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A process map study has been carried out to examine the role of process variables on the properties of deposit
formed in thermal spray. In the past, droplet size, temperature, and velocity have been widely used to inter-
pret the status of in-flight particles. However, the limitation of those parameters on describing the molten
fraction of refractory ceramics limits these parameters’ qualifications and validation on examining the
causes of the resulting deposit. In this study, a group parameter, melting index, is used to interpret the molten
state of particles, which also reflects the thermal energy of the particles. The kinetic energy and fluidity of
particles are characterized through their Reynolds number. Splat morphological features such as flattening
and fragmentation are characterized against the group parameters. Deposition rate test confirms the sig-
nificance of the concept of melting index. It is highlighted in this paper that particle group parameters, i.e.,
melting index and Reynolds number describe the particle in-flight status very well and can be used to predict
the deposit behaviors.
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1. Introduction

Plasma spray is an established coating technology, in which
powder particles injected into plasma jet are quickly melted and
propelled onto substrate. The molten or semimolten droplets im-
pinge on a substrate and rapidly solidify to form single splats.
The coating is built up by piling up the layers of splats. Quality
and functionality of the coating are dependent upon the nature of
sprayed materials as well as the microstructure of the coating. It
has been proven that the microstructure of the coating is attrib-
uted not only to the nature of the coating material, but also to the
process conditions. Because the coating is built up through over-
lapping splats, the spreading and solidification of splats on both
substrate and previous deposit are essential to determine the con-
sequential coating microstructure.

Splat formation is sensitive to the status of droplet before
impact, the nature of substrate material, and the substrate surface
conditions. This paper will focus mainly on the effect of particle
in-flight conditions. Particle motion and heating is a well-
researched area. The effects of particle size, velocity, and tem-
perature on splat morphology have been studied extensively,
both numerically and experimentally (Ref 1-6). It was found that
the splat flattening ratio increase when the particle velocity and
temperature increase and the fragmentation of the splat increase

with the increase of the particle kinetic energy. Based on mac-
roscopic mechanical energy balance, Madejski model (Ref 7)
and a modified version (Ref 8) have been developed to correlate
the particle Reynolds number (Re) and temperature with the flat-
tening ratio and solidification of a disk-like splat. Melting be-
havior of an in-flight particle has also drawn a significant atten-
tion (Ref 9-11). As shown in Fig. 1, partially melted or unmelted
particles are observed in many cases, however none of the above
research evaluated the effect of molten fraction of refractory par-
ticles on their resulting deposit properties, not to mention to
quantify this effect. To better interpret the refractory particle’s
in-flight status, a group parameter, melting index (MI ), was in-
troduced by Vaidya et al. (Ref 12) based on experimentally
available parameters such as in-flight particle surface tempera-
ture, velocity, and the size of the particles, which can be moni-
tored by an on-line diagnostic systems. Melting index was fur-
ther defined by Zhang et al. (Ref 13). This parameter, at the first
time, serves as an indicator of the melting behavior of the in-
flight particles. Although theoretically it is still an enigma how
the melting fraction affects the splat morphology, experimental
results show that partially melted particles does exhibit apparent
different splat morphologies as compared with a fully molten
one. Also, the presence of partially melted particles may result in
a lower efficiency of deposition, and a higher porosity, and a
different microstructure of coatings.

In this paper, dedicated experiments have been carried out to
evaluate the role of the group parameters of process, i.e., MI and
Re, on partially stabilized zirconia deposit due to its extensive
usage in the aerospace industry. These parameters are used to
interpret the status of in-flight particles and account for the re-
sulting deposit properties. Data have been collected on the size
distribution of powder feedstock, in-flight temperature, veloc-
ity, and dimensions of particles, consequentially Re and MI can
be calculated. Deposit properties, such as splat flattening ratio,
fragmentation degree, and deposition rate have been measured
to correlate to particles in flight conditions.
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2. Mathematical Equations for Particle
Conditions Characterization

In this study, individual parameters, particle size (d), surface
temperature (Ts), velocity (v), are converted to group param-
eters, Reynolds number (Re), and melting index (MI). For Reyn-
olds number, Re = �vd/µ, where � and µ are particle density and
dynamic viscosity, respectively; the melting index is defined as
the ratio of the particle dwelling time to the time required to melt
the particle. A higher MI indicates a better molten status. Low
MI reflects partial or unmelted conditions. For MI calculation
(Ref 13):

MI = A
24k

�hfg

1

1 + 4�Bi
�

�Ts −Tm� � �tfly

d 2 (Eq 1)

where MI is melting index; and A is a dimensionless factor de-
fined as (Tf − Tm)/(Ts − Tm), where Tf is flame temperature, Ts is
particle surface temperature, and Tm is particle melting point; k

is thermal conductivity of liquid, hfg is latent heat; Bi is Biot
number defined as hd/k, where d is particle diameter, h is heat
transfer coefficient; and �tfly is particle dwelling time, estimated
as 2L/v, where L is stand off distance and v is particle velocity.

