JTTEES 4:67-74
©ASM | nternational

——

Effects of Vacuum Plasma Spray Processing
Parameters on Splat Morphology

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

Several statistical tools (i.e., Gaussan and Weibull distribution analyses, thet-test, and analysisof the
variance) wer eused to examiner el ationshipsbetween vacuum plasma spray processingparameter sand
the morphology of flattened particles (splats) on a smooth, polished substrate. Astroloy, a nickel-base
powder, was vacuum plasma sprayed onto polished copper substratesunder variousprocessingcondi-
tions. Different flattened particleshapefactor s, includingequivalent diameter ,elongation factor, and de-
greeof splashing, wer e determined using imageanalysis. The spray parameters (i.e., current intendty,
chamber pressure, argon massflow rate, etc.) strongly influenced splat for mation and mor phology and

thusdeposit microstructureand properties.

1. Introduction

ALTHOUGH commonly used by industry, direct-current plasma
spraying—particularly vacuum plasma spraying (VPS)—has
devel opedthroughtrial-and-errorempirica approaches. Thisis
essentially becauseVPSisreatively complex; more than 50in-
terrel ated parametersthat i nfluence the process have beeniden-
tified (Ref 1). For example, the effect of coating microstructure
on mechanicd propertiesis not well defined, and the relation-
shipsbetween controll ablespray parametersand coating micro-
dructureare understood to only alimiteddegree.

Vaddleet d. (Ref 2) investigated the influence of severa
important processing parameterson the velocity and tempera-
tureof particleswithinthe plasmaplume. A compromise appar-
ently exists between particle temperature and velocity. For
example, increased jet condtrictioninducesincreasedjet vel oc-
ity (and thusincreased particlevel ocity), but s multaneoudyin-
duces decressed plume temperature by enhancing the
engulfmentof the surroundingatmosphere. Therefore, theopti-
mum conditionis based on thedesi red flattening behavior of the
individua droplet (particle).

The manner in which thedeposit propertiesare linked to the
deposit microgtructureis controlled by theflattening of theim-
pinging particlesonto the substrateor previoudy depositedlay-
es (Re 3). The influence of spray parameters on the
morphology of flattened particleshas been investigated (Ref 4-
6). Other studies have considered the influence of surface
roughness (Ref 7), the effects of surface orientation (Ref 8, 9),
and the effect of coating thickness(Ref 10). Surfaceroughness
srongly modifies particle flattening, whereas an off-norma
substrate orientationinfluencessplat morphology. However, no
clear quantitative relaionships have been demongraed be-
tween thesevari ablesand deposit properties. Additiondly, in the
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caseof VPS, theinfluenceof chamber pressureand theeffectsof
thed ongated plasma plumeon splat formation arenot unambi-
guoudy established.

The present work examines the influence of various spray
parameters, including gas mixture, chamber pressure, and cur-
rent intengty, on thecharacterigticsof individual flattened parti-
cles sprayed onto polished substrates. Statistical tools such as

Tablel Chemical compositionof Astroloy

Weight Parts per
Element percent Element million
Nicke bal Boron 2000
Cobalt 18.80 Carbon 2000
Chr onhum 14.90 Silicon 2000
Malybdenum 4.99 Oxygen 85
Aluminum 399 Nitrogen 29
Titanium 355 Sulfur 5
Tron 011
Zirconium 0.04
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Fig. 1 Grainsizedigributionof Astroloy

Vaume4(1) Mach 1995—67



Equivalent Diameter

—_—
absol ute number

@)
Elongation Factor

—_—
ratio (>1)

(b)
Degree of Splashing

_._.___>.
ratio (>1)

©)

Fig. 3 Equivaentdiameter, elongation factor, and degree of splash-
ing of asplat. (a) is an absolute number whereas (b) and (c) are ratii
wherea number greater than unity representsan increasein tendency
toelongateor splash, respectively.

Fig. 2 Scanningelectron micrographof the Astrol oy powder par-

Table2 TaguchiL8 (27) aliasstructure (a)

Test A B

TAO1
TAM
TAGB
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TAOQ7
TAO8
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++++1 1
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(8) The L8 designationrefers to atwo-level orthogonal matrix constituted by eight testsand extrapol atedfrom a2’ factorial &sign. Thetand-signsrepresentthe
upper and lower levelsof thedesi gn, respectively.

