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Particle melting is one of the key issues in air plasma spray processing of high temperature ceramics such
as Yttria Stabilized Zirconia (YSZ). The significance of assessing, monitoring, and controlling the molten
content in spray stream on achieving an efficient process and reproducible coating characteristics and
properties is known. This study aims to estimate the molten content of the spray stream (as an ensemble)
from experimental measurement of in-flight (individual) particle characteristics. In a previous study by
Streibl et al. the presence of melting signature in the particle temperature distribution was observed,
which has been confirmed by simulation and through independent experimental observation by Mauer
et al. Based on this observation, the particle temperature distribution could be delineated into the
different achievable particle states in-flight (unmolten, partially molten, and completely molten) to a first
approximation. This in-turn would enable estimation of the molten content in the spray stream. Thus
obtained percentage molten content (referred in this study as Spray Stream Melting Index—SSMI) has
been observed to correlate well with the experimentally measured deposition efficiency for a wide range
of process conditions and feedstock characteristics. The implications of estimating SSMI for other
materials and processes are also discussed.

Keywords deposition efficiency, in-flight particle diagnostics,
molten content, particle melting, plasma spray
processing, temperature distribution

1. Introduction

Dependence of coating microstructure and properties
on particle state is well documented and so is the depen-
dence of particle state on direct (torch parameters and
particle injection) and indirect (nozzle wear and associ-
ated voltage drop) process conditions (Ref 1). In plasma
spray processing of high melting point low thermal con-
ductivity materials melting of particles is a concern. Par-
ticle melting is a concern not only with respect to
obtaining good melting and deposition efficiency but also

in achieving the desired coating microstructure and
properties consistently.

Monitoring and controlling the process in real-time
based on particle state is widely accepted as a reasonable
strategy to achieve consistent particle state and coating
characteristics (other parameters such as substrate condi-
tions remaining constant) (Ref 2-4). In-flight sensors have
made possible the measurement of temperature (T),
velocity (V), and assessment of size (D) of individual
particles as well as ensemble temperature, velocity, size,
shape, and trajectory of the spray stream. But due to the
dynamic nature of the spray stream it becomes necessary
to understand and comprehensively describe the spray
stream in order to rely entirely on in-flight parameters for
monitoring and controlling the process. Studies have
suggested the importance of temperature, velocity, and
molten state/fraction of the spray stream as important
characteristics describing the spray stream (Ref 5, 6). But
it has not been possible to measure or calculate/assess the
molten content of spray stream based on in-flight data
until now. This is because the extent of melting of a par-
ticle or molten content is not a directly measurable
parameter (at least using commercially available sensors)
and typically flame-related parameters have to be calcu-
lated numerically (Ref 7) to assess molten content.

Insufficiency of particle temperature to describe the
particle�s thermal state at the individual particle level is
well established. Attempts have been made to extract
more information from measured particle data and
parameters such as Melting Index have been proposed
(Ref 7). Yet at the spray stream level studies have sug-
gested that average temperature and velocity control the
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microstructure and properties of coatings to a first
approximation (Ref 6, 8-10).

Careful consideration of the particle temperature dis-
tributions has revealed their multi-modal nature (Ref 11,
12), which raises the fundamental question whether
average (temperature) is sufficient to describe the distri-
bution. Further analysis of the distribution by fitting for
the underlying sub-distributions has shown the presence
of one sub-distribution at the same temperature, which
has been verified to be the melting point of the material
(Ref 11, 13).

These observations in temperature distributions pres-
ent an interesting opportunity to understand the melting
status of spray stream as a whole. Toward comprehensive
description of the spray stream we explore the possibility
of calculating molten fraction based on analysis of tem-
perature distributions from individual particle measure-
ments in this study.

2. Experimental Details

APS 7MB torch (Sulzer Metco, Westbury, NY) with an
8 mm �G� nozzle was used with non-swirl gas distribution.
A mixture of nitrogen (N2) and hydrogen (H2) gas was
used for plasma generation throughout this study due to
the higher enthalpy of the gas combination and the asso-
ciated benefits of melting hard to melt materials such as
YSZ. Particles were injected externally orthogonal to the
spray axis top down into the plasma jet. Particle injection
was optimized (constant trajectory) for all process condi-
tions used throughout this study hence eliminating particle
injection as a potential variable [More information avail-
able in reference (Ref 14)]. Angular morphology (fused
and crushed) 8% YSZ (Saint-Gobain, Worcester, MA),
Mn-Zn Ferrite (custom made), and Molybdenum (Global
Tungsten Products, Towanda, PA) were chosen for the
study. Process parameters used in this study are shown in
Table 1.

