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Abstract. Cold spray is a solid-state deposition technology widely used in additive manufacturing. The particles temperature is mostly 
used to adjust the porosity of the coating. This article uses Pyhon script to model the multi-particle model; then the multi-particle 
model is nested in the CEL deposition model to simulate the actual cold spray multi-particle deposition process; The CEL method has 
the characteristics of high accuracy and robustness and was selected as the simulation method for the multi-particle deposition model. 
The porosity of the coating is expressed by studying the value of the EVF void area in the Euler domain. Multiple groups of samples 
were taken on the coating surface to calculate the porosity of each group, and the average value was finally taken as the porosity of 
the entire coating. Numerical results show that increasing the particle temperature can effectively reduce the porosity of the coating. 
The average porosity of the coating under the particles temperature conditions are 600 K: 5.08 %; 650 K: 4.02 %; 700 K: 3.58 %; 
deposition completed the inside of the coating appears to be compacted. The substrate temperature will affect the combination of the 
coating and the substrate. It is recommended that the temperature difference between the particles and the substrate should not be too 
large. The CEL method simulates the process of cold spray multi-particle deposition, which is an effective method to observe and 
predict the porosity of the coating, which is also unachievable by the SPH and ALE methods. 
Keywords: cold spraying, CEL, deposition, temperature, multi-particle, porosity, substrate.

1. Introduction 

Cold Spray (CS) is a solid-state deposition technolo-
gy [1] widely used in additive manufacturing. Pressurized 
gas in the nozzle accelerates particles (5–50 um) to high 
speeds (300–1200 m/s), and the particles impact the sub-
strate at high speed. A dense and high-quality coating is 
formed under the action of deformation [2]–[5]. Adiabatic 
shear instability and local plastic flow are considered to be 
the main mechanisms of particle/substrate and particle/par-
ticle bonding [6], [7]. The formation of the coating can be 
seen as an iterative process, with repeated impact-defor-
mation-adhesion between particles. In the cold spray pro-
cess, porosity is an important indicator. Porosity that is not 
easily controlled will cause the structure to be brittle, thus 
affecting the mechanical properties of the coating [8], [9]. 
Factors affecting the porosity level can be divided into 

technical parameters (Gas temperature and pressure; Parti-
cles velocity, temperature, size and shape; substrate tem-
perature; spraying distance and angle) and structural pa-
rameters (parameters of Laval nozzle) [10]–[17]. 

