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ABSTRACT

As a preliminary study for fabricating a thick and dense free standing type 

deposit, powder melting studies were carried out. Various morphologies and sizes of 

powder having the same chemical compositions were applied in particle melting 

experiments with varying systematic parameters. 

Through the study of powder melting by inductively coupled plasma, we can 

conclude as followings: 

Argon-hydrogen plasma gas with a higher plasma power gave good quality 

of splats and shown a higher density with a higher build-up rate. 

Reproducibility of the experiments appeared in the range of 99%. 

Degree of particle melting and its density just before impinging played a 

predominant role in the density of a deposit. 

Chamber pressure has an effect on degree of deformation of the splats, i.e.

on the particle momentum. Completely melted particle showed a high 

deformation appearance. 

Build-up rate had a relation with a fraction of the fully melted particle, and 

this also closely associates with productivity and economical efficiency. For 

increasing the fraction of the fully melted particle, either increasing the 

power or limiting the particle size was recommended.  

Mean pore size and its distribution of a deposit seemed to have a relation 

with a viscosity of the melted powder, i.e. particle temperature, and also 

with a chamber pressure and spraying distances. 

Particle temperature may be governed by a plasma power, plasma gas 
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property, probe position, and spraying distance in the present experimental 

range. 

Some results might be appeared with mutual interactions of the effects, for 

example, particle residence time and momentum with chamber pressure, particle 

temperature with chamber pressure, spraying distance and its size.  

These complicated mutual interactions among the parameters induced us to 

adopt an experimental design and analysis method, ‘ANOVA’. 
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1     Overview 

As a preliminary study for fabricating a thick and dense free standing type 

deposit, powder melting studies were carried out. Various morphologies and sizes of 

powder having the same chemical compositions were applied in particle melting 

experiments with varying systematic parameters.  

Plasma spraying technology has chiefly applied for coating on substances by 

spraying powders in order to give enhanced properties, such as corrosion and abrasion 

resistance, chemical and weather resistance, thermal protection and other intentional 

properties. The materials having been applied were aluminum, zinc, copper and others 

with a low melting point of fine particles.1,2)  Ceramics for coating material has a 

limitation to apply due to their high melting points.3,4)  In recent years, much attention 

has been arisen on the induction plasma spraying (IPS) system, which is expected to 

provide a potential for those requirements.5) Jurewicz et al.5) has reported an application 

in the area of spraying the high melting point metals and alloys of refractory.  

We are here going to apply those techniques primarily for fabricating the pellet 

form with prominent density. Through the series of experimentations, we will 

demonstrate fabricating a pellet and investigate the major parameters affecting the 

density, consequently discuss their microstructures. With optimizing the sensitive 

parameters on density, we will eventually fabricate the thick pellet of 10 mm in 

diameter and height.  

While a plasma spraying technique has been used commercially from the 

1960’s, the quality of products and involved variables have appeared to be 

distinctive.6,7)  There are a lot of spraying parameters whose choice influences the  
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results. One estimation for the number of major parameters in the plasma spraying 

process is at least 35.8) A further enumeration has indicated that perhaps 100 

interrelated processing parameters can influence particle temperature, velocity, and the 

final quality of deposited coating.9) These parameters, therefore, need to be recognized 

and major parameters should be optimized in some extent by examining the powder 

melting. 

Considering a particulate injected into a plasma jet, the particles will be affected 

by the plasma jet. During the course of their flight, the particles will be exposed to an 

intensely hot medium, and will be rapidly heated to their melting point. This will make 

molten droplet and thus they assume a spherical shape due to surface tension.10,11,12)

The degree of melting, first of all, will depend on the property of the powders 

and the heat transfer ability from the plasma to the entrained particles. In this respect, a 

melting study is very important as much as spheroidization or spray coating, and not to 

mention the primary objective in both cases is to obtain completely molten particles.  

In this chapter, an experimental investigation for finding the important variables 

on powder melting for further fabrication of a thick and dense deposit will be 

undertaken with refractory powders.  

Zirconia stabilized with 20 wt.% yttria (YSZ), refractory powder, will be 

injected into the plasma flame − YSZ powder has normally been employed as a thermal 

barrier. The results will be analyzed in terms of the density of the deposit, degree of 

melting on the surface of a substrate, and degree of spheroidization of particles with aid 

of a SEM or an optical microscope. 

Variables affecting melting particles in the plasma can be divided into the  
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following categories:13,14)

A) Physical properties of a powder, 

B) Particle size and its distribution, 

C) Particle shape and surface roughness, and 

D) Powder production techniques. 

Each of those factors will be individually discussed. 

A) Physical properties of a powder 

Physical properties of the material like a specific heat, thermal conductivity, 

latent heat of fusion, density, melting point, and boiling point influence heating the 

particles in plasma jet, and subsequently quality of deposits. These are very distinctive 

for different materials, for example metals and ceramics.   

B) Particle size and its distribution 

The amount of heat required to melt a given particle is directly proportional to a 

particle size. The larger the particle size is, the higher the heat required, and the 

residence time should be longer in the plasma jet to permit complete melting. A 

varying degree of melting owing to wide distribution in size can be cumbersome, 

particularly in separation of non-spheroidized fraction from the spheroidized ones. 

Similarly, the spray-coating quality depends on the degree of melting.15,16) Particle 

entrainment and subsequent melting depend much upon its initial size, as well as other 

factors. 

