcfidre spectil emissive power
(dependence with wavelengthihus,is defined by thePlanck distribution or Planclés law, as

follow for a black body (diffuse emitter.e. emitted radiation is independent of direcfon

or FY “0a MY 0 f Eq. 32
h = & _A@er_y p
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whered  ¢“"@ andd "W FQ SFigure2.11shows that the blackbody spectral distribution
reaches a maximum for each temperature at a specific wavelength. Hence, with decreasing
temperature, the radiation becomes more detectable at larger wavelengths and the emission is
predominantly in the infrad region of the spectrum, shown previousligure2.11, and invisible

to the eye. Wi ends Displacement | aw demonstrates:c
. Eq.33
_ Y &6h q

where6 =289&im K, which provides the wavelength at w

obtained for a given temperature.

107

108 —+4 | Visible spectral region

10 Aimnay T= 2898 pmeK
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Figure 2.11: Spectral blackbody emissive pow@&ef 135) (Reproduced with permission dgiohn Wiley & Song

However, the emission generated from real surfaces, differ from ideal blackbody behavior, as
shown inFigure2.12. The spectral radiation differs from the observed Planck distribution and the

directional distribution may be different from diffuse.

Elackbedy. T
Real zurtace, T E.EEJIL,Z”;%T
£y dy g T
o
B AT = g, By LTI [ /
A L“_—\'—’\_f_‘—"‘—!_\—/—k—‘/

L) (E1

Figure 2.12: Emission of real surface in comparison to blackbody emiss{gef 135) a) spectral distribution and b)
directional distrbution features(Ref 135) (Reproduced with permission dbhn Wiley & Son$
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Thetotal hemispherical emissivitgan be expressed as théal emissive poweof the real object,
i.e. particle, over the total emissive power of a blackbody, such that;

K oY Eq. 34
<O v
While this form is simple, the spectrdirectional emissivity ; _h-e6'Y found ata temperature
T, at a wavelength,, and the intensity of radiation emitted in the directieend%ois expressed
as;
'O _h-Hehi'Y Eq.35
Q _AY
In many applicatios, however spectral hemispherical emissivity with directiongérages is used

- | Y K

instead and often regarded as a reasonable approximation;

. 0 _AY . Eqg. 36
- R ey

If the emissivity of a surface is known, the spectral emissive power at any waveledgth an

temperature can be obtained by;
0 _RY Yo _fy 6- fiv =a.37
= Co=Th = _Aoer_y p

For real surfaces, the spectral emissivity is expected to be dependent on wavelengthas

spectral distribution departs from Planck distributibhe- varies with wavelengths follow,
1 The- of metal materials decreases with decreasing ceirfaughness, i.e. values of 0.02
can be reached for polished gold and silver.
The presence of an oxide layer can increase
The- of nonconductors is generally higher than for conductor materials.

The emissivity of conductor materials increases withheasing temperature.

2.3.2 The Gray surface

A gray surface conditiofindependent of) refers to a surface in which the assumption of| ,

with both being independent of can be made with enough validity. In practice, this assumption
does not have to be accurate over the entire spectrum, but rather can be used in a concentrated
region of interest in which the surface emission spectral properties are approximately constant.
Figure2.13 shows the radiation conditions in which such assumption can be made; the irradiation

and surface emission are focuséthin a region where and are approximately constant.
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Figure 2.13: A set of conditions for which the gray body assumption can be utili@®ef 135) In a spectral region
withy ¢ andf [ ,the gray surface behavior cannot be uséBeproduced with permission dbhn Wiley &
Song

2.3.3 In-flight particle temperaturemeasurement in thermal spray

In thermal sprayrocesses in generah which theparticle inflight temperature can reach values
above 1200°C, particle temperature measurensetiave been successfully achieve(Ref
25,26,101,136,137Measurement techniques can be categorized as giagiele and particle
ensemble method3he former provides individual particle temperature while the latter gives an
average of a patrticle cluster. In addition, the particle temperategesuring systems can be
distinguished by their detecting elements; (1) fibptic-based sensors and (2) CCD arrays (either
1D or 2D). The former provides a tianesolved measurement appearing as a pulse signal of light
intensity vs time, in which the peavalues of light intensity are used for pyrometry. The latter
measures the |l ight intensity averaged over the g
a single framge which providesspatial information as well as total intensity for pyrometry
Table 2.5 summarizes the equipment thaas been utilized for inflight particle temperature

measurements thermal spray processes.
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Table2.5: In-flight particle temperature measurement equipme@GDS: Cold gas dynamic spray and TS: Thermal

spray
Equipment Temperature Specifications Particle
measurement temperature studies
DPV-2000(TecnarAutomation Two-color CGDS:(Ref 138)No
Ltd. StBruno, QC, Canada) rometr single "Y 1000C radiation signal
pyro Y, 9€ %=5-1200m/s detected
particle method TS: (Ref 139,140)
Accuraspray-g3 (TECNAR Two-color "y=13004000°C
Automation Ltd., SBruno, pyrometry, >=5-1200m/s CGDSN/A
QC, Canada) ensemble method B TS: (Ref 139)
IPP (Inflight Ltd. Co., Idaho Two-color "Y=727.3272C
Falls, ID, USA) pyrometry, 5=0.1-50m/s CGDSN/A
ensemble method o TS: (Ref 141)
ThermaViz™ (Stratonics Inc. Two-color N
Y=1006250CC
Laguna Hills, CA, USA) pyrometry, G 50m/s CGDS:N/A
ensemble method TS:(Ref 142)
SprayWatch ® (Oseir Ltd., Two-color 'Y=10004000C  CGDS:N/A
Tampere, Finland) pyrometry ®=1-2000m/s TS:(Ref 143,144)
NIR Sensor(NIR Sensor, GTV Two-color "V=750-3000°C
Verschlei schutz GmbH, pyrometry,  single CGDS:N/A

Luckenbach, Germany)

particle method

@w=50-1200m/s

TS«(Ref 142)

As summarized in the table abowsptcolor optical pyrometers have been successfully utilised as

the particles are heated to or close to melting temperaslimsing suitable detectioat two

selected wavelengtlihie to the high associated thermal emission radiéf@en25,26,137,145)

All givenradiation thermometrgtudies are based &l anc k 8 s

| aw,

whi

ch

power of the radiating particle as a function of wavelength, emissivity and temperature as;

0 are two Planck constants. The tesmand

O

c63_ 0

_Agery p h
where- is the spectral emissivity of the emitting surfddés the absolute temperature andand

Eq. 38

refer to the area of the emitter and the solid angle

light collection optics, respectively. As the spectral energy is measured at two wavelengtits (

_ ) using thermal radiance filtering, a ratio of measured radiation is obtained

Since the emissivity of micresize particles are unknown, the gray body assumption

_ -

wavelength.

'QT

p

8

IQ 7‘

Y

Eq. 39
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Figure 2.14: DPV-2000 diagnostic system operation princigleef 139) (Reproduced with permission of Springer
Nature)

This assumptionhowever, can lead to important temperature deviatioAsp pl yi ng Wi ends

approximationof Platk 6 s | aw f or wavelengt hs;
. . o Eq. 40
Qi | poqQi p Qi h q
the particletemperaturean beobtained afollow;
g P P
oy = = g Eq.41
1= 2=
(0]

The uncertainty in the obtained temperature value increases with temperature as the measured

intensity rato——becomes | ess sensitive to changes in t

function. Additionally, material emissivity igenerally not know asit varies with surface oxide

thickness and temperature. The incident power on the optical fillbuss firstcalculated using a

radiometric calibration curve, as shownHigure 2.15a. A factor is obtained by comparing the

signal received by the used blackbody, oven and a tungsten strip lamp to reach temperatures above
1000K(Ref146) wi t h the corresponding spec&q38m given

The calibration curve accounts for the equi pment
a) b)
400 T T T T 4500
E‘ 4000
2
E 3500
é’ 3000 ¥
g 2500 1-
_g 2000
8 1500
0 7{‘)0 a:)o QCEO 10100 mmwco 1500 2000 2500 3000 3500
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Figure 2.15: Two color pyrometer calibration curveRef 147)
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Since the tungsten lamp body used for calibration purposes does not behave as a gray body,
deviatons in obtained results can arise if the particle material does not behave similarly as the
tungstenbody;, i.e. though not identical, many metals such as nickel, stainless steel and Inconel
have a similar spectral ratio as tungsten at specific chosenemgties. The true temperatui¥; ,

of a material for which the spectral emissivity ratio differs from the one obtained in the calibration
process,Y , can be obtained if the relationship between emissivity and wavelength is known,

following;

8 Eq.42

Figure2.15b depicts the apparent temperature vs true temperature when the gray body assumption
is used and when the instrument optics are calibrated using the tungsten source.

2.3.4 Limitations and errors

The particle thermal emission depends not only on its temperature but also on its size and
emissivity. The detectors must ensure a wide dynamic range as the emission intensity is
proportional to the square of tiparticle diameter and to the power of foaf the temperature

(O Q7Y). In two-color pyrometry, a caful selection of the two wavelength is required to avoid
interference fromany environmental emissipne. from plasma in thermal spray. As shown in
Figure 2.16, emission with and without powder material needs to be conducted prior to any
measurements to select the correct wavelengths that would lead to proper particle detection.

|—no injection air+EtOH injection — injection of air+YSZ EtOH suspension |
40000 a0
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g

Figure 2.16: Optical emission spectra for three cases in plasma spray; (i) without any injection, (ii) ethanol and air
injection and (iii) two-phase injection of air and Yttria stabilized zirconia powder in ethanol suspengitef 148)

(Open access permission)
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The minimum particle emissivitfor successful visualization and detection depeaidson the

optical arrangement, the detector sensitivity, the allowable exposure time and the background
signal levels, which all have to be determined experimeni@lpssical pyrometric measurements
provide accurate detection of particles heated above’C2@hich & far above the utilized CGDS
stagnation temperatureshis lower limit of measurable temperature is controlled by the input
signal amplitudes accepted by the analogue divider, i.e. one dgtdi19) The third limitation

is the count rate limited to 30kHz to avoid recovery of the pyRes 149) The accuracy of the
setup is, thus, dependent on the knowledge of particle emissivity and accuracy of calibration and
of measurementor the measurement of lovaicle temperature, i.e. low detection signals, the
detectivity limit is affected by the detector and the transmission optics. The particle temperature is
assumed to be accurate and measurable if the collected signal due to the thermal emissian is at leas
three times larger than the detector n¢iRRef 147,150)

3 ol 00Y® Eq.43

Ao o

where() ‘O s the noise equivalent powandY Qs the electrical bandwanevhich for example

- 1Q6

providesa minimumrequiredtemperature of 1090°C for 50um nickel particles

2.4 CFD Simulation

Although the study of supersonic gas flpivenomenand particle iFflight characteristicés best
analysed through experimental efforts andugetthe relative complexity and infeasibility to
capture all dataignificantly limits the experimental apprda@ds presented in the previous section,
analytical solutions to various flows have been developed to predict the gas and patrticle properties
but with the introduction of assumptions and simplifications these models might not provide

accurate solutions.

2.4.1 Gas flow

Due to the presence of friction and boundary layers inside the nozzle, bow shock at the substrate
surface, turbulenceaind outside supersonic jet, multiple publications have studied the flow
characteristicgleviations fromthe 1D calculationshrough computational fluid dynamics (CFD)
analysis As shown inFigure 2.17, large discrepancies between the two apprdzmle been
detected due to the assumptions utilized in the 1D isentropic an@Rsfs100,106,112)

The results show that the losses at higher operating pressure (stagnation pressure) are minimized

beause of decreases relative viscous foréegure 2.17b shows that in the isentropic flow
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assumption, the flow is more efficient in converting the available energyvwaattcelerationThe
expected velocities must be lower than predicted by the isentropic equations due to the presence of

shocks and viscous dissipatipmghich increase as temperature increases

009 == V=V(P,) : Isentropic solution | 1500 - = = =V=V(T ): isentropic solution
—=—V=V(T ): full NS eqn

—®— V=V/(P):MullNSeqn

-E;; 6% 1 -_-;;:;:;]:.:;;; | % 1200 1
=~* 200 - / S 900
/ 1 60D 4
200 -
0 8 16 24 32 40 48 400 800 1200 1600
(@) P, [bar] (b) T, K]

Figure 2.17: 1D isentropic analysis and CFD modeling resulting of gas flow proper{ieef 151) (Reproduced with
permission of Springer Nature)

The flow definitionin the CFD model ibased on the Navietokes equatia(gives the velocity

and pressure fiel)l set along vith a turbulence model description, which altogether govern the
resulting fluid properties. A total of six equatiarg thus, solved in the CFD modgt®nservation

of mass, conservation of momentimtwo dimensionsconservation of energy and, an equation

for the turbulence kinetic energl, and turbulence dissipation, The mesh(small enough to
resolve the size of the smallest eddies in the flmelndary conditions, the discretization scheme,
the turbulence wdel description and numerous other factors affect the CFD results and accuracy
of the simulationRef 106,112,152154). As shown inFigure2.18, the complex supersonic flow
exiting the nozzle, with the gsence of a shock wave trad successfully modeled through CFD

as attested by thimcluded experimental Schlieren imag&he turbulence model is one of the
predominant factors affecting the simulation accuracy. Most of the utilized turbulence models are
developed on the closure of the Reynold Averaged N&iigkes (RANS) equations.
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SST k-w

Exp.

Figure 2.18: Gas flow pattern at the nozzle exit obtained using different turbulence models in CFD simulations. An
experimental Schlieren image is provided for comparison purpfRe$ 27) (Reproduced with permission of
Springer Nature)

Table2.6 summaries the benefits adidadvantagesf numerous turbulence models in the context

of supersonic flow modeling.
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Table2.6: Turbulence model benefits andisadvantages.

