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Abstract Suspension plasma spray (SPS) is going through

a transition phase from research and development to daily

use on production lines. Improving repeatability and

reproducibility of coating elements and parameters makes

SPS a replacement of former well-developed processes.

This transition can be achieved by using in-flight particles

diagnostic systems to monitor and control key parameters

that influence the coating microstructure. Temperature and

velocity of the in-flight particles are among the most crit-

ical parameters that should be monitored. However, accu-

rately characterizing the in-flight particles in SPS is

particularly challenging due to the small particle size of

coating materials, harsh spray conditions, considerably

shorter spray distances compared to APS, possible inter-

ference from the solvent, and limitations of previous

measurement systems. In this study, different strategies

were investigated to improve the accuracy of temperature

measurements of in-flight particles in SPS. For this pur-

pose, two light collection configurations (double-point and

single-point measurement) were investigated along with

the influence of plasma radiation. The results were evalu-

ated by collecting and studying splats. The size and shape

of splats were correlated with the temperature of in-flight

particles in order to confirm the accuracy of the sensor’s

temperature measurements. In addition, the sensitivity of

temperature measurements to the optical filter used for

two-color pyrometry, reflection of plasma radiation from

surrounding objects, and direct radiation from plasma were

investigated. The results showed that the single-point

measurement configuration was well adapted for SPS.

Keywords diagnostic system � online measurement � in-
flight particle temperature � suspension plasma spray �
thermal emission � two-color pyrometer

Introduction

Suspension plasma spray (SPS) produces coatings with

unique microstructures achieved by injecting submicron

ceramic particles through a liquid carrier in a high-tem-

perature plasma jet. The SPS coatings display superior

chemical, mechanical, and thermal properties which opens

opportunities for numerous applications (Ref 1). Temper-

ature and velocity of in-flight particles in SPS are among

the main parameters controlling the coating microstructure

and, consequently, its overall properties of the surface. The

condition of the in-flight particles before impingement on

the substrate has a direct impact on the coating character-

istics (Ref 2). Therefore, to control hardness, thermal

conductivity, and other properties of the final coating,

temperature and velocity of in-flight particles are key

parameters that should be monitored and controlled (Ref

3). Regarding the importance of online monitoring sys-

tems, on the one hand, these tools have become an

important component for developing, understanding, and

optimizing new processes in research, and on the other

This article is an invited paper selected from presentations at the 2019

International Thermal Spray Conference, held May 26-29, 2019 in

Yokohama, Japan and has been expanded from the original

presentation.

& A. Akbarnozari

christian.moreau@concordia.ca; anozari007@gmail.com

1 Department of Mechanical, Industrial, and Aerospace

Engineering, Concordia University, Montreal, QC H3G 1M8,

Canada

2 Tecnar Automation Ltée, Saint-Bruno-de-Montarville,

QC J3V 6B5, Canada

123

J Therm Spray Tech (2020) 29:908–920

https://doi.org/10.1007/s11666-020-01045-2

http://crossmark.crossref.org/dialog/?doi=10.1007/s11666-020-01045-2&amp;domain=pdf
https://doi.org/10.1007/s11666-020-01045-2


hand, they have been crucial for the advancement of

automation in industrial production lines. In short, moni-

toring tools facilitate understanding the process–property

correlation (Ref 4). Development of diagnostic tools and

measurement setups for different thermal spray processes

has been investigated by several authors including Solo-

nenko (Ref 5), Boulos (Ref 6, 7), Fincke (Ref 8, 9), and

Vardelle (Ref 10). Fauchais et al. (Ref 11) and Mauer et al.

(Ref 12, 13) reviewed research and development of diag-

nostic systems of in-flight particles, and they tabulated the

methods in terms of measurement of temperature, velocity,

size, number density, and shape. Moreau et al. (Ref 14-18)

developed integrated velocity and temperature measure-

ment systems that led to the commercialization the DVP-

2000 and AccuraSpray sensors (Tecnar, Canada). The

DPV-2000 was the first commercial diagnostic system

specifically designed for the characterization of thermal

spray processes. It is based on a single-counting measure-

ment with a two-slit mask at the tip of an optical fiber in the

sensor head to characterize particles between 10 and

100 lm. It has a two-color pyrometer to measure temper-

ature. The AccuraSpray (Ref 18) was designed as an

industrial diagnostic tool to monitor spray conditions in

atmospheric plasma spray (APS) and high velocity pro-

cesses (HVOF) by measuring temperature and velocity of

the in-flight particles as well as spray plume geometry.

