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      We reported a numerical investigation of the thermal transport properties of argon (Ar) + hydrogen (H2) plasma working gases such as 

the dynamic viscosity and thermal conductivity under the presence of various titania (TiO2) precursors. Titanium nitride (TiN), titanium 

isopropoxide (TIP), and titanium butoxide (TB) mixed with water or ethanol having molar concentrations of 0.5 M, 0.75 M, and 1 M were 

used. Results showed that the dynamic viscosity value of the plasma jet was decreased by the presence of TB and TIP precursor solution, 

notably for high concentration and feed rate, indicating a decrease in the momentum of particles inside the plasma jet. On the other hand, the 

thermal conductivity increased when TB and TIP solutions were injected and were influenced by the solution concentration and feed rate. 

This was attributed to the additional hydrogen ions from TIP and TB precursors, which are absent in the TiN precursor, that increase the 

number of mobile atomic species. From these transport properties, the modified ability of heating factor of Ar + H2 plasma was calculated. 

The highest values were obtained for the compositions, including the TB precursor solution, which is 2 to 3.5 times higher than pure Ar + H2 

plasma working gases. 
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INTRODUCTION 
 

The solution precursor plasma spray (SPPS) process is 

an emerging method that offers a single-step deposition of 

various nanostructured coatings [1-3]. This technique uses 

molecularly mixed precursors as feedstock, thus, avoiding 

tedious nano-powder and suspension preparation processes 

[4]. Many recent works have been reported employing SPPS 

for development materials intended for desired applications 

such as  protective  and  thermal  barrier  coatings [5,6],  gas  
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sensors [7], and biomaterial coatings [8]. However, only 

limited works were presented about photocatalytic coatings 

like titania (TiO2) [9,10] and this could be due to the 

difficulty of preparing precursor solution and obtaining high-

phase purity titania coating.  

In SPPS, the resulting deposits have unique particle 

morphologies and are known to depend on the thermal 

history of droplets undergoing physico-chemical 

transformations inside the plasma jet. Experimental 

examination of the thermo-physical changes of droplets is 

still a difficult task because of the quick residence time of 

droplets inside the plasma jet and also because of the high 

temperature and radiative properties of the plasma   jet.  One  
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way to possibly understand and picture out the process of 

droplet transformation during the spraying experiment is via 

numerical analysis.  

Several research works on numerical modeling of the 

transformation of droplets in SPPS have been reported with 

emphasis on zirconium hydrochloride solution, lanthanum-

hexahydrate solution, and cerium nitrate solution [11-14]. 

However, the analysis of thermodynamic properties is 

equally important to be understood as they play a significant 

role during the heat and momentum transfer between solution 

droplets and plasma working gases. It is given that during 

plasma spraying, the evaporation of liquid from the precursor 

solution affects the composition of plasma working gases, 

thereby changing the thermal transport properties.  

Experimental studies of Chen et al. [15-17] and Wen      

et al. [18] focused only on obtaining TiO2 coatings from TIP 

solution precursor and TiO2 powder + water feedstocks using 

Ar + H2 plasma via SPPS process. For the determination of 

transport properties, recent related studies found mostly deal 

with two-temperature plasma [19-22] especially 2T Ar + H2 

plasma with the presence of other compounds [23]. Murphy 

et al. [24], Wang et al. [25], Li et al. [26], Lisong et al. [27], 

and Colonna et al. [28], however, worked on the different 

types of plasma, though Murphy and Tam [24] worked on Ar 

alone and compared it with Xe and Kr plasma. The recent 

papers of Miao et al. focused on the vortex characteristics and 

gas-dynamic fields of Ar + H2 inductively-coupled plasma 

[29] and showed the involvement of Ar + H2 in LTE with the 

presence of quartz [30]. Pateyron et al. [31] and Carpio et al. 

[14], on the other hand, studied numerically the influence of 

water and ethanol and various zirconia precursor solutions, 

respectively, on the transport properties of Ar + H2 plasma 

working gases.  