Table3 Spray parametersfor VPSdeposition

Soray parameter(a)
=8 P1 P2 P3 P~ PS5 P6 P7
TAO1 650 60 60 6 300 4 3
TAO2 650 60 40 10 240 28 3
TAG3 650 120 60 6 300 28 3
TAW 650 120 60 10 240 4 3
TA®G 720 60 60 6 240 28 3
TAO6 720 60 60 10 300 4 3
TAO7 720 120 40 6 240 4 3
TAO8 720 120 40 10 300 28 3
TA09(b) 700 60 50 8 270 34 3

Note: Therelativegun/substrate velocity waskept constantand equal to 1 m/min duringtheentireset of Taguchi experiments.(a) P1, currentintensity(A); P2, cham-
ber pressure (mbar); P3, argon volumeflow rate(L/min); P4, hydrogen volumeflow rate(Umin); PS, soray distance(mm); P6, carrier gas (argon) volumeflow rate
(L/min); P7, powder feed rate(g/min).

68—Volume 4(1) March 1995 Journal of Thermd Spray Technology



W BT i gt T TR -

Fig.4 Typical splat morphology (TAO6 Spray parameter set)

Gaussian analysis, Weibull distributionanalysis, the t-test, and
analysisof the varianceareimplemented.

2. Experiments

2.1 Material Characterization

The feedstock was Astroloy, a nickel-base aloy (Table 1),
with aparticlesizedistributionas shownin Fig. 1. The particle
morphology (Fig. 2) was characterized as spherical, a shape
typically obtainedfrom the gasatomizationprocess.

2 3 Spray Conditions

The substrates were ground and polished to determine the
characteristicsof individual flattened particles. The polishing
consisted of grindingwith 600 grit SiC paper, followed by dia-
mond slurry polishing using, in sequence,5, |, and 0.1 pm dia-
mond grit. After polishing, the substrates exhibited surface
roughnessesranging from0.1 t00.3 m.

The powder was vacuum plasma sprayed at chamber pres-
suresof 60 and 120 mbar in an inert residual atmosphere of ar-
gon using a Plasma-Technik (Plasma-Technik AG, Wohlen,
Switzerland) F4-VB gun with adivergent nozzle. Onepassat 1
m/min velocity wasperformed in front of each sample.

Theinfluenceof variousspray parameterscan bestudied us-
ing anumber of statistical design of experimentstrategies. The
Taguchi method permitsdefinitionof theinfluencesof theproc-
ng parametersand their relativeimportance (Ref 11). The
"analysisof thevariance'” (ANOVA) method all owsprecisede-
termination of the influence of each parameter over the meas-
ured results (Ref 12) by determining theratio of the calculated
Fisher number to the listed Fisher number. The Fisher number,
definedastheratioof the parameter varianceto theresiduevari-
ance, outlinestheimportanceof agiven parameter compared to
theeffect of theresidue. In thisstudy, a Taguchi L8 2" experi-
mental design without repetition was used to build the different
experimental sets(Tables2 and 3). In such acase, thesum of the
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two smallest averageval uesistaken asaresidue (datapooling)
(Ref 12). Thisresidueis used to cal culate the Fisher numbers;
theeffectsof theresulting test parametersare considered negli-
gible(Ref 13).

2.3 Image Analysis

The splat characteristics were measured using optical mi-
croscopy and image analysis. Various shape factors were con-
sidered (Ref 14): the equivalent diameter (ED), defined as the
diameter of a circlewith the same area as the selected feature;
theel ongationfactor (EF), definingthe noncircular natureof the
selected feature (unity being a perfect circle); and thedegree of
splashing(DS),indicatingtheimportanceof peripheral materia
projectionsat the impact (unity resulting from the absence of
such projections). The mathematical relationships of these
shapefactorsare

-t
- )
)

whereA istheareaof thesel ectedfeature(mmz), L isthelongest
dimension (mm), and Pistheperimeter (mm) (Fig. 3).

Each measurement series of 50 readingswas randomly lo-
cated. The resulting data were adjusted by subtractingthe two
largest and the two smallest data points to discriminate against
atypical values. The presented resultsrefer to the adjusted data.

(Eql)

3. Statistical Analysis

Several statistical analyses were performed on the collected
data. The data scatter was determined using the mean value, L,
and thestandard deviation, 5, of the Gaussian distribution (Ref
15). The variability within the distributionswas estimated by
calculating the Weibull parameters—that is, Weibull modulus,
m, and characteristicvalue, xq (Ref 16), which, respectively, re-
flect the datascatter and the 63.2% percentileof thecumulative
density. Determination of these parameters was accomplished
by the curve-fitting method (Ref 17-20).