Because Tf is not available directly from the measurement,
factor A cannot be resolved precisely so far. In this paper, A is
assumed to be unity, and the heat transfer coefficient h is as-
sumed constant for all calculations. Thermophysical properties
used in the calculation are summarized in Table 1.

3. Experimental Process

Partially stabilized zirconia AE7592 from Sulzer-Metco
(Westbury, NY) with a mean size of 35 µm was used as the feed-
stock. The powder size distribution was measured by particle
characterization analyzer from Beckman Coulter (Fullerton,
CA). The in-flight particle size (d), surface temperature (Ts) and
velocity (v) were monitored by Tecnar DPV 2000 (St. Bruno,
Canada) diagnostic system (Ref 14). Two sets of torches have
been used in this study to ensure the effect of group parameters
defined as independent upon the hardware. Setup 1 used a PTF 4
MB direct current plasma gun with a 7 mm nozzle, controlled
through the PT A 2000 console. A PT twin-system 10 dual pow-
der feeder with an external injection port 1.5 mm in diameter
was used as the feeding system. Splats were collected at a spray
distance of 120 mm in this setup by rotating the substrate. Setup
2 used SG-100 torch (Miller Thermal) with a 175 nozzle. The
torch was mounted on a six-axis Fanuc GMF Robotic S-400 ro-
bot. A Miller Thermal #1270 powder feeder was used for pow-
der feeding. The powder injection was internal to the nozzle with
an opening of 2 mm diameter. Splats were collected at positions
of 60, 80, 100, and 120 mm from the nozzle, respectively, by
rapidly moving the torch across the substrate. Tables 2 and 3 list
the spray parameters over which the particle size, velocity, and
temperature were measured.

In both cases, droplets were deposited on mirror polished
type 304 stainless steel substrates (roughness Ra = 0.05 µm) at
room temperature. The sample sizes were 2 × 1 in. for setup 1
and 1 × 1 in. for setup 2. A large number of splats (70 splats for
setup 1, 30 splats for setup 2 at each spray distance) were
scanned by means of Zygo New Viewer 200 (Middlefield, CT),
a scanning white light interferometry (SWLI) (Ref 15). This mi-
croscopy has a horizontal resolution similar to that obtained by
optical microscopy and a vertical resolution of 1 nm. The splat
parameters measured from SWLI are volume (V), diameter (D),
and thickness (b). UTHSCSA Image Tool (Wohlen, Switzer-
land) was used to measure the perimeter (P) of a single splat as
well as the area (A). Based on the above measurements, splat
flattening ratio D/d and fragmentation degree P2/(4�A) could be
resolved. The value of fragmentation degree ranges from 1 to
infinity. It describes how far away from a perfect disk shape the
splat morphology is; the larger the number, the higher the frag-
mentation.

The best way to correlate the splat flattening ratio and frag-
mentation degree to the process parameter is to achieve a “one-
to-one” correspondence between a particle and its resulting
splat. However, it is nearly impossible to reach this in the current
setup. One way to make it close is to average the process param-
eters of a group of particles with the same volume range as it is
measured from single splats. In other words, if it is assumed that

Fig. 1 (a) Unmelted nickel particle and (b) zirconia splat with un-
melted core
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particles have spherical shapes and there is no volume loss after
impact, a splat with a volume of V µm3 should stem from a par-
ticle droplet of a size about (6V/�)1/3. In this way, those splats
collected on the substrate all found their “parent particles.”

In setup 2, along the spray distance the weight differences of
the substrates before and after spraying were measured, in addi-

tion to the splat morphology characterization. The increasing
weight was then normalized by the dimensions of the sample
coupons. The deposition rate, defined as the gain in weight per
unit length, is compared against the average particle tempera-
ture, velocity, and average melting index data from in-flight di-
agnostics.

