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MULTI-PARAMETER COUPLED OPTIMIZATION OF AL6061 COATING 

POROSITY BASED ON THE RESPONSE SURFACE METHOD 

 
The objective of this study is to study the multi-particle deposition process of cold spray through numerical 

simulation methods and to use multi-factor coupling to optimize the porosity of Al6061 coating to more accu-

rately characterize the real cold spray deposition process. This study aimed to predict and optimize the porosity 

of Al6061 coatings using numerical simulation methods. The tasks to be solved are: to nest the multi-particle 

model established by the Python script in the CEL deposition model to simulate the cold spray deposition pro-

cess. A multi-parameter function with particle temperature, substrate temperature, and particle velocity as in-

dependent variables and Al6061 coating porosity as dependent variables was established. The response surface 

analysis method was used to predict the optimal spraying parameters and coating porosity of Al6061 coating. 

The methods used are as follows: optimize the porosity of the coating through multi-factor coupling through 
response surface analysis; use a multi-particle model established through a Python script to be nested in the 

CEL deposition model to simulate the deposition process of cold-sprayed Al6061 multi-particles. To characterize 

the coating porosity more accurately, the average value of multiple groups of samples was taken as the final 

coating porosity value. Conclusions. the porosity value of Al6061 coating obtained by the prediction model is 

1.969%; Under the influence of multi-factor coupling, particle velocity has the greatest impact on the porosity 

of the Al6061 coating, and  substrate temperature has the least impact. Optimum spraying parameters: particle 

temperature 649.692K, substrate temperature 536.437K, and particle velocity 672.385m/s. Under the optimal 

spraying parameters, the porosity value of the Al6061 coating is 1.91875%; The error between the predicted 

value and the actual value obtained by numerical simulation is only 2.55%. 
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1. Introduction 

 

Cold spraying is a solid-state deposition technol-

ogy, that is widely used in the field of additive manufac-

turing [1]. The pressurized gas in the nozzle accelerates 

the particles (1-50 um) to high speed (300-1200 m/s) [2]. 

The particles deposit on the substrate at high speed and 

deform to form a dense and high-quality coating [3, 4]. 

Adiabatic shear instability and local plastic flow are con-

sidered to be the main mechanisms of particle/substrate, 

particle/particle bonding [5, 6]. The formation of the 

coating can be seen as an iterative process, with repeated 

impact-deformation-adhesion between particles. In the 

cold spraying process, porosity is an important indicator. 

Porosity that is not easily controlled will cause the struc-

ture to be brittle, thus affecting the mechanical properties 

of the coating [7].  

In cold spraying, particle/substrate, particle/particle 

contact occurs within tens of nanoseconds and follows 

highly transient nonlinear and dynamic rules [8]. Interac-

tions during deposition are difficult to analysis experi-

mentally, so numerical simulations are useful in helping 

to understand particle/substrate and particle/particle 

bonding mechanisms [9]. The CEL method simulates the 

process of multi-particle formation of coatings. The 

multi-particle deposition model is between the micro-

scopic method of single particle simulation and the mac-

roscopic method of homogeneous material deposition 

[10, 11]. The CEL method is proven to be more suitable 

for analysis large deformation problems that occur during 

cold spraying [8]. The method has higher accuracy and 

robustness than other finite element techniques in the 

range of large deformation, large displacement and large 

strain. Its advantage is that particles are wrapped in Eu-

lerian domain, which avoids the need for remeshing and 

highly distorted elements; The CEL method tracks the 

material as it flows through the grid by calculating the 

Euler volume fraction in each cell. If the material com-

pletely fills the cell, its volume fraction is 1. If the mate-

rial is not present in the element, its volume fraction is 0, 

the sum of the volume fractions of all materials in the unit 

is less than 1, then the rest of the unit will automatically 

be filled with void materials, which have no mass and 

strength [8]. There are two ways to check the porosity of 
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the coating, one is obtained through experiments [12]. 

The other is obtained through numerical simulation [13]. 

