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 Background: Plasma spraying is a proven technique for applying 

ceramic coatings to enhance the mechanical and chemical resistance of 

components exposed to abrasive and corrosive environments. 

However, controlling coating porosity remains a critical factor that 

directly affects the coating's performance and lifespan. 

Contribution: This study contributes to the field by developing a 

predictive model that quantifies the influence of key plasma spraying 

parameters on the porosity of Al₂O₃–TiO₂ coatings. The model enables 

process optimization and quality control for applications requiring 

high-performance surface protection. 

Method: An orthogonal experimental design (N27) was implemented 

to systematically vary three process parameters: spray distance (Lp), 

plasma current intensity (Ip), and powder feed rate (Gp). A total of 27 

coating samples were produced and analyzed.  

Results: The resulting porosity ranged from 5.96% to 14.52% 

depending on parameter combinations. The developed second-order 

polynomial regression model demonstrated good predictive accuracy, 

with deviation between measured and predicted values ranging from 

−8.67% to +13.96%, and typically within acceptable engineering limits. 

Conclusion: The findings confirm that process parameters 

significantly affect coating porosity, and that the proposed model is a 

useful tool for optimizing plasma spray operations. 
 

This is an open access article under the CC–BY-SA license. 
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1. Introduction 

Plasma spraying technology is widely utilized in industrial applications to enhance the 

surface properties of structural components, especially in environments exposed to high 
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mechanical stress, thermal shock, and corrosive media [1]–[3]. Among various coating 

materials, the Al₂O₃–TiO₂ ceramic composite stands out due to its excellent hardness, thermal 

stability, and corrosion resistance, making it a prime candidate for protective coatings in the 

aerospace, automotive, and manufacturing sectors. One of the critical performance indicators 

of such ceramic coatings is porosity, as it significantly affects the coating’s mechanical strength, 

thermal conductivity, adhesion to the substrate, and overall durability under service 

conditions [4], [5]. 

However, controlling and predicting porosity in plasma-sprayed coatings remains a 

substantial challenge due to the complex and highly nonlinear interaction between multiple 

processing parameters [2], [5]. Variables such as the spray distance (Lp), plasma arc current 

(Ip), and powder feed rate (Gp) must be precisely calibrated, yet existing studies often report 

inconsistent findings or lack sufficient statistical robustness. Many prior investigations rely on 

trial-and-error methods or single-variable adjustments, which are inadequate for capturing the 

multidimensional nature of the spraying process. This gap in both theoretical modeling and 

practical optimization hinders the broader application and scalability of plasma spray coatings 

in critical engineering systems [6], [7]. 

In particular, while some research has examined the influence of individual parameters 

on coating structure, few have integrated orthogonal experimental planning to systematically 

evaluate their combined effects [8]. Furthermore, limited attention has been given to 

constructing empirical models that correlate spray parameters with porosity as a quantifiable 

quality index [9], [10]. As a result, there is insufficient predictive capability to support 

parameter selection for targeted porosity levels, especially when transitioning from laboratory-

scale experiments to industrial-scale implementations [11], [12]. 

To address these limitations, the present study aims to investigate the relationship 

between key plasma spraying parameters and the resulting porosity of coatings formed from 

a standardized Al₂ O₃–40%TiO₂ ceramic powder on SS400 carbon steel substrates. The research 

utilizes an extended orthogonal experimental design (N=3³=27), allowing for a systematic and 

comprehensive exploration of the parameter space [13], [14]. Advanced image analysis 

techniques on metallographic samples using the Axiovert 25 MAT microscope and Image Pro-

Analyzer software are employed to accurately quantify porosity. The combination of 

experimental data with statistical modeling enables the formulation of a regression-based 

mathematical model that predicts average coating porosity as a function of the three primary 

technological parameters [15]. 

The urgency of this research lies in its potential to support more consistent and optimized 

plasma coating procedures, especially for applications demanding high reliability and 

resistance to wear and corrosion. The main contribution of this study is the development of an 

empirical porosity model that can guide process optimization and serve as a decision-making 

tool for engineers and materials scientists. In practical terms, the model enables better control 
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over coating microstructure, enhancing performance and service life of mechanical 

components in challenging operational environments. 

Accordingly, the research is guided by the following problem formulation: How do 

variations in plasma spray distance (Lp), current intensity (Ip), and powder feed flow rate (Gp) 

influence the average porosity of Al₂O₃–TiO₂ ceramic coatings on carbon steel substrates? The 

objective of this study is to construct a predictive and statistically reliable model that links 

these parameters to coating porosity, thereby enabling improved process control and material 

design for surface engineering applications. 