Turbulence model Benefits Disadvantages CGDS
(# of equations studies
Model theory)
- 1 equation model - Large errors in free shes
Spalart-Allmaras (1- flows
RANS) - Underresolved grids anc (Ref 155)
unphysical transients
- Applicable to various flows - Caution for turbulence
- Simple implementation sensitive processes.
Standard k-0(2- RANS) - Stable, easily converged solutior - Turbulent viscosity regardec (Ref 22)
as isotropic (Re/is the same
in all directions.
- Additional transport equation - Converging might be
Realizablek-U -RANs) - New formulation for turbulent difficult compared to other (Ref 100)
viscosity simpler models
- Improved accuracy due to i . .
additionalUequation Converging might be (Ref

RNG k-U -RANS)

SSTk-w (2-RANS)

Reynolds stress model,
RSM (7-RANS)

Large eddy simulation,
LES -(ES)

- Higher accuracy for rapidly
strained flows

- Near wall region solved usirigw
model

- Free shear flow usingUmodel

- Accurate prediction of complex
flows

- Accounts for norisentropic
turbulent effects

-Independent Reynolds stress
component solved separately

- Large eddies solved

- Small eddies accounted using
subgrid scale model

difficult compared to other
simpler models

- Compressibility effect
disregarded

- High degree of coupling

- Large computational time
- Powerful computers require:

154,156157)

(Ref 158)

(Ref 159,160)

N/A

2.4.2 Particlein-flight characteristics

The design of the particladen flow CFD model requires to first evaluate the volume fraction the

particle population occupies within the flow field, which determities severity ofparticles

influence on flowstream properties. A ongay Lagrangian disete phase modeling (DPM)

method is used if the volume is determined as uninfluefRied 161,162) For dense particulate

flow, i.e. large feed rates, a tweay Lagrangian metho@Ref 115,162)r an Eularian DPMRef

100,163)are utilized although the latter is far more complex. The drag coefficient, related to both
particle morphology and gas dynamics, is known to be the most influential factor in particle
velocity and trajetory inside the nozzle. Its value depends on the pressure drag and friction drag,
which makes the coefficient dependent on many properties and difficult to calculate as it diverges
from a simple constant linear solution. Many correlations exist in theatiire that provide a
definition of the particl® (Ref 27,98,99,164)as covered in sectich2.2.3 Due to the many
interrelated factors that need be accounted for in the drag coefficient expression, numerical

methods are preferred over analytical models.
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Besides the sole use of CFD in the calculation of particfeght characteristics, Grujiciet al.
have also proposed an empirical model fmarticle velocity based on experimental and
computational analysis, which has been described as;

, . . Eq. 44
w w Q h
where
i o . . Eq. 45
YQpgit ¢ ¥ T& P
and
" s o o ~ Eq. 46
U YQwox 181 Q p 0 vh
for” ,0 ,® ,@ and0 being the average gas density in the stagnant zone, thickness

of the stagnation region, particle velocity upon impact, particle velocity at the nozzle exit and Mach
number at the exit. As shownkigure2.19, the particle velocity is captured more accurately using

CFD modeling than empirically developed correlations as the substrate bow shock instability
cannot be properly captured by simplistic analytical descriptionaddition, irregularly shaped
particles experiencing larger acceleration due to greater endured drag force can easily be modeled
through CFD, while this is much more complex to account for in the empirical approach.

1000

* v, -Nu mearical modeal

= sl v, - Eq. (8]
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= ) II —Q;;;-____:___ B
% dnJEI-I —0-—-_--_,.._,_“‘
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o T T 1

[ 20 40 &0 B0 100
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Figure 2.19: Copper particle velocity based on its diameter predicted using both CFD modeling and analytical
equations(Ref 165)

The particle iAflight temperature has also been simulated through CFD, as shduguie2.20,
utilizing the LCMand0 6 "QY'Q.
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Figure 2.20: Particle in-flight temperature variation as it travels within a CGDS nozzle with an upstréajection

(Ref 114) (Reproduced with permission of Springer N

ature)

Figure 2.20a shows that smaller particles are heated quicker and to higherswvthan larger

particles but are also cooleapidly in the supersonic section. ThiBows that larger particles can

maintain their temperature over a longer traveling distance desaikingower temperatuie A

prechambercan be utilized to heat large particles to the des
Figure2.20b.

2.5 Particle Impact Process

ired temperasirshown in

In the CGDS impact, the systentabenergy is equal to the particle kinetic energy prior to its

impact and the internal energy of both the substrate and particle components. Based on the energy

conservation principle, t he

process

0 0O O O O ©O

systembs total

Eq.47

whereO is the internal energy of the syste@,is the viscous energy dissipated by damping

mechanisms (bulk viscosity damping and material dampi@g)s

the energy dissipated by

friction, ‘O is the kinetic energy of the system &ddis the work produced by external load to the

system. Sincaiithe CGDS particle impact process, no external wo

rk is applied and ti@tahd

‘O are negligible in comparisdp the rest of the energy terms, the energy balesabeces tp

O O 08
The intenal energyO, in the CGDS impact is described as;
O O ©

Eq.48

Eq. 49

whereO is the recoverable elastic strain aDdis the energy dissipated through inelastic processes

such as plasticity. This energy balance definition is the base of CGDS deposition principles.
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2.5.1 High strain rate deformatiormicrostructure

Thehigh kinetic energy stored in each particle exiting the converging/diverging nozzle generates
upon impactextreme plastic deformation reaching strain rates up ¥®'10he plastic energis
almost fully converted into heat, i.e. 90% and more, whiéerdmaining goes into viscoelastic
deformation and elastic energy. This heat dissipation process inclezabsthe temperature of
both the particle and substratetlze interface, which has suggested to gendvatdizedmelting
appearing as ejecta spheroidal particles as showrHigure2.21a-b. The creation of intermetallic
regions at the interface between two dissimilar particle/substrateiasateas also been shown to
occur, as seen iRigure2.21c for copper on aluminunue to the limited diffusivity of copper in
solid solution in aluminon, the generated layer has been associated to interfacial melting increasing
the couplediffusivity at the contact surfac@lthough the occurrence of melting is a subject of
debate, it is agreed that the highest temperature is reached in the highest deformation zone. It is
within this context that Assaéi al.introduced the theory of adiabatic shear instability, a thermo
viscoplastic instability, to explain the localized heating processes. The concept of adiabaticity has
been evaluated as valid only when the characteristic system dimendmsignificantly greater
than the thermal diffusion distance, .64 o that tle following relation prevails;

%‘)Tl b GEQ 190Qa =450
where| id the thermal diffusivity0is the process time aridis a dimensionless parameter
representing the degree of adiabatickgr thesame impact velocity, larger particles would tend

to deform more adiabatically as tkgarameter scales with the particle diameger,while the

time scales with the ratio @ to impact velocityw.
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Melting-EjectdRef 166)  \jelting-Spheroidal particles
(Ref 167)

Twinning(Ref 166)

DRXee(Ref 171)

Shear bandRef 170)

Figure 2.21: Cold spray impact induced particle microstructural featuréReproduced with permission of Springer

Nature and Elsevier)

Figure 2.22 illustrates three tymeof deformation behaviors based on energy dissipation
mechanisms. The quasistatic (isothermal) deformation includes the dissipation of plastic energy in
the form of heat exchange with the environment, which then provides a nfateristress affected

only by work hardening. If the deformation process is considered adiabatic, i.e. absence of heat
dissipation into the environment and the rest of the tested material, the energy dissipation generates
an increase in temperatufiéhis rise in temperature initiates thermal softening allowing material to

flow under lower stresses. In the CGDS patrticle impact process, the heating zone is limited to areas

close to the impact interface, which creates dissipation mechanisms and temperatargsgrad

40



A. Nastic Chapter 2 Literature Review

inside the particle volum&his gradient, observed as a heterogeneity at its boundaries, can lead to
localization and shear banding at a critical stfain and consequently allow the material at the
interface to deform with increased softenimglerflow stress dropping to zero values, as illustrated

in Figure2.22.

This adiabatic shear instability deformation process has been associatetbtatation of particle
jetting, as shown ifrigure2.21d. The presence of adiabatic shear instability processes is, however,
notnecessaryo generat@aricle jetting(Ref 172)

Isothermal

Adiabatic

Equivalent Normal Flow Stress

Localization

Yer Equivalent Normal Plastic Strain

Figure 2.22: lllustration demonstrating the stresstrain variation of a typicakrystalline material under isothermal,

ideal adiabatic and loalization conditiongRef 173) (Reproduced with permissioaf Elsevier)

Material jetting, in the form of localized fragmentation undepaltlike process, can also occur
on a basis of hydrostatic pressure release, as shdwgune 2.23. Initially upon impact, the particle
contact edge outward veldgis faster than the shock wave velocitAftached sock With time,
the edge slows down enabling the pressure wave to det8dcKtietachment Immediately after
the shock detaches, a free suefeccreated where the pressure is necessarly &édjacent to the
free surface, a very large pressure exists, which irsdnaerial acceleratioby pressure realease
This procesgeneratsa localized tension andaterialjetting, similar to the jetting occuring during

adiabatic shear instability.
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IIl. Jet Forms.

l. Attached Shock Il. Shock Detaches.
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Shock Wave

Shock Wave

Compression
Tension

Figure 2.23; Jetting process related to pressure release in CGRE&f 172) (Reproduced with permission of

Substrate

Elsevier)

In addition to the extreme material expulsion proce®rstrainratedependent microstructural
features have been detected in CGDS depositions datbdeto possible melting, such as
amorphization Figure2.21e) and recrystallizatiorF{gure2.21f). Finally, with deformation under
extreme strain rates and resulting important accumulation of dislocations, processes such as
twinning (Figure2.21g), shear banding-{gure2.21h) and dynamic recrystallizatioRigure2.21i)
canoccur to accommodate further plastic deformation of the particle under the extreme loading

impact process.

2.5.2 Bondingprocesses

Material buildup in the CGDS process relies on impactuced features that lead to particle
bonding. Numerous mechanisnmsave beerput forward to explain particle adherensech as
adiabatic shear instability, oxide layer breakup, localizedlting, diffusion, interface
amorphization and mechanical interlocking. In general, however, it is agreed that two type of
adhesion processegist mechanical andhetallicbonding.Other adhesion mechanisms, such as
Van der Waals (VDW) and electrostatic forces are considered to have limited influence compared
to the considerably stronger measured adhesiengthsn the CGDS fieldesulting flom metallic

and/or mechanical bondingThe mechanical bonding process relates to the particle
mechanicalljphysically attachingto the deposited surface through anchoring features and
interlocking processesThe interlocking bonding can result from extreme impact induced
deformations leading teortexlike interfacial structuregrom surface préreatments generating a
target surfacdilled with hooklike features and from strong embedment into the subsHiatere

2.24illustrates all three mechanical adhesion processes.
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Figure 2.24: Mechanical bonding processes a) material mixing by vor{®ef 174) b) anchoring to substrate
topographical featuregenerated using FPWand c)embedmen{Ref 93) (Reproduced with permission of Springer
Nature)

The metallic bondingon the other handefers to the development of atdoiatom bonds between

the particle and substrate at the contact interface. If high enough pressudeveloped at the

oxidef r ee contact zone, the valence electrons from
sphere of influence, which results in the generation of a metallic bond. Outside of the sphere of
influence, atoms are too far to haaay repulsive or attractive interaction forces, which leads to a
close contact interface deprived of metallic bonding. If atomically bonded, an equilibrium spacing,
i.e. ~0.3nm, separates the atoms from both materials and the repulsive and attracsvaréorce
balanced. The bonding energy associated to the atomic bond corresponds to the energy necessary
to separate two atoms to an infinite distance. For the metallic bond comprising more than two
atoms, a much more complicated state is generated in whieheay interactions provide their
influence on the overall bond strength. Cold welding (CW), the simplest kind of mating process
known as soliestate pressure welding, has been extensively used to provide insight into the
prerequisites for proper ateto-atom bond generation in CGDS process. The accepted theory
states that to generate a metallic bond between two surfaces, an intimate, oxide free, pressurized
contact deprived of organic contaminants must exit at coritaeprocesses required to reacleisu

contact surface conditions the CGDS impacareillustratedin Figure2.25.

The vast majority of metals have an oxide layer on their suffaith,theexception of gol§l which

has to consequently be broken and properly ejected in the advent of atomic bdhdiige

studies have demonstrated ttiehigh deformation and jettingrocesses are adequadgropely

disrupt ancextrudethe native oxide layawhile the working inert gas shields the contact from the
atmospherand oxidatior(Ref 175 177). This hypothesis, however, is most applicable for the case

of similar particle/substrate material, in which both undergo significant plasticwion at the

interfaceto allow such cleaning processest@nlyoccur upon impadiRef 35,178,179)
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Figure 2.25: Bonding process schematic during CGDS particle impact. After high speed contact, oxide breaking and

material extrusion leads to fresh metal contact surfa¢Bef 35) (Reproduced with permission of Elsevier)

Xie et al. have shown that for the case of hard particle/soft substrate material combination, single
particle deposition shows no presence of fresh mietahetal contact zones despite the large
substrate plastic flowRef 180) as shown irFigure 2.26a. However, during complete coating
deposition and upon an annealing treatment, they have shown that the interfacial oxidettayer
properly removed, which they have associated to the beofefitarticleto-particle peening
processeéRef 180) as shown ifrigure2.26b.

Figure 2.26: Cross section of a) single Ni particle deposition on Al substrate and b) full coating generation for the

same particle/substrate combinatiaiter anneal treatmentRef 180) (Reproduced with permission of Elsevier)

The subsequent particle impacts increase substrate and deposited particle deformation leading to
improved ckaning processes. Adhesion values were, however, not provided and the actual bonding
nature prior to annealing was not confirmeat the requirement of material deformation, i.e.
extreme plastic flowfor proper creation of fresh metal contact and evergigahic bonding was

confirmed.
2.5.3 Critical velocity

To ensurametallurgicalbonding, theparticles need to reach a critical velocity, as depicted in

Figure2.27. Above such value, the coating deposition efficiency (DE), described as the increase of
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substrate mass gain over sprayed material iraggsasesA rapid increase in DE echieved above

w followed by a decay associated to erosamerous equations have been developed to express
the ® dependence on material properties, particle size, particle temperature and substrate
properties. Assadiet al. have developed the following expressionctdculate theo (Ref 165)

which has been massively used in the field

L Y

w Q oY Y p(p,,"—.,Y Cwo =451

where"Y is the particle melting temperatui®j s t he particle i mpact tempe
strength of the particle material at 293®,is a particlesizedependent fitting parametér, is the
density of the particle material, amd is the specific heat of the particle materigh. 51

demonstrates the importance of particle temperature in the deposition process of CGDS patrticles.

20 mm Cu ball wipe-test CS

ductile materials

window of

strong erosion

8
= 1
no deposition

0 %

materials deposition, DE [%]

erosion

Figure 2.27: lllustration of the critical velocityconceptfor proper deposition(Ref 114) (Reproduced with

permissionof Springer Nature)

In addition, t has been shown that materials with low strength and low melting point, such as
copper, aluminum, nickel, tin, silver and zinc exhibit a loderas presented ifable 2.7. In
addition, facecentered cubic (FCC) materials, characterized with 12 slip systems, allow larger
lattice deformation, while bodgentered cubic (BCC) materials require much highetue to

limited slip activity, as summarized ifiable 2.7. Other thanthe influence ofinherent crystal
plasticity properties, thed also increases with deeasing particle size due to bow shock
deceleration, larger oxide content (oxide film and oxide strengthening), increased cooling rates and
increased strain hardening processesociated to small particleBhe purity of both particle and

substratemateial also influencesw; aloy contenttendsto reduce material deformability by
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hindering dislocation motioimcreasinghe velocity required for bonding. Hass#&wngaragt al.

have shown that th® decreases with material decrease to oxygen affifitgir study, in addition

to showing the influence of oxide film on bonding, demonstrates that particles also require material
jetting to induce close contact, i.e. the deposition of noble gold metall@arecessitated @ of
253m/s.