However, each process required an adapted sensor head

because of different filtering requirements. The Accu-

raSpray helped in research to investigate and optimize

spray distance for SPS process (Ref 19). Mauer et al. (Ref

20) compared AccuraSpray with the DPV-2000 (Tecnar,

Canada) for APS powders, and they found good agreement

between the measured temperatures of in-flight particles by

both systems. An imaging diagnostic system was devel-

oped based on works of Vattulainen et al. (Ref 21) and

commercialized as SprayWatch (Oseir Ltd., Tampere,

Finland). This system measures the particle temperature

from long-exposure-time images for two-color pyrometry

and the particle velocity by the length of the particle.

ThermaViz (Ref 22, 23) (Stratonics Inc., CA, USA) is a

two-wavelength imaging pyrometer to measure tempera-

ture. Based on the two-color pyrometry, the In-flight Par-

ticle Pyrometer (IPP) was developed based on the work of

Swank et al. at Idaho National Engineering Laboratory.

Wroblewski et al. (Ref 24) discussed correlating tempera-

ture of particles to the molten volume flux across the

plume. All of these diagnostic systems are designed for

particle diagnosis in thermal spray processes in general but

not for SPS that relies on much smaller in-flight particles

(0.5-5 lm). Furthermore, McDonald et al. (Ref 25) carried

out splat studies and temperature measurement for the APS

process. As an offline characterization method, Delbos

et al. (Ref 26) sampled in-flight particles on a glass lamella

at the tip of a moving pendulum and they measured the

diameter of collected splats by atomic force microscopy

(AFM). Zeng et al. (Ref 27) collected in-flight particles in

liquid nitrogen for further analysis during the APS process.

Tarasi et al. (Ref 28) took samples of in-flight particles of

alumina–zirconia collected in water and determined the

average size in scanning electron microscope (SEM)

micrographs. They tried to relate the online measured

temperature of in-flight particles to characteristics of the

collected splats to confirm the validity of online measure-

ments. To monitor the in-flight particles, there are some

challenges that are unique to the SPS process. Small par-

ticles, rapid temperature change of the particles along the

spray axis, thermal and nonthermal radiation from plasma

(Ref 29) are some challenges of in-flight particles mea-

surement in the SPS process. The AccuraSpray G3C (and

earlier versions) is an ensemble particle diagnostic system

relying on a double-point measurement configuration that

was designed for conventional thermal spray processes and

not for SPS process. The double-point measurement con-

figuration consists in collecting the thermal radiation

emitted by the in-flight particles at two different wave-

lengths at two locations spaced by a few millimeters along

the particle jet. When it is applied to SPS, the sensor could

lack accuracy especially for temperature measurement due

to the considerable temperature gradient along the spray

axis. Then, temperature of in-flight particles at these two

points in space is different which may lead to loss in

accuracy of the temperature measurement. AccuraSpray

was used to study temperature and velocity of in-flight

particles in SPS (Ref 19) in works of Tarasi et al. (Ref 28)

and Vaben et al. (Ref 30). However, the possibilities and

limitations of these measurements need to be better studied

in SPS conditions.

The main objective of this paper is to assess the relia-

bility and accuracy of in-flight particle temperature mea-

surement in SPS. To so do, comparison between double-

point and single-point measurement configurations was

carried out. Furthermore, effects of optical filtering, sur-

rounding radiation reflection, and plasma radiation (direct

and reflected) on raw signals and temperature measurement

in the SPS process were investigated. Finally, the overall

performance of the new AccuraSpray 4.0 based on the

single-point measurement configuration in SPS processes

was evaluated.

Theory and Background

Temperature Measurement

The temperature measurement using the AccuraSpray

sensor is carried out by detecting the electromagnetic
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radiation emitted from in-flight particles. The sensor pro-

vides an ensemble average data from particles that pass

through its measurement volume which is roughly

200 mm3. The signal collected at each wavelength is the

result of the integration of radiation from all the particles in

the measurement volume. Since the signal does not belong

to any single particle, the measurement represents the

temperature of the ensemble of particles. The minimum

measurable temperature for this apparatus is around

900 �C. It has a camera and an alignment beam to place the

measurement volume at a target point. It measures the

temperature by using a two-color pyrometer based on the

Planck’s law (Ref 31, 32). Briefly, the thermal radiation

from a body is a function of wavelength, emissivity, and

temperature as given in Eq. 1.

Iem k; Tð Þ ¼ e
C1

k5
1

exp C2

kT � 1
� � dk ðEq 1Þ

where Iem is the intensity emitted by a black body in W/Sr

in an interval of wavelength d centered at a wavelength in

meter, T is the particle’s surface temperature in Kelvin,

C1 = 9.352 9 10-17 W m2, C2 = 1.439 9 10-2 m K, and

e is the emissivity. A two-color pyrometer measures the

intensity of radiation Ik1 and Ik2 at two wavelengths k1 and
k2. For this purpose, a bandpass filter is placed in front of

each of two detectors to block other wavelengths. Gener-

ally, the radiant source is assumed to behave as a gray

body. The temperature is calculated from Eq. 2.