The data were discriminated using the t-test (Ref 21). This
statistical procedurecompares the hypothesi sthat the meansof
data sets are, or are not, identical —assuming that the sample
populationsof thedatasets bel ongto Gaussiandistributions.

4. Results and Discussion

4.1 Optical Observation

Figure 4 shows the morphology of splats on a smooth sur-
face. The " pancake’™ shape indicates a homogeneous molten
state of the particlebeforetheimpact (Ref 5) and, very likely, a
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Table4 Flattened partidecharacterigics

D mm = DS
Ted i o o/ B o o/ B o o/
TAOL1 0.107 0.033 0.308 135 010 007 177 0.39 022
TAG2 0.09% 0039 0406 124 007 005 135 017 012
TAGB 0.0% 0032 0333 138 014 010 183 0.39 021
TAO4 0.100 0.030 0.300 143 0.16 o1 209 047 (022
TAOS 004 0031 0330 132 013 0.10 159 039 024
TA06 0.083 0032 0363 145 013 009 203 038 019
TAO7 0078 0.023 024 134 012 0.09 165 037 o2
TAO8 0.087 0027 0.310 139 011 0.08 193 034 017
TAO%(a) 0.020 0.033 0.366 137 012 0.09 200 039 019

(a) Referencegray parameters(i.e., parametersused by the LERMPS-IPSé)
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Fig.5 Arithmetic averageand sandard deviation (represented by error bar) of the splat char acteristics. (a) Equivalent diameter . (b) Elongationfactor.
(c) Degreeof splashing
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completeflattening of the particles prior to solidification (Ref
22).

4.2 Gaussian Analysis

Theresultsof theGaussiananalysesaresummarizedin Table
4 and Fig. 5, where error bars indicate the standard deviation.
The data indicatethat the variations of the spray parametersin
the examined range did not substantially modify the particle
morphologies. Thisis not surprising, because the range of the
parameterswas relatively smal and close to the reference pa-
rameters (i.e., parameters developed and commonly used at
France's LERMPS-IPSC) in order to optimize the process.

The relationship between the degree of splashing and the
equivaent diameter of particles can be outlined. For example,
Fig. 6 displaysthisevolution for the TAG2 and TA04 spray pa
rameter sets, which arecharacterized by thetwo extremevalues
of the arithmeticaverage of the degreeof splashing (1.35 and
209, respectively). A general trend is that smaler particlesdo
not splash as much aslarger ones. Moreover, thistrend depends
on the spraying parametersand i sless pronouncedfor the TAO2
Spray parameter &, whichischaracterized by the highest ratio
of hydrogen massflow rateto argon massflow rate (Hy/Ar) and
thelowest chamber pressuredf theTaguchi design. Thephysical
explanation of such correlationsis that the higher-momentum
particlescannot dissi pateenergy sufficiently rapidly duringim-
pact against the substrateand that the solidification during the

Table5 ANOVAanalyssof equivalent diameter results
Confidenceleve of 95%

—

splat process provides artificial protuberancesthat giveriseto
splashing.

The ANOVA method has been performed over thesedatato
better understandtherd ativeinfluenceof each spray parameter.
Thespray parametersdo not significantly affect the elongation
factor and thedegreed splashingin theexamined range, butdo
affect theequivaent diameter. Table5 summarizesthe ANOVA

A " Il i 1 e

4 L A

TAD2
O TAD4
General Trends (only)

Degree of Splashing

LJ
0.10

L)
0.05

0.20

Equivalent Diameter [mm]

Fig. 6 Genera trend and evolution of the degree of splashing of
splatsver susthar equivalent diameter (TA02 and TAG4 data)

Spray Calculated Tabulated

parameter(a) Fisher number Fisher number Effect Rank
P1 Insgnificant 6
P2 142 182 Significant 3
P3 224 182 Significant 2
P 622 182 Significant 1
> 22 18.2 Inggnificant 4
P6 22 182 Insgnificant 4
P7 Inggnificant 6