The current work aims to study the effect of various 

precursor solutions that can be used for the synthesis of TiO2 

coatings on the thermal transport properties of the plasma 

working gases. Besides, the effect of the type of precursor, 

feedstock flow rate, solvent and solution concentration are 

also analyzed. TiO2 is particularly selected in this work since 

it is an important and known photocatalytic ceramic material 

and SPPS could be a way to deposit it with nanometric or 

sub-micron features which could be useful for environmental 

pollution remediation, such as air and water purification, 

photocatalytic   degradation  of  harmful  and  toxic  organic  

 

 

pollutants and for photocatalytic water splitting. The 

understanding of the interaction between solution precursors 

and plasma may be a step forward in controlling and 

optimizing the spray processes involved. The present paper 

analyzes three different TiO2 precursor solutions at varied 

concentrations and injection feed rates and solvents. 

 

 

EXPERIMENTAL APPROACH 
 

TiO2 Precursor Solutions and Operational Spray 
Parameters 
      A mixture of argon (Ar) and hydrogen (H2) gases was 

used as the plasma working gas where Ar is the primary gas 

and H2 is the secondary one. The flow rates of Ar and H2 gas 

were set at 45 slpm and 5 slpm, respectively. The following 

TiO2 solution precursors; titanium nitride (TiN), titanium 

isopropoxide (TIP), and titanium butoxide (TB), are mixed 

with water and ethanol to obtain the desired solution 

concentrations, which then served as the solution feedstocks 

to be injected in the plasma jet. The effects of the solution 

concentration on the transport properties of Ar + H2 plasma 

working gases as well as the feedstock feed rate were 

evaluated. The different feedstock concentrations and feed 

rates considered in the calculations are presented in Table 1 

while other spray parameters remained constant. The 

chemical equation for each precursor is expressed as follows: 

Titanium nitride (TiN) using water as solvent: 

  

      2TiN + 4Hଶ0 → 2TiOଶ + 2NHଷ + Hଶ                     (1) 

 

Titanium isopropoxide (TIP) using water and ethanol as 

solvents:

  

      Ti(OCଷH଻)ସ + 4HଶO → Ti(OH)ସ + 4CଷH଻OH     (2) 

 

      Ti(OH)ସ → TiOଶ + 2HଶO       (3) 

 

   Ti(OCଷH଻)ସ + 4CHଷCHଶOH → Ti(OCHଶCHଷ)ସ + 4CଷH଼O 

                                                    (4) 

 

      Ti(OCHଶCHଷ)ସ → TiOଶ + hydrocarbons         (5) 
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Titanium butoxide (TB) using water and ethanol as solvents: 

 

      Ti(OCସHଽ)ସ + 4HଶO → Ti(OH)ସ + 4CସHଽOH      (6) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       Ti(OH)ସ → TiOଶ + 2HଶO       (7) 

 

 Ti(OCସHଽ)ସ + 4CHଷCHଶOH → Ti(OCHଶCHଷ)ସ + 4CସHଵ଴O 

                                                                 (8) 

Table 1. Type of Precursor Solution, Solution Concentration, and Injection feed Rates Considered in the Estimations of the 

Thermal Transport Properties 

 

Precursor Type 
Solvent 

Legend 
Concentration 

(M) 

Feed rate 

(ml min-1) 

Titanium nitride (TiN) 

 

 

 

Water 

TiN1 0.5  30  

TiN2 0.5  50  

TiN3 0.75  40  

TiN4 1.0  30  

TiN5 1.0  50  

Titanium butoxide (Ti(OC4H9)4 

 

 

 

 

Water 

TB + water1 0.5  30  

TB + water2 0.5  50  

TB + water3 0.75  40  

TB + water4 1.0  30  

TB + water5 1.0  50  

Titanium isopropoxide (Ti(OC3H7)4  

 

 

 

 

Water 

TIP + water1 0.5  30  

TIP + water 0.5  50  

TIP + water3 0.75  40  

TIP + water4 1.0  30  

TIP + water5 1.0  50  

Titanium butoxide (Ti(OC4H9)4 

 

 

Ethanol 

TB + eth1 0.5  30  

TB + eth2 0.5  50  

TB + eth3 0.75  40  

TB + eth4 1.0  30  

TB + eth5 1.0  50  

 

Titanium isopropoxide (Ti(OC3H7)4  

 

 

 