Table 1 Thermophysical properties of YSZ used in the calculations

k, W m−1 K−1 �, kg m−3 Tm, K hfg, J kg−1 h, W m−2 K−1 µ, kg m−1 s−1

2.32 5.7 × 103 2.95 × 103 7.07 × 105 1.5 × 103 3.7 × 10−2

Table 2 Spray parameters for PT F4 torch in setup 1

Current,
A

Voltage,
V

Ar,
SLM

H2,
SLM

Carrier
gas,
SLM

Feeding
rate,
rpm

Spray
distance,

mm

600 69 32 8 3 1.5 120

Table 3 Spray parameters for SG-100 torch in setup 2

Current,
A

Voltage,
V

Ar,
SLM

He,
SLM

Carrier
gas,

SLM

Feeding
rate,
rpm

Spray
distance,

mm

850 39 39 21 4.5 1.5 60-120

Fig. 2 (a) Morphology of partially stabilized zirconia (PSZ) (AE7592) powder and (b) powder size distribution
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4. Results and Discussion

4.1 In-Flight Diagnostics and Particle
Characterization

Figure 2(a) illustrates the electron microscopy of the feed-
stock used in this study; AE 7592 is a plasma densified HOSP
powder. Obviously, this commercial powder has a large size dis-
tribution, as shown in Fig. 2(b). Therefore a large distribution of
in-flight particle size would be expected; a large distribution
would also be expected for the surface temperature and particle
velocity due to the size effect and the difference of the flight
trajectories. Figure 3 plots the statistic data of d, Ts, and v from
the diagnostic recording during the experiment using setup 1,
based on which the group parameters, particle Re, and melting
index were calculated (Fig. 4). The large distribution of MI and
Re suggests a significant diversity of the splat morphologies.

4.2 Effect of Process Parameters on Splat
Morphology

The relationship of particle flattening ratio �m and Re is plot-
ted in Fig. 5. The experimental data are also compared with the
modeling prediction, �m = 1.18 Re0.2 (Ref 8). The model is de-
veloped using high-order velocity distribution and accounting
for the adhesion between molten droplet and substrate. The out-
come confirms the effects of particle Re on the splat flattening
behavior. No apparent relationship has been found between flat-
tening ratio and MI during this study. However, it is found that
the fragmentation degree is a function of both Re and MI. Ran-
dom data of fragmentation degree (Z axis), Re (X axis), and MI
(Y axis) in the worksheet were converted into a regular grid (a
matrix) through a correlation method or Kriging method (Ref
16). A three-dimensional map (Fig. 6) is then generated based on
the matrix. It is demonstrated from Fig. 6 that the splat fragmen-
tation degree depends primarily on particle Re, whereas in the
same range of Re, particles with larger MI tend to fragment less.

The same method has been used to analyze the data collected
from the four spray distances of 60, 80, 100, and 120 mm (in
setup 2). The fragmentation map is plotted in Fig. 7 based on the
data from all splats collected at each spray distance. Once again,
it is highlighted that particles with higher values of Re and lower
values of MI prefer to form more fragmented splats. However,
the map is not ideally smooth. There are two possible reasons
accounting for this. First, relatively larger error of in-flight di-
agnostic may arise on small size particles due to their less ther-
mal radiations. Second, although the same type of substrate is
used, local surface conditions (roughness and contamination)
are not exactly the same, and the substrate conditions are quite
significant in determining the splat morphology (Ref 17-19). For
the same reason, the results from Fig. 6 and 7 are not exactly
comparable due to noticeable preheating of the substrate during
substrate rotation in setup 1.

The fragmentation degree at the four spray distances has been
mapped out in terms of Re and MI (Fig. 8). The variation of
average Reynolds number is about 100 from 60 to 120 mm in
setup 2. With this Re range, a lower degree of fragmentation
occurs at the 80 and 100 mm positions where the melting indices
are relatively high, which indicates a larger fraction of fully
melted particles. Accordingly, the splat images are mapped out
as illustrated in Fig. 9. The morphology of splats out of this ex-

Fig. 3 Histograms of (a) in-flight particle temperature, (b) in-flight
particle size, and (c) in-flight particle velocity
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periment can be separated into three regions in accordance with
particle Re and MI, i.e., limited fragmentation, unmelted and
fragmented, and molten and fragmented.

4.3 Approaching Optimized Spray Distance

Figure 10(a) sketches the typical sample coupons after spray-
ing in setup 2. Because the coupon size is larger than the flame
size, all particles from the flame have the potential to be depos-
ited on the substrate, and the width of deposit increases along the
spray axis due to the conical shape of the particle trajectories
(Fig. 10b). The deposition rate is plotted along the spray distance
against average temperature, velocity, and MI (Fig. 11). The fact
that only the MI curve matches the evolution of the deposition
rate suggests that particle temperature and velocity cannot give a
complete description of the in-flight particle state, so it is diffi-
cult to deduce the coating behavior accurately based only on

them, whereas MI describes the particle quite well and agrees
with the deposition properties in this case.