C) Particle shape and surface roughness 

Both of these are important in powder flowability and heat transfer,17)

however these two aspects pose conflicting requirements. Particles with rough  
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surface would melt readily compared to smooth particles, because of higher surface 

area per unit volume. On the other hand, smooth particles would flow more easily from 

the powder feeder.18) These are equally important for uniform distribution along the 

feed line and uniform dispersion in the plasma jet to give better spheroidization 

efficiency. Hasui et al.18) have reported that particle velocity also depends on shape, 

rough-surfaced and irregular-shaped particles tend to attain a higher velocity compared 

to smooth-surfaced particles. If this is true, rough-surfaced powder will give an 

expectation of higher particle momentum, so that producing the high density deposit is 

more achievable. 

D) Powder production techniques 

Mash et al.19) have shown that for a given material, the manufacturing method 

can markedly affect the particle melting. This is due to the size distribution within a 

certain range and the particle shape varying among different suppliers. Accordingly, for 

higher spheroidization yields, this factor should be seriously considered.  

The literature review corroborates that powder should be rough-surfaced, 

smaller and a narrow cut size range. From this assertion, a rough-surfaced zirconia 

powder, Metco202NS, was adopted in the preliminary study of powder melting. For 

zirconia, particles of this type are usually used in thermal barrier coatings. For the point 

of particle size, since the proper size was not acknowledged at the beginning of the 

experiment, the available size in commercially sold was applied. 

In addition to the careful selection of the powder type for a dense and thick 

deposit, the systematic parameters should be considered together. For ceramic powders 

like alumina, experimental studies of the in-flight spheroidization in the induction 

plasma have been carried out by Ishigaki et al., and Fan.20,21,22) Their conclusions were 

that a plasma composition, plasma power, reactor pressure, and powder feed rates were 

the important parameters which controlled the morphology  
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and phase composition of the powders obtained. According to the former investigators, 

a set of systematic parameters having the ability to affect the deposit quality was 

determined as follows and the reasons are described below.  

A) Plasma power 

Increasing the plasma power enhances the plasma temperature and plasma 

density, thus enlarges the plasma discharge volume. More heat can therefore be 

transferred from the plasma to the particles at higher power levels and the 

spheroidization efficiency can be improved.22)

B) Chamber pressure 

A chamber pressure oppositely affects particle heating. Higher pressure 

increases the plasma enthalpy and decreases the particle velocity, resulting in a greater 

heat transfer from the plasma to the particles. On the other hand, higher pressures 

obviously diminish the discharge volume, making the particle residence time shorter, 

and this gives a reduced particle momentum.23,24)

C) Plasma gas composition 

Generally, pure argon gas has been used for generating the plasma due to its 

inertness and comparatively lower ionization potential. The enthalpy, thermal 

conductivity, and ionization potential for commonly applied gases in plasma are; Ar: 

3.5×105 J/kg at 1000 K, 0.0001772 W/cm K, 15.76 eV, H2: 1.7×107, 0.001815, 13.6, 

He: 6.74×106, 0.00152, 24.59, Ne: − , 0.00045, 21.57, and N2: 7.7×105, 0.0002598, 

14.534.25) The ionization potential sometimes described as a cross-section an imaginary 

area to collide by other electrons or ions. Either nitrogen or hydrogen gas is sometimes 

mixed with argon together to improve enthalpy and thermal conductivity. The 

ionization cross-section and thermal conductivity are larger in argon-nitrogen, but more 

heat can be released from the argon-hydrogen mixture.26)
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While the argon and nitrogen mixture cannot gives a higher temperature than argon-

hydrogen, and it can provide a long plasma flame tail. Therefore, particles can fly a 

long distance and afford to be fully melted in this condition. According to the plasma 

gas constituents, the plasma gas enthalpy and gas property are varied and this might 

lead to different results. Another important reason for using the argon and nitrogen 

mixture is that it is more economic compared to the pure argon gas.  

D) Spraying distance 

The spraying distance greatly affects the splat morphology of the molten 

particles when they strike off the substrate. A higher plasma temperature with a 

reduced spraying distance and greater particle velocity formed in a lower chamber 

pressure have exhibited the “explosion” of droplets on impact.27) Since it has known 

that higher temperature field was built near the induction coil of the r.f. plasma torch,26)

molten particles might be continuously cooled while approaching the substrate, so the 

droplets having a long spraying distances might impinge the substrate with a low 

viscosity. At larger spraying distances, a lower degree of droplet deformation might 

thus be obtained due to a decreased particle temperature. 

E) Substrate temperature 

A substrate temperature will be responsible for adherence of molten particles on 

a substrate and establishment of the microstructures of a deposit during cooling. A 

substrate temperature may be increased during spraying due to the heat of the molten 

particles, the latent heat of the splats as well as the plasma flame. The substrate 

temperature, however, might be reached its equilibrium if the spraying conditions 

maintain steady state, where the heat gain of the substrate from the plasma and from 

the release of the latent heat of fusion of the molten particles will be equal to the heat 

loss by radiation. The heat of droplets, the latent heat of solidification (recalescence 

effect)28) and the retarding heat removal due to low thermal conductivity may result 
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in increasing the deposit temperature. As previously mentioned, Jiang29) observed

substrate temperatures reaching near 2100 K during alumina powder spraying.  

