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Effects of Vacuum Plasma Spray Processing
Parameters on Splat Morphology

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

Several statistical tools (i.e., Gaussian and Weibull distribution analyses, the ¢-test, and analysis of the
variance) were used to examine relationships between vacuum plasma spray processing parameters and
the morphology of flattened particles (splats) on a smooth, polished substrate. Astroloy, a nickel-base
powder, was vacuum plasma sprayed onto polished copper substrates under various processing condi-
tions. Different flattened particle shape factors, including equivalent diameter, elongation factor, and de-
gree of splashing, were determined using image analysis. The spray parameters (i.e., current intensity,
chamber pressure, argon mass flow rate, etc.) strongly influenced splat formation and morphology and

thus deposit microstructure and properties.

1. Introduction

ALTHOUGH commonly used by industry, direct-current plasma
spraying—particularly vacuum plasma spraying (VPS)—has
developed through trial-and-error empirical approaches. This is
essentially because VPS is relatively complex; more than 50 in-
terrelated parameters that influence the process have been iden-
tified (Ref 1). For example, the effect of coating microstructure
on mechanical properties is not well defined, and the relation-
ships between controllable spray parameters and coating micro-
structure are understood to only a limited degree.

Vardelle et al. (Ref 2) investigated the influence of several
important processing parameters on the velocity and tempera-
ture of particles within the plasma plume. A compromise appar-
ently exists between particle temperature and velocity. For
example, increased jet constriction induces increased jet veloc-
ity (and thus increased particle velocity), but simultaneously in-
duces decreased plume temperature by enhancing the
engulfment of the surrounding atmosphere. Therefore, the opti-
mum condition is based on the desired flattening behavior of the
individual droplet (particle).

The manner in which the deposit properties are linked to the
deposit microstructure is controlled by the flattening of the im-
pinging particles onto the substrate or previously deposited lay-
ers (Ref 3). The influence of spray parameters on the
morphology of flattened particles has 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). Surface roughness
strongly modifies particle flattening, whereas an off-normal
substrate orientation influences splat morphology. However, no
clear quantitative relationships have been demonstrated be-
tween these variables and deposit properties. Additionally, in the
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case of VPS, the influence of chamber pressure and the effects of
the elongated plasma plume on splat formation are not unambi-
guously established.

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

Table1l Chemical composition of Astroloy

Weight Parts per
Element percent Element millien
Nickel bal Boron 2000
Cobalt 18.80 Carbon 2000
Chromium 14.90 Silicon 2000
Molybdenum 4.99 Oxygen 85
Aluminum 3.99 Nitrogen 29
Titanium 3.55 Sulfur 5
Iron 0.11
Zirconium 0.04
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Fig. 1 Grain size distribution of Astroloy
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Fig. 3 Equivalent diameter, elongation factor, and degree of splash-
ing of a splat. (a) is an absolute number whereas (b) and (c) are ratii
where a number greater than unity represents an increase in tendency
to elongate or splash, respectively.
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Fig.2 Scanning electron micrograph of the Astroloy powder par-

Table2 TaguchiL8 (27) alias structure (a)

Test A B C D E F G
TAO1 - - - - - - -
TAO2 + - + - + - +
TAO3 - + + - - + +
TAO4 + + - - + + -
TAODS - - - + + + +
TA06 + - + + - + -
TAO7 - + + + + - -
TAOS + + - + - - +

(a) The L8 designation refers to a two-level orthogonal matrix constituted by eight tests and extrapolated from a 27 factorial design. The + and — signs represent the
upper and lower levels of the design, respectively.