In cold spraying, particle/substrate, particle/particle 
contact occurs within tens of nanoseconds and follows 
highly transient nonlinear and dynamic rules [7], [18], [19]; 
Interactions during deposition are difficult to analyze ex-
perimentally, so numerical simulations are useful in help-
ing to understand particle/substrate and particle/particle 
bonding mechanisms. The simulation methods currently 
used include: Pure Lagrangian [20]–[23], Arbitrary La-
grangian Euler (ALE) [24]–[26], SPH (Smoothed Particle 
Hydrodynamics) [27], [28], Pure Eulerian [29] and Cou-
pled Eulerian Lagrangian (CEL) [30]; The ALE numerical 
method combines the characteristics of pure Lagrangian 
analysis and pure Eulerian analysis, and is often used to 
simulate solids and fluids [7], [11], [31]–[34]. It is not the 
best choice when spray particles experience excessive de-
formation. [35]; Wang used the ALE method to simulate 
the deposition on Cu particles/cast iron substrate and the 
deposition on stainless steel particles/Q235 steel substrate, 
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and studied the temperature, plastic deformation and bond-
ing morphology of the particles [36]; Wang used the ALE 
method to simulate the distribution of residual stress after 
deposition of NiCrAl/TA-15 titanium alloy substrate [37]. 
SPH is a meshless adaptive Lagrangian calculation method 
for continuous dynamics problems. It is very useful for 
simulating high-speed impact problems [38], [39]. Yin 
uses the SPH method to simulate the deposition of powders 
with different sizes. The relationship between the effective 
plastic strain in the process [39]. The CEL method has been 
proven to be more suitable for analyzing large deformation 
problems that occur during cold spraying. The method has 
higher accuracy and robustness than other finite element 
techniques in the range of large deformation, large dis-
placement and large strain. Its advantage is that particles 
are wrapped in Eulerian domains, which avoids the need 
for remeshing and highly distorted elements [18]; CEL 
cannot numerically study the deformation of particles. In-
stead, it tracks the material as it flows through the grid by 
calculating the Eulerian volume fraction in each cell. If the 
material completely fills the cell, its volume fraction is 1, 
which is not present in the element. For this material, its 
volume fraction is 0, and the sum of the volume fractions 
of all materials in the unit is less than 1, then the rest of the 
unit will automatically fill the void material, and the void 
material has no mass and strength [40]. Xie analysis con-
cluded that the CEL method is the best way to study sub-
strate deformation and predict sample porosity levels [18]. 
Many scholars have studied the large deformation of parti-
cles during cold spraying through the CEL method [7], 
[25], [41]–[43]; M [44] used the CEL method to study the 
thermal softening effect of single particle temperature. As 
the particle temperature increases, the particle flatness rate 
increases; thus further studying porosity. S [45] studied the 
impact of single Cu particles on Al substrate, and increas-
ing the particle temperature and speed can increase the den-
sity of sprayed samples; The above are dedicated to pre-
dicting the porosity level of fabricated samples. 

There are currently two methods for checking the 
porosity of coatings. One is to obtain experimentally and 
characterize the coating through cross-sectional Scanning 
electron microscopy (SEM) image analysis [21], [48] or X-
ray microtomography (XMT) [49]; The other is to use nu-
merical simulation methods to predict the porosity of the 
coating [45], [46], [50]–[52]. The single-particle deposi-
tion model simulated by the CEL method cannot represent 
the interaction between coating accumulation, particle size, 
velocity and temperature [53]. Therefore, it is necessary to 
simulate the process of multi-particle formation of coat-
ings. The multi-particle deposition model is between the 
microscopic method of single particle simulation and the 
macroscopic method of homogeneous material deposition 
[46]; Multi-particle deposition models can be used to sim-
ulate complex interactions between multiple particles, 
which cannot be achieved by single-particle deposition 
models. Matteo [45] used the CEL method to simulate the 
spraying of multi-particle Ti-Al and Ti-Cu particles. The 

weight of the particles and the mass of the raw material 
particles were calculated to calculate the corresponding 
volume percentage, thereby predicting the porosity of the 
coating. This is not a direct study of the porosity of the 
coating after deposition. Weiller [46] used the CEL method 
to simulate the deposition of multi-particle Al/Al2017 to 
study the formation mechanism of porosity. They con-
cluded that interface porosity and stacking porosity have a 
great influence on the porosity of the coating. The interface 
porosity is determined by the particles. Caused by the ar-
rangement between them, stacking porosity is caused by 
changes in particle density in gas flow; randomly generated 
particles will cause irrationality in the distribution of parti-
cles in the Euler domain, thus affecting the final porosity 
result. 

This study simulates the deposition of Al6061 parti-
cles/substrate by establishing a multi-particle deposition 
model and changes the particle temperature to study the 
porosity of the coating. The multi-particle model is imple-
mented through Python programming code, embedded in 
the CEL deposition model, and the porosity of the Al6061 
coating is predicted. The advantage of using Python code 
to establish a multi-particle model is that the multi-particles 
are arranged irregularly in a specified space, which can 
more accurately characterize the characteristics of real cold 
spray particles. The CEL method has the characteristics of 
high accuracy and robustness and was selected as the sim-
ulation method for the multi-particle deposition model. 
Multiple groups of sampling methods are used in the coat-
ing to calculate the porosity of the sampling groups to fur-
ther characterize the entire porosity. Take several groups 
of cuboid samples from the coating, and calculate the value 
of the void area of each group of samples. Finally, find the 
average value as the value of the void area of the coating 
under a certain working condition, and identify this value 
as the porosity of the coating. This is a new method to pre-
dict the porosity of cold spray coatings through numerical 
simulation 