With intensive reviewing the literatures, it was realized that successful melting 

the particles is not simple. Therefore, earlier efforts are focused mainly on the particle 

melting studies, while the later studies oriented to more specific aims, spheroidization, 

thick deposition and pellet forming, and characterization of their microstructures and 

solidification mode. In this chapter, a brief melting study will be carried out with the 

following strategies: 

Rough-surfaced and high surface area particles will be adopted for easy 

melting and high particle momentum.  

Plasma power input will change to vary the plasma temperature and enthalpy.  

Plasma gas composition will be altered.  

Chamber pressure will be changed to vary the particle velocity which 

ultimately affects the particle momentum and residence time. 

Optimum spraying distance will be explored. 

An argon gas has been commonly used as a powder carrier gas for delivering 

the particles to the plasma jet. There is a possibility of it taking part in the plasma-

forming reactions, so that an inert gas is normally recommended unless a chemical 

reaction is needed.     

The spraying distance should be sufficiently long in order to melt completely during 

their flight.30) Moreover, the collecting chamber should be spacious and airtight. The 

spheroidized product will be collected in a water bath at the downstream of the nozzle in order 

to observe the degree of their melting. 
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Another objective of this experimental investigation is to clarify the effects of the 

parameters adopted here so as to arrive at a better understanding of the powder melting in 

inductively coupled plasma spraying system. 
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2     Experiments 

Metco202NS powder was chosen as the first material to be deposited or melted. 

Metco202NS powder is a originally quasi-spherical, rough-surfaced powder with large 

surface area, porous and agglomerated as shown in Fig. 1. 

In the first series of runs, below 150 µm of the originally distributed size was 

used. Later, the powder was sieved into –90+45 µm with ASTM No. 170 followed by 

ASTM No. 325 to investigate the particle size effect. Their characteristics and average 

particle sizes are represented in Table 1.  

              Fig. 1   Metco202NS powder.                         
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The experimental work on powder melting was examined using a powder 

feeding system (CYLCO, Sylvester Company, Ohio, USA) with an 8 threads/inch 

driving screw. This equipped of a big cylinder mounted on a magnetic shaker. The 

powder was charged to the cylinder whose top is covered with an airtight lid. A 

variable-speed screw mechanism is provided at the bottom of the cylinder, which 

conveys the powder to a mixing unit. The entire system was operated under pressure 

during the experiment. Pure argon gas was used to pneumatically transport the powder 

from the mixing unit to the injection probe (4.5 mm internal diameter) through flexible  

plastic tubing. The powder feeding rates were calibrated prior to 

PL-70 Inductively coupled
Plasma Torch

Zp, Probe position

Central gas (Ar)
Sheath gas
(Ar+H2)

Power supply
300 kHz

Water cooled
deposition chamber

Substrate 

Deposit

Plasma
Zs, Spray distance

To Vacuum Pump

Sprayed 
YSZ

powder collector 

Carrier gas (Ar) + powder

Fig. 2   Schematic drawing of powder melting system. 



Experiments          

- 11 - 

experimentation. 

The schematic drawing of the powder melting system was introduced in Fig. 

2.

To get a deposited sample or spread splats, a rectangular graphite substrate or 

the same size stainless steel plate fixed on the top of the graphite substrate was used. 

After evacuating the chamber to 50 Torr, the plasma was ignited and the 

chamber pressure was then adjusted to the planned conditions. The experimental 

conditions are summarized in Table 2. Some parameters, the central argon gas flow rate, 

powder feed rate and powder carrier gas flow rate were fixed at 35 L/min, 16.38 g/min 

(300 rpm) and 5 L/min respectively, since they were not thought to be sensible in 

density. The other parameters, such as the sheath gas composition, gas flow rate, 

chamber pressure, plasma plate power, and substrate temperature were varied at 

120(Ar)+10(H2) and 40(N2) L/min, 200 and 400 Torr, 60 and 80 kW, and 400 °C, 800 

°C or else kept uncontrolled. In order to maintain the temperature to 400 °C or 800 °C,

a nitrogen gas was supplied at a pre-adjusted flow rate. The substrate temperature was 

monitored by a K-type thermocouple during spraying. Upon 

Powder Characteristics Mean particle size 
(µm) Description (µm) 

89 -150 

Metco202NS 
Quasi-spherical, rough-surface, 
large surface area,  
atomized and agglomerated 57 -90+45 

Table 1   Characteristics and sizes of the powders used in preliminary melting study 
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 spraying a small number of particles on a substrate, the coated substrate was observed 

by a SEM or an optical microscopy in order to clarify the degree of melting. 

To collect the melted particles, a water bath with a 280mm diameter was laid on 

the bottom of the chamber 100 cm below from the torch. The collected particles in the 

bath were dried in an oven.  

A SEM (scanning electron microscope, Jeol JSM 840A, Japan Electron Optics 

Ltd., Tokyo) and an optical microscope (Letiz METALLUX 3, Iowa, USA) were used 

to observe the samples. When a chemical composition analysis was needed, ICP-AES 

(inductively coupled plasma-atomic emission spectrometer, model JY50P, JOBIN 

YVON, France) and EPMA (electron probe microscope analyzer, model SXR, 

CAMECA, Paris, France) were used.    
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3     Results and Discussion 

3.1   Particle Melting with Ar-H2 Gas Mixture 

Metco202NS, an initial feed material in size of -150 µm was sprayed into the 

plasma jet, under the conditions of argon-hydrogen (Ar/H2=120/10 L/min) and argon-

nitrogen (Ar/N2=120/40 L/min) plasma with controlling the substrate temperatures to 

400 °C, 800 °C, and without control. The chamber pressure was varied between 200 

and 400 Torr. 