T ¼ C2 k1 � k2ð Þ
k1k2

� ln
Ik1
Ik2

þ 5 ln
k1
k2

� ��1

ðEq 2Þ

Generally, temperature and velocity of in-flight particles

together provide key characteristics of a spray condition. In

the AccuraSpray system, the particle velocity is measured

by a time-of-flight technique (Ref 15). Each particle in the

measurement volume radiates a signal that passes through

two adjacent measurement points located along to the

direction of motion of the particle in the spray plume.

Knowing the distance between the measurement points, the

particle speed is calculated from the delay between

detection of the arrival of the particles in each detector.

There is an uncertainty in the measurement of temper-

ature by a two-color pyrometer. A fundamental assumption

for temperature measurement is that in-flight particles are

gray body. According to definition, emissivity of surface is

independent of wavelengths for the gray body. However,

emissivity at two wavelengths is not necessarily equal for

real materials. Mauer et al. (Ref 33) studied temperature

errors by deviations from the gray body assumption as a

function of temperature as shown in Fig. 1. For example,

7.5% difference between emissivity at two wavelengths

(ek1/ek2 = 0.925) results around 200 �C error for a

measurement at 3000 �C. Touloukian and DeWitt (Ref 34)

studied the thermal properties for a wide range of materi-

als. Manara et al. (Ref 35) reported emittance of YSZ as a

function of wavelengths which is a common material in

SPS. Therefore, deviation from gray body assumption can

be further studied by considering emissivity ratio at two

wavelengths (ek1/ek2).
Gray body assumption causes an uncertainty in tem-

perature measurement of in-flight particles by the two-

color pyrometer. The uncertainty of temperature measure-

ment (DT) (Ref 36) arising from the unequal emissivity of

e1 and e2 at two wavelengths of k1 and k2 is shown in Eq. 3.

c2
DT
T2

¼ 1

k2
� 1

k1

� ��1

ln
e2
e1

ðEq 3Þ

where c and T are a constant and temperature, respectively.

The uncertainty is minimum when the two wavelengths are

close, and it increases as the separation between the two

wavelengths increases. As determined by Planck’s law, the

sensitivity of a temperature measurement is a function of

the radiation intensity ratio determined at two wavelengths

(Ik2=Ik1 ). If the selected wavelengths are close to each

other, the slope of the intensity ratio Ik2=Ik1 as a function of

temperature is small, resulting in a low sensitivity of the

two-color pyrometer measurements. As the distance

between the two wavelengths increases, the slope of the

intensity ratio as a function of temperature increases. If the

slope is increased, small changes in temperature cause

larger changes in the intensity ratio, which means a higher

sensitivity of the device. However, minimizing the uncer-

tainty by choosing closer wavelengths in the spectrum

costs a loss in sensitivity of two-color pyrometer. There-

fore, separated wavelengths are selected to have an effec-

tive sensitivity to measure temperature with an uncertainty

estimated at ± 10 �C. The gray body assumption causes

some uncertainty in measurement of the absolute temper-

ature. However, relative temperature (temperature varia-

tions) can be determined reliably. In fact, the two-color

pyrometer, which operates based on the gray body

Fig. 1 Temperature measurement error as a function of emissivity

ratios and absolute temperature
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assumption, effectively shows the trend of temperature and

it responds appropriately to changes of measurement con-

ditions such as a higher or a lower power and a shorter or a

longer standoff distance. Therefore, the pyrometer based

on the gray body assumption still provides a reliable rela-

tive temperature of in-flight particles.

Single-Point Measurement Versus Double-Point

Measurement

Figure 2 shows a schematic diagram of a two-color

pyrometer used in a double-point measurement configu-

ration as implemented in the AccuraSpray G3C (and

earlier versions) versus a single-point measurement con-

figuration studied in this work and implemented in the

new AccuraSpray 4.0. Contrary to the double-point

measurement system, where Ik1 and Ik2 are measured at

two distinct points along the spray axis (almost 3 mm

apart from each other), in the single-point measurement

system, the signal is captured from one point in the

measurement volume and the collected radiation is split

into two parts using a dichroic mirror. The signals are then

passed through the bandpass filters to allow two distinct

wavelengths to reach each detector. Aziz et al. (Ref 29)

investigated the effect of plasma radiation on the accuracy

of temperature measurements. Based on their finding, the

bandpass filters were readjusted and optimized for more

effective elimination of the plasma radiation. It is worth

mentioning that double-point measurement system has

some practical advantages in terms of robustness of

measurement, relative simplicity of the configuration, and

cost efficiency. In fact, the double-point measurement is a

robust system that provides reliable result for APS and

HVOF processes. Furthermore, it does not require a

dichroic mirror in the configuration which makes it sim-

pler, while the results are still reliable. Finally, from a

commercial aspect, a double-point measurement system is

less expensive to manufacture which was more favorable

for customers and the developer.