Table2.7: ax, dependencen material crystal structurdRef 181,182)

Material Experimental L
Tin 250-375m/s
Gold 270-625m/s
Silver 500-750m/s

Zinc 375813m/s
Copper 470-1000m/s
Aluminum 680-1500m/s
Nickel 680-1500m/s
Titanium 750-2000m/s
Aluminum 6061 740-1750m/s

As such, in any study, reportead valuesare specific to the exact particle/substrate material
properties and to date, the main factors causing discrepancies in measueethe predominant
inconsistencies in particle microstructure and inability to confirm the exact partitighitiimpad

temperature.

2.5.4 Effect ofparticle/ substrate characteristicson deposition

2.5.4.1 Particle velocity

The following dimensionless parameter:

—- o, Eq.52
has been used to demonstrate that to increase DE and coating qualishoaite usespray
parameters that decreabeand/or increase the particle-fight velocity, V. Increasing particle
velocity leads to a rise in the systems kinetic energy and consequently allows pronounced plastic
flow dissipation, jettingandlocal rise in temperature, all of whicimprove the development of

successful bonding processédthough most of the energy is dissipated through plastic flow,
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recoverable elastic strain energgn lead tgparticle reboundingif not properly bonded to the
substrag surfacet impact Consequentlygne should be aware that increasing the particle velocity
does also increase the recoverattainenergy(Ref 183 185), i.e. rebound from normal strain
This increasestems from the larger imparted stress at higher velocities, which increases the
available recoverable elastic strain energy. However, dbiaaidening, strainate sensitive
deformation, thermatoftening and localization can complicate ttedculation ofthe effective
recoverable energyhe plastic dissipation energy also increases with particle velocity due to a rise
in adiabatic heating at the interfate addition to deformation phenomenlagtincrease of particle
velocity, i.e. kinetic energy, increas thempactcontact timgan increase from 424m/s to 515m/s
increases contact time by 4nshich may increasihe number of bonded atoms at the contact area
(Ref 186,187)

2.5.4.2 Particle temperature

As describedn Eq. 51, the particle irflight temperature influences the depositiprocess by
reducingw. Increasing particle temperature has shown to substantially reduce the elastic strain
energy and increase plastic deformation, which both improve bonding develogRehis4)
Although there is no data on the particle temperature influena@dhesionSchmidt et al. have
shown that an increase in particlefiight temperature increases the coating cohesive strength,
which should in theory also lead to increased adhediafh 188)

2.5.4.3 Substrate material

Depositing different (or snilar) materials and generating a composite coating remains one of the
main benefits othe CGDS process. However, the analysis becomes more complex as the density,
mechanical response and heat capacity between particle and substrate start to diftaxnAs sh
Figure2.28, four different cases with four different bonding processes can be generated based on
the material characteristidéssimilarity between particle and substr&#dferencesn particle and
substrate plastic deformation can lead to different thermal and kisetiace energies and

consequently to varying bonding processes.
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Figure 2.28: Particle/substrate material properties influence on impact development. Four possible eastsa)

soft/soft (ex: Al particle impacting onto Al substrate at 775m/s), b) hard/hard (ex: Ti particle upon impact with Ti
substrate travehg at 865m/s), c) soft/hard (ex: Al particle on mild steel substrate at 365m/s) and d) hard/soft (ex: Ti

particle onto Al substrate at 655m/gRef 183) (Reproduced with permission of Elsevier)

Regardless of which case frdfgure2.28 is generated and which adhesion process ensues, the
system dissipated energy must allow proper adhesion mechanisms to oemaict@article
bouncingoff the substrate from the stored elastic strain energy.eBa have shown that for
dissimilar material deposition cases (hard/soft and soft/hard), the softer nadtoiats andheats

up at extreme ratesuch that the critidavelocity is always much lower than for similar material
cases (Ref 115). Highly saturated temperature, leading to possible local melting and extremely low
equivalent flow stresfiasshown to result in high adhesion and low rebound energy, both beheficia

to bonding processé¢Ref 187)

2.5.4.4 Roughness

The particlé surface contact argalaysan importantrole in the adhesion processtudieshave
shownthat increasing thsurface roughness decreases the adhesion as the crevices to particle size
increase and limit proper contact area for bondiRgf 189191) Others have shown that
increasing the roughness can increase the adhesion by providing additional mechanical anchoring
to the deposited coatindRef 192) as shown ifrigure2.29.

However, to this daythe fraction of mechanical and metallic bonding the obtainedcoating

adhesion strengtaluesfor different surface preparations remaimsneasured and unverified
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Figure 2.29: a) schematic of the substrate surface contact area anddsjtactareabasedadhesion strength. For
substrate roughness values varying from OLo5 to 5.53im (Ref 193) (Reproduced with permission of Springer

Nature)

2.5.5 FEMsimulation

2.5.5.1 General plastic flow

Since the CGDS process involves the impact of small scale particles, up to nanoscale size, and that
the ensuing deformation developments occur within few nanoseconds,-sitly @xperimental
characterisation becomes a challenge. Over the past 20 yeiteselement modeling (FEM) has
become a practical tool offering the possibility to investigate the particle/substrate material
behavior upon deposition by providing tools required to calculate the contact pressure at the impact
interface, the elastic/plas deformation, multdimensional stresses, temperatures and velocity
vectors. Assadit al.and Gruijicicet al.have showni n e a r lugingn2o8eling that the onset

of bonding processes was related to the occurrence of adiabatic shear insttdi#ityplastic flow
localized deformation, which was a breakthrough in the CGDS field. However, it is only in 2018,
that through additional modeling work Hass@&@ngaragt al.have instead associdtine adhesion
processes to hydrodynamic plasticity féeg from the interaction of strong pressure waves
traveling from the impact zone towards the particle surfacenigad a natural dynamic jetting
effect(Ref 172) Although FEM is a geat tool in the CGDS field, its accuracy heavily depends on

the mechanical properties implemented in the model, which are difficult to obtain due to the high

strain rate deformation the material achiexed randomness of powder microstructure

The comnon experimental methods utilized to obtain material properties at high strain rate

deformation are the split Hopkins pressure @@ef 194)and the hypervelocity impact crater
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morphology(Ref 14) The Hopkins bar test particularly shows limitations as it is capable of only
achieving strain rates up to“€" which is well below strain rasaecorded through FEM in the
CGDS impact process. In addition to the experimental testing not being perfectly suitable for the
field, a largenumberof empirical models haebeen developed to allow high strain rate simulations.
Figure 2.30 provides a comparison between developed empirical equations and obtained
experimental material flow streswhich show that the material deformation process at extreme
strain rates idest described by the PrestbonksWallace (PTW) model than others such as
JohnsorCook (JC), VoyiadjisAbed (VA), Modified ZerillFArmstrong (MZA), Modified Khan
HuandLiang (MKHL) and GaeZzhang (GZ).
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Figure 2.30: Copperdeformationat various strain rates and resulting stress using different proposed mdRaé

195) (Reproduced with permission of Springer Nature)

Although the suitability of the PTW to describe extreme strain rate deformations has been
confirmed, its appropriateness within the CGDS particle impact has only been demonstrated
through a single individual particle impact. In addition, the PTW desanipiiothe material
behavior turns out to be much more complex than any other developed models. Consequently, in
2020, Chakarabarty and Song have proposed a modified simplistic J&dboskbmodel together

with the inclusion of a strain gradient plasticityg®) prediction definition tolescribehe CGDS

particle impact deformation process¢Ref 13) Although much simpler than the PTW
development, their study still relies on tuning parameters wssiggle particle micrograph, as
illustrated inFigure2.31.
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Figure 2.31: a) Copper particle travelling at 500m/s deposited using CGDS. b) ss&af data comparison
between experimental, original JC and modified JC without SGP and c) stREEEQ data comparisoifRef 13). The

experimental data is obtained using a shear compression specimern(Regtroduced with permission of Elsevier)

2.5.5.2 Powder microstructure
A major obstacle in the CGDS process is the lack of standardized and tailored feedstock powder.

The incomistency in powder features within different powder batches and across different
commercial brands have not been thoroughly studied although they have been associated to many
reported results discrepanci@®ef 196 199). While most publications show the content of the
starting powder utilized in their study and report variability, very few provide details about how
the microstructural features would affect their res{iRsf 75,200203) Hence, a recent growing
interest § the evaluation of powder microstructural feasimfluence on their plastic deformation
usingnumerical modeling.
Classical atomistic molecular dynamics (MD) simulations have been recently introduced to the
CGDS procesgRef 18,204) In such simulations, the movement and interactions of atoms or
molecules are calcaled based on classical equations of motion, which allows predicting the
mechanisms and kinetics of defects evolution, interaction and generation, i.e. dislocation and
stacking faults, and providenformation about the material state, i.e. pressure angasature. As
shownin Figure 2.32, the deformation of a 30nm particle with a single crystal composition has
been modeled under impact conditions and the initial otientanfluence on dislocation motion,

dislocation density and final shape has been investigRefd201)
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(a2) (b2) ' (c2)

[100) [110] ' (111]

Figure 2.32: Molecular dynamics simulationstudyingdeformation and dislocation distributioin Cu particles with
crystal orientation along [100], [110] and [11Hirections (from left to right). Top row shows the particle in side
view while bottom row illustrates the top vig®ef 205) (Reproduced with permission of Elsev)

Although novel, the MD frame is significantly limited to length scales of a few nanometers, which

is far from the dimensions of powder particles in the CGDS that span over a few hundred
nanometers. This discrepancy also implicates that the graiim $ie=MD particles are in the range

of 1nm to 6nm(Ref 16,206) which is considerably smaller than those found in the CGDS powder
particles, i.e. commonly ranging between 1pm to 15um. This dissimilarity hagialceffect on

the material microstructural evolution and response to impact as it has been demonstrated by many
that the small spacing between nanograins effectively increases the pinning resistance to dislocation
motion(Ref 207,208) The increased presence of grain boundaries in nanocrystalline metals readily
annihilate dislocations and their stacking process within the grain intercames limitedRef
209,210) Hence, the implementation of thedeMimulation in a CGDS frame of work proves to be
difficult. In addition to the limited dimensions, the basic concept of the MD simulation method

relies on the parametrization of many terms, which are used to describe the interaction potential

energyfundt ons. The set of functions and the associat
fieldbé6b, are not readily availabl e, (ReiRlich compl i
214)

To bridge the gap between FEM and MD simulations, a epaasisegrained dynamics (QCGD)

method has been develop@ef 33) The QCGD method uses representative atoms, referred to as
R-atoms, to mimic the dynamics of several atoms in each volume of atomistic frame, which
significantly reduces the computational time by decreasing the number of individually analysed
atoms. The eveloped scaling relationships incorporate kinetics related to collective nucleation,

evolution and interaction mechanisms of dislocations, temperature and pressure generation in
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metallic material§Ref 33) Although providing the abilt to increase the analysed length scale,

the collective deformation description has shown to overshoot the metal strength. Moreover, a
direct comparison with experimental observations is lacking to prove the accuracy of the model
and scaling procegRef 33)
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RESEARCH OBJECTIVES

The generabbjectiveof the current research is to improve the understandidgpdsition and
adhesionphenomendn the CGDS procesNumerous featurepertaining to the impact
developmentén CGDShave yet to beinderstood for process optimizatioFhelack of analysis
stens mostly from the smallphysical and timescales at which deformationand bonding
phenomena occunaking any experimentah-situ observation a challeng&he current research
proposedo first studythe effect of sbstrate surface topographyon pure aluminum particle
deformationand bondingmechanismsupon impacton a hard steel substrat8econdly the
measurement of particle Hilight temperature will be attemptedusing anewy developed
commerciahigh-speed IR camerdhe temperature dataill be used tdest evaluateand validate
the accuracy afiumerous Nusselt correlations utilized in the fi@ldbsequentlythe effect ofsize
dependentparticle temperatureon overall coating propertieswill be studied using an
experimental approach involving coating generation and their property evaldatiamadition,a
CFD numerical model designersingthe appropriate Nusselt correlation found in the previous
work will be developedThe final studywill investigateheeffect of particle impact characteristics
on interfacial phenomenausing both experimental deposition and finite element modeling of
single particle impactsThe numerical approachill be used toacquirelocal particlésubstrate
interface characteristiceeached upormparticle collisionotherwiseimpossible to visu#@#e and
assert The experimental methgodon the other handyill provide evidenceand support he
conclusionsand explanationsgathered from theaumericalstudy on bonding mechanisnand

conditions
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3.1 TheHEfect of Substrate Qurface Topography

The first objective investigates the influencesobstrate topographyn particle depositiomnd
bonding nature, i.e. metallic and/or mechanical ancholignerous tidies have shown i
substrate topographgfluences DE, i.e. first deposited layeandadhesionHowever conducted
experimentshave been limited tarithmetic averagsurfaceroughress R, of 10um andor to
interfacial particledubstrateinvestigations which do notprovide any detail on the resulting
bonding naturéRef 191,192,215,216)

3.1.1 Substrate surface preparation methods

Threeseparate surface preparation procedures will be used and pesiglting, grit blasting and

FPWJrougheningto allow a complete study acroasvide range of surface rginessThe use of

FPWJto produce lowR, will allow to investigate the effects, diny, of grit embedment on overall
coating adhesiodetected in commaogrit blasing methods

3.1.2 Adhesion nature evaluation

The coating adhesion strengstwill be evaluatedon each surface preparation procésifowing

the ASTMCG633 standarRef 217) A heat treatment will be applied on the produced coatings to
initiate the growth of an intermetallic phase at the coating/substrate inteffaedocations at
which the intermetalliphases are detected Wik usd toreveal the positio of fresh metal contact
zones and provideformation on theurface profileequiredto induce proper material deformation
and oxide layer removal necessary for metallic bondiRef 215,218) In addition numerical
modelng of the coatingadhesiortestwill be performed The coating/substrate interface profile
after GGDS deposition will bescanned using an opticalendscope andatatransferredn theFEM
model(Ref 219) The simulation will model thguasistaticpull testfor eachcoating toassess the
fraction ofthe measureddhesion strength thaan be attributed tthe mechanical anchoring
process

The high speed particle impact willsobe modeled through FEM to study the effects of surface
roughness on resulting particle and substrate matifalmation.As depicted inFigure3.1, an
impact on four different surface profiles will Istudiedand their influence oifocal interfacial
variables, i.etemperature, contact pressure, velocity vector and high equivalent plastic strain
(PEEQ) reached in the particle and subst material wilbe evaluated. The obtained values will
be associated tthe impactbility to generate metallurgical bonding at the contact inteif@eé
166,167,22Q)
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Peak contact

+ Pure aluminum
Spherical average 0
Initial temperature
Initial velocity

Flat surface contact

Angular contact

Valley contact

Figure 3.1: Numerical simulation of particle impacbn four different substrate surfacprofiles (peak, valley, flat

and angular contact).