Table3 Spray parameters for VPS deposition

Spray parameter(a)
Test P1 P2 P3 P4 Ps P6 P7
TAO1 650 60 60 6 300 4 3
TAO2 650 60 40 10 240 2.8 3
TAO03 650 120 60 6 300 2.8 3
TA04 650 120 60 10 240 4 3
TAOS 720 60 60 6 240 2.8 3
TAO06 720 60 60 10 300 4 3
TAO7 720 120 40 6 240 4 3
TAO08 720 120 40 10 300 2.8 3
TAO09(b) 700 60 50 8 270 34 3

Note: The relative gun/substrate velocity was kept constant and equal to 1 m/mun during the entire set of Taguchi experiments. (a) P1, current intensity (A); P2, cham-
ber pressure (mbar); P3, argon volume flow rate (L/min); P4, hydrogen volume flow rate (L/min); PS5, spray distance (mm); P6, carrier gas (argon) volume flow rate
(L/min); P7, powder feed rate (g/min).
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Fig.4 Typical splat morphology (TAQ6 spray parameter set)

Gaussian analysis, Weibull distribution analysis, the t-test, and
analysis of the variance are implemented.

2. Experiments

2.1 Material Characterization

The feedstock was Astroloy, a nickel-base alloy (Table 1),
with a particle size distribution as shown in Fig. 1. The particle
morphology (Fig. 2) was characterized as spherical, a shape
typically obtained from the gas atomization process.

2.2 Spray Conditions

The substrates were ground and polished to determine the
characteristics of individual flattened particles. The polishing
consisted of grinding with 600 grit SiC paper, followed by dia-
mond slurry polishing using, in sequence, 5, 1, and 0.1 um dia-
mond grit. After polishing, the substrates exhibited surface
roughnesses ranging from 0.1 to 0.3 pm.

The powder was vacuum plasma sprayed at chamber pres-
sures of 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 a divergent nozzle. One pass at 1
m/min velocity was performed in front of each sample.

The influence of various spray parameters can be studied us-
ing a number of statistical design of experiment strategies, The
Taguchi method permits definition of the influences of the proc-
essing parameters and their relative importance (Ref 11). The
“analysis of the variance” (ANOVA) method allows precise de-
termination of the influence of each parameter over the meas-
ured results (Ref 12) by determining the ratio of the calculated
Fisher number to the listed Fisher number. The Fisher number,
defined as the ratio of the parameter variance to the residue vari-
ance, outlines the importance of a given parameter compared to
the effect of the residue. In this study, a Taguchi L8 (27) experi-
mental desigh without repetition was used to build the different
experimental sets (Tables 2 and 3). In such a case, the sum of the
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two smallest average values is taken as a residue (data pooling)
(Ref 12). This residue is used to calculate the Fisher numbers;

the effects of the resulting test parameters are 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 circle with the same area as the selected feature;
the elongation factor (EF), defining the noncircular nature of the
selected feature (unity being a perfect circle); and the degree of
splashing (DS), indicating the importance of peripheral material
projections at the impact (unity resulting from the absence of
such projections). The mathematical relationships of these
shape factors are

12
ED = [ﬂ) Eql)

)
-

where A is the area of the selected feature (mm?), L is the longest
dimension (mm), and P is the perimeter (mm) (Fig. 3).

Each measurement series of 50 readings was randomly lo-
cated. The resulting data were adjusted by subtracting the two
largest and the two smallest data points to discriminate against
atypical values. The presented results refer to the adjusted data.

3. Statistical Analysis

Several statistical analyses were performed on the collected
data. The data scatter was determined using the mean value, {1,
and the standard deviation, o, of the Gaussian distribution (Ref
15). The variability within the distributions was estimated by
calculating the Weibull parameters—that is, Weibull modulus,
m, and characteristic value, xo (Ref 16), which, respectively, re-
flect the data scatter and the 63.2% percentile of the cumulative
density. Determination of these parameters was accomplished
by the curve-fitting method (Ref 17-20).