 

2. Method  

This study employed a quantitative experimental research design aimed at modeling the 

relationship between plasma spraying process parameters and the resulting porosity of 

ceramic coatings. The experimental procedure was conducted under controlled laboratory 

conditions using a standardized orthogonal experimental design to ensure reliability and 

reproducibility of results [11], [12]. 

The substrate material used in the experiment was SS400 carbon steel, fabricated into disc-

shaped specimens with a diameter of 50 mm and a thickness of 3 mm. Plasma coatings were 

applied directly to the surface of these specimens without any intermediate bonding layer. The 

coating material consisted of a commercially available ceramic alloy powder composed of 

Al₂O₃ with 40% TiO₂. Plasma spraying was performed using a Model 3710 - 40 kW plasma 

spraying system at the Key Laboratory of Welding and Surface Treatment Technology, 

National Institute of Mechanical Engineering. Spraying was carried out in atmospheric 

conditions with natural air cooling in a normalized mode immediately after the deposition 

process [11]. 

The experimental design followed an extended orthogonal array of type N = 3³ = 27, which 

enabled the systematic variation of three critical process parameters: spray distance (Lp), 

plasma current intensity (Ip), and powder feed rate (Gp). Each of the 27 experiments 

represented a unique combination of these parameters within the operational range 

recommended by the equipment manufacturer. Data on coating porosity were obtained from 

metallographic examination of cross-sectional samples. After spraying, the coated specimens 

were sectioned, polished, and analyzed using the Axiovert 25 MAT optical microscope 

integrated with Image Pro-Analyzer software [10], [16]. Porosity values were measured based 

on digital image analysis techniques, which involved quantifying the percentage of voids 

relative to the total coating area. This approach allowed for a detailed assessment of 

microstructural integrity across all test conditions [17]. 

The primary data source consisted of the porosity values (in percentage) derived from each 

of the 27 experimental conditions. All measurements were repeated to ensure consistency, and 

average values were calculated to represent each test point. Statistical analysis was performed 

using empirical modeling and regression techniques based on the least square method. The 
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experimental data were processed using specialized software such as MATLAB and Statistic, 

which enabled the development of a polynomial regression model linking Lp, Ip, and Gp to 

the average porosity (γ). This mathematical model serves as a predictive tool for estimating 

porosity under varying spray conditions. 

To ensure the validity and reliability of the data, multiple strategies were employed. Each 

experimental run was performed under standardized conditions with careful calibration of the 

plasma equipment prior to spraying. Repeated porosity measurements were taken from 

multiple cross-sections of each sample to minimize measurement error. Statistical deviation 

(S²) between observed and modeled porosity values was calculated to assess the accuracy of 

the model. Acceptable error margins, based on engineering standards for porosity modeling, 

were used to validate the predictive capability of the regression equation. 

In summary, the study integrates a structured experimental approach with quantitative 

data analysis to derive a robust model for predicting porosity in plasma-sprayed ceramic 

coatings. The combination of orthogonal design methodology, high-resolution image analysis, 

and statistical modeling ensures a high level of confidence in the results and their applicability 

in industrial coating processes, as seen in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Flowchart Method 

 

3. Results and Discussion 

3.1.  Results 

The parameters of plasma coating spraying technology from Al2O3+ 40% TiO2 commercial 

spray powder selected for investigation in 27 experiments include: Spray distance: Lp = 100 

(200 mm; Ip plasma current strength = 400 (600 A; Gp spray feed flow = 1.7 (2.1 kg/h and spray 

speed Vp = 50 mm/min; Primary air supply flow Ar: 150 l/min, secondary gas N2: 15 l/min, 

transport gas Ar: 15 l/min; spray sample temperature: 100 (150°C; natural cooling in air. The 
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results of experiments and mathematical model calculations of the average porosity of plasma 

coating materials are given in Table 1. 