3.2 Measurement ofParticle in-Hight Temperature
A high speednid-waveinfrared @amera (FAST M2k, Telops, QC, GAvill be utilized tomeasure

t he
be utilized.

p a rflight erhperatsréRef 821) Figure3.2illustrates the experimental sab that will

High speed infrared camera

Powder inlet
High pressure, high
temperature flow

High speed titanium
particles g=150pm |

=11 mm

’ i " 1mm depth of focus

140 mm

Figure 3.2: Temperature measurement usingregh-speednfrared mid-wave camera during the CGDS process.

The CGDS gas stagnation parameters will be adjusted to ensure proper particle heating and

acceleration at theozzleexit.
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3.2.1 Experimental particle velocity measurement

Although various technigues aeduipmenthave been utilized to measure the particle velocity at
the exit of the CGDS nozzl¢ghe current study will use particle streak velocimetry (PSV) and
particle tracking velocimetry (PTV) metho@ef 25,105) The former proess will use the particle
streak lengthi.e. generated from the utilised exposure tifram the obtained IR cameimages,

while the lattemwill utilize the particle position and travel time between two sequential frames.

3.2.2 Heat transfer and momentum exchanganalysis

Following themeasuremat of particle irflight temperaturea CFD studywill be performedusing
ANSYS Fluent®and compared with thebtainedparticle velocity and temperature measurements

A oneway coupled Lagrangian scheme along with a RSM turbulence model will be utilized to
track the particle trajectory, to model the particle/gas interactionst@maedict theparticulate

phase irflight characteristicgRef 115,155,161,162Numerousdrag coefficient correlations will

be tested to ensure proper particle motion descripfibe main goal of theumerical analysis,
however, remains to test and validate which of the utilized Nusselt number correlations provides
the most accurate definition of particle/gas heat transfer process occurring in the CGDS process.

3.3 Effect of Sze-Dependent Particle Temperature on Overall Coating

Properties

The influence of particle size dependent impact temperatute@udhesion, deposition and impact
on previously bonded particulate phase. insitu peeningwill be studied in the present work.

3.3.1 Particle sizedependent impact temperature

The first objective will be to generate depositions of padisi¢h varying temperaturasavelling

at thesame velocities using both low and high pressure cold spray sy3teenstagnation pressure
and temperature parametevill be investigated and obtained velocities at the nozzle exit will be
measured. Once the CGDS process parameters are tmatishgs will be generatean polished
and grit blasted sampleghree sets of spherical feedstock powder with distinct anwwasize

distributions will be used to ensure proper incorporation of the particle size effect.
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3.3.2 Impact temperature influence on coating properties

The effect of impact temperature on powder deposition efficiency will be investigated. The mass
gain will be measured during coating deposition to obtain the overall coating deposition efficiency.
The effect of impact temperature on coating adhesiontiéhbe studiedfollowing the ASTM

C066 standardsenerated coatings will be machined to appropriateribgkand pulled tmeasure

their adhesion/cohesion strengtline obtained values will be compared to the results obtained in
the study presented in section 3.1 as to investigate the influence of temperature and size on the
particle infiltration and mecharal anchoring on grit blasted sampl&ébe ®atings will also be
investigated under the SEM to qualitatively describe the temperature effect on particle deformation.
Finally, bendto-break tests will be producgetbliowing similar steps as presented in tk&TM-
D414510 standardRef 222) to study theparticle size dependent temperatapparent toughness,
crack propagation mechanisms and fish scale proceHse®bjective of these experimental tests

are to investigate thearticle collision characteristics effects on metallionding process
(adhesion and cohesioafdthe phenomenkeading to coating attachment

3.3.3 CFD modeling for particle trajectory and impact characteristics

As the measurement of particle temperature under high parametehsgh speed, araf typical

CGDS patrticle size, i.e. 30 to 70umight not be possibleithout extensive experimental testing

the developediumericalheat transfer model in the study presented in section 3.2 will be utilized
instead.Thus, wthlow and high pressur@GDS systems will be modeled using ANSYS Fl@nt

CFD softwardn goals to rerieve the particle temperature at impfmtall generated depositions.

The flow structures, particle size influence on powder stream trajectory and impact characteristics
will be studiedIn additionto the main goal, the resultd CFD analysisbtainal from the current

work will provide a clear understanding of the major differereta/een both CGDS systerausd

their individualinherent advantageBinally, experimentdy measuredieposition efficienciewill

be used tmumerically acquire the full impact characteristi€slepositing particles.
3.4 Effectof Particle Impact Characteristics orninterfacial Phenomena

The objective of the current investigation will be to sttiayeffect of particle size and temperature

on the deformation and interfacial bonding phenomeinsingle particle deposition.
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3.4.1 Single particle depositiorand characterization

Isolated single pure aluminum particle depositions will be generated bsthghigh and low
pressureCGDSsystemst the parmeters set in the previous stuéarticles of spherical geometry

will be utilized to reduce the effect of powder irregularities and satellite presence on deposition.
The objective is to fully characterize the interfacial phenomena occurring at impaootfor
adhered and rebounded particles. The deposited single particles will be pulled using a local
adhesion test process to reveal the particle/substrate interfacial state and presence of metallic
bonding, i.e. atomically bonded zones will be identifiedngscupandcone featuresand/or
protruding materialParticles traveling below their critical velocity will be collected after rebound
using carbon tape near the CGDS gun trajectory.

3.4.2 Numerical simulation of single impact

The differences in deposition and bonding processes will be explainedriEvhd@imilarly as for

the study presented in section 3.1.2, the commercial software package Abaqus/Explicit will be used
to model single particles with varying impact charactess{T he characteristics obtained in section
3.3.3 will be utilized. Analysis of the obtained results will consist of investigating the interfacial
temperature, pressure and oxide layer removal. In addition, the influelboalafontactpressure

on meltng temperature and melt propagation process at the impact interface will be described in

goals to understands its influence on particle bonding.
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.CHAPTER 4

RESEARCAPPROACHMETHOD AND
EQUIPMENT

Thecurrentchapter presents the experimental appraaahwill be usedMore specifically, it
provides the description of the equipment and apparttaswill be utilized In addition, the
numerical modis, i.e.computational fluid dynamics simulati@md finite eementmodels,chosen
to analyse the particle/gas and particle/substrate interface phenomena will be described and

explained
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4.1 Feedstock andubstrate

The current susection describes thmwder feedstocknd substrateaterialthat will be usedo

achieve the objectives presented in Chapter 3.

4.1.1 Powder material

Figure4.1 presents thpowder feedstocthat will be sprayedThe teardrop shaped pure aluminum
powder, shown ifrigure4.1a, which has been manufactured via gas atomizatiasa chemical
composition of 99.8%\l. The purealuminum powdesdepicted inFigure4.1b, with a 99.99% Al
elemental compositionhave been manufactured by Equispheres®, which generates spherical
particles eliminatinginy geometrical effects related to irregular powder shape. As this pailider

be used to study the particle silmfluerce on depositiorthree specific sizdistributionswill be
sprayedAll three size sets are shownkigure4.1b. Thelast powdethat will be studieds agas
atomizedspherical commercially pure (CP) titanium powdéown inFigure4.1c. The CP Ti
powderwill be sieved using an ihouse tagsieve shaker unit (W.S. TYLER Riap Sieve Shaker,

OH, USA) with proper woven sieve mesh cylinders to separate and recover all particles above

125um of diameterwhich will facilitate individual particle tracking processes durihe particle

temperature measurement tests.

Figure 4.1: Powder feedstocko be sprayedh the current research. a) Irregularly shaped pure aluminum (99.8%
Al, CenterLine (Windsor) Limited, Windsor, ON, Canada) b)fBerical pure aluminum (99.9% Al, Equispheres,
ON, CA) andc) Sherical CP titanium with satellites(CP Ti Grade 1, Crucible Resrch, PA, USA).

4.1.2 Substrate

The substrate material, geometry and surface preparation prior to CS deposition are presented in

the following subsections.

4.1.2.1 Substratematerial and geometry
Steel aloyswill be used asubstrate material.able4.1 presents the chemical composition of both
the vacuum arc remelted (VARJOOM (Carpenter Technology, Mississauga, GRd SAE1018

stees, seletedspecifically forthe current research wark
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Table4.1: Steel alloy substrate compositions

Elements| Mn C S P Ir Cr Mo Ni Si V Al Ti
300M 0.78 0.42 0.001 0.006 Bal. 0.81 0.40 1.90 1.68 0.07 0.04 0.002
SAE1018| 0.70 0.15 0.02 0.03 Bal. N/A N/A N/A NA NA NA N/A

All substrats will be machinedo acylindrical geometry with dimension ob2mm diameter and
40mm height to facilitate subsequemechanical testingpresented in sectiod.4.1 The CS
depositionswill be made on the flatreds of the cylindrical samples.

4.1.2.2 Substrate surface preparation processes

Three different substrate surface preparation methods will be used to study the substrate
topographical feature influence on coating bonding phenomena.

The first surface preparation method is the grit blasting process, commonly utilized in the CS field.
A handheldgravity fed grit blasting unitill be usedto this end taroughen the substrate surface.

The gritwill be fedthrough a steel nozzle and propelled using nitrogen at a pressure of 1.4MPa to
2MPa. During surface preparation, the nozvilébe held at a 48angle and &a50.8mm standoff
distancdo ensure proper surface preparatieerrosilicate abrasive with 20mesh size (8&pwill

be utilizedas thampactingmedium.

The secondsurface treatment method is tlierced pulse waterjet (FPWJ, VLMdvanced
Technologies, Ottawa, CA) process, showirigure4.2. The FPWJ method is equipped with a
piezaelectric transducer, vibrating at a rate of 40KHz, which generates ultrasonic vibrations. These
vibrations are transported to an internal nozzle assembly and the oscillatory waves are transmitted
to a microtip loated at the core of the nozzle generating the output flow. As the microtip vibrates,
the pressurized water stream injected inside the nozzle is converted at its exit from a continuous
flow to an interrupted pulsated jet. The intermittent slugs of watearingyclic loading onto the
substrate surface upon impact. In addition to the cyclic stress, a water hammer pressure is generated
at the water/substrate interface during the impact process of each slug. This water hammer pressure
represents the main advage of the FPWJ process over the continuous waterjet impingement
process. The resulting substrate surface cold working and erosive phenomena induced by the FPWJ
are a mixed result of cavitation processes, cyclic loadings, lateral water flow and waterhamme
induced elastiplastic deformation. The topographical features resulting from the FPWJ surface
treatment are particular to the water/solid impingement and easily discernable from other surface

treatment techniques.

62



A. Nastic Chapter 4 Research Approacdklethod and Equipment

Finally, thethird processs polishing upto a mirror finishpolish Gradual grinding and polishing
steps up to a final process usingjar3abrasive suspensioase planned to be applied onto the
substrate specimefhe polishing equipmenb be used islescribed in more details in section
4.3.3

Part# Part Part # Part

#1 Sampleholdertable #4 User control unit
#2 Robotic arm and nozzle assembly #5 Pump assembly
#3 Safetyunit #6 FPWJ control unit

Figure 4.2: Forced pulsed waterjet surface preparation equipment.

4.2 Cold Sprajquipment

Two differentsystemdhave been chosen to complete the set goals of the cresestrcha LPCS
accessiblat the University of Ottawa Cold Spray Laboratory andPCSavailable at the National
Research CoundiNRC)i IMI, in Boucherville Since the formeas planned to be usectensively

for each separate presenf@dject for the developing stages and proof of concept phases, it will

be described angresented in much more details thhe latter.

4.2.1 Lowpressure cold sprayystem

The commercially available (SSEP, CenterLine Limited, Windsp©ON, Canada)PCSsystem
thatwill be usedis shown inFigure4.3. The systemmuns using a 15kW heater which can provide

a maximal temperature of 68D and a maximal operating presswf 3.45MPaThe carrier gas
pressure is provided by an 18MPa single nitrogen bottle pack unit that holds eleven industrial high
pressure nitrogen cylinders. The control unit showirigure 4.3a is used to set the operating
pressure and temperature prior to deposition. The spray gun assembly ittdudais gas heater

and nozzle, as shown Higure4.4.
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a)

Part# Part Part # Part

#1 Temperature control unit #4 Spray chamber

#2 Powder feeder flow metgargon) #5 Water filtering system and HEPA filter
#3 Pressure regulator #6 Step motor assembly

Figure 4.3: SST-EP CGDS systerto be usedt the University of Ottawa Cold Spray Laboratog). Centerline
(Windsor) Ltd. SSTEP control unit and b) spray chamber and ventilation unit.

The entire assembly is mounted on a step motor controlling the acceleration, velocity and x
displacement of the gun. The movement characteristics, i.e. velocity, acceleration, step size,
number of cycles, total displacement and individual distancespatmlted by the user through

PC Interface Software for-8EL program. During spy, the samples will benclosed in thepray
chambey shown inFigure 4.3, which is equipped with a ventilation systemsuringproper air
working environmentFigure 4.4 also includes the converging/diverging nozzle at the bottom of
the high pressure and temperature cylinder. Two different nozzles will be used. The pure aluminum
powder will be deposited usirg Centerline SSUltiflow polymer nozzle with a 2nm throat
diameter, 6.5nm exit diameter and 128m of diverging length. The nozzle is machined out of
polybenzimidazole (PBI) to avoid powder deposition at the nozzle walls during spraying at high
stagnatbn parametersvhich are plannetb be used for proper depaosition of coatings in the current
study.To propel the CP titanium powder, a stainless steel (SS) nozzle will be utilized, which has

the same dimensions as the PBI nozzle
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Part # Part

#1 Heater, high pressure/temperature
#2 Converging and throat connection
#3 Diverging section of nozzle

#4 Powder feeding line

#5 Powder preheating inlet

Figure 4.4: Spray gun including theassembled converging/diverging nozzle.

Thepowderfeeder shown inFigure4.5, main components are the powder canister, feeding wheel,
the control panel and the gas carrier flow ragulator The canister keeps the powder away from
contact with the atmospresand allavs a pressure buildup to propel the powder to the nozzle. The
volumetric flow of nitrogen particle carrier gasll be setto 30SCFHfor all testsi.e. equivalent

to 1.16NCMH.