Ethanol 

TIP + eth1 0.5  30  

TIP + eth2 0.5  50  

TIP + eth3 0.75  40  

TIP + eth4 1.0  30  

TIP + eth5 1.0  50  
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      Ti(OCHଶCHଷ)ସ → TiOଶ + hydrocarbons      (9) 

 

      The use of water is very economical based on initial 

studies and is viable to perform SPPS. Ethanol is also used 

because mostly metal alkoxides are immiscible in water. The 

simplest way to avoid precipitation and fast reaction, alcohol 

is employed instead of water. For TiN, only water was used 

as solvent considering that the chemical reaction between 

ethanol and TiN is difficult to establish.   

 
Estimation of Thermal Transport Properties 
      The first step in obtaining transport coefficients was the 

determination of species composition of thermodynamic 

equilibrium. The calculation of equilibrium compositions 

using the free software is based on the minimization of Gibbs 

free energy described by White et al. [32]. The chemical 

composition of the different plasma mixtures was deliberated 

from the flow and feed rates of Ar, H2, and TiO2 precursor 

solution. There are 68 species considered: e-, C-, C2
-, H-,         

OH-, O-, O2
-, Ti-, Ar+, C+, CH+, CHO+, CO, CO2

+, H+, O+, 

OH+, Ti+, Ar2+, O2+, Ar3+, Ar4+, Ar, C, CH, CHO, CHO2, CH2, 

CH2O, CH2O2, CH3, CH3O, CH4, CH4O, CO, CO2, C2, C2H, 

C2H2, C2H2O, C2H2O2, C2H4, C2H4O, C2H4O2, C2H6, C2H6O, 

C2O, C3, C3H4, C3H6, C3H6O, C3H8, C3O2, C4H4, C4H6, C4H8, 

C4H8O2, C5, H, H2, H2O, H2O2, OH, O, O2, O3, TiO, and Ti.  

      The calculated molar fraction of species of the working 

gases and precursor solutions and collisions between them 

were then utilized for the estimation of the thermal transport 

properties of the plasma jet with and without TiO2 precursor 

solutions at constant pressure and temperature. These 

transport properties are described by the coefficients found in 

the Boltzmann equation which is calculated by the use of the 

Chapman-Enskog method [33]. These coefficients are 

dependent on the collision integrals Ω௜௝
(௟,௦) which is defined as 

[26,33-36]. 

  

Ω௜௝
(௟,௦)

= ቆ
2𝜋𝑘𝑇௜௝
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ቇ
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଴

𝑏d𝑏d𝛾

ஶ

଴

 

                                                                                          (10) 

 

where the reduced relative speed is given by                             

𝛾 = ൫𝜇௜௝ 2𝑘஻𝑇⁄ ൯
ଵ/ଶ

𝑔, 𝜒 is the deflection angle, 𝑏 is                  

the  impact  parameter,  and  𝜇௜௝ = 𝑚௜𝑚௝ ൫𝑚௜ + 𝑚௝൯ ⁄  is  the 

 

 

reduced mass. All the interaction potentials for the 

calculation of these collision integrals for each interaction 

were compiled in the T & TWinner [37], a simple software 

that uses algorithms and contains huge thermochemistry 

database offered by Science des Procédés Céramiques et de 

Traitements de Surface (SPCTS) laboratory (now IRCER-

Institute for Ceramic Research) and is used by other authors 

[14,31,38-40]. 

      The transport coefficients considered in this work are 

dynamic viscosity, thermal conductivity, and electrical 

conductivity which are necessary for the investigation of the 

plasma jet’s behaviour. Dynamic viscosity characterizes the 

transport of momentum in plasma [41] which was calculated 

using the first-order approximation of the Chapman-Enskog 

method proposed by Hirschfelder et al. [36,42]. On the other 

hand, thermal conductivity controls heat transfer which is a 

sum of three contributions [43]. The first contribution is the 

translational thermal conductivity [44] which comprises 

heavy and electron translational thermal conductivities that 

were calculated using the second and third approximation, 

respectively [36,42]. The other two contributions are related 

to the internal and reaction thermal conductivities. The 

electrical conductivity, moreover, is the transport of mass of 

electrons and ions caused by the concentration, temperature 

and pressure gradients [45] and it is calculated using the third 

approximations proposed by Devoto [36,41,42,46].  

