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Quality Control of the Intrinsic Deposition
Efficiency from the Controls of the Splat
Morphologies and the Deposit Microstructure

G. Montavon, C.C. Berndt, C. Coddet, 8. Sampath, and H. Herman

A simple heuristic model was devel oped to demonstrate the major characteristicsof impinging particles
prior toimpact and during thespreading stages. | tisbased on the determination of transfer functions be-
tween the powder particle size distribution and splat equivalent diameter distributions. The input data
consist mainly of the aforementioned distributions, determined experimentally using a particle sizeana-
lyzer for powder particle size analysisand the wipe test for splat equivalent diameter analysis. Output
datarelate to the major characteristicsaf theimpinging particles: flattening degree, intrinsicdeposition
efficiency,impact vel ocity, etc. Comparisons of the model predictions with experimental datashowed rea-
sonable agreement. Implementation of thissimple protocol providesunderstanding of interactionsdur-
ing the process and also has technological and economical impacts. It permits quality control (QC) of
deposition efficiency by control of splat morphologies and aidsin the definition of specifications for the
powders used (for example, intermsof thelower and upper limitsof the particle sizedistributionleading
totheformationof adeposit with given processing parameters) allowing theoptimization of thespray pa-

rametersto obtain high-integrity deposits.

Keywords depositionefficiency, flattened particle, heuristic
modding, spray angle, spray parameters, vacuum
plaamaspraying

1. Introduction

ALTHOUGH COMMONLY used inindustry for many years, direct-
current (DC) plasmaspraying, especidly in theform of vacuum
plasmaspraying{ VPS) , isstill an empirical technology because
o itscomplexity (morethan 50 macroscopic parameterscontrol
the process). For example, theinfluenceof coating microstruc-
tureon mechanical propertiesis not well understood. Other un-
knowns are the relationships between macroscopic spray
parameters and coating microstructure. However, new applica
tions, such as VPS forming of free-standingshapes, requirebet-
ter knowledgeand control of coating formation.

Thermal spray technology, especially the useof plasmajets,
is an innovative method in the materias processing field. The
main advantages are versatility (spraying numerous materials:
metallicalloys, ceramics, polymers, etc.) and theability tobuild
coatingson thesurfaceof agreat variety of substrates. Many ap-
plicationsinclude protection against corrosion oxidation, ther-
mal barrier coatings (TBC); protectionagainst wear, functional
graded coatings(FGC); and free-standingformswith arangeof
thicknesses.

Toobtain"good" quality deposits, al impinging particles, or
a least the matrix of compositeparticles, deposited on the sur-
facedf the substrate (or on thetop of the previously deposited
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layers) must be melted or in a plastic state at the instant of im-
pact. Asaconseguence, amajor difficulty in the processisdeter-
mining atrajectory and asuitable dwell timefor particlesin the
plasma flame to transfer enough heat to alow melting of the
feedstock material sand to achieveavel ocity that permitsforma
tion of splattingon the surfaceto be coated.

This paper describes a simple heuristic model, which has
been developed to approximate several known characteristic
propertiesof theimpinging particlesleading to theformation of
athick depositincluding flattening degree, impact vel ocity, and

Nomenclature

A splat area(mmz)

d powder particlediameter (mm)

F(x) cumulativedistributionof probability of powder
particlesizes

F(x") cumulativedistributionof probability of splat
equivalentdiameters

Re  Reynoldsnumber (dimensionless)

T splat thickness (mm)

v powder particleimpact velocity (m . s™%)

v powder particlevolume (mm3)

We  Weber number (dimensionless)

Greek symbols
v kinetic viscosity (m?. s}
p particledensity (kg - m>)
o  surfacetension(N.m™)

Acronyms

DS gplatdegreedf splashing (dimensionless)
ED gplat equivaent diameter (mm)
EF gplat elongation factor (dimensionless)
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intrinsicdepositionefficiency. (A heuristic approachisdifferent
from an agorithm becauseit doesnot cover every possibility. It
isnot fully rationa in the mathematical meaning of the term but
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25 4 90% val.: 0.0541 mm
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Fig.1 Particlesizedistributionof the Astroloy powder

Fig. 2 Scanning electronic microscopy (SEM) view of the Astroloy
powder

Fig.3 Schematicof the gun/substrate relative motion and definition
of thespray angle
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is capable of practical use in discovering a solution. An ago-
rithmisaprecisemethod of computationrelated toamode, that
is, astepby stepindication[Ref 11.) Thismodel isdriven by ex-
perimental data describing the morphology of splats collected
on a polished substrate during the wipe test. In this work, As-
troloy was sprayed on copper substrates using several process-
ing parameters, such as spray parametersand spray angle. The
model iscompared withexperimental datacollectedon thick de-
positsbuilt with the same processing parameters.

2. Experimental Procedure and
Preliminary Results

2.1 Experimental Procedure

2.1.1 Material Characterization

Thefeedstock wasanickel-base aloy, known as Astroloy, of
the chemical composition listed in Table 1, and of the particle
size distribution, measured with a laser particle size analyzer,
showninFig. 1. The particlemorphology, illustratedin Fig. 2,is
spherical. Thisshapeistypical of agas-atomized powder.

