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most important parameters influencing the microstructure of
the coating.[1]

Typically, thermal spray processes have been optimized and
controlled by empirically tuning the numerous spray gun param-
eters and examining the resulting properties of the coating. This
approach has major drawbacks, however, since a vast number of
parameters need to be monitored and controlled. In addition,
other, uncontrollable parameters such as electrode wear and
changes in the particle injection conditions significantly affect
the process. Accordingly, a high degree of reproducibility and
stability of the process cannot be ensured.

Modern techniques have made it possible to observe the par-
ticles in flight and to determine their properties. This on-line
measurement of particle properties has a potential for becoming
an effective diagnostic tool for controlling the plasma-spray
process, particularly since it then suffices for a few parameters
to be attended to, specifically the particle properties, rather than
the numerous spray gun parameters. By moving control of the
process one step closer to the coating, uncertainty regarding the
uncontrollable parameters is eliminated and an increase in
process stability and an improvement in quality standards can be
achieved. Such an approach can help eliminate control by trial
and error solutions.[2]

In order to improve the reproducibility of the spray process,
it is necessary to understand the relations between the spray gun
parameters, the characteristics of the sprayed particles, and the
properties of the coating. A significant number of investigations
have been published concerning relationships between process
parameters, on the one hand, and microstructure, mechanical
properties, on the other.[3–8] However, no statistical investigation
of the influence of the process parameters on the in-flight parti-
cle properties has, according to the authors’ knowledge, been
published. The present paper, Part 1 in a series of two papers,
presents experimental results obtained in on-line measurements
of particle properties. Statistical methods are used to determine
the influence of the spray gun parameters on the particle proper-

1. Introduction

Thermal spraying is a critical material-coating technique,
currently being used in numerous applications, such as in pro-
ducing thermal-barrier, wear-resistant, and abradable coatings.
Further improvements in this technique within the present fields
of application and expansion into other fields require an increase
in the reliability and reproducibility of the process.

The thermal spray coating process is based on powder parti-
cles being introduced into a plasma plume, cf.Fig. 1. Transfer of
heat and momentum takes place while the particles are being
melted and accelerated, traveling through the plasma plume to-
ward the target. Due to large temperature and velocity gradients
in the plume, small changes in the spray gun parameters and in
the powder injection can result in significant changes in the prop-
erties of the particles.

Upon impact at the substrate surface, the individual molten
or partially molten particles flatten, adhere, and solidify, build-
ing up the coating particle by particle. The particle velocity
and temperature prior to impact, together with the substrate
temperature, determine the degree of flattening and adhesion
of the particles. This, in turn, influences the solidification rate
and the microstructure of the coating. Thus, the velocity and
the temperature of the particles prior to impact are among the
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ties. In Part 2,[9] a numerical simulation of the process is pre-
sented, using the same spray gun parameters and settings as in
Part 1.

2. Coating Material

Yttria-stabilized zirconia (7.7 wt.% Y2O3) powder was se-
lected as the coating material. In all 16 of the spray experiments,
powder from the same lot, similar in size distribution, was used.
The particle size distribution of the powder sample, obtained by
calculating the percentage of particles obtained between con-
secutive steps of screening, as taken from the mass fractions at
each step, is shown in Fig. 2. It was found that 85% of the parti-
cles were in the diameter range of 10 to 40 mm.

3. Experimental

All experiments were performed using a SM-F-100 Connex
(Sulzer Metco, Wohlen, Switzerland) gun controlled by an au-
tomated and robotized Sultzer Metco (Wohlen, Switzerland)
A3000 air plasma unit.

The characteristics of the particles traveling through the
plasma flame were determined at a standoff distance of 70 mm
from the spray gun nozzle exit. These measurements were made
using the optical system DPV 2000, developed by the National
Research Council of Canada (Industrial Materials Institute,
Boucherville, PQ, Canada) and Tecnar Automation Ltée (St-Hu-
bert, PQ, Canada). Each measurement sequence lasted 1 to 2
min, during which 300 to 1000 particles were detected.