2. Multi-particle deposition model 

The CS process can be viewed as a process in which 
multiple particles continuously impact the substrate. Seve- 
ral different finite element techniques described in the in-
troduction are used to model the spatial discretization of 
CS processes. The CEL method is considered to be the 
most robust and accurate solution for simulating the CS 
process at present. Its characteristic is that the CEL depo-
sition model contains both the Eulerian domain and the La-
grangian domain; In the Eulerian domain, granular mate- 
rials are not constrained by predefined elemental discreti-
zations; Particles flow freely within a discrete domain of 
fixed elements, and the volume fraction value characterizes 
the specific number of particles that each element can con-
tain at any given time and is compatible with large defor-
mations of particles in depositions. 
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2.1. Multi-Particle Model and Material Model 

The particle size distribution of multi-particles is 
shown in Fig. 1. The cumulative probability distribution of 
particle size is described by the log-normal function. 
Choose a multi-particle particle size of 30–50 um and 
particles number of 200. The establishment of the multi-
particle model is implemented using Python scripts. The 
multi-particle model is established through a custom 
algorithm. By inputting the number and volume percentage 
of particles, multiple particles are randomly distributed in 
the Euler domain. In this process, overlap between particles 
is avoided. Its principle: whether the distance between 
particles in spatial coordinates is greater than the sum of 
the radii between particles, a mathematical expression to 
avoid particle overlap.  

 ( ) ( ) ( )2 2 2
1 2i j i j i jx x y y z z R R− + − + − > + , (1) 

where ( ), ,i j i j i jx y z  is the spatial coordinate of the par-

ticle in the Euler domain. R1 and R2 are the radius of the 
particles. 

The cold spray process involves high strain rates, 
plastic deformation and temperature changes; In order to 
simulate the deposition effect of Al6061 particles on the 
same substrate, it is assumed that the material is isotropic; 
The bilinear Johnson-Cook (J-C) plasticity model is added 
to characterize the high dependence of rate and tempera-
ture. Formulas 2 and 3 are the definitions of the J-C model; 
At the same time, the erosion and cracking phenomena that 
occur under high-speed impact must also be considered, 
and the Failure initiation model must be added. All model 
parameters are shown in Table 1 [54], [56]. The ratio of 
plastic energy converted into heat is 0.9 [55]. 
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where σ is the flow stress, pε  is the strain rate, 0ε is the 

reference strain rate, rT  is a reference temperature, mT  is 
the melting temperature of the material, A, B, n and m are the 
model parameters, 1C  and 2C  are coefficients that describe 
the additional increase in flow stress when the applied pε  is 

greater than the critical plastic strain rate [57]. 
 

 
Fig. 1. Particle size distribution and cumulative 
distributions 

2.2. Deposition model 

The work of this article is to study the effect of partic- 
les at different temperatures on the porosity of the coating. 
All Al6061 particles are given a velocity value of 585 m/s, 
so that all particles can deposit; The temperature of the par-
ticles is 600 K–700 K, increasing by 50 K for each working 
condition; the substrate temperature is 400 K; Assign a 
coupled temperature-displacement dynamic step with an 

Table 1. Material properties for Al6061 

Properties Parameters Value 

General 

Density ρ, (kg/m3) 2700 
Specific heat Cp, J/(kg·K) 1009 
Thermal conductivity coefficient λ, W/(m·K) 155 
Melting temperature Tm, (K) 925 
Inelastic heat fraction 0.9 
Elastic modulus, (Gpa) 69.11 
Poisson’s ratio, ν 0.331 
Shear modulus, (Gpa) 25.9 