Part # Part

#1 Powder feeder canister
#2 Powder outlet
#3 Wheelspeed controller

Figure 4.5: Termach powder feeder assembly.
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4.2.2 Highpressurecold spray system

TheKINETIKS 4000 (Oerlikon Metco KINETIKS 4000, Switzerland, CHPCSsystenthat will
be usedat the NRC facilityis depicted inFigure4.6.

Figure 4.6: Oerlikon Metco KINETIKS 4000 cold spray stem at the NRC facility.

The powder material is injected axially prior to the throat in the converging section of the setup.
This powder feeding location, as mentioned in the literature, allows the powder to preheat to
temperatures closéo the gas stagion temperature. In addition, the system working parameters
can reach a maximum of 8@and 4MPaSimilarly as for the LPCS system, nitrogen willused

as the carrieand drivinggas. A SiC nozzlevill be used to propel the pure aluminum powder
towards the substrate surface. The converging/diverging nieztaracterized by a throat of 2.70

mm, an exit diameter of 6.96m ard a diverging length of 13&m. The convergig section io

which the pavder mateial is injected has length of 40nm, i.e. no prechamber.

4.3 In-flight ParticleCharacteristicdMeasurements

4.3.1 High speed infrared camera

The high speed infrared cameéhat is planned to be usedshown inFigure4.7. The IR camera
(FAST M2K, Telops, QC, CA) is also equipped with a real time temperature calibration (RTTC)
software, which facilitates its usage dynamic environments such asthe nirogen gas flow
exiting from the converging/diverging CS nozZzldhe RTTC allows the camera to be used at any
recorded exposure time without the need to recalilthatdetected radiance with a higiccuracy
blackbody.The working distance between the &md lens and the gas flow cenivdl be set to a

constant distander all experiments.
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SPECIFICATIONS FAST M2k

DETECTOR TYPE InSb
SPECTRAL RANGE 15pmto 5.5 ym
SPATIAL RESOLUTION 320 x 256 pixels
DETECTOR PITCH 30 um
APERTURE SIZE F/25

FULL FRAME RATE 1910 Hz

78600Hz@ 64 %8
90000 Hz @64 x 4

TYPICAL NETD 25 mK

MAXIMUM FRAME RATE

EXPOSURE TIME 1ps to full frame rate

LENS MOUNT Bayonet interface

Figure 4.7: FAST M2K high speed infrared camera.

4.3.1.1 Heat transfer analysis and resulting particle temperature
The HypIR ® software, developed by Telopdll be usedto analyzethe saved sequences of the
CGDS powder laden flowThe following analysis proceswill be used to calculate the particle

resulting temperature.

The total infrared radiationy , captured by the IR detectwill come from multiple sources
bounded by the surrounding environment. This total radiation can be written as;

o 0O O O Eq. 53
whereO is the emitted infrared radiation by theflight particle,O corresponds to the emission
generated by the surroundings and reflected by the particl® asdhe emitted infrared energy
by the surrounding atmosphere. The preseBte&3 can be rewritten as;

® -1 0 p-10 p| O Fa-54
where the subscritandg relate to the particle and gasspectively. The term corresponds to
the gas transmittance, is the particle emissivity an@ represents the radiation emitted towards
the surrounding, i.drom the gas or particl@heEq.54is written in a simplified form, which does
not take into account the dependence fibmnd_ on the presented terms although the current
studywill account for them Sine the atmospheric transmittanice, is approximately 9%, the
‘O term has very little influence on the particle temperature and consequently, the atmospheric

influence on the IR camera readingdl be disregarded in the analysis.

Foll owing Planckdés | aw, the el ele©r, atmapgafiet i ¢ r ad

wavelength, o, and temperature, T, can be expre:s
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o _AY -f——mm Eq.55
a o
whered andd correspond to the first and second radiation constants, respedtiMilg current
study, the utilized IR camera operates at midwave, which corresponds to wavelengths varying
between_ =3um and_ =5um. The radiance emitted by the particles betweersethivo

wavelengths is calculated using an average radiance;

p o fva._ Eq. 56

0O

Since the radiance is continuous with wavelength and by applying the intermediate theorem, the
emitted energy can be expressed as follow;

, , 0

@] o -j— Eq.57

- Q p

where_ varies between the wavelength boundsdthe used IR camer@&y combining the
expressions describedhy. 54 andEq.57, the total infrared radiation captured from the IR camera

during usage can be written as;
Y
-y T Eq.58

Y
h—3 . P 5.
A@Q‘t o AoBe— O

where R is function of the integration time and wavelength band, B is function of wavelength and

&)

F is a positive value close to The particle temperatuf®, highlighted in green ificq. 58, will

then be obtaineftom the total infrared radiatioecordednternally by the detector

4.3.2 ColdSpray meter(CSM)

The particle velocitywill be measured experimentally usirg Cold Spray Meter (Tecnar
Automation Ltd. SBruno, QC, CA).The CSMis equipped with a continuous laser that provides
a power density of 6.5W/cm? and a 2.4W power at the exit of the optic fiber. The laser,
characterized by a wavelength of 81, features apt size of 8mm at the Xfn focal pointThe

particles traveling at high velocity are detected using their corresponding diffracted light.
4.3.3 General sample cutting, mounting and polishing

A precision saw (Secotot0, StruersMississauga, CAequipped wih a silicon carbide ctaff

wheelwill be used to cut the samplasappropriate size for further analydi®llowing the cutting
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process, the sampledll be mounted using a phenolic plastic powdernraatomatic hot mounting
press (LaboPres3, StruersMississauga, CAfor samples requiring a cresectional analysishe
mounting process allows samples to have the appropriate cylindrical dimensions for
grinding/polishing processes. For this purpose, an automatic grinder/polisheadke Struers
Mississauga, CAwill be used

4.3.4 Opticalmicroscope/ Scanning Hectron Microscope(SEM)
A digital optical microscop€VHX-2000 Keyence Corporation, Osaka, /) be usedto obtain

a general magnified image of sangteosssections and a threimensional stitchetinage of the
top surfacetopographicafeatures The microscope is equipped withnaaximal magnificatiorof
1000X, avariabledepthof-field thatprovidesfull focus for depth composition imagirand ahigh
definition resolutionallowing 54million pixels of dataThe threedimensional surfaces obtained
using thedigital optical microscopevill be used tocalculate thesubstratesurface roughness
through a Matlab code that enadilee evaluation ofhe arithmetical mean surface deviati®a),
root mean square roughneBgj)and peak to valley distandeZ. The definition of all three surface

roughness descriptive parameters are given as follow;

. p .
3
v B o Eq. 60
€
vy : VR Eq.61

wherew is the vertical height from the mean line of the surface topography tQ thata point
for € ordered equally spaces points.

A scanning electron microscopéSEM, Oxford Instrument, EVAMAL0, Zeiss, UK)will also be
utilized under secondary electrorSE) and baclscattered electroBSE) signals toobtain
specimen surface topography and elastic scatiggagectivelyln additionthe energydispersive
X-ray spectroscopy (EDS) analytical technigui be used to provide elemental atomic structure
characterizationPrior to analyzing the samplesounted in phenolic plastienderthe SEM, the

sample surfaceiill be coatal with a thin gold conductive layer using a cold gsfditterdevice
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(Denton VacuumUSA). In addition to the gold layer, ameer tapeawill be placed from the coated
surface to the metal sample holder to provide a conductive path for the electt@vsidisurface
charge buileup during analysis.

4.4 Mechanical Characterization

4.4.1 Adhesion Test

The adhesion/cohesion of cold sprayed coatiniisbe tested according to the ASTM C633
standard After deposition, the coatingsill be facedusinga lathe and machéd to a uniform
thickness. A thermally curing elastomeric adhesive bonding agentL(Feld, Cytec Engineering
Materials, MD, USA) with an 80MPa bonding strengtWill be used to join the coatl sample to
a counter specimen after whidietassemblwvill be positioned in an oven for 2 hours at 3160
Threeto six samples pesets will betested for statistical purposésor all tests, nce the adhesive
has cured, the assembled sample and counter spewgithee pulled using an Instron Uwirsal
tensile testing machine (Instron Series 420) at a rate offfvec.

4.5 Other Relevant Equipment

45.1 Precision Balance

A precisionscale for mass measuremeatcurateurate to the 0.0001gvill be used to detect

surface masgainduring CGDS depositioprocesseand calculate thdeposition efficiency

4.5.2 Profilometer

For very smooth substrate surfacd®e use of théhreedimensional stitching process measure
the roughness becomes diffical it approaches tHimit of the optical microscope. Hence, for
polished surfacea portable profilometer equipped with mm diamond tip stylus (PHASE, SRG
4000, NJ, USA)will be usedinstead The depth measugntool allows detecting surface
irregularitiesapproaching theange of 0.000%m to 16rm, which results in a display resolution of
0.001mm.

4.5.3 High temperature oven
A natural convection air oven (Carbolite PF120, Hope Valley, WiKYoe used for all parts in the

study requiring heating processes
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4.6 Numerical Model Structure

4.6.1 CFD/gas and patrticle interaction

The following subsection covers tgeverning fluid flow equations and presentsabmputational
methodologythat will beusedin the Computational Fluid Dynamics models.

4.6.1.1 Basic governing equations for compressible flows

The ANSYS/Fluentsolver will be usedto solve equations of mass, momentum and energy
conservation. In ANSYS/Fluent, the compressible flow is describestdndard continuity and
momentum equations. The energy equation included in the solver incorporates proper coupling
between the flow velocity and the static temperature. As the current study deals with compressible
flows, the ideal gas lawill be descriled as follow;
0 0

Y Eq. 62

o Y

where” is the flow densityd is the operating pressure, defined as the atmospheric pré3sire,
the local static pressure relative to the atmospheric pressure, R is the universal gas constant and
0 is the molecular weight. The temperatufe,is computed using the energy equation. The
conservation of mass, or continuity, is written as follow;

ron ‘ Eq. 63

T_O nO"® Y
where the sourcé’ is the mass added to the gas phase from the particles injected in tiaadow
CV standdor control volume In the current study, the mass added by the particulate phase has
been evaluated to be too small to generate any important effect on the main flow suchthat the

term has been neglected. For 2D axisymmetiddels the conservationf mass can be written as

follow;

T I & T "0 Eq. 64
OCOWwQI wad Qo1 Qu—., — "0 — "V — Y '
¢ T 0 ™D T i

wherex s the axial coordinate,is the radial coordinat®, is the axial velocity and is the radial

velocity. The momenturaquations written as follow;

T, . ; ] . Eq. 65
o @ 1O o nof "R 0

wherep is the static pressuré’Qis the gravitational body force terf@is the external body forces

(lift force, virtual mass force, external body forcije convection term expressed the change due
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to the movement of the fluid element from one location to another where the flow properties are
diverging,andf’is the stress tensor described as;

f © e b gn 5O Eq. 66
where' is the molecular viscosity ari@s the unit tensor. The second term on the right describes
the effect of volume dilatation. IBg. 65, then Jbterm expresses the following;

ro 10 0 Eq.67

To i
For 2D axisymmetric geometries, as the one used in the study described inZ2c®dhe axial

n Ob

and radial momentum equations can be written as follow;

T prT | pT
o) T T YV
0 N Eg. 68
T_U ‘ET_l‘cT_U‘ Enaﬂ) BT_I‘TL‘ T_U
T wiI! W o 71 | W
0
and
r . pT pT ..
T_(‘)U ‘1_1'_d)lbu T LU
rver ;.10 10 Eq. 69
Ti i1 T w i
pT T ¢ L ¢ 0
il STy o' R S gr ' Ty ©

The conservation of energy in the studied system is defined as;

v &y
'I'T_(‘)" O ndb” 0O n ngyQ Y b o Y Eq.70
o o
whereQ s the effective conductivity@ — 6" in which Pr represents the Prandtl

number,and® is the diffusion flux of specieg The energy transfer from conduction, species
diffusion, and visous dissipation are represented by the first three terms of the right Eigle/ 6f
respectively. ThéY defines the heat of chemical reaction and any volumetric heat sources, i.e.
radiation source, interphase source and reaction source. In the PGEESsthe™Y has ber

neglected. IrEq. 70;
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C
where sensible enthalply, is defined for ideal gases as follow;

o Qﬂ v Eq. 71

Ko) 00 Eq.72

andwhere® is the mass fraction of specieand where
0 ) H'Q "y Eqg. 73

with”Y  298.15K.In apressurebased solver, the thermal energy generated by viscous shear in

the flow isnot automatically included by the solver in the conservation of energy equadiai,

Thus, the viscous heating is separately added through the viscous model and is functional when the
Brinkman number, Br, approaches or exceeds unity. The Br number is defined in the solver as;
‘o Eq.74

Y

in which¥"Yrepresents the temperature difference in the analysed system.

O

4.6.1.2 Turbulence model

Due to the small scale and high frequency in which tthibulent fluctuations appear, it is
computationally too expensive to directly calculate and account for those fluctuations. To remedy
this problem, governing equatiosan be timeaveraged, ensembéveraged or manipulated to
remove the resolution of small scal€kis modification in governing equations however introduces
additional unknown variables, which can be solved using turbulence models. In the current

research, the RNé* turbulence modebill be used. This modalseshe two following relations;

. T, ! R ) , « w %y =~ EQ.75
7
and
Tc‘;T o 0 T(bl TdoobOoO 0 B Y Y
7

where'O and’O are the generation of turbulent kinetic energy due to the mearntyejoadient
and thebuoyancyyespectivelyw is the contribution of the fluctuating dilatation in compressible
turbulence to the overall dissipation rate,and| are the inverse effective Prandtl numbers for

"Qand respectively. User defined source terms can also be added and are aclmyunt®y’ and
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"Y. Theterms®) =1.42 and p® uare derived analytically using the RNG thednyaddition,

the RNG theory generates a differential equation for turbulent viscosity, given as;

e 0
Q — P e———— Eq.77
W O p 6

j* andd p m.EQ.77 provides the variance of the effective turbulent transport

wherel

with Reynolds number, which allows increased accuracy at the CGDS nozzwatieaggions

and low Reynolds number flow.