 

Table 1. Plan experiment 

 

Mark 

 

Code 

Spray 

distance 

LP, mm 

Current 

of 

plasma, 
IP, A 

Spray 

feed 

flow, GP, 

kg/min 

Average porosity of plasma coating, , 
% 

Experiment,  

t.n 

Calculatio 
n,  t.t 

Deviation 
(S2) 

1 000 100 400 1,7 14,520 14,675 + 1,07 

2 010 100 500 1,7 13,538 12,88  4,86 

3 020 100 600 1,7 11,355 11,125  2,02 

4 100 150 400 1,7 10,985 11,159 + 1,59 

5 110 150 500 1,7 9,695 10,111 + 4,29 

6 120 150 600 1,7 7,765 8,8491 + 13,96 

7 200 200 400 1,7 8,125 8,2424 + 1,44 

8 210 200 500 1,7 7,773 7,6868  1,11 

9 220 200 600 1,7 7,321 6,9176  5,51 

10 001 100 400 1,9 11,524 11,807 + 2,45 

11 011 100 500 1,9 10,350 10,532 + 1,75 

12 021 100 600 1,9 9,153 9,0429  1,20 

13 101 150 400 1,9 8,465 8,9166 + 5,33 

14 111 150 500 1,9 7,566 7,9851 + 5,54 

15 121 150 600 1,9 6,676 6,8399 + 2,46 

16 201 200 400 1,9 6,976 6,3712  8,67 

17 211 200 500 1,9 6,026 5,7832  4,03 

18 221 200 600 1,9 5,060 4,9816  1,54 

19 002 100 400 2,1 12,485 11,894  4,74 

20 012 100 500 2,1 11,058 10,884  1,57 

21 022 100 600 2,1 9,950 9,6613  2,90 

22 102 150 400 2,1 8,774 9,3748 + 6,85 

23 112 150 500 2,1 7,850 8,5599 + 9,04 

24 122 150 600 2,1 6,976 7,5315 + 7,97 

25 202 200 400 2,1 7,250 7,2008  0,68 

26 212 200 500 2,1 6,676 6,5804  1,43 

27 222 200 600 2,1 5,955 5,7464  3,50 

 

The calculation of hidden coefficients by the method of least squares in a higher-order 

general mathematical model representing the target function to be found in the selected survey 

domain for 27 different plasma injection experimental modes can be performed according to 

the orthogonal experimental matrix algorithm given in the works [18] and [19] when 
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considering copper influences The timing of the 3 main technological parameters of plasma 

injection is stated. However, currently some computer software handles empirical 

mathematical statistics for most basic studies such as Statistic lab, it is also possible to produce 

2D and 3D graphs along with corresponding numerical models when considering the 

simultaneous pairing influence of 2 of the 3 selected technological parameters on the output 

target function is quite reliable. 

Figure 2 is the result of a 3D graph construction calculation showing the dependence of 

the average porosity of the Al2O3+ 40% TiO2 plasma coating on the pair of Ip injection 

technology parameters. Gp; and Figure 3, couple Lp. Ip and Figure 4, couple Lp. Gp. 

 

 

   

 

a) LP = 100 mm 

 

b) LP = 150 mm 

 

c) LP = 200 mm 

Figure 2. Simultaneous influence pairing of Ip spray parameters. Gp to medium porosity 

Ceramic alloy plasma coating Al2O3+ 40% TiO2 when Lp changes (Vp = 50 mm/s) 

 

 

 

 

 

 

 

 

a) GP = 1,7 kg/h b) GP = 1,9 kg/h c) GP = 2,1 kg/h 

Figure 3. Simultaneous influence pairing of Lp spray parameters. Ip to medium porosity 

Ceramic alloy plasma coating Al2O3+ 40% TiO2 when Gp changes (Vp = 50 mm/s) 

 

The results of interpolation analysis in the change domain of 3 plasma injection 

technology parameters at the average adjustment levels according to the N27 experimental 

plan correspond to the following conditions: Ip = 500 A (Figure. 4, b); Lp = 150 mm (Figure 2, 

b); Gp =1.9 kg/h (Figure 3, a); Lp = 150 mm (Figure 2, b); Gp = 1.9 kg/h (Figure 3, a) and Ip = 

500 A (Figure 4, b). 
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a) IP = 400 A b) IP = 500 A c) IP = 600 A 

Figure 4. Simultaneous influence pairing of Lp spray parameters.  

Gp to medium porosity Ceramic alloy plasma coating Al2O3+ 40% TiO2 when Ip changes (Vp = 

50 mm/s). 

 

 

 

 

 

 

 

 

 

 

 

      a)      b) 

Figure 5. The dependence of average porosity of Al2O3+ 40% TiO2 plasma coating on Lp spray 

distance when Ip = 500 A (a) and Ip plasma flow strength when Lp = 150 mm (b); Vp = 50 mm/s. 