The degree of particle melting on a graphite substrate and stainless steel plate, 

the density of deposits, average pore size and its standard deviation of a deposited 

sample, and build-up rate were observed at spraying distances of 30cm and 22cm. 

Tables 3 and 4 summarized their results. The headings in the tables, “Pressure” refers 

to the chamber pressure during operation, “Power” refers to the plasma plate power, 

Table 2  Experimental conditions for powder melting study 

Parameters Condition 

Fixed 
Parameters 

Central gas flow rate, Ar (L/min) 
Powder feed rate (g/min) 
Carrier gas flow rate, Ar (L/min) 

35
16.6

5

Varied 
Parameters 

Sheath gas, Gcomp (L/min) 

Chamber pressure, (Torr) 
Plasma power, (kW) 
Substrate temperature, (°C) 

120(Ar)+10(H2) & 
120(Ar)+40(N2)

200 & 400 
60& 80 

400, 800, uncontrolled 
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and “Tsub” to the substrate temperature kept during spraying. The “Uncontrolled” label 

in Table 3 and 4, no cooling gas was used and eventually the substrate temperature was 

not controlled. “Sample #” refers to the identity of the samples deposited. The “SEM” 

in the heading and the star-like notation refer to the evaluated quality of the splats by a 

scanning electron microscope or optical microscope, and its quality was classed as “*” 

and “***” on the column. Well melted and spread splats on the substrate were denoted 

as “***”, and in the case of poorly melted splats, it is denoted with “*”, and a blank 

means the quality of the splats between “*” and “***”. The examples of the splats 

observed in the SEM are shown in Fig. 3 (a) and Fig. 3 (b). “Density” represents the 

sample density in percentage over the theoretical density, which evaluated by image 

analysis, and the method of measuring the density was described in section 3.3. “Avg. 

pore” denotes the average pore size in µm in the observed area. “Stedv” refers to the 

standard deviation of the pore size distribution, and “Build-up rate” refers to the 

coating build-up rate in millimeter per minute. 

In Table 3, a chamber pressure of 200 Torr gives rise to well melted and spread 

splats on the whole, and also represents a higher density than a chamber pressure of 

400 Torr, when the same plasma power is applied. A higher plasma power represents a 

higher density, and a shorter spraying distance exhibits a higher density as well, as 

shown in Fig. 3(a) of their samples and Fig. 4. The splat quality indicator was well 

correlated with density. The best result was found at the conditions of 200 Torr, 80 kW, 

22 cm and when temperature of the substrate was at 400 ºC. Build-up rate also 

represents to be highest, close to ten-fold comparing to the lowest one. The micrograph 

of the cross section of the deposited sample shows in Fig. 5, and 6 taken from its top 

surface. Although large pores are found on the right hand side of Fig. 5, the other parts 

are looked dense. We can see that incomplete melted and deposited particles have a lot 

of pores inside. Micrograph Fig. 6 of the top surface shows small grains and much 

vapor-like submicron particles attached on the  
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surface. Fig. 7 is the collected particles in the water bath at the same spraying 

conditions: Ar/H2=120/10 L/min, 200 Torr and 80 kW. Small particles are generally 

well melted, transparent and looked compact, while the larger ones are nearly remained 

at their original appearance or partially melted only on the surface.  
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Table 3  Results of powder melting with Ar/H2 plasma gas at the conditions of : Metco202NS, 
Ar/H2=120/10 L/min, central gas =Ar (35 L/min), carrier gas=Ar (5 L/min) 

Run 
No. 

Pressure 
(Torr)

Power 
(kW) 

Tsub

(ºC) 
Sample# SEM

Density
(%) 

Avg. Pore
(µm) 

Stedv 
(µm) 

Build-up rate
(mm/min) 

Spraying distance 30 cm      
1 200 80 Uncontrolled Y44C *** 88.58    
2   800 Y23A * 89 72.95 280.59 4.2 
3   400 Y23C * 87.97 113.89 406.1 9.27 
4  60 Uncontrolled Y45C *** 79.38    
5   800 Y24A * 79.04 103.87 246.68 6 
6   400 Y24C * 61.6 304.98 2282.7 6 

Spraying distance 22 cm      
7 200 80 Uncontrolled Y44A *** 90.08    
8   800 Y21A  89.79 56.75 153.01 10.5 
9   400 Y21C *** 91.62 64.4 197.98 12 

10  60 Uncontrolled Y45A  86.17    
11   800 Y38A  84.14 99.04 266.22 8.4 
12   400 Y38C  74.18 188.4 785.85 7.5 

Spraying distance 30 cm      
13 400 80 Uncontrolled Y46C  83.69    
14   800 Y39A * 66.89 221.85 880.42 1.2 
15   400 Y39C * 68.47    
16  60 Uncontrolled Y47C  58.21    

Spraying distance 22 cm      
19 400 80 Uncontrolled Y46A  88.29    
20   800 Y26A  88.98 99.16 335.74 3 
21   400 Y26C  89.93 104.31 359.2 3 
22 400 60 Uncontrolled Y47A  80.65    
23   800 Y27A *** 91.83 144.53 471.53 2.4 
24   400 Y27C *** 90.35 94.8 396.37 2.4 
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Table 4  Results of powder melting with Ar/N2 plasma gas at the conditions of : 
Metco202NS, Ar/N2=100/40 L/min, central gas =Ar (35 L/min), carrier gas=Ar (5 
L/min) 

Run 
No. 