      The required collision integrals for the interactions 

between different species were estimated using interaction 

potentials from the reference methods within the software 

[37]. The following are the collisions between species within 

the plasma jet that determine its transport properties:                  

(i) neutral-neutral interactions, (ii) electron-neutral 

interactions, (iii) neutral-ion interactions, and (iv) ion-ion 

interactions [19]. Once these collision integrals were 

calculated versus temperature, they were fitted obtaining a 

system of linear equations that can be suitably solved to 

obtain the different transport properties being considered. 

The fitting was made on values corresponding to 

temperatures varying between 300 K and 20,000 K with a 

100 K step. The calculation of transport coefficients was 

limited to 20,000 K since the temperatures of the spraying 

plasma jets were limited to 16,000 K. The molar quantity of 

the considered species and transport coefficients of the 

different plasma mixtures were stored in files. 
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      In this work, the modified ability of the heating factor 

(AHF) which describes the ability of the working gas to melt 

the solution particles during the SPPS process was calculated. 

It was first supplemented by Pawlowski [47] showing only 

the dynamic viscosity and thermal conductivity. Assuming a 

particle having only a single temperature in a gas having also 

one temperature, the heat transfer from plasma to particle is 

given by the following equation: 

 
      𝜋𝑑୮

ଶℎ(𝑇୥ − 𝑇୮)  =  (1/6)𝜋𝜌୮𝑐୮𝑑୮
ଷ(𝑑𝑇୮/𝑑𝑡)    (11)

   
where 𝑑୮-diameter of particle, 𝑇୥- temperature of gas, 𝑇୮- 

temperature of particle, 𝜌୮- density of particle, and 𝑐୮- its 

specific heat. The term at the left is the transferred energy 

from plasma which is related to the AHF parameter while the 

term at the right describes the energy absorbed by particle. 

After consideration of the conditions presented in [31] and 

[47], the final calculations were modified to only take the 

transport coefficients and are expressed as:   

 

      
ଵ

( ౝ்ିଷ଴଴)
(𝐴𝐻𝐹 ∙

௩ౝ

௅ 
)ଵ/ଶ =

〈ఒౝ〉

ට〈ఎౝ〉
                                     (12) 

 
where 𝑣୥- velocity of gas, L- length of high-temperature zone 

of the plasma jet, 〈𝜆୥〉- average thermal conductivity of gas, 

and 〈𝜂୥〉- average dynamic viscosity of gas. 

 
RESULTS AND DISCUSSIONS 
 
Effects of Solution Precursor on Transport 
Coefficients  
      The thermal transport properties of the Ar + H2 working 

gases were calculated as well as their modified AHF values 

when different TiO2 precursor solutions were added. When 

these solutions were introduced to the pure Ar + H2 working 

gases, the thermal properties of the working gases were 

altered. They are caused by the disappearance of molecular 

and atomic particles and are controlled only by collisions 

between ionized species.  

      In Fig. 1, the molar fraction of major species of the Ar + 

H2 plasma working gas mixture is shown when the different 

precursor solutions were added. The first half of the plasma 

temperature was governed by heavy particles and neutral 

atoms,  while  the  second  half  was controlled by  the  most 

 

 

charged species. The decomposition of the solution into 

molecules took place at temperatures below 4000 K. At 

temperatures between 4000-5900 K, the decomposition of 

molecules into atoms took place. When the temperature rises 

further, the ionization of atoms occurs. The precursor 

decomposition to TiO2 occurs at lower temperatures with a 

very low molar fraction compared to the pure working gas 

mixture making it insignificant for thermal transport 

estimations. Titanium atoms ionize first since Ti has the 

lowest ionization potential, followed by carbon atoms, then 

hydrogen atoms, and finally argon atoms (~6.8 eV for Ti, 

~11.28 for C, ~13.59 eV for H, and ~15.7 eV for Ar).  