 

This study investigated the effect of three principal plasma spraying parameters, spray 

distance (Lp), plasma current intensity (Ip), and powder feed rate (Gp), on the average porosity 

of Al₂O₃ + 40% TiO₂ ceramic coatings applied to SS400 carbon steel substrates. The experiments 

were carried out under 27 different spray mode combinations, following an N27 orthogonal 

experimental matrix. The parameter ranges used were: Lp from 100 to 200 mm, Ip from 400 to 

600 A, and Gp from 1.7 to 2.1 kg/h, with a constant spray speed (Vp) of 50 mm/min. All samples 

were sprayed in an atmospheric environment and subsequently cooled in ambient air without 

additional post-treatment. 

The resulting porosity data obtained through image analysis were compared with 

predicted values calculated using a higher-order regression model developed through the least 

square method. The model equation is as follows: 
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This regression model describes the nonlinear interaction of the three input variables and 

enables the prediction of coating porosity under various parameter combinations. A 

comparison between experimental and predicted porosity values is presented in Table 1. The 

calculated deviations (S²) ranged from −8.67% to +13.96%, demonstrating a generally 

acceptable level of accuracy for empirical modeling in thermal spray research. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a)                         b) 

Figure 6. The dependence of the average porosity of the Al2O3+ 40% TiO2 plasma coating on the 

Ip plasma flow strength when Gp = 1.9 kg/h (a) and the spray powder feed flow Gp when Ip =500 A 

(b); Vp = 50 mm/s. 

 

The analysis of the results reveals that porosity tends to decrease with increasing plasma 

current and feed rate, particularly at lower spray distances. For instance, when Lp was fixed 

at 100 mm and Gp at 1.7 kg/h, increasing Ip from 400 A to 600 A resulted in a porosity reduction 

from 14.52% to 11.36%. Similar trends were observed across other parameter combinations. 

This inverse relationship aligns with established principles in plasma spray processing, where 

https://doi.org/10.12928/spekta.v6i1.10985
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higher current and feed rate improve particle melting and impact velocity, thereby reducing 

void formation upon deposition. 

3D response surface plots were generated to visualize the interactive influence of 

parameter pairs Figure 3, Figure 4 and Figure 5.  Figure 3 shows the combined effect of Ip and 

Gp on porosity for different Lp values. At Lp = 100 mm, increasing either Ip or Gp consistently 

reduced porosity. However, at Lp = 200 mm, the trend reverses slightly due to the loss of 

thermal energy and particle velocity before reaching the substrate. Figure 4 illustrates how Lp 

and Ip affect porosity at fixed Gp values, revealing that moderate spray distances (150 mm) 

with high current yield optimal porosity values. Similarly, Figure 5 demonstrates that the 

combination of shorter spray distance (Lp) and higher feed rate (Gp) contributes to lower 

porosity when Ip is sufficiently high. 

Further interpolation analysis was conducted at mid-range parameter settings: Ip = 500 A, 

Lp = 150 mm, and Gp = 1.9 kg/h. The results Figure 5, Figure 6 confirmed the nonlinear 

behavior of porosity with respect to individual parameters. Specifically, at constant Ip = 500 A, 

increasing Lp beyond 150 mm resulted in a slight increase in porosity, indicating a threshold 

beyond which spray distance negatively impacts deposition quality. Conversely, at fixed Lp = 

150 mm, increasing Gp showed an initial porosity reduction followed by a slight increase, 

suggesting an optimal powder feed rate around 1.9 kg/h. 

Overall, the results indicate that porosity in plasma-sprayed Al₂O₃–TiO₂ coatings can be 

effectively controlled by tuning the key spray parameters within a defined operational 

window. The derived regression model provides a reliable tool for predicting porosity levels 

based on parameter inputs and can serve as a reference for optimizing plasma spray processes 

in industrial applications. The analysis also underscores the importance of understanding 

multivariable interactions in thermal spray systems, which are often overlooked in traditional 

single-variable studies. 

 

3.2.  Discussion 

The experimental results and modeling efforts presented in this study aim to address the 

research problem formulated as follows: How do variations in plasma spray parameters, 

specifically spray distance (Lp), plasma current (Ip), and powder feed rate (Gp), influence the 

average porosity of Al₂O₃ + 40% TiO₂ ceramic coatings on SS400 carbon steel substrates? The 

goal was to develop a statistically valid and predictive model that captures the nonlinear 

relationships among these parameters and their effects on coating quality, particularly 

porosity. 