2.1.2 Processing Parameters

Two setsaf experimentswereconducted. Oneset studied the
effectsof thespray parameters, and the other studied theeffects
of thespray angle. Theflattened particlemorphol ogy study used

Tablel Chemical compositionof Astroloy

Element Composition
Nickel Baance
Cobalt 18.80wt%
Chromium 14.90 wt%
Molybdenum 4.9wWt%
Aluminum 3.9wt%
Titanium 355 wt%
Iron 0.11 wt%
Zirconium 0.04 wt%
Boron 2,000 ppm
Carbon 2,000 ppm
Silicon 2,000 ppm
Oxygen 85 ppm
Nitrogen 29 ppm
Sulfur 5ppm

Table2 TaguchiL8-2’ aliassructure

Tes A B C D E F G
TAO1 - - -
TAG2 + + + - +
TAO3 + + - + +
TA04 + + + + -
TAOS + + + +
TAO6 + + + - + -
TAO7 + + + + - -
TAOS + + + - - +

TheL8 designationreferstoatwo-level orthogona matrix constituted by eight
testsandextrapol atedfroma2” factorial design. Thetand - signsrepresent up-
per andlower levelsof design, respectively.
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polished, pure copper substrates (ground with 600 grit SiC pa-
per, followed by diamond slurry polishing using, in sequence, 5,
1, and 0.1 um sized diamonds giving surface roughnesses, R,
from0.1t00.3 pm).

Thick deposits were sprayed using the same parameters.
Here, the substrates were grit blasted (alumina particles of 300
um average diameter), acohol rinsed, and ultrasonicaly
cleaned. After grit blasting, the substrate R, ranged from 2 to 3
pm,

The powder was vacuum plasmaspray (VPS) processed in
an inert residual atmosphere of argon, using a PT-VPS A-2000
system with aF4-VB torch (Sulzer-Metco AG, Rigackerstrasse
16,5610 Wohlen, CH). In every case, therelative gun/substrate
velocity was kept constant at 1 m. min~!. Theinfluences of the
spray parameters were studied using Taguchi statistical experi-
mental design. Design and thespray parameter sets, publishedin
Ref 2 and 3, are summarized in Table 2 (Taguchi L8-27 aias
structure) andin Table3 (spray parametersfor VPSdeposition).
Fivedifferent spray angleswereal so testedtodeterminetheirin-
fluence at 90, 75, 60, 45, and 30 degrees. Spray angle was de-
fined as the angle between the axis of the plasmagun and the
surface of the substrate, in the plane orthogonal to the gun dis-
placement, asillustrated in Fig. 3. Gun displacement was nor-
mal to the reference plane. Using this method, possible
distortions of splatsinduced by thegun displacement did not in-
terfere with those induced by the spray angle. For the spray an-
gletesting, a' reference™ spray parameter set was used, aslisted
inTable4.

Table3 Spray parameter sfor VPSdeposition

Tet P1 P2
TAOI 650 60
TAO2 650 60
TAG3 650 120
TAO4 650 120
TAO5 720 60
TA06 720 60
TAO7 720 120
TAO8 720 120
TAO9(b) 700 &0

(2] P7(a)

6 300 4
10 240 28

6 300 28
4

6 240 2.8
10 300 4

6 240 4
10 300 28

8 270 34

8558888583
S
5
BERNENESH

P1, currentintengity (A); P2, chamber pressure(mbar); P3, argon volumeflow
rate(1. min~1); P4, hydrogen voI umeflow rate(l. min~1y; P5, spray distance
(mm); P6, carrier gas (1- min~'); P7, powder feed rate (%; min~!). (a) The
powder feed ratewas kept constant and equal to3g . min™" to collectindivid-
ud splatsonto the polished substrates. (b) Referencespray parameter set

Table4 Referencespray parametersfor VPS deposition

Parameter Value

C an tintensity 700A
Chamberpressure 60mbar
Argon volumeflow rate 50 1-min”’
Hydrogen volumeflow rate 8 1-min”
Spray distance 270mm
Carriergasvolumeflow rate 34 |.min”!
Powder feed rate 30g - min™

Spray parametersdevel opedat the LERMPS-IPSé

Journal of Thermal Spray Technology

—

2.1.3 ParticleMorphology Char acterization

Splat characteristics were measured using the wipetest (Ref
4-6) and using optical microscopy and image analysis. Several
size and shape factors wereconsidered (Ref 2); (a)in particular,
theequivaent diameter (ED), defined asthediameter of acircle
with the same areaas thesel ected feature; (b) theel ongation fac-
tor (EF), defining the noncircular nature of the selected feature,
unity being aperfect circle; and (c) thedegreeof splashing(DS),
indicating the magnitude of peripheral material projections
from the splats, generated on impact, and unity resulting from
theabsence of such projections. The mathematical relationships
of these shape factors are asfollows:

;m=Ff)a (Bq1)
2

EF=%-LX (Eq2)
2

Ds=4—1n-% (Eq3)

whereA istheareaof theselected feature, L isthelongest dimen-
sion, and Pis the perimeter, as shown in Fig. 4. Due to mathe-
matical definitions, there is a relationship between the
elongation factor and the degree of splashing, asillustrated in
Fig. 5. Hence, a"fictitious" degree of splashing isgeneratedfor
high elongation factors. Under such conditions, raw dataneed to
be corrected. Each measurement series of 50 readings was ran-

(a) Equivalent Diameter

_—>

absolutenumber QP

Elongation Factor

ratio (>1)

Degreeof Splashing, 4 4

. ratio (>1) *

Fig.4 Splatshapeandsizefactors. Theequivalentdiameterisan ab-
solute number, whereas theel ongationfactor and thedegree of splash-
ing are ratii greater than unity. Anincreaseof the elongation factor or
the degree of splashing representsan increasein tendency to elongate

or splash, respectively.

n
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Fig. 5 Evolutionof the"fictitious" degree of splashing asafunction
of theelongation factor

impact angle :
30degrees

wedge

i idealized shape

TAQ9 spray parameter sets
(i.e., reference spray parameters)

idealized shape

Fg. 7 Examples of typical measurements performed on splats with
the SMM: (a) splat impacted with a norma angle and (b) splat im-
pacted with an off-normal (30°) angle

domly located along the specimens. Resulting data were ad-
justed by subtracting the two largest and smallest data pointsto
discriminateagainst atypica values. Presented results refer to
the adjusted data.

Some splat profilesweredetermined using aTRIDIM scan-
ning mechanical microscope(SMM; Akilog, Chemin de I'Epi-
taphe, 25030 Besancon Cedex, France), illustrated in Fig. 6. A
hemispheric diamond probe sensor, 1 um in diameter, was used.
Resolution of the apparatuswas considered to be about 1 um in
thevertical directionand 2.5pm inthehorizontal direction (Ref
7). Contactforceof the sensor wasabout 0.8 g, which wassmall
enough not to pull splats out during the measurement. The ana-
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Fig.6 Schematic of the scanning mechanical microscope (SMM)

brown corundum

compressed air

<- surfaceto be tested

corundum horizontal plane

flow pattern

Fig.8 Schematic of the erosion wear resistance measurement facility

lyzed area(1.275 x 1.275 mm) wasexploredinincrementsof 5
pm. Dueto thetime needed to perform one measurement (afew
hours), only two randomly chosen flattened particles were
measured for each spray parameter set. Figure7 displaysexam-
plesaf typica measurements. The peripheral splashes were not
detected, indicating that their averagethicknessesarel ower than
the SMM resolutionin the vertical direction, 1 pm.
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Table§S Processingparametersused to performthe
erosionwear tests

Parameter Value
Particlenature Cdlibratedbrown corundum
Averagediameter 0.6mm
Patidemassflow rate 2g- min~!

Air volumeflow rate 400 | . min™

Impect angle 45°
Nozzle/surface distance 300mm
Duraiond thetest 10 min

Angle between the centerlineaxisof thenozzleand thesurfaceto beeroded

Table6 Depost characteristicsfor different spray
parameter sets

Erosonwear  Depostion

Porostyleve, resstance, efficiency

Tet % mg . min~! (1= max)
TAO1 1.15(0.51) (a) 054
TAO2 1.13(0.13) 21 0.82
TAG3 0.70(0.24) (a) 0.26
TAO4 0.74(0.19) 16 0.38
TAO5 1.49(0.11) 17 047
TA06 111(032) 17 044
TAO7 040(0.24) 17 045
TAO8 0.70(0.37) 14 046
TAO09(b) 1.31(0.49) 15 0.66

Aveaage vdue and sandard deviation (in parentheses) are obtained from ten
meesured fields. (a) Unavailabledata (b) Referencespray parameter sst

2.1.4 Deposit MicrostructureCharacterization

Thick sprayed deposits werecross-sectioned to makesmaller
couponsusing alow-speeddiamond saw in an oil medium. The
coupons weredegreased by immersionin acohol and by place-
ment in an ultrasoniccleaner. Next, they weremountedin epoxy
rings, ground, and polished (grinding with 240 grit SiC paper
followed by diamond slurry polishing using, in sequence,45, 9,
3, and 1 pm sized diamonds). The deposit microstructureswere
characterized mainly by porosity level, which was determined
using Delesse’s principle (Ref 8) by image analysis (National
Institutesof Health, Maryland, USA, software[Ref 91). Resolu-
tion of thismethodisabout 1 pm (Ref 10). Tenfieldsweremess-
ured on each specimen. The presented data refer to the average
valueand the standard deviation.