      Figure 1 also depicts the evolution of the mole quantities 

of species common in plasma in the presence of TiO2 

precursor solutions. The dissociation of the TIP and TB 

precursor solutions with C2H and C2H2 as intermediate 

products leads to a rapid increase in the density of H, which 

consequently becomes the most abundant species in the 

plasma. The concentration of atomic carbon also increases as 

a result of the continuous dissociation of carbon molecules. 

These observations have not been clearly seen when the TiN 

precursor solution was used. In addition, for all plasma 

mixtures, the ionization reactions continuously increase the 

number of electrons up to 20,000 K, with hydrogen ions 

being one of the dominant species in the plasma. Analyzing 

the behavioral patterns of the plasma, it is expected that in 

addition to Ar and Ar+, the gas properties were dominated by 

e-, H, H+, C, and C+ pairs. The use of TIP and TB precursors 

using the solvents water and ethanol increased the number of 

e-, H, H+, C, and C+ species within the plasma resulting in 

higher deviations of transport properties than when using the 

TiN precursor. Evidently, the thermal transport properties of 

the working gases depend on the species that make up the 

plasma.  

      Dynamic viscosity. For the Ar + H2 plasma working 

gases alone, the dynamic viscosity agrees well with the data 

from the literature [14, 32]. At constant pressure, the 

maximum viscosity was reached at about 10,500 K, as 

illustrated in Fig. 2. Above this temperature, a decrease in the 

dynamic viscosity was observed as molecules and atoms 

continuously disappear [41] and, remarkably, ionization 

occurs as the collision integrals for Coulomb interactions 

between neutral species become lesser than those for 

interactions between charged species [24].  
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Fig. 1. Molar fraction of different species within plasma mixtures of Ar + H2 + (a) TiN + water, (b) TB + water, (c) TIP + 

water, (d) TB + ethanol, and (e) TIP + ethanol at 1.0 M solution concentration and injected at 50 ml min-1 feed rate. 
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Fig. 2. Dynamic viscosities of Ar + H2 plasma with the presence of (a) TiN + water, (b) TB + water, (c) TIP + water, (d) TB 

+ ethanol, and (e) TIP + ethanol. 
 903 



 

 

 

Candidato et al./Phys. Chem. Res., Vol. 11, No. 4, 897-912, December 2023. 

 

 

      The dynamic viscosity of the plasma jet was affected and 

lowered by the presence of the precursor solutions TB and 

TIP, indicating that the momentum of the particles in the 

plasma jet was also reduced. The solution with the highest 

concentration (1.0 M) injected at the highest feed rate                

(50 ml min-1) showed the lowest viscosity of the                        

plasma. Among the three precursor solutions, TB + eth5 

showed the lowest peak at 10,500 K with a difference of                     

0.23 × 10-4 kg m-1 s-1 from the viscosity of the pure Ar + H2 

working gases, which may lead to a remarkable improvement 

in the modified AHF of the plasma jet. The addition of TiN 

showed no significant difference compared to the addition of 

TIP and TB, regardless of the feed rate and concentration. 

This may have less impact on the estimate of the modified 

AHF for this type of plasma jet (see Section 3.2.3). 

      Thermal conductivity. Two major peaks were observed 

in the thermal conductivity of pure Ar + H2 working gases as 

shown in Fig. 3, and this is in good agreement with other 

reported works [14,31]. The first peak was mainly due to the 

dissociation of the H2 molecule, as evidenced by the fact that 

an Ar + H2 mixture contains less hydrogen. The second peak 

at about 15,000 K was due to the further reaction thermal 

conductivity and corresponds to the maximum ionization of 

Ar to Ar+ and H to H+ [34,35,41].  

      It was observed that the thermal conductivity increased 

when the different TiO2 precursor solutions were added to Ar 

+ H2 working gases, as shown in Fig. 3. In the first place, the 

water decomposition into atomic hydrogen and oxygen starts 

at 3,000 K [14]. The atomic hydrogen is in fact excited in the 

plasma environment, which leads to an increase in mobility, 

i.e., the thermal conductivity of the plasma jet. It was also 

noted that additional hydrogens were dissociated from the 

TIP and TB precursor solutions, which increased the number 

of mobile atomic species, hence, an increase in thermal 

conductivity was observed. The factors for this phenomenon 

were the existence of large reaction thermal conductivity and 

the contributed collision integrals for the interactions 

between the hydrogen species. This lead to the conclusion 

that an additional amount of hydrogen produces a large 

difference in thermal conductivity at temperatures around 

3,500 K [35]. However, lower thermal conductivity was 

obtained upon the addition of TiN precursor solution 

compared to the other two precursors. This was because TiN  

 

 

does not contain hydrogen atom and only water as solvent 

provides H2 to be dissociated as presented in Eqs. (1) to (9). 