In brief, the DPV 2000 collect radiation from passing particles

optically through a lens covered by a two-slit mask. On the basis
of the radiation transmitted through theseslits, thedistancesetbe-
tween the slits and the particle transit time, the particle velocity
can be calculated with an error of less than 5%. Particle tempera-
ture is determined simultaneously, based on the gray body as-
sumption, by measuring the thermal radiation intensity at two
different wavelengths (using a two-color pyrometer). Accord-
ingly, the measured temperature is a gray body temperature,
whichmightdifferup to200°C if theemissivitiesat the twowave-
lengths differ by 5%. The particle diameter is estimated after cal-
ibration of the DPV 2000 on the basis of the radiation measured at
one wavelength when the temperature of the particle is known. A
detaileddescriptionofDPV2000 isavailable in the literature.[10,11]

Fig. 1 Schematic diagram of the spray gun

Fig. 2 Size distribution of sintered and agglomerated zirconia. Each
bar is drawn at the center of the respective interval. Note that, in reality,
the diameter distribution is continuous



The DPV 2000 with its current configuration can measure
particle velocity in the range 20 to 300 m/s, particle temperature
above 1700 °C, and particle size below 130 mm. The performed
measurements were well within these limits. Concerning the un-
certainty and error of the measurement device, it can be con-
cluded that a systematic error will not affect the statistical
analysis; instead, it will only add a constant to the result. The in-

fluence of a random error is negligible, since the statistical eval-
uation is performed based on the mean value of a large (more
than 500) number of particles.

The experimental data was obtained while thermal barrier
coating (TBC) samples were being prepared. Since the meas-
urement system requires the spray gun to be stationary, the mea-
surements were made prior to and after each coating deposition,
resulting in a 16 3 2 data series for each particle property.

Particles of different size will differ in their trajectories
through the plasma plume. One could assume that small parti-
cles fail to penetrate the core but instead float on top of the
plasma plume, whereas large particles penetrate the core and
reach the lower part of the plume. Furthermore, the particle tra-
jectories will change with different settings of the spray gun pa-
rameters. Accordingly, particle distribution in the plasma plume
appears to be very complex.

The DPV 2000 measures particles in a small volume, at a po-
sition in the plasma plume that is determined by an auto focus
procedure designed to focus on the highest particle density. In
order to verify that this location is a proper indicator of particle
property variation due to different settings of the spray gun pa-
rameters, the following steps were taken.

The spatial position of the measure volume was observed for
the measurements performed prior to and after each coating dep-
osition. The deviation of the zand ypositions was less than 60.5
mm along each axis (Fig. 1 shows the axis reference). Consider-
ing that the size of the measure volume is approximately Dz 5
200, Dx 5 330, and Dy 5 2000 mm,[10] the y-axis deviation can
be neglected. The z-axis deviation, however, is of the same mag-
nitude as the measure volume height, which indicates that there
might exist a deviation between the measurements performed
prior to and after each coating deposition. To investigate how
sensitive the particle property values are to variation of the spa-
tial location of the measure volume, a cross section of the plasma
plume at standoff distance was examined for one of the experi-
mental parameter settings. Selecting the focus spot as the origin
of coordinates, 12 other spots were manually located and mea-
sured. From Fig. 3(a) and (b), it can be seen that the variation of
particle velocity and particle temperature due to spatial devia-
tion of the focusing point is very small, indicating that the fo-
cused volume well represents the particle property variation.

Furthermore, a hypothesis testing at the 99% confidence level
was performed to evaluate whether the difference between the
particle data obtained before and after each deposition was sig-
nificant. This test was performed for all 16 treatments. The test
showed the difference between the two measurements to be neg-
ligible. Thus, the repeatability of the auto focusing procedure
and, thereby, the reproducibility of the experiment were found
to be good.

Concerning the statistical analysis, the data series obtained
prior to and after each coating deposition were merged and were
randomly reduced to consist of the same number of observations
as the shortest series. This resulted in 16 series, each containing
596 measured values.

4. Design Parameters

The objective of the experiment was to investigate how the
spray gun parameters, namely, current (C), argon flow rate (A),
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(a)

(b)

Fig. 3 Contour plots of particle velocity and temperature in a cross
section at standoff distance for treatment 14. The gray area indicates the
variation of the spatial location (60.5 mm) of the measure volume be-
tween different auto focusing operations. Points indicate measured val-
ues: (a) particle velocity and (b) particle temperature



hydrogen flow rate (H), and powder feed rate (P), influence the
velocity, temperature, and size of the particles. These parame-
ters are known to yield significant variation in the TBC mi-
crostructure, a fact that puts these specific parameters in focus
for investigation. The ranges of the parameters were chosen to
vary around a standard production setting with the aim of pro-
ducing porous coatings. These different parameters and their
ranges are given in Table 1.