215 ErosonWear Testings

Erosion wear resistance of the thick deposits was deter-
mined, not tomeasureresi stance, but tocharacterizecohesion. A
high erosion wear resistancea waysindicatesahighlevel of co-
hesion of the deposit. Figure 8 describes the experimental de-
vice. A brown corundum grit flows through a nozzle and is
accelerated by compressedair towardsthe surfaceto beeroded;
itimpactson thesurfaceat a45° angle. Erosionwear resistance
isthen expressedasthe weight loss per unittime(mg . min~') of
the specimen. Table 5 summarizes processing parametersused
for thiswork.
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cumulativedistribution
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F(x) A transfer
- function

powde? initial
diameter

cu';ulative distribution
of probability of splat
~— equivalentdiameters

F(x”)

Y
splat equivalent
diameter

Fig. 9 Schematicdf the heuristicmodd

2.2 Statistical Analysis

Gaussian analysis was used to assess the regularity of the
data. The mean vaue (or expected value), i, and the standard
deviation, &, areused and defined asfollows:

p=23 xfx) (Eq4)
all x

o=|3 (x-w> fn) (EqS)
all x

where f{x) isthe probability density function of thedistribution.
The standard deviation is the measure of the absolute variation
of dataand dependson the scaleof measurement All x signifies
that the summation isdone for *“all x" (all valuesof the adjusted
data) of the considered data.

2.3 PreliminaryResults

2.3.1 Effectsof theSpray Parameters

Experimental effects of the spray parameters on the splat
morphologiescan befound in Ref 2 and 3. Table 6 lists theef-
fects of these parameterson deposit characteristics (mainly po-
rosity level), erosion wear resistance, and deposition efficiency.

Concerning erosion wear tests, weight loss of severa
Taguchi specimens is similar, with a 1.5 mg. min~! average
vaue. Resultsindicate reasonablecohesion of thedeposits, ex-
cept for the TAO2 deposit, which exhibitsasignificantly higher
weightloss(2.1 mg. min™?).

2.3.2 Effectsof theSpray Angle

Datarel ativetotheeffectsof thespray angleon thesplat mor-
phologiescan befoundin Ref 3 and 11. Effectsof thespray an-
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gleon deposit characteristics(porosity level, erosion wear resis-
tance, and deposition efficiency) arelistedin Table7.

Clearly, the spray anglesignificantly affects deposition effi-
ciency; thelower the spray angle, thelower the deposition effi-
ciency. The effect of spray angle on erosion wear resistanceis
also significant; thelower thespray angle, the higher the weight
lossof the specimensand the lower the deposit cohesion.

3. Basis of the Heuristic Model

3.1 Heuristic Mode

Cumulative probability distribution of splat equivalent di-
ameters, F(x’), can becorrelated with the cumul ative probability
distribution of the powder particle sizes, F(x), through a theo-
retical transfer function, asillustratedin Fig. 9. The diameter of
a powder particle, d, which could lead to formation of an ob-
served splat of ED, can becal culated. Transfer functions need to
be determined for the experimental sets. In this work, transfer
functions were found to be similar because the equivalent di-
ameter distributions were a so similar; the spray parameter sets
werecloseto the reference spray parameter set.

Knowledge of transfer functions, powder particlesize distri-
bution, and equivalent diameter distributions makesit possible

Table7 Deposit characterigticsfor different spray angles

Erosion wear Deposition
Sprayangle, Porosity leve; resistance, efficiency
degrees % mg . min~! (1= max)
9% 1.31(0.30) 15 0.66
75 1.97(0.30) 16 035
60 263(0.31) (a) 0.16
45 2.96(0.60) 19 011
0 308(0.83) 21 007

Averagevdueand standard deviation (in parenthesi s)obtained from ten
measuredfields. (a) Unavailabledata

to analyze the deposit formation process, by iteration, asillus-
tratedinFig. 10.

Assumingthat splatsexhibit aconstant thicknessalong aran-
dom cross section, and, conversely, havethesame volumeasin-
itial powder particles, the theoretical splat thicknesses can be
determined asfollows:

%
T=o (Eq6)

where Visthe volume of aninitia powder particleand A isthe
areaof theresulting splat.

The Yoshida (Ref 12), Trapaga (Ref 13), and Madejski (Ref
14) 'relationships establish, among others, a relationship be-
tween thedimensionless Reynolds number and the splat equiva-
lent diameter on the powder particleinitial diameter ratio. These
relationshipsareexpressed asfollows:

ED _ 02 «da’s relationdy

d 0.89 Re™* (Yoshida’s relationship) (Eq7)
ER _ Re92 (Trapaga’s relationship) Eq8)
%—) — 129Re"2 (Madejski’s relationship) (Eq9)

Knowledgeof the Reynolds number of animpinging particle
permits estimation of impact velocity if thekinetic viscosity of
the molten material isknown:

Re - v

=" (Eq 10)

wheredisthe powder particle initial diameter, Re isthe cor-
responding Reynolds number, and V is the kinetic viscosity.
Kinetic viscosity iscritical in theexperimental determination

Table8 Comparison between calculated splat thicknessvaluesand experimental results