Velocity Measurement

For more extensive characterization of in-flight particles,

temperature and velocity of particles are studied together.

Velocity measurement was not the focus of this part, and

the principle is explained in general terms. Velocity of in-

flight particles is calculated by using a time-of-flight

approach. Each particle in the measurement volume radi-

ates a signal that passes through two adjacent measurement

slits located parallel to the general motion of the particles

in the spray plume. Knowing the distance between the

measurement points and magnification of optics, the par-

ticle speed is calculated from the time difference between

the radiation peaks measured in each detector.

Experimental Methodology

The three distinct diagnostic apparatuses used in our

experiments were the double-point measurement Accu-

raSpray G3C, a new prototype of single-point measure-

ment, and AccuraSpray 4.0 developed based on the

prototype with a readjustment of transmission window for

filtering (both center wavelength (CWL) and full width at

half maximum (FWHM)).This paper reports two main sets

of experiments. In the first part, temperature of the in-flight

particles sprayed during the SPS process was evaluated by

both the double-point measurement system and single-

point measurement prototype. This prototype was used to

assess the gain in accuracy of the single-point measurement

approach over the two-point measurement. In fact, it served

as a proof of concept in the development of the new

AccuraSpray 4.0. In the second part, the SPS process was

characterized by the single-point measurement system

(AccuraSpray 4.0) equipped with an optimized filtering.

Furthermore, the sensitivity of measurements to changes in

spray and testing conditions was analyzed.
Fig. 2 Schematic diagram of the pyrometer for characterization of

the particles configured with (top) double-point measurement of

AccuraSpray G3C, (bottom) single-point measurement of the proto-

type and AccuraSpray 4.0
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Comparison of AccuraSpray G3C and the Prototype

in SPS

The AccuraSpray G3C based on the double-point mea-

surement configuration and the single-point prototype was

compared to measure temperature of in-flight particles

related to changes of plasma power and standoff distance.

The powder used for the experiment was 8 mol.% YSZ

(ZiBo.V.Gree. Trading, China) with an average particle

size 0.4 lm. A suspension of 1 wt.% polyvinylpyrrolidone

(Sigma-Aldrich, USA) as a surfactant and 20 wt.% powder

in ethanol was radially injected into the plasma jet origi-

nated from a 6 mm nozzle of a 3 MB torch (Oerlikon

Metco, Switzerland). The suspension was feed at a constant

flow rate of 25 mL/min, and the experiments were repeated

for three different plasma powers which was adjusted by

controlling the gas composition, gas flow rate, and elec-

trical current of plasma. Table 1 shows the variables and

spray conditions for each test.

Measurement by the Prototype and Splats Sampling

Validity of the temperature measurements was indirectly

investigated by studying the splats obtained in the different

spray conditions. To generate the splats samples, the sus-

pension was prepared as described above, but the powder

concentration was set to 10 wt.%. Lower suspension con-

centration was used to reduce the density of splats collected

on glass substrates. For the purpose of validation, the

temperature was measured using the prototype at five dif-

ferent spray distances and splat samples were collected on

a glass substrate at the same distances. The spray param-

eters of these experiments were those identified as Test #3

in Table 1. The collected splats were studied by using a

scanning electron microscope (SEM) S3400 (Hitachi,

Japan) at accelerating voltage of 5 kV. Then, correlation

between the measured temperatures of in-flight particles

and micrographic information from the collected splat

samples were studied.

AccuraSpray 4.0 for SPS

The single-point measurement system of the AccuraSpray

4.0, developed based on the validated prototype, was

employed first to characterize first the in-flight particles

under plasma conditions described in Test #3 in Table 1 for

spray of 20 wt.% YSZ suspension. In a second series of

experiments, the temperature and velocity of in-flight alu-

mina particles sprayed with an axial injection plasma torch

(Northwest Mettech Corp., Canada) a 3/8-in. nozzle

diameter were characterized. An alumina powder

(ZiBo.V.Gree. Trading, China) with an average particle

size of 0.4 lm was put in suspension in ethanol with a

concentration of the 20 wt.% powder with 1 wt.%

polyvinylpyrrolidone (Sigma-Aldrich, USA) as a surfac-

tant. The flow rate of alumina suspensions was kept con-

stant at 45 mL/min for each set of experiments. Nitrogen

with a flow rate of 15 mL/min was employed to atomize

the suspension before entering the plasma. Table 2 shows

spray conditions for these tests.