Note Thetabulated Fisher number isequal to thedegreeof fresdomof thedataover thedegree of freedom of theresidue, taken asrespectively equal to7and 2.1fthe
calculated Fisher number isgreater than thetabulated Fisher number, the effect of the parameter isconsider edto be significantand vice ver sa (a) See Table 3for

definitionof oray parameers

Table6 Weibull analysisof equivalent diameter, dongationfactor ,and degr eeof splashingdata

ED EF s

Ted m *o m ) m X0

TAOL 36 0118 150 139 51 192
TA®R 26 0108 181 127 89 142
TAG 34 0.107 104 145 52 199
TAO4 38 0.110 94 151 50 228
TAOS 34 0105 110 138 4.6 174
TAO6 32 0.099 120 151 6.1 219
TAO7 35 0.088 125 139 52 179
TA®B 37 0.097 138 143 6.3 207
TAO0Xa) 31 0101 124 142 58 216

(a) Reference pray parameters(i.e., parametersused by the LERMPS-IPSé)
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resultsfor thesedataat aconfidencelevel of 95%. Theinfluence
has been ranked, from ageneral point of view, fromthemostin-
fluential (rank number 1) to the least (rank number 6). Three
controllablespray parameters produce significant effects: hy-
drogen massflow rate, argon massflow rate, and chamber pres-
sure. Thefirst two parametersinfluencethe velocity fieldin the
plasmaflame (Ref 23) and thereforethe dwell timeof the parti-
clesand their vel ocitiesat impact. They also influencethe tem-
perature field of the plasmaflame (Ref 24) and hence the heat
transfer between particlesand the surroundinggases as well as
theviscosity of the particleson impact.

4.3 Weibull Analysis

Weibull characteristicsare listed in Table 6. The calculated
Welbull moduli can beclassified aslow (between 2.6 and 3.8)
for the distributionsof equivalent diameter, indicating a large
variability inthedata. Thisisdirectly related to the particlesize
distributionof the powder. The Weibull moduli of thedistribu-
tionsof theelongationfactor can beclassifiedasrelatively high
(between 18.1 and 9.4), indicatingasmall variability in thedata.
It can be assumed that thisnarrow distributionis partly induced
by the normal spray angle(e.g., 90°), which remained constant
for theentireset of experiments.

The Weibull moduli of the distributions of the degree of
splashing ranged from a maximum of 8.9 (TA02 spray parame-
ter set) toaminimum of 5.0 (TA04 spray parameter set), indicat-
ing a moderate variability in the data. Weibull plot analyses
performed over the data for the 25 smallest and 25 largest
equivalent diameters established a clear relationship between
these equivalent diameters and the corresponding degree of
splashing. Table7 summarizestheresultsrel ativeto theWeibull
analysisof TAO2 and TA04 data. Deposited particlesof high
equivalentdiameter tended to exhibit more splashing.

Table7 Weibullanalysisof degreeof splashingdatafor
the25 smallest and 25lar gest resultingequivalent diameters

Sdlest ED Largest ED
Ted m X0 m X0
TAQ2 19.6 125 11.1 155
TAO4 8.8 1.80 8.2 2.62

Table8 t-test comparisonof particlecharacteristics

4.4 t-Test Analysis

The particle characteristics were compared using the t-test
protocol. Table 8 presents the results. Gaussian analysis of
equivalent diameter was confirmed by the resultsof the t-test,
which indicated similarity between the data. The data sets
showed significantvariationsintheel ongationfactor, indicating
that the spread of animpinging particleon the substratesurface
isarandom phenomenon. Intermsof degreeof splashing,asdis-
cussed earlier the data sets showed a considerable variability
with spray parameters.

Thesimilaritiesbetween the mean valuesof thedistributions
of TAO4 and TAO6 data are interesting. They seem to indicate
that the velocity/temperature pairsof the particlesat theimpact
are similar, athoughthe spray parametersare different; thatis,
decreasing the chamber pressure allows higher spraying dis-
tances.

Assumption : H=(1/12) . d

010
'E' J Particle size distribution upper limit
= 0081 g R
a " [ ] [ ] ] »
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0.00 —r v
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Taguchi Spray Parameer Set

Fig.7 Variationsof thelower and upper limitsof thecalculated pow-
der particle diameters leading to splat formation for the different
Taguchi spray parameter sets

ED, EF, and DSindicatesmilarities(i.e., t valuegreater than 0.1) betweenthedata

Ted TAO1L TAQ2 TAO3 TAM

TAOS TA06 TAO7 TA08 TAW

TAO2 ED ED

(a) Referencespray parameter sli.e., parameters used by the LERMPS-IPSé)
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45 Geometric Relationships

Different rel ationshipsdefining geometriclinks between the
diameter of the impinging particle and the diameter and thick-
ness of the resulting flattened particle have been theoretically
and experimentally determined. Among these, the Madejski re-
lationships(Ref 8) areexpressedas:

D = (1.29d)(Re%?)