Exp. ED(a), Exp. T(b), Cal. d(c), Cal. T(d), Difference,
Tes pm (2.5 pm) pum (1 pm) pm pm pm
T201 155 39 300 30 -0.9(f)
1201 1475 6.0 544 49 -11
TAR 85.0 22 305 26 +0.4(D
TAR 1200 42 439 39 +0.3()
TAQ3 85.0 20 305 26 +0.6(D
TAG3 105.0 45 405 39 -0.6(f)
TAM 95.0 31 R4 25 -0.6(f)
TAM 1575 7.2 69.1 80 +0.8()
TAGS 525 15 142 07
TAG 1625 92 703 87 -0.5(f)
TA06 60.0 21 201 15 -0.6(f)
TA06 1250 6.3 56.7 77 +17
TAO7 675 24 266 27 +0.3(f)
TAO7 1375 95 66.3 102 +0.7(f)
TAO%e) 975 35 388 41 +0.6(f)
TA09(e) 180.0 7.8 700 7.0 -0.8()

Note: Thet signsrefer toan overestimationaf thecalculation; the—signsrefer toan underestimationof thecalculation. (a) Exp. EDisexperimentally measuredsplat
equivalent diameter. (b) Exp. Tisexperimentally measuredsplat thickness. (c) Cal. disca culated powder particleinitial diameter, (d) Cal. Tisca culated splat thick-
ness. (€) Referencespray parameter set. (f) Differencel ower than the spatial resolutionof the scanning mechanical microscope
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of thisviscosity for molten Astroloy particles withinaplasma
plume, and becausethisvalueisnot availablein literature, the
kineticviscosity of pureni ckel atthemel tingpoint(0.694 X 10~
2 m2-s71) (Ref 15) was used in the calculations because
nickel isthe primary element within Astroloy (67 wt.%).

The dimensionless Weber number establishesa relationship
between the surface tension and the viscosity of aliquid (Ref
16), asfollows:

d-v?-p
c

We = (Eq11)

where disthe powder particleinitial diameter, p represents the
density of thematerial at the temperature considered, and s isits
surfacetension. Again, the characteristic valuesof purenickel at
the melting point were used in the calculations (Ref 15), namely
1.778 N - m~! for the surface tension and 7905 kg . m=3 for the
density.

32 Assumptions

The heuristic model is based on the foll owing assumptions.
Theinitia powder particle volumesare known and can bedeter-
mined in this specific case because the initial powder particles
exhibit near-spherical shapes.

Thereisnosignificant vaporization of powder particles dur-
ing flight within plasma plume, that is, the mass conservation
principle between the initiad powder particle and the resulting
splat.

At low pressure, when the ratio of the atomic/molecular
mean free path to the particle diameter becomes higher than
0.01, the Knudsen effect, or "'rarefaction™ effect, may signifi-
cantly reduce both heat flux from the plasmaplumeto small par-
ticles and the drag coefficient (Ref 17). Hence, the Knudsen

( splat equivalent
diameter, E D
experimental measurement

k equation (1)

!

{ powder partidediameter, d

splatthickness T |
R

transfer function

Y

“ Reynoldsnumber, Re
equations(7). (8) or (9) - L

equation (| )

{ Weber number, We ]

- - ] ' normd impect velocity, Vn B
impact velocity, V . )
equation (10) ] Ltangentlal impact velocity, Vit ’

trigonometric relationships

viscosity, v
assumed value

J

Fig.10 Mgor characteristicsdt powder particle, caculated
mplemmhr?glheheunsncrmjd pert b
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effect increases with decreasing particle size (Ref 18), and with
increasing surface temperature of the particles (Ref 19). In ther-
mal plasmas, thiseffect isemphasized for particlediametersless
than 10 um (Ref 17 to 19). This phenomenon was not takeninto
account because of the particle sizedistribution of the Astroloy
powder; less than 2.5 vol% of particles have diameters smaller
than 10 pm.

The splats exhibit near-perfect disc shapes (that is, constant
thickness along arandom cross section), with the thickness be-
ing small compared to the diameter (the experimental three-di-

0.0 l 50 'l 1 1 1 J— 1 1 1
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TAOGZ @ A TAOB o

TAM A TA09 ®
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Particleinitial diameter [mm)

Fig.11 Evodlutionof thesplat thickness, T, asafunctiond theinitial
patide diameter, d, for severd Tegudhi Soray parameter sts
AOL to TA09)
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mensional measurements performed over splatsobtained witha
90° spray angle validatethisassumption).

Powder particlesof the same diameter show the same behav-
ior withinthe plasmaplume(that is, the same dwelling time, tra-
jectory, thermal history, and velocity on impact).

4. Results and Discussion

4.1 Modd Validation

Splat thicknesses (average values) were calculated using Eq
6, from determination of the equivalent diameter distributions
and thetransfer functions. Figure 11 shows the evolution of the
splat thicknesses as a function of the calculated initial powder
particlediameter for the variousspray parameter sets (TAO1 to
TA09). The calculation shows that the splat thickness varies
from approximately 1 pm to 12.5 pm. Spray parametersseem to
have nosignificant effect on theresulting thicknessof thesmall-
est splats, indicating that impact velocitiesare probably identi-
cal. Figure 12 illustrates the dependence of the ratio of splat
thickness to the initial powder particle diameter (Tld ratio) on
the initial powder particle diameter. Splat thicknessis 6 to 40
times lower than the diameter of its original powder particle.
The higher the Tld ratio (the larger theinitial powder particle),
the less is the flattening of the splat. Splats sprayed with the
TAQO2spray parameter set aresimilar. Theimpinging particledi-
ameter does not have a significant effect (in the considered
range of diameters) on the resulting thickness of the splats; the
T/d ratio remains quasi-constant, equal to 0.08.