Temperature Sensitivity to Measurement

Conditions

Effect of optical filtering, reflection from surrounding walls

(or other objects in the spray booth), and direct plasma

radiation was investigated. For this series of tests, YSZ

suspension was sprayed with the 3 MB torch operated in

Test #3 conditions (Table 1). Both the raw signals at the

photodetector and measured temperature were compared

for this spray condition. To understand the effect of optical

filtering, the signal and temperature were recorded by using

regular optical filters of the AccuraSpray 4.0 and compared

to an enhanced filter configuration. The enhanced filter was

composed of two customary filters with OD 6 which they

were stuck together for more effective blockage of the

rejected wavelengths. To investigate effect of the reflection

from surrounding walls in the spray booth, a light beam

dump was employed to reduce the intensity of the radiation

that would reach the sensor. The beam dump was a mat

black closed-end cylinder of 10 cm in diameter. The beam

dump was placed in front of the diagnostic system to

prevent reflection of radiation from the plasma or other

sources on the surrounding booth walls from entering theTable 1 Plasma conditions for spraying the YSZ suspension with the

3 MB torch

Test # Gas flow rate, L/min Current, A Power, kW

Ar He H2

1 45 0 5 600 34

2 25 25 0 700 27

3 25 25 0 600 23

Table 2 Plasma conditions for spraying the alumina suspension with

the Mettech torch

Test # Gas flow rate, L/min Current, A Power, kW

Ar N2 H2

4 184 23 23 180 90
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diagnostic system. The raw signal and temperature were

recorded in the presence and absence of the beam dump.

Finally, to understand the effect of direct plasma radiation

on the measurement, a shield was placed between the

plasma and the diagnostic system to mask the plasma in the

sensor field of view. The beam dump was built by a

cylindrical tube and plate coated with a mat black paint to

trap the reflected light. The size of the assembly was larger

enough to cover the whole field of view of the sensor. We

made a steel shield and positioned it at around 5 cm from

the side of the torch. The shield had to be light enough so it

could be mounted on the torch and be moved along with

the robot arm. The width of the shield was 10 cm in order

to shield the camera sensors from direct plasma light. The

signal and temperature were recorded with and without the

shield.

Results and Discussion

Characterizing YSZ in SPS by AccuraSpray G3C

and the Prototype

AccuraSpray G3C and the prototype were used to mea-

sured temperature of in-flight particles in SPS. Figure 3

shows the temperature of in-flight YSZ particles as a

function of plasma power at a standoff distance of 60 mm

from the torch exit obtained with the double-point mea-

surement system and single-point prototype. The double-

point measurement system displayed significantly higher

temperature readings, reaching 3460 �C at a plasma power

of 34 kW, while the single-point measurement prototype

measured 3140 �C for the same condition. The offset

between the two readings at 34 kW was 320 �C, and it

stayed as high as 260 �C for the lower plasma power set

point (23 kW).

Figure 4 presents the temperature readings from the

double-point measurement system and single-point

measurement prototype at three different spray distances

with the plasma power set to 34 kW. Temperature readings

of the single-point measurement system show a continu-

ously decreasing trend with the spray distance as expected.

For the double-point measurement, the temperature

decrease was observed up to 80 mm, and then, the tem-

perature starts to increase at a longer standoff distance.

Such a temperature increase is a measurement artifact as

the temperature of the spray particles should decrease with

the spray distance. Indeed, there is no exothermic reaction

between the zirconia particles and the plasma or sur-

rounding air as the material is already oxidized. The same

figure shows that the two-point measurement system sys-

tematically measured temperatures that were higher than

the single-point measurement configuration. This differ-

ence was around 320 �C at a standoff distance of 6 cm and

around 90 �C at the 8 cm.

To the best of the authors’ knowledge, the two-color

pyrometry is the only practical method to measure the in-

flight particle temperature in thermal spray processes. In

this technique, the measurement volumes probed at the two

selected wavelengths are normally totally superimposed

(simple-point measurement). The double-point measure-

ment approach is subject to additional measurement errors

if, for example, the particle temperature and their number

density as well as plasma radiation are different in the two

distinct measurement volumes. Consequently, the single-

point measurement approach is expected to be more reli-

able than the double-point approach. This is consistent with

the results of Fig. 4 showing that the particle temperature

decreases continuously with distance in the single-point

configuration (Fig. 4) as expected. The exact reasons

explaining the higher temperatures measured in the double-

point configuration are not fully clear to the authors at this

time.

As shown in Fig. 4, the slope of the particle temperature

with distance as measured by the prototype is relatively

low. This can be caused by a bias of measurements toward
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the relatively larger and hotter particles. These particles

have stronger radiation and slower cooling rates, and they

have a noticeable influence on the average temperature

recorded by the system.

Analyses of Collected YSZ Splats from SPS

Figure 5 shows the particle temperature as a function of

standoff distance from the torch exit in the Test 3 condi-

tion. For this test, a low power condition was selected to

avoid large overheating of the particles where they would

cool down below their melting point along the spray axis.