The numerical simulation method is a reliable method for 

predicting coating porosity [14]; In order to get closer to 

the real cold spray process, multiple spray parameters are 

introduced to affect the porosity of the coating, and the 

coating under multi-factor coupling is obtained [15]. The 

method closest to the real coating porosity obtained 

through numerical simulation calculation. 

At present, there are few results using numerical 

simulation methods to study coating porosity, especially 

the CEL method to simulate multi-particle deposition and 

optimize coating porosity through multi-parameters cou-

pling. MacDonald [16] used the CEL method to study the 

thermal softening effect of single particle temperature. 

As the particle temperature increases, the particle flatten-

ing rate increases. The thickness of the coating is esti-

mated by the flattening rate after particle deposit, which 

makes the prediction results very rough. Zahiri [17] used 

the CEL method to study the deposit of single Cu parti-

cles on the Al substrate. Increasing the particle tempera-

ture and speed can increase the density of the sprayed 

sample. This is only limited to studying the impact of a 

single factor of technical parameters on the porosity of 

the coating. It is inaccurate to use the CEL method to sim-

ulate single particle deposition with substrate to study 

coating porosity. Single particle deposition model cannot 

represent the interaction between coating accumulation, 

particle size, velocity and temperature [18, 19]. There-

fore, simulating the multi-particle deposition process is 

more representative. The multi-particle deposition model 

is between the microscopic method of single particle sim-

ulation and the macroscopic method of homogeneous 

material deposition [17]. Multi-particle deposition mod-

els can be used to simulate complex interactions between 

multiple particles, which are beyond the reach of single-

particle deposition model. Matteo [20] used the CEL 

method to simulate the spraying of multi-particle  

Ti-Al and Ti-Cu particles. By calculating the weight of 

the particles and the mass of the raw material particles, 

the corresponding volume percentage is calculated to 

predict the porosity of the coating. This is not a direct 

study of the porosity of the coating after deposition. 

Weiller [15] used the CEL method to simulate the depo-

sition of multi-particle Al/Al2017. Studying the for-

mation mechanism of porosity, it was concluded that in-

terface porosity and stacking porosity have a great influ-

ence on the porosity of the coating. Interfacial porosity is 

caused by the arrangement between particles, and stack-

ing porosity is caused by changes in particle density in 

gas flow; Randomly generated particles will lead to irra-

tional distribution of particles in the Euler domain, thus 

affecting the final numerical result of porosity. Song [14] 

used the CEL method to simulate the deposition of multi-

particle Ti6Al4V particles on the Ti6Al4V substrate to 

study the influence of a single factor on the porosity of 

the coating; The deposition process of cold spray is 

jointly affected by the coupling of multiple factors. 

Therefore, it is impossible to characterize the deposition 

process of cold spray particles by studying the coating 

porosity affected by a single factor. Therefore, a model 

of multi-factor coupling affecting coating porosity is es-

tablished, which can more accurately characterize coat-

ing porosity; Finally, the coating porosity is optimized 

through a multi-parameter model; This makes the settle-

ment results closer to the actual particle deposition pro-

cess of cold spraying. 

This article uses particle temperature, substrate tem-

perature and particle velocity as independent variables, 

and the three variables interact with each other in pairs. 

Establish a linear regression equation model about the 

porosity of Al6061 coating through Design-Expert. The 

response surface analysis method was used to predict the 

optimal spraying parameters and coating porosity of 

Al6061 coating. Al6061 coating obtained through opti-

mal spraying parameters predicted by numerical simula-

tion. In order to obtain a more accurate coating porosity, 

multiple groups of sampling methods are used at the 

same height of the coating, and the average porosity of 

multiple groups of samples is calculated as the final result 

of the coating. 