Thisheuristic model can be validated, at thisstage of analy-
sis, by comparison of theaverage thicknessof thesplatswithex-
perimental measurements, as illustrated in Table 8. The

Volume [%]

0.00 0.02 0.04 0.06 0.08 0.10

Particleinitial diameter [mm)]
Fig. 13 Normal probability distributionsof the initial powder parti-
cle diameterscalculated using trandfer functions, compared to the in-

itial powder particlesizedigtribution, for Taguchi spray parameter sets
TAOI toTAO9
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calculated results agree with experimental measurements, the
difference being generally lower than the spatial resolution of
the SMM, except for two values (-1.1 pm for aTAOl measure-
ment and +1.7 pm for another TA06 measurement). Theinitial
assumption of mass conservation between the initial powder
particle and the resulting splat seems valid under such condi-
tions.

4.2 Deposition Efficiency

In thermal spraying, the intrinsic deposition efficiency is
never equa to one. The intrinsic deposition efficiency is the
highest efficiency that can be reached for agiven feedstock and
processing parameters. It does not consider substrate morphol-
ogy or gun motion; it differsfrom the apparent deposition effi-
ciency on actual shapes, known astarget efficiency. Afractionof
theinjected feedstock does not become part of the deposit. It is
interesting to calculate, a posteriori, the size distribution of the
powder particlesthat |ead to theformation of thecollected splats
by means of the transfer functions. Calculated secondary parti-
cle size distributions can be compared with the initial particle
size distribution, determined experimentally (in this work, the
Sizerangeis5 to 88 pm, and the average diameter iS37 pm).

For each spray parameter set (TAO1 to TA09), the cal culated
secondary particlesize distributions, as well astheinitial parti-
clesizedistribution, are presented in Fig. 13. Spray parameters
have anoticeableeffect on thefraction of the particlesizedistri-
bution effectively used to form splats; Fig. 14 details the lower
and upper vauesof the secondary particlesizedistributions for
each spray parameter set. Calculated average diameters of the
secondary particle size distributions remain constant, equal to
35 pm. Such a valueis very close to the measured average di-
ameter of theactual particlesizedistribution (37 um). Itislikely
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Fig.14 Lowerand upper limitsof normal probability distributionsof
theinitial powder particlediameter scompared to the lower and upper
limitsof theinitial powder particlesizedistribution for Taguchi spray
parameter setsTAQI to TA09
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that thesmallest powder particles(diameter lessthan 154m) are
vaporized within the plasma plume during flight, and that the
biggest particlesimpact on the substrateeither in a partialy or
fully unmoltenstate and reboundfrom the surfaceor strike with
an impact velocity lower than the critical velocity necessary to
induce spreading. This last phenomenais particularly empha-
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Fig. 15 Comparison of the depositionefficiency measured on thick
deposits, with the intrinsic deposition efficiency measured on splats,
for spray parameter setsTAO1 to TAQ9
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sizedinthe TAO2 spray parameter set, which generateslow-en-
thalpy plasma with low velocity. Figure 15 compares, for each
spray parameter set (TAO1 to TA09), theintrinsic depositionef-
ficiencies, determined either experimentally from the charac-
teristics of the deposits (measured deposition efficiency) or
calculated from the secondary particlesizedistribution by sum-
mation (cal cul ated deposition efficiency).

The two sets of results are similar qualitatively, except for
thoseof theTAO3spray parameter set. Quantitatively, themess-
ured deposition efficiencies are usually lower than the calcu-
lated efficiencies. Theeffect isinduced by modificationsdf the

Volume [%]

0.00 0.02 0.04 0.06 008 0.10
Particleinitial diameter [mm)]

Fig. 16 Norma probability distributionsof theinitial powder parti-

cle diameterscal culated using transfer functions, compared to thein-

itial powder particlesizedistribution, for several spray angles(90° to
30°)

impinging particle

Vit Vn
Y(V=Vn)

suEstrate

normal impact angle off-normal impact angle

V : impact velocity
Vn: norma impact velocity
V1 : tangential impact velocity

Fig. 18 Schematicof theevolutionof theimpact norma and tangen-
tial velocitiesasafunction of thespray angle

Volume6(2) June 1997 —161



physical and chemical surface properties during formation of
the thick deposits. Thefirst layer is deposited onto the copper
substrate, but subsegquent layers are deposited onto the coating
itself, which hasdifferent surface properties. The substrate tem-
perature, higher in the case of thick deposits(600 °C measured
average value against 20 °C estimated vaue for the wipe test),
can also substantially modify surface properties(Ref 20and 21).
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Fig. 19 Comparison of deposition efficiency measured on thick de-
posits, with the intrinsic depositionefficiency measured on splats, for
severa spray angles(90° to 30")
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Findly, the high surface roughness (R,) of the thick deposit (3
pum averageva ueversus0.2 um average vauefor thewipetest)
can disturb the parti clespreading mechanisms, asdemonstrated
by Smith et d. (Ref 22). In spite of previouslimitations, this
method can be easily implemented for optimization. It can be
used to definesizespecificationsfor the powder and to optimize
particlesizedistribution to minimizethelossof powder.