Pressure 
(Torr)

Power 
(kW) 

Tsub

(ºC) 
Sample# SEM

Density
(%) 

Avg. 
Pore 
(µm) 

Stedv 
(µm) 

Build-up rate
(mm/min)

Spraying distance 30 cm      
31 200 80 Uncontrolled Y40C  73.64    
32   550 Y30A  80.13 152.24 396.42 3 
33   400 Y30C  76.09 231.4 936.36 3.4 
34  60 Uncontrolled Y41C  63.47    
35   550 Y31A *     
36   400 Y31C *     

Spraying distance 22 cm       
37 200 80 Uncontrolled Y40A * 71.34    
38   550 Y34A * 74.06 165.71 498.5 6 
39   400 Y34C  79.68 107.95 294.72 6 
40  60 Uncontrolled Y41A  51.17    
41   550 Y35A * 55.45 1003.7 13463 5.3 
42   400 Y35C  70.11 204.06 2368.3 3.6 

Spraying distance 30 cm       
43 400 80 Uncontrolled Y42C  80.78    
44   550 Y33A  77.65 193.89 735.58 1.5 
45   400 Y33C *** 84.4 108.61 353.96 1.5 
46  60 Uncontrolled Y43C * 55.60    
47   550 Y28A,32A  84.14 79.64 276.74 0.3 
48   400 Y28C,32C  82.49 82.43 428.7 0.3 

Spraying distance 22 cm       
49 400 80 Uncontrolled Y42A  71.65    
50   550 Y36A *** 69.63 311.18 1127.6 4 
51   400 Y36C *** 80.31 166.87 508.1 4 
52  60 Uncontrolled Y43A * 66.29    
53   550 Y37A *** 71.62 140.79 635.71 2 
54   400 Y37C *** 70.47 173.31 792.26 2 
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(a) ‘***’ type splat micrograph 

(b) ‘*’ type splat micrograph 

Fig. 3   Examples of the splat micrographs by SEM. 
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Fig. 4  Density(%) of the deposit at a plasma gas composition of Ar/H2.

Fig. 5  Cross section of the deposit sprayed at the conditions of Ar/H2=12/10 L/min, 
200 Torr, 80 kW, 22 cm, and uncontrolled substrate temperature.  
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Fig. 7  Spheroidized particles sprayed at the conditions of Ar/H2=12/10 L/min, 200 
Torr, and 80 kW. 

Fig. 6  Micrograph of the deposited surface sprayed at the conditions of Ar/H2=12/10 
L/min, 200 Torr, 80 kW, 22 cm and uncontrolled substrate temperature. 
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The worst conditions in the Table 3 were 400 Torr, 60 kW and 30 cm. Fig. 3(b) 

and Fig. 8 respectively represent the shape of splat and the surface of the deposit at 

these spraying conditions. The thickness of the deposit sprayed in these conditions was 

too thin to measure, so that the build-up rate could not be measured.   

Interestingly, the splats sprayed at the 400 Torr, 60 kW, 22 cm showed a nice 

appearance quality and the deposit showed among the highest density regardless of the 

substrate temperature, but the average pore size was large and the build-up rate was too 

low. At the same powder feed rate, this means that only small fractions of the particles 

were melted and built-up on the substrate, in order words, a lot of particles might be 

ejected off without adherence at launching on the surface. From Fig. 4, especially when 

the powder is sprayed at 60 kW and 400 Torr, the larger spraying distance exhibits 

lower density. This may be caused by cooling of particles during the flight. The 

micrograph of the sample deposited in these conditions shows in Fig. 9. We can see the 

splats very poorly deformed but no much pores contained in Fig. 9. Big gaps are 

appeared between the splats. This may be caused by the impingement of the high 

viscosity particles with a low momentum. Fig. 10 supports this possibility. The 

collected particles of Fig. 10 were sprayed at the same conditions with above. Only the 

small particles were melted. There are no pores in the molten small particles, while a 

lot of pores are found in the un-melted ones. The reason for the lower build-up rate has 

the possibility that larger particles of incomplete melting and already cooled ones have 

not taken part in the deposition.   

With respect to the effect of controlling the substrate temperatures, there was no 

tendency to conclude. Even though better results are shown in the “Uncontrolled” 

condition, as shown in Fig. 11 and 12, it is hard to say that higher substrate 

temperatures tend to have higher density among samples sprayed at the same chamber 

pressure and plasma power. It is deduced that the zirconia stabilized with  
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yttria powder has commonly used in thermal barrier material, so that the covered thin 

layers hinder the temperature controlling effect. However, the “Uncontrolled” 

condition generally represents well-melted and spread splats except in the extreme 

conditions of 400 Torr, 60 kW and 30 cm.  

The spraying distance seemed not to affect greatly the density, especially when 

the particles were molten enough at high power. 