The goal was to collect splats at different standoff distances

where particles temperature was expected to be above the

melting point for the shorter spray distance and below the

melting point for the farthest standoff. The measurement

shows that the most noticeable temperature changes were

between the standoff distances of 30 and 40 mm where the

temperature dropped almost 200 �C. The rapid initial

temperature drop can be associated more with the stray

radiation than the natural temperature decrease in the

particles. Fazilleau et al. (Ref 37) showed the temperature

of plasma drops considerably (independent of gas type) at

close axial distances. However, it remains as high as

4000 �C at standoff distance of around 5 cm. Therefore,

the particles cannot experience a sharp temperature drop

because of the plasma cooling. Delbos et al. (Ref 26)

studied heat transfer for the particles. Assuming the

radiative heat transfer between the plasma and particles

was in balance as far as 4 cm, convection heat transfer was

the dominant mechanism for cooling down of particles.

The heat transfer through convection is proportional to

temperature difference. For this analysis it was assumed,

the convection coefficient was constant. This means than

the temperature drop should be linked to the convection

which changes linearly with temperature. On the other

hand, the level of stray radiation from the plasma was

higher close to the torch. Spectroscopic measurements (Ref

29) showed that the irradiance from free charges and ions

in the plasma covers the whole spectrum in the visible and

near-infrared (NIR) ranges. This irradiance was higher

closer to the torch, and it diminished with the measurement

distance from the torch. Therefore, it is concluded that the

reading of a high temperature at 30 cm was due to the stray

radiation which added to the thermal radiation from par-

ticles. At standoff distances larger than 40 cm, the rate of

cooling was around 25 �C/cm. The cooling rate decreased

as the measurement volume was farther from the torch and

it increased for a higher power plasma. The results

obtained using the single-point measurement prototype

seemed promising; nevertheless, it required to be verified

indirectly through the splats studies.

Figure 6 depicts the SEM images of splat samples col-

lected at different spray distances. At 30 mm, the glass

substrate was totally covered with the splats which meant

relatively high deposition efficiency. The number of splats

was countless, and the shape of splats illustrated that most

particles were entirely molten at the impact. At this point,

the device recorded an average particles temperature of

3040 �C which was over the melting point of the YSZ. At

40 mm, the glass substrate was more visible which indi-

cates that a smaller number of particles had enough energy

to successfully impact and attach to the substrate. Fur-

thermore at a standoff distance of 40 mm, fewer number of

splats smaller than 1 lm were observed compared to the

spray distance of 30 mm. The temperature measured by the

sensor at 40 mm was 2830 �C which was very close to the

YSZ melting point (2800 �C) (Ref 38). As the spray dis-

tance increased to 50 and 60 mm, the deposited area on the

glass substrate reduced and the shape of splats tended

toward thicker well-developed disks. Moreover, the num-

ber of spherical particles with diameter ranging between

0.5 and 1 lm was observed at 60 mm. These spheres were

most likely partially resolidified in-flight particles which

impinged on the substrate. However, the impact did not

deform their shapes as they were partially solid. The

minimum diameter of the splats at 50 mm was around

1 lm. At that distance, the diagnostic device measured

temperatures around 2780 �C which is marginally below

the melting point of the material. At 80 mm, most of the

particles reached the substrate in the form of resolidified

spheres except relatively large particles. At this distance,

no flatten splats smaller than 1.5 lm can be observed and

the number of collected splats was countable. Tendency of

splats to conserve their spherical shape supported this idea

that they were semi-molten. The temperature of in-flight

particles was 2740 �C at 80 mm away from the torch.

As discussed above, the density of collected splats on

the glass plates decreases rapidly with increased spray

distance. The observation of the number of particles

retained on the glass substrate at 5 cm shows a
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Fig. 5 Temperature of YSZ in-flight particles measured by prototype

in SPS process for the condition of low power (Test #3) with 3 MB

torch
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considerable amount of small resolidified particles. It is

believed that due to their small size and momentum, such

particles could not be collected at a distance of 8 cm. It is a

reasonable assumption to consider particles as a point

source which are distributed uniformly. The number of

particles per unit of the surface area counted on the glass

substrate depends on the distance from the source. For a

stationary torch and a fixed sampling glass substrate, the

number of particles on the substrate is reduced proportional

to the inverse of the squared distance. However, as the

torch scanned the substrate in our case, the number of

particles on the substrate should be reduced proportional to

the inverse of the distance. The ratio of the particle number

at 8 and 5 cm was calculated by counting the number of

particles in the same area of interest at the two distances. It

was found that the number of particles counted at 8 cm was

much less than the number of particles calculated from the

number particles at 5 cm times the ratio of distance. In

short, this was an indication that fewer particles could

reach and stick to the substrate because of rapid cooling

down and velocity reduction. Moreover, the diagnostic

device makes ensemble measurements which covers the

full range of particle size and temperature distributions. In

fact, it gave an average temperature value of all the parti-

cles that passes through its measurement volume with a

bias toward hotter and larger particles as they emit higher

intensity of thermal radiation. Observation of few small

splats collected on the substrate confirmed that the smaller

Fig. 6 SEM images of YSZ splats at the glass substrates for five spray distances from 30 to 80 mm for condition of low power (Test #3) in SPS