One assumption of the model is a constant thickness of the
splatsalong arandom cross section. Thisisnot truefor particles
impacting with an off-normal spray angle because the particle
profilesare wedge-shapedin theimpact direction (Ref 11). The
lower the spray angle, the more wedge-likethe splat thickness
profile becomes (wedge angle from 0" for a 90" spray angleto
10" for a30" spray angle). Moreover, thewedgeangledf these-
lected splats exhibits a near perfect linear dependence on the
spray angle. Theeffect of the spray angleon the secondary par-
ticlesizedistributionisdisplayedin Fig. 16. Thelower thespray
angle, the smaller the particle size distribution, leading to the
formationof splats. Figure17 detail sthelower and upper values

effect of thespray parameters  effect of thespray angle
normal impact angle off-norma impact angle

a) intrinsic b) _  intrindc
deposition deposition
efficiency efficiency

initial diameter initial diameter

Fig.20 Effectsof (a) thespray parametersand (b) thespray angleon
thefractionof the powder particlesize distributionleading to the for-
mation of adeposit
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Fig. 22 Dependence of the ratio (ED/d) of the splat equivaent di-
ametertotheinitial powder particlediameteron theinitial powder par-
ticlediameter (d) for Taguchi spray parametersets TAQ to TA09
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of thesecondary particlesizedistributionsfor each spray angle,
while the diameter of the smallest powder particles (particles
smaller than 15 um averagediameter), which do not splat,isin-
dependent of thespray angle. Thediameter of thelargest powder
particlesis significantly affected by the spray angle. To afirst
approximation, thislatter valueremainsconstant when theangle
changesfrom 90" to 60° and then dramatically decreases when
theangle changesto 30°.

Thelowerthespray angle, thelessimportanti sthekineticen-
ergy availablefor spreading the particle, due todecrease of nor-
ma velocity, asillustratedin Fig. 18. Meanwhile, thetangential
component of the velocity will induce deformation of the splat
inthedirectionof theangle, which will interferewith thespread-
ing mechanism. Thiseffect wasnot accountedfor in the present
work and emphasizestheconcept of criticalimpact velocity. Re-
sults for intrinsic deposition efficiencies (both calculated and
measureddeposition efficiencies)are presentedin Fig. 19. From
a genera point of view, the intrinsic deposition efficiency de-
creasesat alower spray angle, asindicated by Smith et a. (Ref
22). Thequantitativedifferencesbetween thecal culated and the
measured deposition efficienciesarisefor thesame reasonspre-
vioudy mentionedfor thespray parameter sets, that is, evolution
of substrate nature, effectsof substratetemperature, and effects
of surfaceroughness, etc.

Figure 20illustratesthe effectsof both the spray parameters
and thespray angleon the deposited fraction of the powder par-
ticlesizedistribution.

4.3 Other Potential Applicationsof the Model

4.3.1 Powder Particlelnitial Diameter

Figure 21 displays dependenceof theinitial powder particle
diameter, calculated using transfer functionsfor each spray pa
rameter set, on the splat equivalent diameter for Taguchi sets
TAOI to TA09. Clearly, an increasein theinitia diameter leads
to an increasein the resulting equivalentdiameter. In afirst ap-
proximation, these results are equivalent to those obtained by
Liuet d. (Ref 23), relative to the two-dimensional Eulerian nu-
merical modeling of the spreading of pure nickel particleson a
smooth surface. However, asillustrated in Fig. 22, the depend-
ence of the ratio of the splat equivalent diameter to the initial
powder particle diameter (ED/d ratio) on theinitial powder par-
ticlediameter variesfrom two (for thesmallestimpinging parti-
cles) to seven (for the largest impinging particles). For all the
spray parametersconsidered, this dependenceis the same, ex-
cept for the TAO2 set. This parameter set givesaquasi-constant
ratioof approximately three.-A homogeneousfield of impinging
particle velocitiescould lead to such behavior, which remainsto
be explained. The smallest powder particles spread more than
the largest particles. Thissignifiesthat their impact velocity is
significantly higher, and that theeffectof theirimpact velocityis
greater than theeffect of their mass, whiletheglobal kinetic en-
ergy remains higher for the largest particles, as the results of
Fauchaiset al. (Ref 19), presentedin Fig. 23, suggest.