4.6.1.3 Solution time dependence

In the current research, to capture the timgedédent solutions of the Navi8tokes equations, the
Reynoldsaveraged NavieBtokes (RANS) method for turbulent flows will be utilized. The
fundamental approach of the technique consists of decomposing a flow variable into a mean and

fluctuating componen

4.6.1.4 Solution algorithm
4.6.1.4.1 Pressure based

A pressurebased solver will be used to calculate the flow properties in the converging/diverging
nozzle system. The solver employs a method, commonly called projection method, where the
constraint of mass conseriat of the velocity field is generated by solving a pressure equation.
The pressure equation is derived from the continuity and momentum equations such that the
velocity field corrected by the pressure satisfies the continuity. Since the equations gptlernin

flow properties are nonlinear and coupled, the solver process includes iterations in which the
governing equations are solved repeatedly until a converged solution is reached. To solve, a
SIMPLE segregated algorithm is used, which solves the gogeegunations sequentially, i.e.
segregated from one another, and the individual solutions are obtained one after the other, as shown
in Figure4.8.
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> Update properties

Update mass flux, pressure
y and velocity

Solve sequentially
U Vvel erl

vel

\ 4

Solve energy, species,
turbulence and other scalar
Solve pressure-correction equations

(continuity) equation

A 4

no

Figure 4.8: lllustration of the SIMPLE segregated algorithm approach in solving the governing flow equations.

The separate steps include the following;

1. Based on the current solution, fluid properties are updated (densttysiy, specific heat,
turbulent viscosity).

2. Momentum equations are solved sequentially using the updated values of pressure and face
mass fluxes.
The pressure correction equation is solved with updated velocity field andlmass
From step 3. The faaaass fluxes, pressure and the velocity field are updated based on the
solution of the pressure correction equation.
Solve equations for additional scalars such as turbulent quantities.
Update the source terms arising from the interaagiemerated between different phases
(source terms in the carrier gas phase due to discrete particles).

7. Verify convergence.

4.6.1.4.2 Density based

In addition, a density basedlver will also be used in the current research for the three dimensional
CS flow models, described in secti8r8. The density based solver similarly to the puesdased
approach utilizes a contreblume based technique, however, the governing equations (continuity,
momentum and energy) are solved simultaneously rather than sequentially. The following steps,

illustrated inFigure4.9, are looped until the converging criteria is met;
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1. Fluid properties updated (initialized values are used at the start of the simulation).
Solve the continuity, momentum and energy equations.

3. Solveequations for scalars such as turbulence using previously updates values of other
variables.

4. Verify convergence.

> Update properties

Solve continuity,
momentum and energy
simultaneously

A 4

Solve turbulence and other
scalar equations

no

yes

Figure 4.9: Density based solution steps.

The formulation of the solver will be implicit, hich although requires more computational
memory than the explicit formulatiadlows reaching a converged state much faster. The implicit
approach solves all coupled variabl§gohh R, in all cells at the same time. Each unknown
variable in a ell is computed using a relation that includes both existing and unknown values from
the neighboring cells. These unknowns are thus included in more than one equation and then solved

for simultaneously.

4.6.1.5 Discretization schemes

Different spatial discretization schemes will be used. A second order upwind and QUICK
(Quadratic Upstream Interpolation for Convective Kinematics) schemes will be utilized for that
purpose. The second order upwind will be used for the spatial discmiizidtithe flow and
turbulent properties. This scheme calculates quantities at cell faces using a multidimensional linear
reconstruction approach. The QUICK discretization scheme, on the other hand, is based on a

weighted average of secendder upwind andentral interpolation of the studied variable.
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4.6.2 FEM/Impact process and adhesion test

The explicit dynamic procedurell be used for the simulation of particle impacbcesseand the
guaststatic adhesion testing.
4.6.2.1 Explicit dynamic analysis frame
ABAQUS/Explicit ®, commonly used to simulate the impact of CGDS patrticles on deformable
target substrate surfaces will be used in the current research. The explicit dynamic analysis for
integration uses a centrdifference operator, i.e. the displacement arldoies are calculated
based on known data at the start of an increment. Hence, the global mass and stiffness matrices do
not need to be formed and inverted as normally completed in an implicit frame of work. The
stability of the centratlifference methods controlled through the selected time increment. To
avoid rapidly growing errors, the time increment is chosen as the time required for a stress wave to
cross the smallest element dimension in the model. Hence, this solving method is favoured in
problens that include a total dynamic response time only a few orders of magnitude longer that the
stability limit, such as the impact of CGDS particles for which the full analysis requires only a few
nanoseconds. An approximation to the stability limit can Ipeessed as;

o U(:)_ Eq.78
where0 is the smallest element dimension in the chosen meshing process &nthe
dilatation wavespeed solely responsible for volume changes in the analyzed medium. The

dilatation wave speed can be expressed in termsafd’ as;

. - G Eq. 79

where” is the material density and and' ar e both effective Lambés cons
of the youngds modul uwin ABAQUSHKEXpltit tieodefaut omedé s r at i «
incrementation scheme is sefftlly automaticand is used in the current study.
The solving procedure implementedABAQUS software considers both the explicit integration
rule and a diagonal element mass matrix. Hence the equations of motion are integrated using the
centraldifference integration rule as follow;

Yo Yo | Eq. 80
and

0 0 YO o Eq.81
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whereo is the degree of freedom (ex: a displacement) and the subsstiipé increment number
in the explicit dynamic step. Hence, the kinematic state of the analysed body as it advances in time

is calculated with known values of and6 from the previous increment. The diagonal

element mass matrices, with known accelerations, are computed as follow;

6 0 5 o Eq. 82

whered is the mass matrixX) is the applied vector load af@is the internal force vector
assembled from contributions of individual elements.

In the CGDS field, a fully coupled thermsiress analysis is commonly used to perform
calculations as the mechanical and thermal effects influence each other stronghyekplttit
frame, the heat transfer equations are integrated using the explicit fafiffardnce time
integration

The quasstatic adhesion tests will also be simulated using the explicit dynamic framework.
Applying the explicit procedure, described abpto quasstatic problems reduces the required

system resources, which decreases the simulation time.

4.6.2.2 Material properties

4.6.2.2.1 Elastic properties and shock wave influence
Following is the definition of the materidisear elastic model behavior. In the modék total

stress in the elastic regisdefined using the total elastic strain;

Eq.83
” "— -

where,, is the true stress statg, is the fourthorder elasticity tensor and is the total
logarithmic elastic strain(of same value than engineering strain at small deformatidie
hydrodynamic stress, related to the volume changes, is deterbyrexd equation of state. The
equation for conservation of energy needs to equate the increase in internal energy per unit mass,
‘O , to the rate at which work is being produced by stresses and the rate at which heat is being
added, such that;

: . Eq.84
= A n P o G q
wherep is the pressure stresp, is the pressure stress due to the bulk viscdsdtyistance to
deformation) Siis the deviatoric stress tens@is the deviatoric part of the strain rate ani the
heat transfer per unit magser , however, isa default numerical effect added in FEMsmear

a shock front and prevent elements from collapsing (zero volume across a single time increment)

78



A. Nastic Chapter 4 Research Approacdklethod and Equipment

under extreme velocity gradien#sn equation of state is defined which assumes the pressure is a
function of he density; , and the internal energy per unit m&ds, such that;

NoQ o Eq.85
In high energy impacts, such as the impact generated by particles in the CGDS process, the
hydrodynamic pressure is calculated usingahalyticalMie-Gruneisen equation of state (EOS)
instead of the linear elastic part of the stegs r a i n ¢ u moedelus) The Migsmyiriisen
EOS is a special form of the Gruneisen model used to describe the effect of the volume change on
the vibrational properties of crystal lattice. This influence describes, in other words, the effect of a

change in density on tlieternal material energy. The Gruneisen model provides;

QU
) — Eq. 86
QO
wheres is the Gruneisen parameter, V expresses the volume, P is the pressure and E is the internal

3

energy. With the assumption that the Gruneisen parameter,independent of P et E, when
integrated, the expressionku. 86, can be written as follow;

qof "0 O Eq.87
wherer] andO are the Hugoniot pressure and specific energy per unit mass at a reference state.
This reference statiscommonlytaken from a model that expresses the pressure dependence on
density and internal energy, which doesndt accou
(cold curve). For the current Mi8runeisen EQOS case, the reference is estintatéde Hugoniot
equations given biq.87. In a shock compressed material, the Hugoniot equations are developed
following mass, momenturand energy conservation. In a material which includes a shock wave
propagation, a relative motion exists between the two that needs to be accountedtiormviin
Figure4.10, the shock propagates at a sp@&edwhile the material compressed by the pressure
behind the shock travels at another spéed,The Hugoniot equations developed using a moving

reference frame, i.e. the shock front, have velocities expless®llow;

OAT TTAEAQARDERDIEGRE T Ak ¢
OAl TEAE@UIEERE | Ak.

Eq. 88
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Figure 4.10: Shock wave propagation through material in g)ationary mediumand b) moving frame.

Assuming a steady state and that the area before and after the shock is the same, the conservation
laws utilized in the Hugoniot analysis can be expressed as follow;

Mass conservation: —-k” o "5 0 Eqg.89
Momentum conservation: 0 0 66 k—20 Eq. 90
Energy conservation: —0Q Q -6 0 -0 T Eq.91

(1stlaw of thermodynamics)
wherel is the mass flow rate, A is the area and h is the specific entfdpye sets of equations

are conditions on the junmp values across any shock wave and they are referred to as the Rankine

Hugoniot equationsTo solve thelinearrelationship between the shock and material spsed

6 & id =6.92
where @ is the speed of sound at an uncompressed statesardthe Hugoniot slope
(i AdYjAY) determine by experimentsEq. 92 states that shock wave velocity is proportional
to particle velocity At this stagejf the shock wave velocityg , is known from experiments, all

unknowns irEq.89t0 Eq.91(6 ,0 ,” ,"Q) can be determined. However, in CGDS ¢hevalue

is not measurable, aivtstead the EOS is used as expressé&d|iB5to obtain an additional relation
to Eq.89to Eq.91

Using the previous relations, the Hugoniot enefy and the Hugoniot pressure,, required in
the Mie-Gruneisen EQOS, can be expressed as;

O —— (steps presented in Appendix Eq.93

Using the mass, momentum and experimental relationship, the Hugoniot pressure is provided by;
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0 —_— (steps presented in Appendsx Eq.94
such that the Gruneisen ratio teghpresent irEq. 86, is defined as;
3 3 T Eq. 95
where3 is a material constant is the material reference densignd— —8Using the

Gruneisen ratio definition, the Hugoniot pressure expression and the Hugoniot energy,-the Mie

Gruneisen equation, expressedduy 87 can be rewritten as failv;

, "W 3 - ,

j . i_pT 3”08 Eq. 96

The MieGruneiserequation is implemented in ABAQUS, which will be used in the current study
for the high speed particle impact simulation. Bhe A ,” and s parameters are material
dependent properties.

The development presented above only describes the hydrodysiaess, i.e. stress related to
volume changes. The deviatoric strakgelated to the stress causing shape change, given by the

following equation will be used in the current simulations;
A <O Eq.97

where™O is the elastic shear modulus &ndis the elastic deviatoric strain.

4.6.2.2.2 Plastic properties

The plasticity model commonly used in th&DS field is the Johnse@ook modellt is indented

for applications including kinematic hardening and importantdafgendent effects. The model

uses the Mises yield surfaces, common definition of isotropic yielding, independently of the
equivalent pressure stress. During isotropic hardening, the yield surface size uniformly changes in
all directions such that the yiétg) stress increases with increasing plastic straining. The Jehnson
Cook hardening modehas been used by many in the field to model the partiigb-rate

deformationmpact processlhe static yield stress , is expressed as;

” 6 6 - II_ p "Y Eq ' 98

where- [ is the equivalent plastic straif, B, n andm are materials parameters ane the non
dimensional temperature defined as;
T Qe Y
“YK YUY Ty Y Q¢ 1Y YUY
p Qe Y
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whereT is the current temperaturey,  is the melting temperature afd is the transition
temperature defined as the temperature at which or below which the material has no temperature
depenénce on the calculation of yield stress. Whén "Y |, the material is in its melted form

and will behave as a fluid such that no shear resistance will be generated arrd In addition,

the JohnsoiCook model also includes a strain rate depentent, described as follow;

} . By - Eqg. 99
and
i S 06 % Y 0t . Eq. 100
where, is the yield stress at honzero strain rate,is the equivalent plastic strain rate,and C
are material parameters measured at or b&bw ., -[HAY is the static yield stress and

Y - isthe ratio of the yield stres$ nonzero strain rate to the static yield stres¥( ke p8rt.

Finally, the form in which the Johnsd@ook yield stress model will be used in the current research
is expressed as;

. Eq.101
, 6 6 -T o p 81 o p Y

where, is the yield stress at nonzero strain rate,is the equivalent plastic strain rate, C are
material parameters measured at or béMw , A, B, nandmare materials parameteend

“Yis the nordimensionatemperatureMany have used the previous equatiorcharacterize the
material plastic deformation. However, this model has clear limitations at very high strain rates
( pm . Erroneous results have been obtained through extreme element deformation and
distortion. This limitation stems from the fact that at very high strain rates, the mechanisms
governing the dislocation motion transforms from thermally activated to phononTdragcount

for this change, the PrestdionksWallace (PTW) constitutive nuizl has been used in CGDS
modeling. The PTW model and material relations are not included in the ABAQUS software and
will thus be added separately through a user subroutine (VUHARD). The flow strdsfined

by Preston et al. is given as follow;

., CTu| 1 1p «A@D] :/z_o. "0 Eq.102
. HL o
%0 LT h Mh .« ARogp »p Eq.103
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wheretHis the normalized work hardening saturation stridss the normalized yield stressis

the strain hardening rafe,is the plane strain, is the saturation stress at OK amé@ the strain
hardening constant. The plastic shear modUuss dependent on the temperature and is defined
by the Mechanical Threshold Stress (MTS) model:

Y O Eq.104

5
Ao #Y P
in which"O is the shear modulus at OK, B is a material constasf temperature material constant

andT is the corresponding node temperature. The following equations are used to determine the

work hardening saturation stre$spand the yield stres$tts

T AG  § 0 AOK Tf;—’ ol £q.105

Mol Ad & o AOK T;—’ HElw — H — Eq. 106

where”Y "Y"Y,"Y is the melting temperature, is the saturation stress near the melting
temperaturel is the temperature dependence constaistthe strain rate dependence consiant,

is the plastic strain rate, is the high strain rate exponedt,is the yield stress constant at Qk,

is the yield stress constant near melting temperaturie,the medium strain rate constant and

is the medium strain rate exponent. The two definitions provided in the maximum function are used
for both low and high strain rate regimes. When lowirstrates prevail, the first correlation in the
maximum function is used, while the second is utilised when the strain rate goes above a threshold
which defines the start of the dislocation drag mechanism governed dislocation movement.