The experiment was designed as a full 24 factorial design,
each of the four factors having 2 levels and there being 16 treat-
ments altogether. Thus, there are 15 different treatment effects
that show the influence of all factors and of all possible factor
combinations, i.e., two-, three- and four-factor interaction ef-
fects. The design matrix is given in Table 2, a plus sign there de-
noting high-level value and a minus sign a low-level value of
factors C, A, H,and P according to the figures shown in Table 1.

5. Statistical Analysis

The statistical analysis of the experimental data is presented
in terms of three separate investigations.

5.1 Investigation 1: Mean Values of the Particle
Properties

The experimental data were analyzed using the multivariate
analysis of variance (Manova),[12] aimed at testing appropriate
hypotheses regarding the possible treatment effects of f factors
at n levels and estimating these effects. Thus, the Manova as-
sesses the impact of the f different factors on the response, the

impact of the different factor interactions on the response, and
the correlation between the responses. The term f in the present
case represents the four spray gun parameters and ndenotes high
and low level, respectively.

The Manova provides hypothesis testing concerning which of
the treatments have a significant effect. This requires that the data
be normally distributed and that each treatment contain the same
number of observations. To this end, each of the individual par-
ticle properties was transformed to a normally distributed series.
Using an iterative method for each property, a proper transfor-
mation rule was determined and was successively refined.

The variation in particle velocity, temperature, and diameter
was analyzed using a model that included the effects of the spray
gun parameters and of their interactions. The r observed values
(1 to 596) in each treatment could be described in terms of the
following relation:

(Eq 1)

where Xklmnr is the vector response consisting of the components
particle velocity, temperature, and diameter. The vector m de-
notes the mean values of all the treatments. The vectors Ck, Al,
Hm, and Pn are the effects of current, argon, hydrogen, and pow-
der feed rate, with indices k, l, m,and n representing high and
low levels of each factor, according to Table 2. Interactions be-
tween the parameters, such as between current and argon, are
represented in the form CAkl. The remaining terms are inter-
preted similarly. The random error is denoted by eklmnr.

Figure 4 shows a typical example of how the mean value of
the particle characteristics (in this case, velocity) can differ as a
result of different settings of the spray gun parameters. In the di-
agram, particle velocity versus particle frequency is plotted for
treatments 10 and 15.

5.2 Investigation 2: Dispersion of Particle Velocity
and Temperature

The standard deviations for particle velocity, sV, and for tem-
perature, sT, were calculated for each of the 16 data series. The
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Table 1 The factors investigated and their high and low
levels

Factor 1 Level 2 Level Unit

C Current 420 300 A
A Argon 32 23 slpm(a)
H Hydrogen 5 3 slpm
P Powder feed rate 70 40 g/min

(a) Standard liters per minute

Table 2 The 24 factorial design matrix

Treatment C A H P

1 2 2 2 2
2 2 2 2 1
3 1 2 2 2
4 1 2 2 1
5 2 1 2 2
6 2 1 2 1
7 1 1 2 2
8 1 1 2 1
9 2 2 1 2
10 2 2 1 1
11 1 2 1 2
12 1 2 1 1
13 2 1 1 2
14 2 1 1 1
15 1 1 1 2
16 1 1 1 1

Fig. 4 Example of the difference between the mean values for two
treatments



standard deviation is defined as

(Eq 2)

where yi denotes the particle characteristic, n the number of ob-
served particles, and –y the mean value of the respective particle
property for each treatment.

Of interest here was the impact of the main factors on the par-
ticle property dispersion, the impact of the factor interactions
being neglected. The observed values can be described in terms
of the following model, where Xklmnr is either sV or sT:

(Eq 3)

An example of how the dispersion of the particle velocity
varies with different settings of the spray gun parameters is
shown in Fig. 5. A clear difference in dispersion can be seen be-
tween treatments 1 and 16.

5.3 Investigation 3: Correlation between Particle
Properties

The third investigation concerns the influence of the spray
gun parameters on the correlation between the particle proper-
ties. Correlation is a measure of the linear association between
two variables and varies between 11 and 21. A positive corre-
lation between two variables implies that, if one variable has a
high value, the other one also tends to have a high value. Nega-
tive correlation implies that, if one variable has a high value, the
other one tends to have a low value. Correlation coefficients
were calculated for each of the 16 data series. Figure 6 shows the
correlation between particle velocity and temperature for treat-
ments 6 and 11.