4.3.2 ImpingingParticlel mpact Veocity

The impact velocitiesof the impinging particlesthat led to
theformation of the observed splats weredetermined using Eq
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10. Forexampl e, Fig. 24 illustratesthedependenceof theimpact
velocities of the particles (asafunction of the splat equivalent
diameter) on theratio of the splat equivaent diameter to thein-
itial powder particle diameter (ED/d ratio), for spray parameter
setsTAO! to TA09, following Y ashida's relationship. By curve-
fitting, these evolutionscan be described by ageneric relation-
ship, asfollows:
V=a- 10E0%

(Eq12)

wherea is a constant equal to -5 x 1073. These results can be
correlated to previoudy published results (Ref 24 and 25); the
effectof theimpact velocity onthepowder particlehasthegreat-
est influenceon the shape (equivalent diameter, flattening de-
gree, etc.) of theresulting splat, and the smaller particlesimpact
with higher velocitiesthan thelarger particles. Althoughtheim-
pact velocities caculated using Yoshidas relationship are
higher than the vel ocitiesdetermined using Trapaga’s or Made-
jski’s relationships(for aconstant ratioof thesplat equival entdi-
ameter to the powder particle equivaent diameter; ED/d ratio)
the impact velocities calculated with the model are low com-
pared to those commonly measured (Ref 24) or calculated (Ref
25). In fact, impact velocitiesas low at 10 m. s™! are obtained,
which are unlikely in the case of VPS deposition, as shown in
Fig. 25(Ref 26). Thisunderestimation can arisefrom (a) theap-
proximationsin the calculation of the impact velocity; (b) the
usedf thekinetic viscosity of purenickel at meltingtemperature
(viscosity could besignificantly differentfrom Astroloy); (c) the
assumptionthat the viscosity isconstant, regardlessof the parti-
cleinitial diameter and regardlessof temperaturedt theimping-
ing particles; and (d) the use of Y oshidas relationship, which
may not accurately describe the behavior of Astroloy particles
impacting on acopper substrate under low residual pressure of
aninertgas. Thecoefficientin thisrelationshipwould haveto be
corrected and adapted. For exampl e, thecal culation of animpact
velocity of 250m . s~! for an impinging particleof 30 um aver-
agediameterwould useacoefficient closeto 0 - 1.
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Fig. 23 Particle velocity and particle kinetic energy versus distance
alongthecenterlineaxisof thegun for sever al particlediameter s(Ref 19)
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4.3.3 ImpingingParticleWeber Number

The dimensionlessWeber number establishes arelationship
between the surface tension and the viscosity of a liquid; the
lower the Weber number, thelower theeffectsof surfacetension
compared to those of kinetic energy. This number was calcu-
lated for each powder particlethat becamean observed splat, us-
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ing Eq 11 and for animpact velocity cal culated using Y oshidals
relationship. Figure 26 displays the dependence of the dimen-
sionless Weber number on the ratio of the splat equivalent di-
ameter to the initial powder particle diameter (EDId ratio) for
Spray parameter setsTAO! to TA09. By curve-fitting, thisfunc-
tion isdescribed asfollows:

We =q - 10° ED4 (Eq13)
whereaisequal to -2X 1075, and b is approximately equal to
unity. It appearsthat thelower EDIdratio (the higher the powder
particleinitial diameter), the lower is the corresponding Weber
number and thelesssignificantare the effectsof surfacetension
on the particle spreading/flattening compared to the effects of
kinetic viscodty. Splashing of particlesis linked, in part, with
the surface tension and the kinetic viscosity. McPherson pre-
dicted splashing particles when the Weber number is greater
than 80 (Ref 27). Thisspecific limit doesnot seemto beapplica:
ble to the tests performed in this work; the analyzed splats al-
waysshowed some splashing. Nevertheless, the same tendency
isobserved;thus, the particlescharacterized by low Weber num-
berstend to exhibit lower degrees of splashing, asillustratedin
Fig. 27.

5. Conclusions

In thermal spraying, spreading theimpinging particlesontoa
substrate is afundamental processin deposit formation. Physi-
cal propertiesand mechanical characteristics of athermal spray
deposit primarily dependon thiscrucial stage. Asimpleheuristic
model, based on thedeterminationof transfer functions,wasde-
veloped to investigate the origin of the deposit formation proc-
ess. Thestudy hasdemonstrated that it is possibleto estimate, a
posteriori, theinitial diameter of theimpinging powder particles
that led to the formation of the collected splats, using afew as-
sumptionsand knowingtheinitial powder particlesizedistribu-
tion. Thisconstitutesthebasisadf aheuristic model, based on the
determination of transfer functions, permitting approximation
of several characteristic valuesof theimpinging particles, such
astheflattening degree, theimpact velocity, etc. Among other
characteristics, intrinsic deposition efficiency was calculated.
Thisefficiency isthe maximum that can be obtained for agiven
particle sizedistribution and for given processing parameters
(spray parameters, spray angle, etc.). Implementation of thisap-
proach has technological and economical impacts; it permits
quality control (QC) of the deposition efficiency by control of
splat morphology and the optimization of specificationsfor the
powdersused, in termsof thelower and upper limitsof the par-
ticlesizedistributionleading to theformation of thedeposit with
given processing parameters. Spray parameters can be opti-
mized to obtain high-integrity deposits.
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