 

2. Experimental/Theoretical Details 
 

The cold spray process is an extremely complex 

process, which includes the acceleration part of the parti-

cles by the cold spray device and the deposition part of 

the particles. The porosity of metal coatings has always 

been an important parameter to characterize the perfor-

mance of the coating, and the pursuit of low porosity has 

always been the goal of scholars. There are often various 

factors that affect coating porosity; therefore, a method 

through numerical simulation is introduced to predict 

coating porosity; then the coating porosity is optimized 

through multi-factor coupling; finally, coating prediction 

for cold spraying is achieved is of great significance to 

optimization. In the multi-parameter optimization pro-

cess, the RSM method has better accuracy than BP+GA 

optimization; this article uses the RSM optimization 

method. There are often various factors that affect coat-

ing porosity; therefore, it is very meaningful to introduce 

a method through numerical simulation to predict and op-

timize coating porosity. Tan [8] proposed that Al6061 

particles form a coating during the deposition process. 

The temperature and velocity of Al6061 particles and the 

temperature of the substrate are important parameters 

that affect the porosity of the coating. Multi-factor cou-

pling prediction and optimization of Al6061 coating po-

rosity can better characterize real particles deposition 

process. 
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2.1. Experiment design 

 

The three-factor and three-level BBD experimental 

design method was adopted, and the particle temperature, 

substrate temperature and particle velocity were selected 

as key test factors. The porosity of the Al6061 coating 

was used as the target, and -1, 0, and +1 respectively rep-

resented the numerical simulation factor levels. as shown 

in Table 1 for the design parameters. 

Design-Expert DX10 data analysis software is used 

to process and analysis the numerical simulation results. 

The experimental arrangement and results are shown in 

Table 2. 
 

2.2. Establishment of linear regression equation 

for porosity of Al6061 coating 
 

The porosity regression equation of Al6061 coating 

is:  
 

1 2 3

2
1 2 1 3 2 3 1

2 2
2 3

Y 63.43 0.0104X 0.0227X 0.1757X

    6.999X X 3.4X X 4X X 8.5X

    1.45X 1. 0 .6 5X

    

    

 

 

Table 3 shows the variance analysis of the porosity 

of Al6061 coating. It can be seen from Table 3 that the 

model P < 0.0001, and the model regression equation is 

significant. The correlation between the three factors and 

the experimental indicators is significant, the fitting de-

gree is very good, and the error is small, indicating that 

the model is suitable for predicting the porosity of 

Al6061 coating. 

 

2.3. The degree of influence of each test factor 

on the test indicators 

 

The contribution rate of experimental factors to ex-

perimental indicators is shown in Table 4. According to 

the F Value, the contribution rate of the three influencing 

factors of particle temperature, substrate temperature and 

particle velocity to the porosity of the Al6061 coating can 

be judged. It shows that the particle speed has the greatest 

impact, followed by particle temperature, and the sub-

strate temperature has the least impact. 

 

Table 1 

Design parameters 

Level 

Factors 

Tp / K Ts / K Vp / m/s 

Particle temperature Substrate temperature Particle velocity 

-1 600 500 585 

0 650 550 635 

1 700 600 685 

 

Table 2 

Simulation arrangement and results 

Run 

High and low level code Actual value 

Porosity % Particle 

temperature 

Substrate 

temperature 

Particle 

velocity 

Particle 

temperature (K) 

Substrate 

temperature (K) 

Particle 

velocity (m/s) 

1 0 0 0 650 550 635 2.65 

2 +1 -1 0 700 500 635 2.49 

3 0 -1 -1 650 500 585 3.91 

4 0 -1 +1 650 500 685 1.89 

5 0 0 0 650 550 635 2.65 

6 +1 0 +1 700 550 685 1.71 

7 0 0 0 650 550 635 2.65 

8 -1 -1 0 600 500 635 2.73 

9 0 +1 -1 650 600 585 3.89 

10 -1 0 +1 600 550 685 2.01 

11 -1 0 -1 600 550 585 4.25 

12 0 0 0 650 550 635 2.65 

13 0 +1 +1 650 600 685 1.83 

14 +1 +1 0 700 600 635 2.42 

15 +1 0 -1 700 550 585 3.61 

16 -1 +1 0 600 600 635 2.73 

17 0 0 0 650 550 635 2.65 
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Table 3 