6. Results

Figure 7 shows the mean velocity, temperature, and diameter
of the particles. Clear differences in particle properties between
the different treatments can be seen. The largest difference in
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mean particle velocity (59 m/s) is between treatments 10 and 15.
Concerning particle temperature, the largest difference (310 °C)
is found between treatments 6 and 11. The difference in particle
diameter between treatments 6 and 12 is 7.3 mm. Obviously, the
mean sizes of the particles in the most radiant spot can differ, de-
pending upon the spray gun setting.

In analyzing the measured values shown in Fig. 7, certain pat-
terns can be recognized. These are shown in Fig. 8. In using the
design matrix (Table 2) to interpret Fig. 8(a), a rather clear dis-
tinction between different groups appears. All treatments inside
the left dotted ellipse have the low current-level setting, while
those inside the right dotted ellipse have the high current-level
setting. In addition, the upper solid ellipse shows the argon set
at the low level, while the solid ellipse below this shows the
argon set at the high level. The triangles denote low-level setting
of the powder feed rate, while the dots denote the high level. The
difference between the high and the low level of hydrogen is not
shown in the diagrams, since it was not as consistent as the dif-
ference obtained between the high and the low levels of the other
parameters, and Fig. 8(b) should be interpreted in a similar way,
since the treatment groupings are the same. In Fig. 8(c), only the
current and powder feed rate are marked, since the influence of
argon is unclear. One can definitely suspect that the spray gun
parameters’ current, argon flow rate, and powder feed rate have
a strong influence on the particle characteristics.
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Fig. 5 The difference in standard deviation between two different
treatments

(a)

(b)

Fig. 6 Scatter plots of particle velocity vs temperature for treatments
(a) 6 and (b) 11



6.1 Investigation 1

The first investigation (Section 5.1) concerned the influence
of the spray gun parameters and their interactions on the mean
particle values. The hypothesis testing at the 99% confidence
level showed factors C, A, H, and P and the two-factor interac-
tions CA, CP, AH, and HP to have a significant influence on the
response.

The treatment effects calculated for the factors and the two-
factor interactions that were significant are shown in Fig. 9
(black squares), calculated in terms of the total mean value for
each response. In Fig. 9, the low and high levels of each param-

eter are connected by a solid line. A solid line inclined to the
right (/) shows that an increase in the factor level leads to an in-
crease in the variable, and a line inclined to the left (\) shows that
an increase in the factor level leads to a decrease in the variable.
An interaction effect is defined as the average difference be-
tween the effect of parameter A when parameter B is high (B1)
and the effect of parameter A when parameter B is low (B2). For
example, the interaction effect CP in Fig. 9(a) describes the dif-
ference in the influence of current on the particle velocity when
the powder feed rate is high and when it is low. Obviously, the
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(a) (a)

(b) (b)

(c)
(c)

Fig. 7 (a) Mean velocity, (b) temperature, and (c) diameter for the 16
experimental settings Fig. 8 Mean values of the 16 different treatments, showing trends in

the particle properties



largest effects on the particle properties originate from the main
factors, especially current, argon flow rate, and powder feed rate.
Regarding particle velocity, current was found to have the
largest influence. The current being set at the high level results
in a 29 m/s higher particle velocity than in the case of the low-
level setting. The corresponding values for argon, hydrogen, and
powder feed rate are 7, 4, and 211 m/s. The most favorable pa-
rameter settings for achieving the highest [1 1 1 2] and the
lowest [2 2 2 1] particle velocities result in a difference in

particle velocity of 51 m/s due to the direct effects of the main
parameters and of 8 m/s due to the interaction between the main
parameters, a difference of 59 m/s altogether. Using a similar ap-
proach regarding the particle temperature shows the main para-
meters to yield a temperature difference of 288 °C and the
parameter interactions to yield a difference of 22 °C, resulting in
a total temperature difference of 310 °C between the highest and
lowest particle temperatures, as achieved with the parameter set-
tings [1 2 1 2] and [2 1 2 1].

Note that, although an interaction between the factors is found,
its influence is small compared with the direct influence of each
factor separately. Nevertheless, in controlling the spray process,
one should be aware of the effect this interaction can have.

An important result to be seen in Fig. 9 is that the argon flow
rate is the only parameter affecting particle velocity and tem-
perature in opposite directions. A high level of argon flow rate
has a positive effect on particle velocity and a negative effect on
particle temperature.