Fig. 8  Surface of the deposit sprayed at the conditions of Ar/H2=12/10 L/min, 400 
Torr, 30 cm and uncontrolled substrate temperature. 
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Fig. 9  Cross section of the deposit sprayed at the conditions of Ar/H2=12/10 L/min, 400 
Torr, 60 kW, 22 cm and an uncontrolled substrate temperature. 

Fig. 10  Spheroidized particles at the conditions of Ar/H2=12/10 L/min, 400 Torr and 
60 kW. 
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Fig. 11  Density of the deposits according to the substrate temperature: sprayed at 
200 Torr in argon-hydrogen plasma gas. 
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400 Torr in argon-hydrogen plasma gas. 
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3.2   Particle Melting with Ar-N2 Gas Mixture 

In the experiments with an argon and nitrogen mixture as a plasma gas (Table 

4), heating up the substrate as much as the argon-hydrogen mixture was impossible, 

even with a long preheating time. This limitation may come from the difference in 

enthalpy and conductivity between hydrogen and nitrogen with argon gas. However, 

the argon-nitrogen gas mixture showed a longer plasma flame tail than argon-hydrogen. 

This may be due to the high ionization potential or cross-section of argon-nitrogen gas, 

although it has a smaller enthalpy than argon-hydrogen gas mixture. In these runs of 

the experiments, the splat quality was not good except for a chamber pressure of 400 

Torr. This result is contrary to the argon-hydrogen mixture. The differences in chamber 

pressure may give varying the particle velocity and plasma flame length. A higher 

chamber pressure may lead the particles to fly slowly in the jet. During the long time 

flight, particles can attain more heat from the plasma, but the momentum may be 

reduced to deform by small amount upon impingement. This resulted in high porosity 

and wide pore size distribution due to difficult deformation and close-packing as shown 

in Table 4 and Fig. 13. The build-up rate was dramatically low in comparison with the 

argon-hydrogen mixture. The theoretical density with argon-nitrogen gas mixture 

reached 10 to 15 % lower than argon-hydrogen gas mixture, along with a large pore 

size distribution.   
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Figs 14 and 15 will help in understanding the results of present experiments. Fig. 15 

compares the results between the argon-hydrogen and argon-nitrogen mixture in terms 

of plasma power at the same spraying conditions. 

We may conclude with present experiments that the best result, considering the 

build-up rate, can be reproduced at a higher power with an argon-hydrogen mixture in a 

lower chamber pressure. In other words, high plasma temperature and high particle 

velocity might give the superior density. Some additional experiments at a fixed 

chamber pressure of 200 Torr confirmed the possibilities, as shown in Table 5. The 

density of the deposit increased with increasing the plasma power, and with increasing 

the hydrogen gas content, for which increases the gas enthalpy.  

Fig. 13  Cross section of the deposit sprayed at the conditions of Ar/N2=12/40 
L/min, 400 Torr, 60 kW, 22 cm and substrate temperature of 550 °C.
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The impression given with an argon-hydrogen gas mixture was that there were 

a lot of sub-micron particles on the surface of the chamber, especially at a high plate 

power. Fig. 16 shows the collected sub-micron particles from the chamber wall after 

several runs of experiments. This was inferred from the vapor evaporated from the 

particles during spraying. The reason might be that smaller particulates are so easily 

heated that they are evaporated before reaching and adhering on the substrate. 

Otherwise, larger particle having a high surface area may strip off the skin of its surface 

during flight. Both of those reasons might be a factor. With these results, only a certain 

range of particle size seems to be properly heated, melted and deposited at a given 

experimental condition. The evaporated particles analyzed chemically to confirm the 

possibility of a greater evaporation of yttria having a lower melting point than zirconia. 

The results are shown in Table 6. There was no need to be concerned about changes in 

the chemical composition after melting.  

Table 5  Additional experiments in a fixed chamber pressure of 200 Torr with 
Metco202NS powder and Ar/H2 plasma gas, central gas=Ar (35 L/min), carrier 
gas=Ar (5 L/min) 

Plasma gas 
flow rate (L/min) Power (kW) Zs (cm) Splat quality 

by SEM Density (%) 

22  92.88 
120/20 90 

30 *** 94.74 

22  94.82 
120/20 100 

30 *** 95.03 

22 *** 96.87 
120/30 90 

30 *** 97.28 
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Fig. 16  Evaporated particles collected on the surface of the spraying chamber. 

Table 6  Chemical compositions of feed powder and evaporated particle 

Chemical composition (wt.%) 

Feed powder Evaporated particle 

Y Zr O Y Zr O 

16.6 55.4 28 15.7 53.8 30.5 
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 In summary,  

Argon-hydrogen plasma gas with a higher plasma power gave good quality 

of splats and shows a higher density with a higher build-up rate in 

comparison with argon-nitrogen gas.  

The reason for the lower build-up rate would be that larger particles of 

incomplete melting and already cooled ones have not taken part in the 

deposition.   

A lower chamber pressure of 200 Torr gives higher densities than a higher 

chamber pressure of 400 Torr: higher chamber pressure decreased the 

particle velocity, and thereupon resulted in incomplete deformation on 

impinging of the splats. 

Controlling the substrate temperature reveals meaningless. 

At a given experimental condition, only a certain range of particle sizes 

might be properly heated, melted, and deposited.  

Vaporization during spraying seemed to take place at both larger and 

smaller particles: larger particle stripped off its skin due to large surface 

area and smaller particle due to rapid increment to its boiling point. 