The material paramet,, , in the pervious equations is defined as follow;

“n j A 4 J
p T "0 "y Eq. 107
c O.':‘) ”

wherel is the atomic mass.
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RESEARCH PROERHSULTS

This chapter presents thrpeer reviewed papers published in international journals relevant to

the current research. Two of which have been published in the Journal of Thermal Spray
Technology J. Therm. Spray Technpand one in the Surface and Coating Technol&gyf(

Coat. Tetinol). The last study is writteas a research article and will be submitiec peer

reviewed journal. Each paper addresses one of the main research objectives presented in

Chapter 3.
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A. Nastic Chapter 5 Research Projects Results

RESEARCH PROJECT

This paper was reproduced according to the copyright agreement signed WiV International.

This paperstudies the effect of substrate surface roughnesthermpact inducednterfacial
properties ad characteristicssusceptibleto generatefreshhmetd contactzones, i.e.localized
pressure rise and extensive material plastic fiovd subsequentiyetallic (atomic)bonding i.e.
localized temperature rise, large contact pressures and pbeiwéicial verticamomentumThe
fractionand role of mecanical and metal bonding in the obtained coating adhesion strengths are
characterized using FEM and experimental diffusion test, respectiv@gsshownthatfor any
increase irsubstrate roughness, the adhesion process shifts from a metallic bondiudisbed
surface, t@amechanical anchoring proce3$e polished surface allows the generation of improved
contact characteristic such as temperaturand contact presser This peefreviewed paper

addresses the objectives presented in se8tibn
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Experimental and Numerical Study of the Influence of Substrate
Surface Preparation on Adhesion Mechanisms of Aluminum Cold
Spray Coatings on 300M Steel Substrates
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Submitted: 2 March 2017/in revised form: 5 July 2017/ Published online: 27 July 2017

© ASM International 2017

Abstract The effect of substrate surface topography on the
creation of metallurgical bonds and mechanical anchoring
points has been studied for the cold spray deposition of
pure aluminum on 300M steel substrate material. The
coatings adhesion strength showed a significant decrease
from 31.0 £ 57 MPa on polished substrates to
6.9 + 20 MPa for substrates with roughness of
2.2 £ 0.5 pm. Strengths in the vicinity of 45 MPa were
reached for coatings deposited onto forced pulsed waterjet
treated surfaces with roughnesses larger than 33.8 pm.
Finite element analysis has confirmed the sole presence of
mechanical anchoring in coating adhesion strength for all
surface treatment except polished surfaces. Grit embed-
ment has been shown to be non-detrimental to coating
adhesion for the current deposited material combination.
The particle deformation process during impacts has been
studied through finite element analysis using the Preston—
Tonks—Wallace (PTW) constitutive model. The obtained
equivalent plastic strain (PEEQ), temperature, contact
pressure and velocity vector were correlated to the particle
ability to form metallurgical bonds. Favorable conditions
for metallurgical bonding were found to be highest for
particles deposited on polished substrates, as confirmed by
fracture surface analysis.
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Introduction

Cold gas dynamic spray or cold spray (CS) coatings are
used in a wide range of applications in which the coating
adhesion strength is of utmost importance (Ref 1-3). In this
process, the sprayed particles remain in solid state
throughout their flight as their temperature is kept below
melting point. Particle/substrate  and  particle/particle
adhesion require the particles reaching an impact velocity
greater than a material dependant critical velocity (Ref 4-
6). For the typically sprayed materials, this critical velocity
ranges from 300 to 1200 ms ' (Ref 7, 8). The strong
pressure field experienced by a particle at impact generates
high strain rate and induces localized shear straining. The
resulting adiabatic shear instability condition is character-
ized by a sudden local temperature increase due to plastic
strain energy dissipation and as a result, the induced par-
ticle thermal softening process starts dominating over the
strain hardening process. Consequently, the stress starts to
drop rapidly with strain resulting in viscous-like material
flow (Ref 8, 9). Any additional strain generates excessive
material deformation, known as jetting, characterized by an
accumulation of narrow strain bands. This extensive
localized deformation causes particle surface oxide layer
removal, which promotes intimate conformal contact and
bonding (Ref 10-12). Computational and experimental
studies have shown that since the impact process charac-
teristic time is in the order of nanoseconds, interfacial
inter-atomic diffusion has a lower and limited impact on
particle/substrate bonding mechanism compared to high
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pressure contact, plastic flow localization and adiabatic
shear instability (Ref 12).

Through modeling, many have shown that the zone of
maximum equivalent plastic strain (PEEQ), a potential
precursor to metallurgical bonding, is restrained to a lim-
ited portion of the interacting surfaces (Ref 13-15).
Moreover, the occurrence of localized interfacial melting
can affect the nature of bonding by promoting metallurgi-
cal connectivity (Ref 16). Evidence of materials reaching
locally their melting point during CS has been established
through observation of microstructural features such as
intermetallic formation, spherical submicron particle
expulsion, particle remnants on substrate surfaces and
amorphous material layer formation (Ref 17-25). However,
only a limited amount of experimental observations have
demonstrated the presence of metallurgical bonds at indi-
vidual particle/substrate interfaces (Ref 26-29).

Many modeling studies have used the Johnson—Cook
plasticity model to describe the particle deformation under
impact during CS (Ref 9, 15, 30-33). While some have
obtained good correlations with experimental observations,
others have found limitations in the model to provide
accurate high strain rate (>107 s7') particle deformation.
Particularly, extreme and non-representative jetting pro-
cesses were obtained at the particles periphery. Such
erroneous depiction is related to incorrect material behav-
ior description at high strain rates. An increase in yield
stress with strain rate is normally observed under general
strain rate deformation: however, the increase is sharply
amplified for deformation rates exceeding 10% s~'. This
change is attributed to the transformation of the mecha-
nisms governing the dislocation motion from thermally
activated to phonon drag principles. Consequently, new
models have been used in the CS field, which account for
both mechanisms. The Preston-Tonks—Wallace (PTW)
constitutive model has shown to be the most accurate (Ref
9, 14).

The influence of substrate surface preparation and
roughness level prior to CS on particle/substrate bonding
mechanisms has been scarcely studied (Ref 34-37). A
proper identification of the contribution of metallurgical
and mechanical bonding mechanisms on the overall coat-
ing adhesion strength is also lacking. It has been proposed
that substrate grit blasting induces substrate surface work
hardening, which potentially limits its deformation and
consequent oxide removal (Ref 30). Residual grit con-
tamination was also used to explain reduced adhesion due
to the presence of micro-pores and the reduction in metal-
to-metal contact regions (Ref 11). Surface roughness (to-
pography) was also shown to improve to some extent the
adhesion strength by providing the coating mechanical
interlocking sites with the substrate and a larger contact
arca (Ref 12, 36).

&) Springer

The main goal of the current work is to assess the effect
of substrate surface roughness on adhesion strength and
provide insight on a potential transition between bonding
mechanisms that might occur based on the state of the
substrate surface morphology, for the case of a soft powder
sprayed on a harder substrate. A soft pure aluminum
powder is sprayed on a hard 300M steel substrate to
characterize the individual contributions of both metallur-
gical and mechanical adhesion mechanisms. The effect of
grit embedment on the coating adhesion strength is also
evaluated. Heat treatments of the coating/substrate couple
are used to enhance the formation of an intermetallic layer
and assert the initial presence of metallurgical bonding in
the as-sprayed conditions (Ref 38). Finite element analysis
(FEA) is used to characterize the particle impact behavior
on different surface profiles using the PTW model (Ref
9, 14). Finally, an FEA model simulating adhesion test is
developed and used to correlate experimental and theo-
retical data relevant to the bonding mechanisms.

Experimental Procedures
Substrate and Feedstock Materials

Round 254 mm diameter 300M-VAR (vacuum arc re-
melting) aerospace alloy steel cylinders have been used as
substrate material. Surface preparation treatments and
coating depositions were made on the flat ends of the
cylindrical samples. The tempered martensite microstruc-
ture had a measured Knoop hardness (Buehler Micromet
6030, IL, USA) of 310 HK,,, in the as received state. The
chemical composition obtained through EDS analysis
(wt.%) was C-0.42%, Si-1.68%, Mn-0.78%, S$-0.001%,
P-0.006%, Cr-0.81%, V-0.07%, Ni-1.90%, Mo-0.40%, Cu-
0.08%, Ti-0.002%. Al-0.04%. Sn-0.006% and Fe-Bal.

The aluminum powder (99.8% Al, CenterLine (Windsor)
Limited, Windsor, ON, Canada) is composed of distorted
teardrop and oval shaped particles as shown in the scanning
electron microscope (SEM) images (Oxford Instrument,
EVO-MAI10, Zeiss, UK) of Fig. 1. The powder particle size
distribution was measured using laser diffraction (Microtrac
model S3500, Montgomeryville, PA, USA) and the resulting
10th, 50th and 90th size percentile correspond to 11.3, 23.8
and 47.4 pm, respectively. The powder chemical composi-
tion, obtained through energy dispersive x-ray spectroscopy
(EDS) (Oxford Instrument, EVO-MAI10, Zeiss, UK), was
98.12 wt.% Al and 1.88 wt.% O.

Substrate Surface Preparation

Three different substrate surface preparation methods have
been used to produce distinct surface topographies and
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Fig. 1 Scanning electron microscope (SEM) images of as received pure aluminum feedstock powder. (a) Low magnification and (b) high

magnification

arithmetic average surface roughnesses (Ra). A polishing
procedure was employed to create a mirror surface finish
by gradually grinding and polishing down to a final surface
finish step using 3 pm abrasive suspensions. A gravity-fed
grit blasting process using a 20 mesh (850 pm) ferrosilicate
abrasive was also utilized at different propelling pressures
at a 45° angle to roughen the substrate surfaces. Two steel
nozzles with different exit diameters have been used to
propel the grit medium as presented in Table 1. Moreover,
to generate different roughnesses and surface topography
characteristics between the grit-blasted specimens, the
surface exposure time has also been varied and is expressed
in terms of surface coverage. as seen in Table 1. A 100%
coverage defines a single surface scan. Finally, samples
were also prepared using the forced pulsed water-jet
(FPWI) process (Ref 39-41). A total of nine different
surface roughnesses were produced using FPWT in which
three approximately matched surface roughnesses obtained
using the grit blasting procedures. Table 2 presents FPW]
process parameters used in this study. A digital optical
microscope (VHX-2000 Keyence Corporation, Osaka,
Japan) was utilized to generate a 3D profile of the surface

Table 1 Grit blasting process parameters

Operating parameters Values
Nozzle diameter 1 (ND1) 4.8 mm
Nozzle diameter 2 (ND2) 9.3 mm
Standott distance 25.4 mm
Blasting angle 45°
Carrier gas Nitrogen
Sample Grit blasting pressure, MPa Coverage, %
GB-1 using ND2 14 100
GB-2 using ND2 2 400
2

GB-3 using NDI 100

topography obtained for both the grit blasting and FPWI
methods. The resulting roughness was then calculated by
analyzing the depth profile compositions through Matlab.
The grit embedment percentage was measured by contrast
using backscattered electron detector (BSD) images. Due
to the very low substrate surface roughness of the polished
samples, their arithmetic average roughnesses were mea-
sured using a portable profilometer equipped with a dia-
mond stylus (PHASE II, SRG-4000, NJ, USA).

Cold Spray Deposition
A commercially available (SST-EP, CenterLine (Windsor)
Limited (Windsor, ON, Canada)) CS system has been used

to produce pure aluminum coatings. To prevent nozzle

Table 2 FPWI process parameters

Operating parameters Values
Nozzle diameter 1.4 mm
Standoft distance 28.6 mm
‘Water pressure 69 MPa
Step index 0.1 mm/pass
Amplitude 85%

Pulse frequency 40000 Hz
Sample FPWI nozzle velocity, mm/s
FPWI-1 325

FPWI-2 250

FPWI-3 200

FPWI-4 175

FPWI-5 150

FPWI-6 100

FPWI-7 75

FPWI-8 50

FPWI-9 25
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clogging, a polymer nozzle with a 2.0 mm throat diameter,
6.4 mm exit diameter and a diverging length of 126 mm
has been used. Prior to the deposition process, all samples
have been cleaned and degreased in an ethanol ultrasonic
bath. The spray parameters are presented in Table 3. Prior
to the deposition process, all substrate surfaces were pre-
heated by running the CS gun over their surface without
feedstock powder and using a gas temperature of 500 °C,
in order to help induce softening of the substrate surface
and consequently promote the oxide layer removal process
through deformation during impact (Ref 42-45). For con-
sistency purposes, each individually sprayed sample was
thermally insulated from the surrounding using a high-
temperature polybenzimidazole holder. For microstructural
analysis, the aluminum coatings have been etched using
Keller's reagent. The coatings porosity was evaluated
through image analysis. Multiple coating cross sections
were analyzed using Imagel through a contrast process
generated from the chosen representative threshold value.

Adhesion Strength Evaluation

The adhesion test specimens were machined and tested
according to the ASTM-C633 standard (Ref 46) for coating
adhesion/cohesion strength evaluation. A thermally curing
elastomeric adhesive bonding agent, FM-1000 (Cytec
Engineering Materials, MD, USA), with a bonding strength
of 80 MPa was used to hold the coated sample to the
counter specimen. All coatings were machined down to
800 pm total thickness prior to testing. Three samples per
surface preparation were tested.

Post Heat Treatment Procedure

Experimental observation and characterization of metal-
lurgical bonding at particle/substrate interface is hard to
assess and presents a wide range of challenges (Ref 47-49).
Multiple authors have used scanning and transmission
electron microscopy to report metallurgical bonding.

Table 3 Cold spray deposition parameters

Parameters Values
Gas temperature during preheat 500 =C
Gas temperature during deposition 300 =C
(ias pressure 3.4 MPa
Gas nature Nitrogen
Traverse speed 20 mm/s
Feed rate 21 g/min
Standoff distance 15 mm
Step size | mm/pass

Number of passes |

@ Springer

However, only very local conclusions were conveyed at
single particle boundaries, providing limited insight of the
overall coating bonding. The current approach is based on
the growth of intermetallics by inter-diffusion. Since rapid
inter-diffusion occurs at bonded regions and at oxide-free
metal surfaces, the amount of intermetallic phases present
at the heat-treated interface can be used to gualitatively
determine the extent of original metallurgical bonding and
thus the impact of surface roughness on the creation of
metallurgical bonds (Ref 38). To assess the formation of
aluminum-iron intermetallics at the coating/substrate
interface, a dedicated set of sprayed samples has been
produced and heat-treated after the deposition. The heat
treatments were produced for coatings sprayed on four
different surface roughnesses generated using polishing,
grit blasting and FPWIJ. Separate heat treatments were
performed at 600 °C for 10 min, 35 min and 1 h in an air
furnace for each sample roughness. The samples were
cooled in air at room temperature.