Figure 8 shows the trends found for particle properties,
smaller particles having a higher temperature and velocity than
larger particles. In Fig. 9 (black squares), the same inverse rela-
tionship can be seen.

Despite all the powder used in the 16 treatments being taken
from the same lot and being similar in each case in size distri-
bution, Fig. 7(c) shows the treatments to differ nevertheless in
mean particle size. The explanation of this could possibly be that
the degree of particle evaporation and/or agglomeration varied
with the parameter settings. However, modeling of the plasma
spray process[9] has shown that the particle temperature is too
low and the dwell time in the plasma too short for particle evap-
oration to be significant.

Another explanation could be that differences in the settings
of the spray gun parameters altered the properties of the plasma
plume and thus the trajectories of the particles, making the par-
ticle distribution passing through the measured volume different
for each treatment. To exclude the possibility that the velocity
and temperature effects derive simply from measurements made
on particles of differing size distributions, treatment effects were
calculated for particles in the size range of 20 to 30 mm, which
included 45% of the particles. The circles in Fig. 9 show that
mean particle size is constant and is only 25 mm, there being no
variation due to the spray gun parameters. However, the particle
velocity and temperature effects obtained were similar. Results
for the particle size ranges of 10 to 20 mm and 30 to 40 mm (the
range 10 to 40 mm includes 85% of the particles) were also sim-
ilar. It can thus be concluded that the variation in particle veloc-
ity and temperature between different treatments derives from
variation in the parameters.

6.2 Investigation 2

The hypothesis testing shows factors C, A, H, and P to have
a significant influence on the standard deviation of the particle
properties. The effects of the different treatments were calcu-
lated, and the results are shown in Fig. 10. The current and the
argon flow rate are the factors that influence the particle veloc-
ity dispersion most. An increase in current and in argon flow rate
increases the dispersion.

The particle temperature dispersion is most strongly af-
fected by the current and the powder feed rate. An increase in
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(a)

(b)

(c)

Fig. 9 Response of the particles in terms of (a) velocity, (b) tempera-
ture, and (c) diameter to variations in the level of single factors and to
two-factor interaction effects. The black squares show effects based on
the total mean value of all the particles, whereas the circles show effects
based only on particles in the size range of 20 to 30 mm



either or both of these results in an increase in the temperature
dispersion.

On the basis of Fig. 10, it can be concluded that the smallest
velocity dispersion is achieved when all the parameters are set at
their low level, as is the case in treatment 1. The highest veloc-
ity dispersion is obtained when all the parameters are set at their
high level, as in treatment 16, cf. Fig. 5.

6.3 Investigation 3

Investigation 3 concerns the influence of the spray gun 
parameters on the correlation between particle velocity and tem-
perature.

The hypothesis testing indicates the main factors C, A, H, and
P to all have a significant influence on the correlation of the par-
ticle properties. The treatment effects are shown in Fig. 11. The
parameters having the largest effect on the correlation between
particle velocity and temperature were argon mass flow and hy-
drogen mass flow, the effect of the former being greater. The av-
erage correlation for the 16 treatments was 0.40. To achieve a
maximum and a minimum correlation, the spray gun parameters
C, A, H, and P were set as shown in Fig. 11, i.e.,at [2 1 2 1]
and [1 2 1 2]. Figure 6 presents these treatments as scatter
plots, treatment 11 showing the lowest correlation, one of 0.24,
and treatment 6 showing the highest correlation, one of 0.54. As

can be seen in Fig. 6, particles of high temperature tend to have
a high velocity, and particles of low temperature show a low ve-
locity. These trends were stronger for the data shown in Fig. 6(a)
than for the data shown in 6(b), as indicated by the respective in-
clinations of the straight lines fitted to the data by the least-
squares method. The correlation between particle velocity and
temperature can thus obviously be controlled by the spray gun
parameters.

6.4 Coating Characteristics

Microstructural evaluation of the coatings produced with the
different process parameter conditions was performed. A com-
prehensive investigation is given in Ref 13.

The evaluation was performed by the method of point count-
ing, and two of the treatments, namely, treatment 2 with a total
porosity of 31% and treatment 15 with a total porosity of 21%,
are here presented as examples of the resulting microstructures.