Therefore, limiting powder feed to a narrow cut size should be considered 

to avoid particle overheating and subsequent evaporation. 
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3.3   Density of Deposits Sprayed with Narrow Cut Size 

Particle could maintain its melting state only up to proper height in downstream 

at a given chamber pressure. With the above conclusions of the previous chapters, a 

new series of particle melting experiments were planned. The spraying conditions were 

restricted as follows: 

particles were sieved to limit the size with a narrow cut, 

the hydrogen gas content was increased to give more heat in the plasma.  

The experiments were designed to complete three replicates to confirm the 

reproducibility at the fixed conditions of a plasma plate power of 80 kW, powder feed 

rate of 16.6 g/min, and a chamber pressure of 200 Torr, which all were the best 

conditions in the previous investigations. Other systematic variable, the powder probe 

position, was newly adopted for the purpose of situating the particles in a more suitable 

location around the induction coil of the plasma torch. This was expected to increase 

the temperature of the particles according to the results from former workers.31,32) The 

particles were then sieved to -90+45 µm, which means the powder is sieved with 

ASTM No.170 following by ASTM No.325. The average particle size was measured 

by 57 µm, as shown in Table 1 of this chapter. The hydrogen gas was varied between 

Ar/H2=120/20 L/min and 120/10 L/min, and the probe position was adjusted to either 

Zp=8 cm or 4cm, one after the other. The spraying distance was also considered as a 

variable: between 30cm and 22cm. The results are shown as the densities of the 

deposits in Table 7, and Fig. 17 along with the previous results.   
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Table 7  Densities of the deposits with different particle sizes; at spraying conditions 
80 kW, 200 Torr, powder feed rate of 16.6 g/min 

Experimental conditions Density (%) 

Plasma gas 
Ar/H2, (L/min) 

Zp 
(cm) 

Particle size
(µm) 

Zs
(cm) Replicate1 Replicate2 Replicate3 Average 

120/20 8 Small 30 94.34 95.75 95.98 95.36 
120/10 8 Small 30 92.77 92.13 92.15 92.35 
120/20 4 Small 30 95.12 95.00 94.63 94.92 
120/10 4 Small 30 91.71 93.67 89.79 91.72 
120/20 8 Large 30 91.64 94.76 90.70 92.37 
120/10 8 Large 30 90.24 89.75 88.45 89.48 
120/20 4 Large 30 94.24 92.09 94.45 93.59 
120/10 4 Large 30 87.55 89.75 88.45 88.58 
120/20 8 Small 22 97.44 96.30 97.30 97.01 
120/10 8 Small 22 96.51 94.38 95.24 95.38 
120/20 4 Small 22 96.45 96.56 96.35 96.45 
120/10 4 Small 22 95.55 93.58 94.49 94.54 
120/20 8 Large 22 96.65 94.04 95.19 95.29 
120/10 8 Large 22 92.53 91.20 91.15 91.63 
120/20 4 Large 22 95.42 93.53 92.63 93.86 
120/10 4 Large 22 92.81 89.53 87.90 90.08 

• Large : Metco202NS,  -150 µm, Avg. size 89µm
• Small: Metco202NS, –90+45 µm, Avg. size 57µm, sieve with ASTM No.170 following by 

ASTM No.325.  
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At all the experimental conditions, the densities of the deposits with small 

particles were to be high, as might be expected. The best results were found at 

Ar/H2=120/20 L/min, a probe position of 8 cm, a smaller particle size, and a spraying 

distance of 22 cm. Fig. 18 shows a cross section of the deposited sample. The highest 

density reached at 97.01%, and reproducibility of the experiments appeared in the 

range of 99%. The mean pore size observed around 80 µm with a standard deviation of 

148 µm. This gave improved results compared to the previous runs, but the mean pore 

size was thought to be still high. A large mean pore size, as large as one and half of the 

average particle size, may be attributed to incomplete adherence between the  
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splats, or a matter of the porous powder property. Copious vapor, but less than that of 

un-sieved powder, was detected on the surface of the chamber. Evaporation may come 

from both the overheated particles undergoing surface evaporation and smaller sized 

particles together. This may be surely due to a matter of the particle size and its 

morphology. 

These results strongly instigate a change of the powder type in order to reduce the 

mean pore size as well as the evaporation of the powder. Although the experiment results are 

omitted in this section, intensive investigations with a new powder (Amdry 146) were carried 

out. These results will be introduced more detail in the next chapter.  

Fig. 18  Cross section of the deposit sprayed at the conditions of Ar/H2=12/20 
L/min, probe position of 8 cm, particle size of  -90+45 µm, and 
spraying distance of 22 cm. 
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The conclusions of this section: 

Limiting the particle size improved the density of deposits, and reduced the 

mean pore size and its distribution. Reproducibility of the experiments 

appeared in the range of 99%. 

Higher hydrogen gas content showed better results. This might be the 

increased plasma gas enthalpy.  

Higher probe position improved the deposit density a little: the effect was 

small.  

The effect of spraying distance is not clear to determine. This effect may 

interact with other parameters. 

A large mean pore size may be attributed to incomplete adherence between 

the splats, or a matter of the porous powder property. 

Copious vapor, although less than un-sieved powder, was detected on the 

surface of the chamber. Evaporation may come from both the overheated 

particles undergoing surface evaporation and smaller sized particles 

together. 