The data were discriminated using the #-test (Ref 21). This
statistical procedure compares the hypothesis that the means of
data sets are, or are not, identical-—assuming that the sample
populations of the data sets belong to Gaussian distributions,

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 particle before the impact (Ref 5) and, very likely, a
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Table4 Flattened particle characteristics

ED, mm EF DS
Test P- <) o/p M Y o/ [ o o/
TAOL 0.107 0.033 0.308 1.35 0.10 0.07 1.77 0.39 022
TAO2 0.096 0.039 0.406 1.24 0.07 0.05 1.35 0.17 0.12
TAO3 0.096 0.032 0.333 1.38 0.14 0.10 1.83 0.39 0.21
TA04 0.100 0.030 0.300 1.43 0.16 0.11 2.09 0.47 022
TAO5 0.094 0.031 0.330 1.32 0.13 0.10 1.59 0.39 0.24
TAO06 0.088 0.032 0.363 145 013 0.09 2.03 0.38 0.19
TAO7 0.078 0.023 0.294 1.34 0.12 0.09 1.65 0.37 0.22
TAO8 0.087 0.027 0.310 1.39 0.11 0.08 1.93 0.34 0.17
TAQ9(a) 0.090 0.033 0.366 1.37 0.12 0.09 2.00 0.39 0.19

(a) Reference spray parameters (i.¢., parameters used by the LERMPS-IPS€)
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Fig.5 Arithmetic average and standard deviation (represenied by error bar) of the splat characteristics. (a) Equivalent diameter. (b) Elongation factor.
(c) Degree of splashing
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complete flattening of the particles prior to solidification (Ref
22).

4.2 Gaussian Analysis

The results of the Gaussian analyses are summarized in Table
4 and Fig. 5, where error bars indicate the standard deviation.
The data indicate that the variations of the spray parameters in
the examined range did not substantially modify the particle
morphologies. This is not surprising, because the range of the
parameters was relatively small and close to the reference pa-
rameters (i.e., parameters developed and commonly used at
France’s LERMPS-IPS€) in order to optimize the process.

The relationship between the degree of splashing and the
equivalent diameter of particles can be outlined. For example,
Fig. 6 displays this evolution for the TA02 and TA04 spray pa-
rameter sets, which are characterized by the two extreme values
of the arithmetic average of the degree of splashing (1.35 and
2.09, respectively). A general trend is that smaller particles do
not splash as much as larger ones. Moreover, this trend depends
on the spraying parameters and is less pronounced for the TA02
spray parameter set, which is characterized by the highest ratio
of hydrogen mass flow rate to argon mass flow rate (Ho/Ar) and
the lowest chamber pressure of the Taguchi design. The physical
explanation of such correlations is that the higher-momentum
particles cannot dissipate energy sufficiently rapidly during im-
pact against the substrate and that the solidification during the

Table5 ANOVA analysis of equivalent diameter results
Confidence level of 95 %

————e

splat process provides anificial
splashing.

The ANOVA method has been performed over these data to
better understand the relative influence of each Spray parameter.
The spray parameters do not significantly affect the elongation
factor and the degree of splashing in the examined range, butdo
affect the equivalent diameter. Table 5 summarizes the ANOVA

protuberances that give rise to

4 " 1 A " H
B TAO02
o
O TAO04
General Trends (only) I

Degree of Splashing

0.00 0.05 0.20

Equivalent Diameter [mml]

Fig. 6 General trend and evolution of the degree of splashing of
splats versus their equivalent diameter {TAQ2 and TA04 data)

Spray Calculated Tabulated

parameter(a) Fisher number Fisher number Effect Rank
Pl . .. Insignificant 6
P2 142 18.2 Significant 3
P3 224 182 Significant 2
P4 622 18.2 Significant 1
P5 22 18.2 Insignificant 4
P6 22 18.2 Insignificant 4
P7 Insignificant 6

Note: The tabulated Fisher number is equal to the degree of freedom of the data over the degree of freedom of the residue, taken as respectively equal to 7 and 2. If the
calculated Fisher number is greater than the tabulated Fisher number, the effect of the parameter is considered to be significant and vice versa. (a) See Table 3 for

definition of spray parameters.