The setting of the parameters C, A, H, and P are inverse in
treatment 15 as compared to treatment 2 (Table 3). This is re-
flected first in the in-flight particle properties, as given in Table
3, and finally also in the resulting microstructures. As can be
seen, the more porous coating in Fig. 12(a) corresponds to the
lower particle velocity and temperature of treatment 2, while the
higher particle properties of treatment 15 correspond to the
denser coating in Fig. 12(b), all in accordance with the findings
of Prystay et al.[1]

7. Discussion

The spray gun parameters of most and second most impor-
tance as regards the impact on the two particle properties’ ve-
locity and temperature are summarized in Table 4.

The particle temperature was found to depend on both the
surrounding plasma temperature and the dwell time of the parti-
cles in the flame, the latter being directly related to the particle
velocity. A high velocity yields a short dwell time and thus a low
particle temperature. The velocity, in turn, increases with in-
creasing flame linear momentum.

An increase in current (C) yields an increase in both particle
velocity and temperature. A higher power input results in an in-
crease in temperature and an expansion of the plasma, which
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(a)

(b)

Fig. 10 Response in terms of standard deviations of the (a) particle ve-
locity and (b) temperature due to variations in the level of the main 
factors

Fig. 11 Response in terms of correlations between particle velocity
and temperature due to variations in the level of the main factors



leads to a higher gas velocity and thus to a shorter dwell time,
which in turn results in a lower particle temperature. In the pres-
ent case, however, the effect of the increase in plasma tempera-
ture overtakes the decrease in dwell time.

Increasing the argon flow rate (A) leads to an increase in the
linear flame momentum and thus to a higher particle velocity.
The particle temperature decreases due to both a stronger cool-
ing effect and a shorter particle dwell time.

An increase in hydrogen flow rate (H) results in an increase
in both particle velocity and temperature. The change in the lin-
ear flame momentum due to the increase in the total gas flow rate
can be disregarded since the hydrogen flow rate is only 1/7 the
flow rate of argon. Instead, the major change is due to the in-
crease in enthalpy as the hydrogen content increases. This results
in a higher plasma temperature, a greater expansion of the
plasma, and thus an increase in the linear flame momentum. As
in the case of increasing the current, the increase in plasma tem-
perature overtakes the effect on the particle temperature of the
decrease in dwell time.

Increasing the powder feed rate (P) increases the number of
particles to be heated and accelerated, resulting in the particle
temperature and velocity being lowered. Although the difference
in energy required to melt a larger or smaller amount of ZrO2 is
only a small fraction of the energy available in the plasma, the ef-
fect is still noticeable in accordance with the findings by Vardelle
et al.[14] This is most probably due to a local loading effect, since
the particles travel in a fairly small volume fraction of the jet.

The torch voltage has been shown to be influenced by the
process parameters and is specifically sensitive to the amount of
hydrogen.[15] However, the measured voltage variation in this
work did not show any statistically significant influence on the
particle properties.

8. Conclusions

The results clearly show that the temperature and velocity of
the particles can be controlled by the spray gun parameters that
were selected here. In addition, the dispersion and the correla-
tion of the particle properties respond to variations in the param-
eter setting of the spray gun.

The experimental approach and the statistical evaluation pre-
sented in this paper, complemented by numerical simulations,[9]

constitute a method for optimizing the plasma spray method in
a cost-effective and powerful way.

• The factors with the strongest influence on particle velocity
are current, argon flow rate, and powder feed rate.

• The factors with the strongest influence on particle temper-
ature are current, argon flow rate, and powder feed rate.

• Argon flow rate is the only spray gun parameter with an in-
verse effect on particle velocity and temperature. Setting
argon flow at a high level yields an increase in particle ve-
locity and a decrease in particle temperature.
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(a)

(b)

Fig. 12 The microstructure of (a) treatment 2 and (b) treatment 15

Table 3 Setting of treatments 2 and 15 and the resulting
particle properties and total porosity

Total 
T porosity 

Treatment C A H P V (m/s) (°C) (vol.%)

2 2 2 2 1 105 3055 31
15 1 1 1 2 159 3180 21

Table 4 Summary of the results of investigations 1 to 3

Property Primary parameter Secondary parameter

Vp Current Powder feed rate
Tp Current Powder feed rate
Øp Current Powder feed rate
sV Current Argon
sT Current Powder feed rate
Correlation Argon Hydrogen

(V, T)



able discussions we have had and for their help in revising the
manuscript. We also thank Dr. Björn Holmqvist for his valuable
assistance with the statistical analysis.
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