      In addition, there was a sudden drop in the curve at about 

6000 K with a discontinuity, corresponding to the conversion 

of Ti- to Ti+ from the three precursors. Moreover, when TIP 

and TB precursor solutions were introduced, a peak appeared 

at about 6500 K and this was due to the decomposition of the 

organic compounds to C and O, which was also reported in 

the literature [27,48]. The decomposition of these organic 

compounds produced highly excited atoms that were not 

found when the TiN precursor solution was added. 

      Electrical conductivity. The electrical conductivity 

depends on the electron density and inversely on the ionic 

collision frequency which hinders the transport of current 

[28,49]. As presented in Fig. 1, the H+ and electron number 

densities were increased with the addition of TiO2 precursor 

solution. In a plasma where the degree of ionization is low, 

collisions between charged and neutral particles dominate. It 

has been reported that electron-neutral collisions have a 

strong influence on the electrical conductivity of the plasma 

[49,50]. Figure 4 shows the influence of electron-neutral 

collisions on the electrical conductivity of the Ar + H2 plasma 

jet for different mixtures. As can be seen, the addition of TiO2 

precursor solution considerably increased the electrical 

conductivity between 6,000 K and 11,000 K. This indicates 

that the Ar + H2 plasma working gases in the presence of TiO2 

precursor solution exhibit the desirable properties of high 

conductivity in this temperature range. Above this 

temperature range, the degree of ionization is high and 

charged particle collisions dominate causing the electrical 

conductivity to continually increase. An increase in electron 

temperature leads to a decrease in the frequency of electron-

electron collisions and consequently to an increase in 

conductivity. However, at temperatures above 11,000 K, the 

addition of various TiO2 solutions regardless of feed rate and 

concentration, caused no significant changes in the electrical 

conductivity compared to pure Ar+H2 plasma.  This is 

because the electrical conductivity at higher temperatures 

depends weakly on the nature of species [50]. The 

contribution of electron-neutral collision becomes negligible 

at a high degree of ionization and therefore the electrical 

conductivity becomes independent of the kind of gas [49]. 
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Fig. 3. Thermal conductivities of Ar + H2 plasma with the presence of (a) TiN + water, (b) TB + water, (c) TIP + water, (d) 

TB + ethanol, and (e) TIP + ethanol. 
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Fig. 4. Electrical conductivities of Ar+H2 plasma with the presence of (a) TiN + water, (b) TB + water, (c) TIP + water, (d) 

TB + ethanol, and (e) TIP + ethanol. 
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Effects of Solution Concentration and Feed Rate on 
Transport Coefficients 
      The deviations of the transport properties were due to the 

different TiO2 solutions with different concentration and feed 

rate. It can be observed that the thermal conductivity was 

strongly influenced by the solution feed rate and its 

concentration. The higher the feed rate and solution 

concentration, the higher the increase in thermal 

conductivity. The successive increase in the peak thermal 

conductivity values and the decrease in the dynamic viscosity 

of the plasma working gases were due to the increased 

solution concentration and feed rate. Increasing 

concentration tends to increase the reaction rate. The reason 

for this trend also has to do with collisions. A higher 

concentration means that more reactant particles are closer 

together, exposed to more collisions, and have a greater 

chance of reacting. Also, an increase in the rate of feeding the 

solution to the plasma means an increase in the volume of 

solution that must be delivered in a given time period. The 

number of species involved in the reactions has increased, 

resulting in a higher number of collisions.  