-t

whereD and H, respectively, arethediameter and the thickness
of thesplat, and d and Re, respectively, arethediameter and the
Reynolds number of theimpingingparticle.

Liuetal. (Ref 25) and Kitaura et d. (Ref 26) havelinked the
thicknessof asplat with the diameter of theimpingingparticle.
It appears that thisthicknessisin therangeof one-tenth the di-
ameter of theimpingingparticle.

By rearranging Eq 4 and 5, thediametersof impinging parti-
clesthat could lead to theformation of splatsweredefined, as-
suming that (1) the thickness/equivalent diameter ratioremains
constant and equal to one-twelfth, regardlessof the equivalent
diameter; (2) no partia vaporization of the particlesoccurstoin-
fluencesplat formation; (3) the splatsare considered to be per-
fectly cylindrical (i.e., constant thickness); and (4) the degrees
of flatteningof theimpinging particlesare close, regardless of
theinitia diameter. The results were then compared with the
particlesize distributionof the powder. Figure7 illustratesthe
evolutionof theextremeva uesobtained (e.g., smallestand larg-
est diameters) for the different Taguchi spray parameter sets.
Thelower and upper limitsof the particlesizedistributionof the
powder — equal to 5 and 88 um (0.005 and 0.088 mm), respec-
tively —arealsoindicated.

It appearsthat only afractionof theavailableparticlesizesis
used to form the splats, this fraction being related to the spray
parameters. Thesmallest particlesare probably vaporizedin the
plasma, the amount depending on plasma temperatureand ve-
locity. The largest particlescan be partialy or completely un-
molten on impact agai nst the substrateand hence rebound from
thesurfaceof thesubstrate,or their normal velocity can belower
than acritical velocity necessary toinducespreading.

Such amethod can be easily implemented to optimizespray
parameters for a given feedstock materia. The results dlow
specificationsto bedefined, especially thoserel ativeto optimal
particle size distribution, which may lead to minimal loss of

powder.

(Eq4)

(Eq5)

5. Conclusion

Geometriccharacteristicsof Astroloy splatson polishedcop-
per substrateswereexamined using optical microscopy withim-
age analysis. The effects of several controllable spray
parameters on the resulting particle shapes were investigated.
These spray parameters influence velocity and temperature
fields and therefore splat formation. Three primary spray pa:
rameterssignificantly affect theequivalentdiameters(i.e., flat-
tening of the particles) of the splats. the chamber pressure and
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the argon and hydrogen massflow rates (parametersthat influ-
ence the velocity and the temperatureof a particle beforeim-
pact). However, the elongation factor remains insensitive to
these parameters. In every case, a "'pancake’ shape was ob-
served, indicatingacompletely molten particlestateat impact.

Results of different statistical analyses were combined to
identify the main characteristicsof flattened particlesasafunc-
tion of spray parameters. The t-test permitted estimation of the
similaritiesbetween thedata, indicating (1) arelativesimilarity
between the equivalent diameters, regardless of the selected
Spray parameter setin theconsidered range; and (2) significant
differencesin the el ongation factor and in the degree of splash-
ing, the spread of an impinging particle being a random phe-
nomenon.

Determination of the Weibull parametersallowed definition
of the variability of the distributionsas afunction of the spray
parameters, indicatinglow moduli for the equivalentdiameters
(and thusahigh variability directly linked to particlesizedistri-
bution) and high moduli for elongation factors and degreesof
splashing. It appeared that the larger the size of theimpinging
particle, the higher the probability for the splashing phenome-
non to occur.

The particlediametersthat could lead to theformation of the
measured splats were also determined, assuming a constant
splat thicknessequal to one-twelfththe diameter of theimping-
ing particle. Thesplatsresult from asel ectedfractionof thepar-
ticlesizedigtribution. It was assumed that the smallest particles
are vaporizedin theplasmaflameduringflight and that thelarg-
est particlesare partially unmolten and may rebound at the sub-
stratesurface or may haveavelocity lower than acritical value
necessary for spreadingto occur.
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