Johnson-Cook 
plasticity parameters 

A (Mpa), B (Mpa), n, m 270, 154.3, 0.239, 1.42 
Reference strain rate 1 
Reference temperature Tref, (K) 298 

 C1, C2, cε  0.002, 0.0029, 597.2 

Failure initiation d1, d2, d3, d4, d5 – 0.56, 1.45, 0.47, 0.011, 1.6 
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appropriate time period to track the entire multi-particle 
impact process from the start of the simulation to the comp-
lete stop of all particles, with a total range of 970 to 1000 ns. 
As mentioned above, all particles are included in the Euler 
domain, so the entire process of simulating multi-particle 
deposition by the deposition model will be completed in 
the Euler domain. The model of the base material is La-
grangian, so part of the Euler domain in the entire deposi-
tion model should be nested in the base material to ensure 
that the coating formed after the deposition is still in the 
Euler domain, ensuring the integrity of the calculation re-
sults; It should be noted that the partial mesh size of the 
Euler domain and the deposition substrate should be kept 
consistent as much as possible; Fig. 2 shows 1/4 section 
view of multi-particle deposition model. The contact algo-
rithm automatically calculates and tracks the interface be-
tween the two domains, ignoring the heat exchange be-
tween the particles and the substrate, considering the pro-
cess to be adiabatic [7]. 

 

 
Fig. 2. 1/4 section view of multi-particle deposi-
tion model 

3. Results and Discussion 

Fig. 3 shows a cross-sectional view of the Euler vol-
ume fraction(EVF) of voids in the coating formed after 
multi-particle depositions at different temperatures. The 
red EVF void value is 1, indicating the gap area, the blue 
EVF void value is 0, indicating that the element is filled 
with material; Observing the value of EVF void can char-
acterize the porosity of the coating. It can be found from 
the fig. 4 that there are void areas inside the coating; the 
thickness of the coating decreases significantly when the 
temperature of the particles is increased, indicating that in-
creasing the temperature of the particles is beneficial to the 

CS process. Observing the cross-section, the void value in-
side the coating decreases. Therefore, the porosity of the 
coating can be characterized by calculating the value of the 
void area of the coating after simulated spraying, which is 
what the Lagrangian method cannot achieve; this is due to 
the fact that the grid in the Eulerian domain in the CEL 
method does not follow the the particles change due to de-
formation. In order to better and more accurately express 
the porosity of the coating, we take several groups of cu-
boid samples in the coating, calculate the value of the void 
area of each group of samples, and finally obtain the aver-
age value as the coating's porosity under certain working 
conditions. The value of the void area is considered to be 
the porosity of the coating. 

 

 
Fig. 3. Cross-sectional view of Euler volume 
fraction voids of a multi-particle coating 

Fig. 4 shows the mutual conversion between kinetic 
energy and internal energy of particles in the entire depo-
sition model. Almost all kinetic energy is converted into 
internal energy, and the process is stable, indicating that the 
entire deposition model has good stability. 

 

 
Fig. 4. ALLKE and ALLIE variation for the 
whole model during the entire simulation 
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Four groups of Euler volume fraction cuboids with 
dimensions of 900 um × 900 um × 30 um were selected 
from the coating for each working condition, and the cu-
boid samples were distributed as far as possible inside the 

center of the coating, as shown in the sampling area map in 
Fig. 5. In the Python script, most of the multi-particle ar-
rangements tend to be in the central area; the coating at the 
same height is selected for sampling under all working con- 

 