Detailed in-flight diagnostics were performed using a
suite of in-flight process sensors although the focus of this
article is the analysis of data from measurements of indi-
vidual particle T & V using DPV 2000 (Tecnar Ltd,
St Bruno, Canada) (serial # DPV 0016; 18 mm lens;
P4590170 mask; k1 = 787 ± 25 nm and k2 = 995 ± 25 nm).
More information about DPV including equipment
details, measurement principles, and error analysis can be
found in references (Ref 11, 13, 15) and in DPV equip-
ment manual. Data were collected from large number of
particles (~10,000) at the flow center (particle flux) of the
spray stream at the spray distance of 130 mm and their
distribution analyzed. Distributions of particle tempera-
ture collected at the flow center of the spray stream and
across the entire spray stream (spray stream cross section
scan at the spray distance) are comparable once a large
number of particles have been collected.

Deposits were made on grit blasted 3 mm thick Al 6061
T6 substrates of dimensions 225 by 25 mm2 mounted on in
situ coating curvature sensor ICP [for more information

refer (Ref 10, 16-18)] at 130 mm standoff distance. Sub-
strates were preheated to about 200 �C in all cases and the
substrate temperature during deposition was between
240 �C and 280 �C (measured at the back of the substrate
using contact thermocouple). The deposition procedure
and all related parameters were maintained the same for
all the experiments.

3. Results and Discussion

3.1 Analysis of Particle Temperature Distributions

Particle temperature distributions of YSZ have been
observed to be tri-modal under most process conditions
(considered in this study) and not a normal distribution as
commonly assumed. This becomes clear when the under-
lying sub-distributions are fitted as Gaussian distributions
G1 through G3 (to achieve maximum chi square) as shown
in Fig. 1 (Table 1 exp E1). Peak P1 has been identified to
occur at the same temperature (~2500 �C) for a wide
variety of process conditions as shown in Fig. 2 (Table 1
exp E3) and validated to be the melting point of the
material. The difference between observed melting tem-
perature and equilibrium melting temperature (~200 �C)
has been attributed to calibration of the sensor and the
principle of measurement (Ref 11, 13). The location of
peaks P2 and P3 vary depending on the process condition.

On a simpler note, if there are two process conditions
with same average T but different V, the condition at
lower velocity would be better melted due to longer dwell
time in the plume. One such case is shown in Fig. 3
(Table 1 exp E2). It can be seen that the lower velocity
condition has larger area under the Gaussian curves (G2
and G3) having peaks to the right of peak P1. This again
shows that area under Gaussian curves with peaks to the
right of peak P1 corresponds to the molten content in
the spray stream and that the peak P1 itself corresponds to
the melting point.

3.2 Spray Stream Melting Index: Molten Content
of Spray Stream

Identifying the three possible states a particle can
exhibit in-flight forms the basis for extracting molten
content of spray stream.

(i) Completely molten: Particles have crossed the melt-
ing barrier (peak P1) and contribute to the sub-
distributions on the higher temperature side

(ii) Unmolten: Particles have not crossed the peak (P1)
and contribute to Gaussian sub-distributions on the
low temperature side

(iii) Partially molten: Particles that contribute to the
melting Gaussian curve (which houses peak P1) are
partially molten, typically to varying extents

Spray Stream Melting Index (SSMI) is calculated as the
ratio of sum of area under the completely molten peaks
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and a factor of the area of the partially molten peak to the
total area under the whole distribution.

SSMI ¼ 1 �Amð Þ þ 0:5 �Ap

� �� �
� 100=A ðEq 1Þ

where Am is the area under the molten sub-distribution(s),
Ap is the area under the partially molten sub-distribution,
and A is the total area under the overall distribution. Fifty
percent of particles under the partially molten distribution
are assumed to be molten. The assumption is statistical in
nature in that the mean (which on a relative scale is 50%)
along with standard deviation ably represents a normal
distribution while particles at different temperatures in the
melting sub-distribution G1 would be molten to different
extent.

3.3 Spray Stream Melting Index to Estimate
Deposition Efficiency

Spray Stream Melting Index has been calculated for
particle temperature distributions from two different sets
of experiments (Table 1 exp E3 and exp E4) and related
to deposition efficiency to understand the correlation.
Relative deposition efficiency (RDE) has been calculated
by normalizing the coating weight within each category of
experiments compared in this study. Since the substrate
and other conditions have not been changed this deposi-
tion efficiency represents the intrinsic process deposition
efficiency which is a result of the particle state.