Table6 Weibull analysis of equivalent diameter, elongation factor, and degree of splashing data

ED EF DS

Test m X9 m X0 m Xo

TAO1 3.6 0.118 15.0 1.39 5.1 192
TAQ2 26 0.108 18.1 1.27 8.9 1.42
TA03 34 0.107 10.4 1.45 52 1.99
TAO4 38 0.110 9.4 1.51 5.0 228
TA05 34 0.105 11.0 1.38 46 1.74
TAO6 32 0.099 12.0 1.51 6.1 2.19
TAQ7 35 0.088 12.5 1.39 52 1.79
TAO8 37 0.097 13.8 1.43 6.3 2.07
TA09a) 3.1 0.101 12.4 142 58 2.16

(a) Reference spray parameters (i.e., parameters used by the LERMPS-IPSé)
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results for these data at a confidence level of 95%. The influence
has been ranked, from a general point of view, from the most in-
fluential (rank number 1) to the least (rank number 6). Three
controllable spray parameters produce significant effects: hy-
drogen mass flow rate, argon mass flow rate, and chamber pres-
sure. The first two parameters influence the velocity field in the
plasma flame (Ref 23) and therefore the dwell time of the parti-
cles and their velocities at impact. They also influence the tem-
perature field of the plasma flame (Ref 24) and hence the heat
transfer between particles and the surrounding gases as well as
the viscosity of the particles on impact.

4.3 Weibull Analysis

Weibull characteristics are listed in Table 6. The calculated
Weibull moduli can be classified as low (between 2.6 and 3.8)
for the distributions of equivalent diameter, indicating a large
variability in the data. This is directly related to the particle size
distribution of the powder. The Weibull moduli of the distribu-
tions of the elongation factor can be classified as relatively high
(between 18.1 and 9.4), indicating a small variability in the data.
It can be assumed that this narrow distribution is partly induced
by the normal spray angle (e.g., 90°), which remained constant
for the entire set 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) to a minimum 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. Table 7 summarizes the results relative to the Weibull
analysis of TAO2 and TA04 data. Deposited particles of high
equivalent diameter tended to exhibit more splashing.

Table7 Weibull analysis of degree of splashing data for
the 25 smallest and 25 largest resulting equivalent diameters

Smallest ED Largest ED
Test m X0 m X0
TAO2 19.6 125 11.1 1.55
TAM4 8.8 1.80 8.2 2.62

Table 8 ¢-test comparison of particle characteristics

4.4 t-Test Analysis

The particle characteristics were compared using the ¢-test
protocol. Table 8 presents the results. Gaussian analysis of
equivalent diameter was confirmed by the results of the ¢-test,
which indicated similarity between the data. The data sets
showed significant variations in the elongation factor, indicating
that the spread of an impinging particle on the substrate surface
is arandom phenomenon. In terms of degree of splashing, as dis-
cussed earlier the data sets showed a considerable variability
with spray parameters.

The similarities between the mean values of the distributions
of TAO4 and TAQ6 data are interesting. They seem to indicate
that the velocity/temperature pairs of the particles at the impact
are similar, although the spray parameters are different; that is,
decreasing the chamber pressure allows higher spraying dis-
tances.

Assumption : H = (1/12) . d

0.10
E‘ Particle size distribution upper limit
=  0.08 - -
g T . T
i 1 i
§ oo Tl
[
ol
E 0.04 1 B
k-4 L n
[ ] A " | L
% 0.02 ] ! 4
§ 71 Particle size distribution lower limit

®T3i s g 885 g8

S & £ &8 &€ &8 & € 8

Taguchi Spray Parameter Set

Fig.7 Variations of the lower and upper limits of the calculated pow-
der particle diameters leading to splat formation for the different
Taguchi spray parameter sets

ED, EF, and DS indicate similarities (i.e., # value greater than 0.1) between the data

Test TAO1 TA02 TAO3 TAM4

TAOS TA06 TAO7 TA08 TA0Y

TAO1
TAO2 ED ED
TAO3
TA04

TAO5
TA06
TAO7
TAO8
TAO09(a)

(a) Reference spray parameters (i.e., parameters used by the LERMPS-IPS¢)
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ED
ED EF
EF
DS

ED ED

ED
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4.5 Geometric Relationships

Different relationships defining geometric links 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) are expressed as:

D = (1.29d)Re%?) (Eq4)

8

where D and H, respectively, are the diameter and the thickness
of the splat, and d and Re, respectively, are the diameter and the
Reynolds number of the impinging particle.