      Considering that the solvent is water and the precursors 

Ti(OC3H7)4 and Ti(OC4H9)4 have dissociated hydrogen 

atoms when heat was applied, the conclusion of the reference 

work [14] is still valid. The results for electrical conductivity 

did not show any differences for different concentrations and 

feed rates of TiO2 precursor solutions. The thermal 

conductivity and dynamic viscosity clearly project deviations 

when the concentration and feed rate of TiO2 precursor 

solutions were varied. Since the mobility of electrons was 

higher than that of charged species, only the electron’s 

contribution was considered in the estimation of electrical 

conductivity. The electrical conductivity curves showed a 

trend similar to that reported in the literature [34,50-52]. 

However, discontinuities in the curves were observed which 

usually occur in a two-temperature plasma [52,53]. This 

discontinuity at ~6,000 K was also compared to the 

discontinuity found in the thermal conductivity curve in the 

presence of TiO2 precursor solution. At this temperature, 

there was a sudden shift of ionized Ti from Ti- to Ti+ and thus 

the thermal transport properties were strongly dependent on 

the equilibrium composition. 

      Modified AHF. The estimated modified AHF for the 

gases of different compositions is shown in Fig. 5. From the  

 

 

thermal transport properties, the modified AHF of Ar + H2 

plasma working gases was improved in the presence of 

various TiO2 precursor solutions. A marked increment of 

thermal conductivity was observed when different TiO2 

precursor solutions were present during solution plasma 

spraying, as well as the ability of heating factor of the plasma 

jet based on the definition of modified AHF (Eq. (12)). The 

highest modified AHF values were obtained for the 

compositions with the TB precursor solution, which are 2 to 

3.5 times higher than those with pure Ar + H2 plasma working 

gases. Among the three TiO2 precursors, TB has the highest 

content of decomposed molecular hydrogen. High hydrogen 

content in the plasma working gases increased the thermal 

conductivity of the plasma jet [35] due to hydrogen 

excitement and increased mobility in the high-temperature 

environment, thus, increasing the modified AHF of the 

plasma in the SPPS technique. This remarkable increase in 

modified AHF means a higher heat flux between the plasma 

jet and the liquid feedstocks, which may greatly alter the 

phenomena taking place inside the plasma jet core and cause 

the feedstock particles to undergo considerable chemical and 

physical transformations during solution plasma spraying. 

Thus, it is recommended to mainly use a precursor that will 

significantly modify the plasma working gases during the 

SPPS process, such as TIP and TB solution precursors, in 

particular, when producing TiO2 plasma sprayed coatings. 

 
1. CONCLUSIONS  

 

      The thermal transport properties, such as the dynamic 

viscosity and thermal conductivity, allow for the estimation 

of heat and momentum transfer between the Ar + H2 plasma 

working gases and the TiO2 precursor solutions of varying 

feed rates and concentrations. For the TiO2 precursors used, 

TB and TIP were found to strongly affect the transport 

properties of the plasma working gases. The dynamic 

viscosity of the plasma jet was lowered by the presence of TB 

and TIP precursor solutions, especially when a high 

concentration and feed rate were used, while TiN showed no 

significant effect regardless of the feed rate and 

concentration. Conversely, the thermal conductivity 

increases when TB and TIP precursor solutions were present 

and was greatly influenced by solution concentration and 

feed rate. The deviation of the transport properties was due to 
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Fig. 5. Modified AHF of Ar + H2 plasma with the presence of (a) TiN + water, (b) TB + water, (c) TIP + water, (d) TB + 

ethanol, and (e) TIP + ethanol. 
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the different TiO2 solutions with different concentrations and 

feed rates. The successive increase in the peak thermal 

conductivity values and the decrease in the dynamic viscosity 

of the plasma working gases were due to increased solution 

concentration and feed rate. This was attributed to the 

additional hydrogen ions in TIP and TB precursor solutions 

which increase the number of mobile atomic species which 

are absent in the TiN precursor. Regardless of the solution 

concentration and feed rate, the electrical conductivity was 

also modified when various TiO2 precursor solutions were 

added. From the transport coefficients, the modified AHF 

values of the plasma working gases were increased in the 

presence of different TiO2 precursor solutions. The highest 

values were achieved for the compositions including the TB 

precursor solution which are 2 to 3.5 times greater than for 

pure Ar+H2 plasma working gases. These findings suggest 

that both TB and TIP are potential precursors for the solution 

precursor plasma spaying of TiO2 coatings. 
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