Variance analysis of the porosity of Al6061 coating 

Source Sum of Squares df Mean Square F Value P-Value, Prob>F 

model 9.06 9 1.01 361.74 <0.0001 

X1 0.27 1 0.27 98.82 <0.0001 

X2 2.842e-3 1 2.842e-3 1.02 0.3458 

X3 8.35 1 8.35 3002.81 <0.0001 

X1X2 1.225e-3 1 1.225e-3 0.44 0.5282 

X1X3 0.029 1 0.029 10.39 0.0146 

X2X3 4e-4 1 4e-4 0.14 0.7158 

X1
2 1.901e-3 1 1.901e-3 0.68 0.4357 

X2
2 5.533e-3 1 5.533e-3 1.99 0.2013 

X3
2 0.3 1 0.3 107.28 <0.0001 

Residual 0.019 7 2.782e-3   

Lack of Fit 0.019 3 6.492e-3 2.37  

Pure Error 0 4 0   

 

3. Results and Discussion 
 

Figure 1 show the interaction of three factors on the 

porosity of Al6061 coating. From Figure 1 and combined 

with the analysis of the contribution rate of experimental 

factors to experimental indicators in Table 4, it can be 

seen that the contribution rate of particle speed is more 

significant. Taking the Al6061 coating porosity as the 

target, the optimal Al6061 coating porosity is predicted 

to be 1.969%, as shown in Figure 2. 

 

 

 
 

Fig. 1. The interaction of three factors on the porosity of Al6061 coating 
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Table 4 

Contribution rate of experimental factors  

to experimental indicators 

Test in-

dex 

Contribution rate  

of experimental factors 
Contribu-

tion  

ranking X1 X2 X3 

Y 98.82 1.02 3002.81 X3>X1>X2 

 

 
 

Fig. 2. Numerical simulation Al6061 coating porosity 

under optimal parameter conditions 

Figure 3 show cross-sectional view of the Euler vol-

ume fraction voids of the Al6061 coating obtained with 

optimal spraying parameters. And select the samples at 

the same height in the middle area of the layer. Take the 

samples in the central area of the coating, and finally cal-

culate the average value of the samples as the porosity of 

the final coating, which makes the result error smaller 

and more representative. As shown in Figure 4, there are 

1-4 sets of porosity sampling cuboid sliced from the mid-

dle area of the coating; The size of each group of sam-

pling cuboids: 20*20*10um. In order to characterize the 

porosity level more accurately, The sampling were used 

to calculate the average value of samples as the coating 

porosity. Figure 5 shows cross-sectional view of the Eu-

ler volume fraction voids after slicing each layer of the 1-

4 groups of sampling cuboids. Through calculation, The 

porosity value of each layer in the samples 1-4 are shown 

in Figure 6, the average porosity of the 1-4 groups of 

sampling cuboids is 1.91875%. 

 

 

 
Fig. 3. Cross-sectional view of the Euler volume fraction voids of the Al6061 coating obtained  

with optimal spraying parameters 
 

 
Fig. 4. The porosity value of each layer in the samples 1-4 
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(а) 

 

 
(b) 

Fig. 5. Cross-sectional view of the Euler volume fraction voids after slicing each layer  

of the 1-4 groups of sampling cuboids; (a) layer 1-5; (b) layer 6-10 
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Fig. 6. The porosity value of each layer. 

 

The optimal Al6061 coating porosity was obtained 

through response surface analysis method. Compare the 

predicted value with the actual simulated value. Table 5 

shows the optimized parameter Al6061 coating porosity 

predicted value and actual value and error. It can be seen 

from the results that the error between the predicted value 

and the actual value of Al6061 coating porosity is only 

2.55%; It shows that the regression equation about the 

porosity of Al6061 coating established through the re-

sponse surface analysis method is reliable, and the simu-

lation results can be effectively predicted through the re-

gression equation. 