Liu et al. (Ref 25) and Kitaura et al. (Ref 26) have linked the
thickness of a splat with the diameter of the impinging particle.
It appears that this thickness is in the range of one-tenth the di-
ameter of the impinging particle.

By rearranging Eq 4 and 5, the diameters of impinging parti-
cles that could lead to the formation of splats were defined, as-
suming that (1) the thickness/equivalent diameter ratio remains
constant and equal to one-twelfth, regardless of the equivalent
diameter; (2) no partial vaporization of the particles occurs toin-
fluence splat formation; (3) the splats are considered to be per-
fectly cylindrical (i.e., constant thickness); and (4) the degrees
of flattening of the impinging particles are close, regardless of
the initial diameter. The results were then compared with the
particle size distribution of the powder. Figure 7 illustrates the
evolution of the extreme values obtained (e.g., smallest and larg-
est diameters) for the different Taguchi spray parameter sets.
The lower and upper limits of the particle size distribution of the
powder-— equal to 5 and 88 um (0.005 and 0.088 mm), respec-
tively—are also indicated.

It appears that only a fraction of the available particle sizes is
used to form the splats, this fraction being related to the spray
parameters. The smallest particles are probably vaporized in the
plasma, the amount depending on plasma temperature and ve-
locity. The largest particles can be partially or completely un-
molten on impact against the substrate and hence rebound from
the surface of the substrate, or their normal velocity can be Jower
than a critical velocity necessary to induce spreading.

Such a method can be easily implemented to optimize spray
parameters for a given feedstock material. The results allow
specifications to be defined, especially those relative to optimal
particle size distribution, which may lead to minimal loss of
powder.

5. Conclusion

Geometric characteristics of Astroloy splats on polished cop-
per substrates were examined using optical microscopy with im-
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-
rameters significantly affect the equivalent diameters (i.e., flat-
tening of the particles) of the splats: the chamber pressure and
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the argon and hydrogen mass flow rates (parameters that influ-
ence the velocity and the temperature of a particle before im-
pact). However, the elongation factor remains insensitive to
these parameters. In every case, a “pancake” shape was ob-
served, indicating a completely molten particle state at impact.

Results of different statistical analyses were combined to
identify the main characteristics of flattened particles as a func-
tion of spray parameters. The r-test permitted estimation of the
similarities between the data, indicating (1) a relative similarity
between the equivalent diameters, regardless of the selected
spray parameter set in the considered range; and (2) significant
differences in the elongation factor and in the degree of splash-
ing, the spread of an impinging particle being a random phe-
nomenon.

Determination of the Weibull parameters allowed definition
of the variability of the distributions as a function of the spray
parameters, indicating low moduli for the equivalent diameters
(and thus a high variability directly linked to particle size distri-
bution) and high moduli for elongation factors and degrees of
splashing. It appeared that the larger the size of the impinging
particle, the higher the probability for the splashing phenome-
non to occur.

The particle diameters that could lead to the formation of the
measured splats were also determined, assuming a constant
splat thickness equal to one-twelfth the diameter of the imping-
ing particle. The splats result from a selected fraction of the par-
ticle size distribution. It was assumed that the smallest particles
are vaporized in the plasma flame during flight and that the larg-
est particles are partially unmolten and may rebound at the sub-
strate surface or may have a velocity lower than a critical value
necessary for spreading to occur.
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