Numerical Model

ABAQUS/Explicit, a commercial Finite Element Analysis
(FEA) software, was used to simulate individual particle
impact on different substrate surface features. An FEA
analysis was also conducted to estimate the purely
mechanical portion of the adhesion strength of coatings
deposited on all FPWJ-treated samples. The substrate 2D
profile (cross section) for each set of roughness was
recorded using images from the optical microscope and
transferred to ABAQUS through x—y coordinates conver-
sion using Imagel] soltware.

Particle Impact Simulation

To reduce computational time, a 2D Lagrangian formula-
tion model was used to simulate the particles deformation
behavior during impact. Each substrate was partitioned into
sections characterized by fine meshing in the region of
impact and coarse meshing elsewhere. The meshing for
both particles and substrates consisted of quadratic 4-node-
coupled temperature-displacement elements (CPE4RT).
The mesh size for the particles was set to 1/50 the powder
average size (Rel 50). A fixed boundary and x-symmetric
conditions were applied at the bottom and on the sides of
the substrates, respectively. The tangential interaction
behavior was described by a general contact condition with
a friction coefficient of 0.5 (Ref 14, 51). A hard contact
pressure-overclosure was set for the nomal behavior
characteristic. The aluminum powder was assumed to be a
perfect sphere of 30 um diameter. The initial particle and
substrate temperatures were set to 348 and 398 K,
respectively, based on values found in the literature (Ref
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Table 4 General materials properties (Ret 74) Table 5 Elastic response properties (Ref 75)
Properties Pure aluminum Steel 4340 Properties Pure aluminum Steel 4340
Density (pg), kg/m* 2700 7800 Shear modulus ((7), GPa 26 74
Specific heat (Cp), Jkg K 910 475 Griineisen’s constant (1) 2.14 1.69
Thermal conductivity (x), W/mk 237 445 Speed of sound (cy), mfs 5292 3935
Melting temperature (7,). K 934 1793 Hugoniot slope (s) 1.4 1.58
14, 47. 52, 53). The pure aluminum particle traveling - . g
velocity was set to 500 m/s (Ref 14, 54). The density, 7 =~ & +oln| 1 — gexp| — _E Gp (Eq 4)
specific heat and thermal conductivity of both materials as X
used in the model are listed in Table 4. Due to the lack of 4 — So— Ty (Eq 5)
information in the literature on the 300M steel material p
temperature and strain rate-dependent Johnson—-Cook 5= T — Ty (Eq 6
properties, mechanical properties of stainless steel 4340 T Eq6)
have been used instead due to the similar carbon content 5

0 =exp(d)— 1 (Eq 7)

and subsequent properties.

Material Elastic Response Properties The hydrodynamic
and deviatoric stresses, both subsets of a given stress sen-
sor, have been defined in the simulation as follow:

The hydrodynamic stress, related to volume changes,
was modeled using the Mie-Griineisen equation of state
(EOS) through the linear Us — U, Hugoniot form given
by:

00 Ca I,
p= % (1 - T’") + FopoEn (Eq 1)
Po
=1-= 2
n » (Eq 2)

where p is the hydrodynamic stress, py 1s the initial density,
co 1s the material speed of sound, I'y is the Griineisen’s
constant, £y, is the internal energy per unit mass, p is the
density, and s is the Hugoniot slope coefficient.

The deviatoric stress, related to shape changes and
defined as the stress left after subtracting the hydrodynamic
stress, has been approximated by the following linear
elastic model:

d=12G. (Eq 3)

where d is the resulting deviatoric stress, G, 1s the elastic
shear modulus, and & is the elastic deviatoric strain. The
elastic properties defined in the simulation for both studied
materials are summarized in Table 5.

Material Plastic Response Properties  The high strain rate
(up to 10" sy model developed by Preston-Tonks—
Wallace has been used to describe the particle plastic
deformation during impact (Ref 9). The flow stress a,
which is based on the dislocation motion during plastic
deformation, is written as follow:

where 7, is the normalized work-hardening saturation
stress, B is the strain hardening rate, &p is the equivalent
plastic strain, sy is the saturation stress at 0 K, 7y is the
normalized yield stress, and p is the strain hardening
constant. The plastic shear modulus G, is a function of
temperature and material density and is defined by the
mechanical threshold stress (MTS) model as follow (Ref
9. 14, 55):

D
Gp(T) = Go — W
where Gy is the shear modulus at 0 K, D is a material
constant, T, is a temperature material constant, and T is the
node temperature.

The plastic deformation process at low strain rates is
governed by thermal activation, while at high strain rates it
is controlled by dislocation drag mechanisms, also known
as Wallace’s theory of overdriven shocks (Ref 56). The
maximum (high strain rates) and minimum (low strain
rates) of the work-hardening saturation stress (7;) and yield
stress (Ty) are defined as follow:

(Eq 8)

. (é &\
T, = max{ sq — (59 — socJerf |[kTIn [ = | |, 50 &
ép ¢
(Eq9)
[
yo — (vo — yeo Jerf | &7 In i .
%, = max N (Eq 10)

¥z f,:p £
5 S0 :
nE
i

where T = Tﬁﬂ , T, is the melting temperature, s, is the
m

saturation stress close to the melting temperature, x is the

temperature dependence constant, y is the strain rate
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dependence constant, ép is the plastic strain rate, f§ is the
high strain rate exponent, yy is the yield stress at 0 K., v is
the yield stress constant near melting temperature, y; is the
medium strain rate constant,y; is the medium strain rate

exponent, and .f is defined as:

13 12
i:l 4mp Gp(T)
FT2\3m p

with M being the atomic mass. Neither the PTW nor the
MTS relations are included in ABAQUS and were con-
sequently  integrated through a
(VUHARD).

Due to the substrate limited deformation, the Johnson—
Cook (JC) model was used to describe its behavior under
impact. This model is very simple and able to predict
accurately material deformation at low strain rates (Ref 9),
which is why it is used in this study to describe the plastic
behavior of the substrate material only. The model con-
siders the separate effect of plastic strain, strain rate and
temperature on the material flow stress and its equation is

given by:
. _ m
ron()] |- (m=r) |
Eref Tm — Lref

Thermal softening effect
(Eq 12)

where A, B, n, C and m are material constants determined
from flow stress data, ¢, is the equivalent plastic strain, &, is
the plastic strain rate, £_
material constants are obtained, T,, is the melting tem-
perature, Ty is the transition temperature, and 7 is the
absolute temperature. Table 6 summarizes the mechanical
and thermal properties of both materials used in the particle
impact simulation.

(Eq 11)

user  subroutine

o= [A + BH;]
R
Strain hardening o iy e (viscosity) effect

is the strain rate at which the

Adhesion Strength Simulation

To assess the distinct contribution of metallurgical and
mechanical bonding on the overall coating adhesion
strength for the various substrate roughnesses, a 2D FEA
Langragian model has been used (Ref 57). The sub-
strate/coating size (thickness) was set to approximately 10
times the peak to valley distance of the equivalent rough-
ness for all tested substrates in order to avoid the influence
of stress concentration for the determination of the overall
average stress. A quadratic element shape with a 4-node
plane strain (CPE4R) meshing was used. The boundary
conditions were set to fixed at the bottom of the substrate,
x-symmetric on the side walls and a uniform velocity of
0.02 mm/s (as per the ASTM-C633 standard) at the top of

@ Springer

Table 6 PTW (Ref 56, 76) and JC material properties (Ref
13,77, 78)

Properties Values
PTW paramerer-pure aluminum
Strain rate dependence constant () 0.0001
Strain hardening rate () 0.0529
Strain hardening constant (p) 3
Yield stress constant at 0 K (vg) 0.00942
Yield stress constant at melting (v_.) 0.00566
Medium strain rate constant (y,) 0.00354
Medium strain rate constant (y2) 0.50
High strain rate exponent (ff) 0.23
Saturation stress at 0 K (s5) 0.032
Saturation stress at melting (5,.) 0.00791
Temperature dependence constant (k) 0.494

Atomic mass (M), kg/atom 4.48 % 1072

Shear modulus at 0 K (Gg), GPa 23.8
Material constant (D), GPa 3.44
Temperature material constant (Ty), K 215
Properties Steel 4340 Pure aluminum
JC parameters

A, MPa 792 148.4
B. MPa 510 345.5
C 0.014 0.001
n 0.26 0.183
m 1.03 0.895
Reference strain rate, éef 1 1

the coating. Figure 2 illustrates the simulation concept and
provides details of the included features.

A general uniform friction coefficient of 0.5 was applied
at all contacting surfaces (Ref 51). Both the coating and
substrate were set at room temperature. The Johnson—Cook
model was used to describe the material flow process of
both materials during the adhesion test (properties are
presented in Table 6). The substrate roughness profiles
integrated into the simulations have been transferred in the
same way as for the particle impact simulation. To properly
capture the anchoring regions, cross-sectional images taken
at a magnification of 400X have been used for substrates
with average roughness higher than 40 pm, 500X for
roughness between 10 and 40 pm and at 1000X for sur-
faces with roughness lower than 10 um. These magnifica-
tions were taken based on wvisual inspection to increase
surface coverage while keeping good interface represen-
tation. The final coating adhesion strength was obtained by
averaging the vertical stress (S22) in the elements located
at the bottom of the substrate for each simulation. In total
five surface profiles per substrate roughness have been
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Fig. 2 Adhesion strength
simulation illustration for a
FPWI surface profile

O 0 O C

Uniferm 0.02mml/s
velocity

X-symmetric

Digitalized FPWJ
surface roughness

Fixed substrate
boundary

analyzed and the obtained average stress was selected as
the resulting simulated coating adhesion strength.

Results and Discussion
Substrates Surface and Coatings Characterization

The resulting substrates surface topography obtained using
all three surface preparation methods are shown in Fig. 3,
with their corresponding average surface roughness (Ra). A
surface roughness of 0.2 £ 0.1 pm is obtained after pol-
ishing. Low substrate roughnesses were obtained using
both the abrasive blasting and FPWJ processes and varied
from 20£03 to 6.1 £08um and 22 £ 05 to
52 4+ 09 pm, respectively. The grit blasting process
modifies the surface primarily through erosion by surface
shearing during grit impact, which leaves grit like marks at
the surface. The FPWIJ process, however, alters the surface
by plastic deformation without significant material loss at
high gun speeds and by localized erosion at low gun
speeds. The high surface roughnesses were obtained using
only FPWJ (as grit blasting was found to be limited to
surface roughnesses around 7 pm), which varied from
158 £ 1.6 pm up to 84.9 £ 6.4 pm. In the FPWIJ process,
the surface damage by microfracture through erosion
gradually increases with processing time (low gun speed).
As the surface gets rougher, more fluid penetrates through
the created cavities, which forms micro-jets and increased
localized material fracture. At high roughness, the gener-
ated surface features are unique to the FPWT process.
Figure 4 shows cross sections of pure aluminum CS
coatings interface for all prepared surfaces. The deposited
coatings were 1.4 4+ 0.2 mm thick, measured from the

highest profile peak of each analyzed substrate surface. The
resulting high coating density is attributed to extensive
particle deformation. Coatings average porosity was eval-
uated at 0.3 £+ 0.2%.

Figure 5(a) presents a high magnification cross section
of the coating sprayed on the FPWI-5 substrate. The pure
aluminum coating has been etched to reveal particle-to-
particle boundaries and resulting particle stacking process
otherwise not visible. Etching reveals highly deformed
particles with irregular and disorganized piling process.
Splats with varying level of flatness ratio are seen. High
plastic flow enabled particles to adjust during their defor-
mation according to the substrate surface topography,
consequently filling all crevices at the substrate surface.
Figure 5(b) shows a fully dense coating deposited within
an intricate channel with thin passages created at the sub-
strate surface by the FPWT process. This demonstrates that
despite the high substrate roughness and presence of
complex gaps, the pure aluminum particles deform suffi-
ciently to fill all features regardless of their complexity.
Evidence of material continuation between adjacent parti-
cles and substrate, indicative of metallurgical bonding, was
impossible to discern from cross-sectional optical analysis.

Figure 5(a) also shows the presence of substrate defor-
mation upon particle impacts through hooks collapse.
Highlighted are two cases of hook deformation, which are
distinguished by the severity of the distinct collapse. The
folding process illustrated by “Case 17 is a full collapse of
the original hook down to the substrate surface. This type
of substrate deformation does not increase the coating
mechanical adhesion since the contact surface between the
coating and substrate is reduced. Instead, the area below
the hook becomes a void. ‘Case 27 illustrating a partial
hook collapse is expected to accentuate the adhesion due to
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Low Substrate Roughness
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High FPWJ

GB-1, FPWI-1,
Ra=2.0+0.3um Ra=2.2+0.5um

FPWIJ-4,
Ra=15.8+1.6um

FPWIJ-5,
Ra=33.8+8.1um

GB-2,
Ra=2.6+0.2um

FPWIJ-2,
Ra=3.6+0.4um

FPWJ-6,
Ra=52.86.3um

-

GB-3,
Ra=6.1+0.8um

FPWIJ-3,
Ra=5.2+0.9um

FPWIJ-8,
Ra=71.7+6.3um

FPWIJ-9,
Ra=84.9+6.4um

-

Fig. 3 SEM images of substrates top surface topography and resulting roughness (Scale = 200 pm)

the additional mechanical anchoring it provides to the
underlying coating.

Adhesion Strength Tests and Fracture Surface
Analysis

Adhesion Strength Tests
Results of the adhesion strength tests as a function of

surface preparation method/substrate roughness are shown
in Fig. 6. The coatings sprayed on polished substrates

@ Springer

failed at 31.0 £ 5.7 MPa. The coating bond strength was
reduced to 6.9 + 2.0 and 8.6 & 3.8 MPa for the FPWIJ
substrate with a roughness of 2.2 £ 0.5 um and the grit-
blasted surface of 2.1 &+ 0.3 pum roughness, respectively.
According to these results, for the same substrate arith-
metic roughness, both the FPWJ and grit-blasted surfaces
have similar adhesion strengths. Moreover, from the cross
sections shown in Fig. 4, both surfaces have very similar
profiles, which reveal that the adhesion level is directly
related to the substrate surface topography irrespective of
the surface treatment used. Similarly, for FPWJ samples of
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Polished

P-1

Low Substrate Roughness High Substrate Roughness
Grit Blasted FPWIJ High FPWJ
GB-1 FPWI-1 FPWJ-4 FPWJ-5
FPWJ-2 FPWI-6 FPWIJ-7

FPWJ-3 FPWIJ-8 FPWIJ-9

Fig. 4 Optical microscope cross-sectional images of the deposition interface for all produced surfaces (Scale = 100 um)

Fig. 5 (a) Etched coating
illustrating particle deformation
and stacking process. Substrate
collapses (Case | and Case 2)
are circled. (b) Optical image of
a FPWJ channel filled by the
sprayed particles illustrating
particles high plastic flow
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