These results strongly instigate to change the powder morphology for reducing 

the mean pore size as well as the evaporation of the powder. 
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3.4   Effect of Pre-treatment of Particles in Plasma 

Metco202NS powder showed much pores in itself. If a large pore size and wide 

pore size distribution with incomplete adherence between splats caused from the 

porous powder property, this was seemed to improve by pre-treating the particles 

before deposition so as to remove the pores contained. The sieved powder of -90+45 

µm was pre-treated at the conditions of Ar/H2=120/20 L/min, probe position of 8 cm, 

and 200 Torr chamber pressure. In addition, these powders were collected in a water 

bath and dried in a vacuum oven. This powder was sprayed again as a feed for 

deposition. Table 8 shows the densities of the deposits formed with pre-treated powder, 

and compares un-treated ones deposited at the same conditions. The table suggests a 

positive solution to improve the density close to the theoretical density by pre-treating 

the feed powder, indeed the result showed about 5% enhancement. This result may be 

caused from the removal of pores by pre-treatment, which accelerate the heat 

conduction in particle when it is sprayed again. Figure 19 shows the surface of the pre-

treated particle, which sprayed two times at the conditions of Ar/H2=12/20 L/min, 

probe position of 8 cm, 200 Torr, and 80 kW. Heated air entrapped may tends to ooze 

to the surface of the particle with cooling due to contraction, thus the deposit density 

can be increased by spraying with these dense particles. 
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Fig. 19  Surface of the pre-treated particle: Sprayed two times at the conditions of 
Ar/H2=12/20 L/min, 200 Torr, probe position of 8 cm, and 80 kW. 
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Table 8   Comparison of the deposit density between pre-treated in plasma and 
original powder 

Treatment conditions 

Sheath gas,  
Ar/H2 (L/min) 

Zp 
(cm) Powder type ZS

(cm) 

Average  
density (%) 

120/20 
120/10 
120/20 
120/10 
120/20 
120/10 
120/20 
120/10 
120/20 
120/10 
120/20 
120/10 
120/20 
120/10 
120/20 
120/10 

8
8
4
4
8
8
4
4
8
8
4
4
8
8
4
4

treated* 
treated
treated
treated

un-treated**
un-treated 
un-treated 
un-treated 

treated
treated
treated
treated

un-treated 
un-treated 
un-treated 
un-treated 

30
30
30
30
30
30
30
30
22
22
22
22
22
22
22
22

95.21
92.06
95.61
90.64
92.36
89.35
91.92
88.72
94.55
92.57
95.74
91.16
94.01
92.38
93.45
91.54

* "treated" : pre-treated powder by plasma before deposition 

** "un-treated" : Metco202NS powder originally delivered 
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4     Summary and Conclusion 

Through the preliminary study of powder melting experiments, we can 

conclude as followings: 

Argon-hydrogen plasma gas with a higher plasma power gave good quality 

of splats and shown a higher density with a higher build-up rate. 

Reproducibility of the experiments appeared in the range of 99%. 

Degree of particle melting and its density just before impinging played a 

predominant role in the density of a deposit. 

Chamber pressure has an effect on degree of deformation of the splats, i.e.

on the particle momentum. Completely melted particle showed a high 

deformation appearance. 

Build-up rate had a relation with a fraction of the fully melted particle, and 

this also closely associates with productivity and economical efficiency. For 

increasing the fraction of the fully melted particle, either increasing the 

power or limiting the particle size was recommended.  

Mean pore size and its distribution of a deposit seemed to have a relation 

with a viscosity of the melted powder, i.e. particle temperature, and also 

with a chamber pressure and spraying distances. 

Particle temperature may be governed by a plasma power, plasma gas 

property, probe position, and spraying distance in the present experimental 

range. 

Some results might be appeared with mutual interactions of the effects, for 

example, particle residence time and momentum with chamber pressure, particle 
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temperature with chamber pressure, spraying distance and its size.  

These complicated mutual interactions among the parameters induced us to 

adopt an experimental design and analysis method, ‘ANOVA’. 
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Abstract (15-20 Lines)  
As a preliminary study for fabricating a thick and dense free standing type deposit, powder melting 
studies were carried out. Various morphologies and sizes of powder having the same chemical 
compositions were applied in particle melting experiments with varying systematic parameters. 
Through the study of powder melting by inductively coupled plasma, we can conclude as followings:

Argon-hydrogen plasma gas with a higher plasma power gave good quality of splats and shown a 
higher density with a higher build-up rate. Reproducibility of the experiments appeared in the range of 
99%. 

Degree of particle melting and its density just before impinging played a predominant role in the 
density of a deposit. 

Chamber pressure has an effect on degree of deformation of the splats, i.e. on the particle 
momentum. Completely melted particle showed a high deformation appearance. 

Build-up rate had a relation with a fraction of the fully melted particle, and this also closely 
associates with productivity and economical efficiency. For increasing the fraction of the fully melted 
particle, either increasing the power or limiting the particle size was recommended.  

Mean pore size and its distribution of a deposit seemed to have a relation with a viscosity of the 
melted powder, i.e. particle temperature, and also with a chamber pressure and spraying distances. 

Particle temperature may be governed by a plasma power, plasma gas property, probe position, 
and spraying distance in the present experimental range. 
Some results might be appeared with mutual interactions of the effects, for example, particle 
residence time and momentum with chamber pressure, particle temperature with chamber pressure, 
spraying distance and its size.  
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