This study is grounded in the theoretical framework of plasma heat and momentum 

transfer and particulate deposition dynamics, which suggest that the porosity of thermally 

sprayed ceramic coatings is primarily influenced by particle melting efficiency, velocity, and 

adhesion upon substrate impact. According to thermal spray theory, higher plasma arc 

currents (Ip) increase the energy input into the system, enabling more complete melting of 



 

SPEKTA Vol. 6. No 1, June 2025 pp. 181-194 

 
 

190                                                                                               https://doi.org/10.12928/spekta.v6i1.10985 

particles, thereby reducing porosity. Similarly, optimal spray distance (Lp) ensures sufficient 

particle velocity and temperature at the substrate, while an appropriate powder feed rate (Gp) 

avoids under- or over-saturation of particles in the plasma jet [20]. 

In practice, these theoretical principles are subject to complex interactions, and as such, an 

orthogonal experimental design (N27) was employed to systematically explore these variables. 

The empirical data confirm the theoretical expectations: increasing plasma current consistently 

reduced porosity, especially at shorter spray distances and moderate feed rates. This behavior 

was evident in all three orthogonal sub-arrays (N9(1), N9(2), and N9(3)), validating the role of 

Ip in enhancing particle melting and impact quality. 

For instance, in the N9(1) group (Gp = 1.7 kg/h), the porosity decreased from 14.52% to 

11.36% as Ip increased from 400 A to 600 A at Lp = 100 mm. The reduction trend continued in 

the N9(2) and N9(3) sets, with the lowest porosity (5.96%) observed at Lp = 200 mm, Ip = 600 

A, and Gp = 2.1 kg/h. However, it is also evident that excessively long spray distances led to 

increased porosity in certain conditions, consistent with theoretical concerns over particle 

cooling and deceleration before impact. 

The empirical regression model derived in this study encapsulates these findings into a 

second-order polynomial equation, which effectively quantifies the contribution of individual 

parameters and their interactions. The model’s reliability is demonstrated through the error 

margin (S²), which in most cases remains within acceptable limits for engineering applications. 

These findings directly support the objective of the study, namely: to construct a predictive 

model that enables control of coating porosity through appropriate selection of process 

parameters [21]–[23]. 

Further insights are obtained from the 3D surface response graphs. These reveal that while 

each parameter individually influences porosity, their interactions often determine the final 

coating structure [24]. The graphs show that optimal coating densification occurs at moderate 

spray distances (150 mm), high plasma currents (500–600 A), and feed rates around 1.9 kg/h. 

These results align with theoretical expectations from plasma-particle interaction models, such 

as those developed in heat transfer and two-phase flow analyses of the plasma spray process 

[25], [26]. 

The 2D interpolation graphs Figure 4, Figure 5, and Figure 6 confirm the non-linear but 

smooth dependency of porosity on input parameters. These relationships indicate that while 

trends are predictable, they are not strictly linear, requiring multivariable modeling for 

accurate control. The slight increase in porosity observed beyond certain Gp thresholds (e.g., 

1.9 kg/h to 2.1 kg/h) is attributed to particle agglomeration or oversaturation, which is a well-

documented phenomenon in high-feed-rate plasma spraying [27], [28]. 

In connecting back to the research background, this study fills an important gap where 

many previous works lacked statistical depth or comprehensive modeling of parameter 

interactions. The current research advances both the theoretical understanding and practical 

https://doi.org/10.12928/spekta.v6i1.10985
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control of ceramic plasma coatings, particularly for applications demanding high performance, 

such as in wear-resistant and thermally stressed components [29], [30]. 

In conclusion, the research effectively answers the central research question by 

demonstrating how the process parameters influence porosity and by providing a predictive 

model to guide parameter optimization. This study not only confirms known theoretical 

principles but also provides a validated empirical framework that can be directly applied in 

surface engineering practices, contributing to both academic knowledge and industrial 

advancement. 

 

4. Conclusion  

This study successfully developed a predictive mathematical model linking spray 

distance, plasma current intensity, and powder feed rate to the porosity level of Al₂O₃ + 40% 

TiO₂ ceramic coatings on SS400 substrates. The model demonstrated good accuracy, with 

deviations mostly within ±9%, validating its reliability for optimizing plasma spray parameters 

to meet specific porosity requirements. 

Despite being limited to a narrow parameter range and a single material system, the model 

provides a practical tool for process control in thermal spray applications. Future research 

should explore broader parameter domains, additional material systems, and the influence of 

post-treatment processes to enhance model applicability and performance prediction in real-

world industrial settings. 
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