 

4. Conclusions 
 

This paper uses the CEL method to establish a 

multi-particle Al6061 deposition model, and studies the 

particle temperature, substrate temperature and particle 

velocity through response surface analysis method; The 

regression equation for the porosity of the Al6061 coat-

ing was established by pairwise interaction between the 

three variables, and the predicted value for the porosity 

of the Al6061 coating was 1.969%. From the multi-factor 

coupling image, it can be seen that the particle velocity 

has the greatest influence on the porosity of the Al6061 

coating, followed by the particle temperature, and the 

smallest influence is the substrate temperature. Optimum 

spraying parameters: particle temperature 649.692K, 

substrate temperature 536.437K, particle velocity 

672.385m/s. In the calculation process of the porosity of 

the Al6061 coating, multiple groups of samples were 

used to take the average, and the porosity value of the 

Al6061 coating under the optimal spraying parameters 

was obtained as 1.91875%; The error between the pre-

dicted value and the actual value obtained through nu-

merical simulation is only 2.55%. 

It is recommended that in future numerical simula-

tion works, shot peening technology be introduced to im-

prove the porosity of the coating; multi-particle models 

of two spray materials are established through Python 

scripts and embedded into the CEL deposition model. 
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Table 5 

Optimized parameter Al6061 coating porosity predicted value and actual value and error 

Parame-

ters 

Factor Predicted value Actual value Error 

Particle 

temperature, K 

Substrate  

temperature, K 

Particle  

velocity, m/s 
Pe , % Ps , % δ , % 

Value 649.692 536.437 672.385 1.969 1.91875 2.55 
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БАГАТОПАРАМЕТРИЧНА ЗВ’ЯЗАНА ОПТИМІЗАЦІЯ ПОРИСТОСТІ ПОКРИТТЯ AL6061  

НА ОСНОВІ МЕТОДУ ПОВЕРХНІ ВІДГУКУ 

Kyнь Тань, Веньцзе Ху, О. В. Шорінов, Юронг Ван 

Предметом статті є вивчення процесу осадження багатьох частинок холодним розпиленням за допомо-

гою методів чисельного моделювання та використання багатофакторного зв’язку для оптимізації пористості 

покриття Al6061, щоб більш точно охарактеризувати реальний процес осадження холодним розпиленням. 
Метою є прогнозування та оптимізація пористості покриттів Al6061 за допомогою методів чисельного моде-

лювання. Завдання, які необхідно вирішити: вкласти багаточастинкову модель, створену скриптом Python, у 

модель осадження CEL для імітації процесу осадження холодним розпиленням. Було встановлено багатопа-

раметричну функцію з температурою частинок, температурою підкладки та швидкістю частинок як незалеж-

ними змінними та пористістю покриття Al6061 як залежними змінними. Метод аналізу поверхні відгуку ви-

користовувався для прогнозування оптимальних параметрів напилення та пористості покриття Al6061. Вико-

ристовувані методи: оптимізація пористості покриття за допомогою багатофакторного зв’язку через аналіз 

поверхні відгуку; використовуйте багаточастинкову модель, створену за допомогою сценарію Python, яка 

буде вкладена в модель осадження CEL, щоб імітувати процес осадження холодним напиленням багатьох 

частинок Al6061. Щоб більш точно охарактеризувати пористість покриття, за остаточне значення пористості 

покриття було прийнято середнє значення кількох груп зразків. Висновки. значення пористості покриття 
Al6061, отримане за моделлю прогнозування, становить 1,969%; Під впливом багатофакторного зв’язку най-

більший вплив на пористість покриття Al6061 має швидкість частинок, а найменший – температура підкла-

дки. Оптимальні параметри розпилення: температура частинок 649,692 К, температура основи 536,437 К, шви-

дкість частинок 672,385 м/с. При оптимальних параметрах напилення значення пористості покриття Al6061 

становить 1,91875%; Похибка між прогнозованим значенням і фактичним значенням, отриманим чисельним 

моделюванням, становить лише 2,55%. 

Ключові слова: Холодне напилення; CEL; багатофакторне; багаточастинкове; RSM; пористість. 
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