SSMI has been calculated for six widely varying process
conditions exploring the safe operational process space in
terms of the primary plasma-forming parameters namely
primary gas flow, secondary gas flow, and arc current (for
the given set of hardware). If one considers a simple L3
design of experiment cube with each of these three
parameters along the independent mutually perpendicularT
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Fig. 1 Typical particle temperature distribution for YSZ with
the sub-distributions identified. G1, G2, and G3 refer to the
Gaussian sub-distribution curves and P1, P2, and P3 refer to the
respective peak locations. Refer Table 1 exp E1 for process
parameters
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axis with the eight corners representing the safe opera-
tional limits, the resulting T-V space has been shown to be
hexagonal in shape (Ref 10). Thus the six extreme con-
ditions from T-V space have been used in this case to
understand the correlation between particle state and
deposition efficiency (Table 1 exp E3). One can observe
the shift in temperature distribution (Fig. 2) as well as the
wide range of SSMI and relative deposition efficiency
(RDE) (Fig. 4) resulting from exploring the process space.
Calculated SSMI appears to fit the observed RDE well
implying the effectiveness of SSMI to estimate the depo-
sition efficiency.

In another set of experiments (Table 1 exp E4), three
angular morphology powders with different particle sizes
were processed at the same torch parameters. The particle
temperature distributions (Fig. 5) can be observed to be
significantly different due to difference in extent of melt-
ing. SSMI fits the observed RDE extremely well (R2 ~ 1)
(Fig. 6). This again shows the effectiveness of SSMI to
capture the molten state of the spray stream as a whole.

3.4 Spray Stream Melting Index to Monitor/Control
the Process

In another series of experiments, very similar average
particle T and V (±10 �C and ±2 m/s, respectively) were
achieved by varying torch parameters widely for HOSP
YSZ 204 NS material (see Table 1 exp E5 for the range of
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process conditions used to achieve the same average T and
V). Despite achieving similar average particle T and V,
significantly different particle temperature distribution,

ensemble particle temperature and coating properties
were observed. Measured ensemble temperatures could not
explain the observed deposition efficiency (Fig. 7).

The subtle differences in particle temperature distri-
bution quantified via SSMI shows good correlation to the
observed deposition efficiency (Fig. 8). This shows the
importance of considering the molten status of the spray
stream to better describe the in-flight state of the process
as well as the ability of SSMI to capture the molten status
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of the spray stream. Further information on these exper-
iments and additional inferences can be found in reference
(Ref 11).

3.5 Scope and Limitations of Spray Stream
Melting Index

In most cases involving plasma spray processing of
TBCs SSMI can be used to estimate deposit efficiency as
well as identify changes in process conditions for real-time
process monitoring/control. It is applicable to any thermal
spray process and material system that exhibits multi-
modal distribution around melting point of the material
(as determined from particle temperature distributions).

However, certain inherent limitations exist which need
to be considered for appropriate interpretation of SSMI
and for successful implementation in process state esti-
mation/monitoring.

� When all the particles are either completely molten or
unmolten, only shift in process can be identified using
SSMI. Though the case of completely unmolten par-
ticles is very unlikely since it results in a highly
uneconomical process, fully molten scenario is possi-
ble in a variety of cases. Materials with high thermal
conductivity, low melting point, and/or fine particles
all usually result in very high percentage of molten
particles. SSMI can still be used to detect significant
change in processing condition and to limited extent
estimate deposit efficiency as well.

� The ability of particle temperature distribution to
completely represent the spray stream is a concern
when swirl gas flow is used, which results in time-
dependent spatial variability of particle characteristics
and at times result in more than one flow center
compromising the accuracy of determining the flow
center position.

� Limitations in particle sensing could lead to insuffi-
ciency of temperature distribution to completely
describe the spray stream (e.g., particles < 5 lm,
�cold� particles and particles that vaporize signifi-
cantly/with vapor cloud around them at the point of
measurement are not measured).

� Contribution from unmolten particles to the coating
buildup and deposition efficiency is not considered
though one can observe unmolten particles in the
coating microstructure to a small extent.

� In predicting deposition efficiency, the influence of
substrate conditions (chemistry, roughness, tempera-
ture etc.…) is not accounted for. It is limited to
assessing the influence of spray stream and in moni-
toring change in in-flight state of the process. The fit
between RDE and SSMI could perhaps be improved
by maintaining all other conditions identical.

� Sufficient number of particles (about 10,000) need to
be acquired in order to be able to expose the sub-
distributions which is necessary to calculate SSMI.