process with 3 MB torch
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particles of the distribution were at lower temperature than

the melting point. Upon an impact on the substrate, these

smaller particles were resolidified and they consequently

bounced back. At spray distance of 80 mm, the double-

point measurement system showed a temperature around

2890 �C which was considerably higher than the melting

point of the material. The physical reason that the double-

point measurement overestimates the temperature is

Ik2 measurement was less than Ik2 real and this resulted that

(Ik1/Ik2)measurement was larger than (Ik1/Ik2)real. Conse-

quently, the temperature calculated from Eq. 3 by a larger

emission ratio at two wavelengths overestimated the real

temperature. Therefore, the result of the double-point

measurement system was in contradiction to the informa-

tion achieved from studying of splats through the SEM. To

summarize, evolution of temperature along the spray axis

was consistent with the evidence achieved from analysis of

the micrographs. The splat analysis confirmed credibility of

temperature reading by the single-point measurement

prototype.

Sensitivity Analysis of Temperature

to Measurement Conditions

The objective of this section is to report on the sensitivity

of temperature measurements on the spray environment

and improved filtering used in the AccuraSpray 4.0. In fact,

this diagnostic system is the independent product further

developed based on the prototype investigated this study to

measure both the temperature and velocity of particles.

Figure 7 shows the raw signals from the temperature

detector of 1 in six different measurement conditions col-

lected with the same spray conditions (Test 3). Depending

on the measurement condition, the voltage amplitude of the

detected signal was different. In other words, the sur-

rounding booth and stray radiation could have an impact on

the detected signals. A more detailed analysis was carried

out by looking at the root-mean-square (RMS) value of the

signals to better understand the effects of measurement

conditions.

Figure 8 shows the RMS signal value for each case. The

reference condition was Case 4 without the shield, no the

light dump, and the normal filtering. Table 3 reveals per-

centage of changes in the RMS values when each of three

mentioned options was added to the test setup. The

enhanced filter reduced the RMS value between 20 and

30% compared to the standard filters used in the diagnostic

system. The reduction in the RMS could be as a result of an

unfavorable signal attenuation of the in-flight particles in

the transmission band of the filter and as a result of more

effective blockage of the stray radiation out of the trans-

mission band. Between these two, higher blockage of

unwanted wavelengths of the spectrum by the filter reduced

the RMS value more significantly. In the other case,

employing the light beam dump reduced the RMS value

between 4 and 5% which means that the reflections from

the booth had a small effect the signal. Finally, using the

shield between the plasma and the diagnostic system

reduced the RMS by 1%. Analysis of RMS value provided

an indicator to assess the effects of measurement

Fig. 7 Voltage amplitude at the temperature detector for the six measurement conditions at spray condition test #3
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conditions on the measured temperature. This analysis is

more tangible when measured temperature was considered

for each measurement condition.

Figure 9 shows the temperature reading for each of the

measurement conditions as a function of the standoff dis-

tance. The trend of temperature changes as a function of

standoff distances was the same for all test conditions. To

elaborate more, the temperature at standoff distance of

50 mm is discussed in more detail below. The temperature

at the reference condition (No. 4) was 2860 �C which was

the highest of all measurement conditions. Temperature

reading obtained using the using the enhanced filters was

2820 �C. The measured temperature by the enhanced filter

was 40 �C less which corresponds to the 20% lower RMS

value. Regarding reflection effect, the temperature was

2840 �C (20 �C less than the reference condition) when the

beam dump was employed. In the previous analysis, it was

understood that the beam dump reduced the RMS value by

4%. If the plasma direct radiation was concerned, the

temperature was 2830 �C when the shield protected the

diagnostic system from the direct plasma radiation. In this

case, a lower temperature of 20 �C was corresponded to

1% lower RMS value of the signal. Effect of the enhanced

filter was more significant when the standoff distance was

shorter as expected. At 30 mm from the torch, temperature

of the reference condition was 2990 �C, whereas the tem-

perature was 2870 �C for the case of using the enhanced

filter. As shown in Fig. 10 for the same measurement, the

velocity decreased from 470 m/s at 30 mm from the torch

to around 240 m/s at 60 mm. This trend of changes was as

expected and within a common range of velocity for typical

plasma conditions in SPS. The result showed the velocity

dropped at the rate of 70 m/s per 10 mm for standoff dis-

tance from 30 to 60 mm. As expected, one observes slower

particles in a farther standoff distance because of the air

drag. It is helpful to mention, although the temperature

varied around 130 �C at 30 mm of the torch, the velocity

had insignificant variation as the measurement condition

changed as shown in Fig. 10. Similarly, the variation of

velocity for different measurement conditions at the further

standoff distances was insignificant. To summarize, the

measurement condition changes the recorded temperature

to a certain extent. Undesirable radiation of spectrum has a

major effect on temperature measurements; however, its

effect can be eliminated by using optical filters with the

more effective blockage.