Because the MI can be used as an indicator for the deposition
rate, an optimized target position, in terms of deposition rate, can
be determined to be the position with the maximum MI value.

Therefore, at the optimized target position, the following
equation should be satisfied:

d�MI�

dL
= 0 (Eq 2)

For Bi � 1, from Eq 1:

MI �
�T � L

d � v
(Eq 3)

where

�T = Ts − Tm

Assuming the particle velocity remains almost constant after
acceleration in the core of the plasma jet:

d��T � L�

dL
=

dTs

dL
� L + �T = 0 (Eq 4)

and

dTs

dL
� L + �T =

dTs

dt
�

dt

dL
� L + �T =

dTs

dt
�

L

v
+ �T = 0 (Eq 5)

Assuming spherical droplet, from energy balance:

−mCp

dTs

dt
= h�d 2�Ts − Tg� (Eq 6)

where m is the mass of the droplet and Cp is the specific heat of
the droplet. Tg is the surrounding gas temperature near the sub-
strate.

Substituting Eq 6 into Eq 5 gives:

Fig. 4 Histograms of (a) particle Re and (b) particle MI

Fig. 5 Effect of Re on splat flattening ratio
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−
h�d 2�Ts − Tg�

mCp
�

L

v
+ �T = 0 (Eq 7)

Thus the optimized target position Lopt is:

Lopt =
vmCp�Ts − Tm�

h�d2�Ts − Tg�
=

�Cp

6h

vd�Ts − Tm�

Ts − Tg
(Eq 8)

Although it is not currently possible to resolve the optimized

target position Lopt for the experimental case using the equation
above because h and Tg are could not be obtained precisely by
the authors, Eq 8 does suggest the roles of particle parameters in
determining the optimized spray distance. In general, particles
with larger size and faster speed and experiencing lower heat
transfer coefficient or lower heat input from ambience would
need longer dwelling time to be fully melted. Accordingly, the
substrate should be put in a certain distance from the torch, nei-
ther too close to ensure required dwelling time nor too far away
to avoid particle cooling down in the plume. The results in this

Fig. 7 Three dimensional map of splat fragmentation degree from setup 2

Fig. 6 Correlations between splat fragmentation degree and process parameters
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study indicate that the deposition rate is more closely correlated
to the melting fraction of the particles upon impact. Thus, MI can
be used as a control parameter to improve the spray yield. The
possible correlations between deposition rate with MI is that
fully melting particles of a large amount can reduce the fraction
of bounce off of unmelted solid parts and improve the deposition
rate. However, superheating the particle to a certain high tem-
perature may encourage the vaporization of materials so that the
deposition rate is reduced. Thus the superheating should be con-
trolled to a certain extent to just improve the melting.

It is worth noting that two special cases, where Ts = Tm and
Ts = Tg, are certainly the limitations of Eq 8. The model derived
here is to group analyze the in-flight particles with measurable
parameters instead of physically describing individual droplet
status. In practice, Ts = Tm is a case in which most particles are
under partially melted or unmelted conditions, which is to be
avoided during the spraying process, whereas Ts = Tg describes
an equilibrium status between particles and surrounding gases,
which is usually not the case in normal spraying conditions. A

Fig. 9 Splat morphology interpreted by Re and MI: (a) splats from 80 mm spray distance, (b) splats from 60 mm spray distance, and (c) splats from
120 mm spray distance

Fig. 8 Process parameters along spray distances and the consequent
splat fragmentation degree
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refined model is to be developed to make up for these limita-
tions.

5. Conclusions

Thermally sprayed partially stabilized zirconia particles and
the splats formed after impact have been systematically investi-
gated in this study. It was found that the deposition rate is de-
pendent upon the melting fraction of the particles. The correla-
tion between the group parameters, Re, and MI, and the splat
flattening behavior reveals that the particle’s kinetic energy and
its molten status are critical in determining the splat morphol-
ogy. For zirconia particles, full melting requires a large value of
MI. Particles tend to fragment at high Re; however the fragmen-
tation mechanism is different at high and low melting status. In
summary, the morphology of splats can be roughly separated
into three regions: limited fragmentation, unmelted and frag-
mented, as well as molten and fragmented. Accordingly, the op-
timized spray distance in terms of deposition rate can be as-
sumed at the apex of the MI curve.
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