3.6 Applicability of SSMI to Other Materials
and Processes

The observation of melting point in the temperature
distribution is the key to identifying the three different
states of particles in the spray stream. YSZ material sys-
tem has the ideal blend of thermo-physical properties (low
thermal conductivity, high melting point, and high emis-
sivity) which makes observing the melting peak easy. Thus
far, we have been able to calculate SSMI for YSZ pro-
cessed under different conditions namely, different plasma
gas combinations, plasma torch systems, feedstock size
distributions, and different feedstock morphologies.

Under the right conditions, similar phenomenon can be
observed in other material systems as well. Titania is one
such material where despite the lower melting point and
higher thermal conductivity (in comparison to YSZ),
multi-modal distribution was observed when coarser par-
ticles were used. In such cases, SSMI can be used to
estimate material relevant functional characteristics which
are dependent on particle melting. We consider two dif-
ferent material systems here as an example.

Mn-Zn ferrite is a low melting material system, where
one would not expect to observe the melting peak. But
due to use of coarser feedstock in the size range of 20-
200 lm (special sample feedstock), the signature melting
peak could be observed by fitting the temperature distri-
butions (Fig. 9). One of the key concerns in plasma spray
processing of Ferrites is zinc loss due to vaporization,
which influences the magnetic characteristics of the de-
posit in addition to deposition efficiency. The concept of
SSMI can be used to estimate (to a first approximation)
the amount of zinc loss and relative deposition efficiency
after establishing appropriate correlations between the
distribution and zinc loss despite the complexities of
vaporization. Careful consideration is required for com-
plete understanding of the particle temperature distribu-
tion where significant amount of vaporization happens.
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be observed indicating that SSMI is a better parameter for cap-
turing the in-flight state of the process. Refer Table 1 exp E5 for
process parameters
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Guidance from process modeling is required and work is
in progress toward understanding and establishing these
correlations.

In another material system—Molybdenum—particle
temperature distributions have been observed to shift in a
similar fashion for the coarse powder (Fig. 10). Molyb-
denum is a higher melting point material (comparable to
YSZ) with higher thermal conductivity (more than an
order of magnitude higher than YSZ). Yet similar phe-
nomenon can be observed in Molybdenum and hence,
SSMI can be calculated. The two key issues in processing
of this material system are melting and oxidation. Study is
underway to understand the ability of SSMI to estimate
deposition efficiency as well as the amount of oxidation.

4. Summary and Conclusion

In earlier studies done at the Center for Thermal Spray
Research, in-flight particle temperature distributions have
been observed to be multimodal. When fitted for under-
lying sub-distributions a signature of melting point has
been observed. This presents an interesting opportunity to
understand the melting status of particle and spray stream
as a whole.

In this study, these multimodal temperature distribu-
tions were analyzed in an effort to quantify the distribu-
tions toward extracting the molten content of the spray
stream which could be used toward comprehensive
description of the spray stream.

The ratio of sum of area under the completely molten
peaks and a factor of the area of the partially molten peak
to the total area under the whole distribution represents
the molten content in the spray stream. This approach
provides a reliable quantitative representation of the
molten content in the spray stream as a whole and hence
the coined term Spray Stream Melting Index (SSMI).

SSMI calculated has been successfully calculated for a
wide range of process conditions for YSZ (including
feedstock size distributions). Moreover, SSMI has been
shown to correlate well with the measured deposition
efficiency (based on relative weight of coatings). This is an
important finding given the significance of particle melting
in splat formation and coating buildup.

It is clear that SSMI can be calculated and used for
monitoring/controlling the in-flight state of the process for
material systems that exhibit multimodal particle tem-
perature distribution. It should be noted that SSMI by
itself does not control the microstructure but plays a
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Fig. 9 Particle temperature distributions for Ferrite system.
Melting peak can be observed to be stationary while the whole
distribution shifts with processing condition. Refer Table 1 exp
E5 for process parameters
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Fig. 10 Selected particle temperature distribution for Mo pro-
cessed under different process conditions. Shift in distribution
could be observed. Thus, SSMI can be calculated. Refer Table 1
exp E6 for process parameters
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critical role in understanding the microstructure and
properties of coatings by enhancing the description of
spray stream along with other in-flight particle thermal
and momentum characteristics. Detailed microstructural
characterization and property measurements have been
done on the various YSZ coatings and effort is underway
to establish comprehensive correlation between spray
stream characteristics (thermal component, momentum
component, and SSMI) and microstructure and properties.
Studies are underway to understand the applicability of
SSMI to other material systems toward estimating the
influence of molten content of the spray stream on func-
tional properties.
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