Characterizing Alumina in SPS by AccuraSpray 4.0

Performance of the single-point measurement system was

investigated for a higher power plasma which produces

more intense plasma radiation and consequently is more

challenging for characterization of in-flight particles. For

this purpose, temperature of alumina powder, injected to

the plasma from the Mettech torch, was measured in the

SPS process by the single-point measurement system. The

Mettech torch can be operated at very high power. Fig-

ure 11 shows that the particles temperature decreased from

2700 to 2670 �C by sampling at two different standoff

distances (50 and 75 mm). It means the particles experi-

enced a drop of temperature around 30 �C by moving

25 mm.

It was predictable that temperature of particles would be

lower at the farther distance; however, this drop was rel-

atively small. This result can be explained by considering

the melting point of alumina and plasma power at the

Fig. 8 RMS of signal

amplitude for six measurement

conditions at the spray condition

#3

Table 3 Reduction in RMS value for each of three added elements to

the test setup

Effect RMS reduction, %

Enhanced filter 20-30

Beam dump 4-5

Plasma shield 1-2
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measurement points. In fact, the melting point of alumina is

around 2070 �C which is considerably lower than the

plasma temperature in this experiment. Therefore, most of

the axially injected particles got fully molten in the heat of

plasma. On the other hand, the length of the plasma plume

from the exit of the torch was over 75 mm. It was an

indicator that both measurements were conducted in the hot

zone which had a small temperature gradient along the

plume. This was in an agreement with the measurement.

Velocity of in-flight particles drops from 669 to 643 m/s

which was expected for the spray condition. Tarasi et al.

(Ref 28) reported a temperature around 2900 �C and a

velocity around 610 m/s for a similar spray condition of

alumina and YSZ mixture measured by the double-point

Fig. 9 Temperature of in-flight

particles as a function of

standoff distance six

measurement conditions for the

spray condition test #3, size of

markers shows the standard

deviation of measurement

Fig. 10 Velocity of in-flight

particles as a function of

standoff distance six

measurement conditions for the

spray condition test #3, standard

deviation of velocity is 3 m/s
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measurement system, AccuraSpray G3C. The temperature

measured by the single-point measurement system was

more realistic than the one measured by the double-point

measurement system.

Statistical error was evaluated for measurement over a

period of 50 s. The sampling rate for temperature mea-

surement was 20 Hz. Standard deviation of temperature for

this period and sampling was ± 1 �C. However, the main

source of deviation in the measurement was due to the local

positioning of the sensor (position of measurement volume

relative to the spray). The uncertainty due to positioning

causes an error estimated at ± 10 �C. This error is shown
by error bars or size of markers in the figures.

Conclusions

The main objective of this work for development of a

reliable system to measure temperature of in-flight particles

in SPS and evaluation of the system was successfully

achieved. Diagnostic system for the APS process known as

AccuraSpray G3C, based on the double-point measurement

system, can provide an estimation of in-flight particle

temperature in SPS for spray distance between 50 and

80 mm, and it shows some deviation from expected tem-

perature at shorter and longer spray distances. The devia-

tion exists regardless of the plasma power. Furthermore,

the double-point measurement configuration systematically

overestimates the temperature of in-flight particles in SPS.

Therefore, a new sensor configuration was further devel-

oped and adjusted exclusively for SPS to improve the

accuracy of temperature measurement. A single-point

measurement configuration and an improvement of the

signal filtering were applied in the new system. The result

of temperature measurements in SPS was indirectly veri-

fied through the splat analysis. The splat analysis was

consistent with the evolution of temperature measured by

the single-point measurement prototype. The SEM images

of splats showed that most of the particles were resolidified

and they did not flatten nor stuck to the substrate when the

sensor measured temperature of particles to be below the

melting point. Moreover, effect of measurement conditions

on temperature of particles was investigated. The study

showed the stray radiation has limited influence on the

temperature measurement in the condition of this work.

Elimination of stray radiation with using components such

as an enhanced filter, a beam dump, and a shield provides

more realistic temperature of in-flight particles particularly

at a shorter spray standoff distance. Applying these com-

ponents can be necessary to avoid significant bias on the

temperature measurements for some spray and measure-

ment conditions. In short, due to reduction in the mea-

surement volume and optimized filtering, AccuraSpray 4.0

based on the single-point measurement configuration can

successfully measure the temperature of the in-flight par-

ticles in SPS.
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