 
Fig. 5. Sampling area map 
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ditions, and then 4 groups of samples are selected from this 
layer, which allows the final calculation results to charac-
terize the coating The porosity is more representative. It 
can be seen from observation that when the coating height 
is 90 um, increasing the temperature of the particles will 
reduce the void value of the coating with the same height, 
which is the same as the result expressed in Fig. 3; Increas-
ing the particles temperature can reduce the porosity, 
which is consistent with our conjecture. Fig. 6 shows the 
average porosity of the coating obtained at different tem-
peratures; It is obvious from Fig. 6 that increasing the tem-
perature of the particles can reduce the porosity. When the 
particle temperature goes from 600 K to 650 K, the porosi-
ty of the coating decreases faster than when the particle 
temperature changes from 650 K to 700 K. This shows that 
continuously increasing the particle temperature is not the 
best way to reduce porosity. To ensure the lowest porosity, 
there is an optimal particle temperature range. The particle 
temperature is 600 K, the average porosity of the coating 
is: 5.08 %; The particle temperature is 650 K, the average 
porosity of the coating is: 4.02 %; The particle temperature 
is 700 K, the average porosity of the coating is: 3.58 %. 
This is the result obtained using single factor research 
method. 

 

 
Fig. 6. Average porosity of the coating obtained 
at different temperatures 

In order to understand the process of porosity reduc-
tion in more detail, the void area percentages of 12 groups 
of Euler volume fraction cuboids under temperatures con-
ditions were compared individually, and then each group 
of Euler volume fraction cuboids was divided into 10 lay-
ers and calculated separately. Their value for the void area 
of the coating. As shown in Fig. 7 porosity of each layer in 
the sampling group are shown. The first set of data corre-
sponds to the top of the coating, and the 10th set of data 
corresponds to the bottom of the coating; Combined with 
Fig. 6, It can be seen that the porosity curve decreases as 
the particle temperature increases, and the porosity of each 
layer corresponding to the same position of the coating also 
decreases. The porosity of the coating at the bottom layer 
is the highest, and the porosity of the coatings on layers 

6–9 is lower. This happens to indicate that the inside of the 
deposited coating is compacted, which is consistent with 
the CS process. The reason for the greater porosity between 
the particles and the substrate is that the temperature dif-
ference between the two is large. Compared with the inter-
facial bonding between the particles, the temperature of the 
substrate has little effect on the porosity [50]. Increasing 
the substrate temperature will facilitate the connection be-
tween the particles and the substrate [14]. It is suggested 
here that appropriately raising the substrate temperature 
will benefit the CS process and meet the requirement that 
the temperature difference between the particles and the 
substrate should not be too large. 

 

 
Fig. 7. Porosity of each layer in the sampling 
group 

4. Conclusion 

This article studies the relationship between particle 
temperature and coating porosity, and uses Python pro-
gramming software to embed the multi-particle model in 
the multi-particle Al6061 deposition model established by 
the CEL method to predict the coating porosity. 

The advantage of implementing the multi-particle 
model through Python programming software is that it can 
accurately characterize the disordered arrangement of mul-
tiple particles in Euler domain.  

The results show that the average porosity of the 
coating under the three temperature conditions are 600 K: 
5.08 %; 650 K: 4.02 %; 700 K: 3.58 %; Increasing the tem-
perature of the particles can effectively reduce the porosity 
of the coating; during the deposition process of multiple 
particles, the inside of the deposited coating will be com-
pacted. In the CEL method, the grid in the Euler domain 
will not deform with the particles, and the value of the EVF 
void area can accurately express the porosity of the coating. 
The substrate temperature will affect the combination of 
coating and particles with the substrate, It is recommended 
that the temperature difference between the particles and 
the substrate should not be too large. Finally it is recom-
mended to study the multi-factor coupling affecting the po-
rosity of the coating. 
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Моделювання впливу мультичасткової температури на пористість 
покриття Al6061 на основі методу зв’язаного Ейлерова-Лагранжа (CEL)  
Кунь Тань1   
1  Національний аерокосмічний університет ім. М. Є. Жуковського “Харківський авіаційний інститут”, Харків, Україна 

Анотація. Холодне розпилення – це технологія твердотільного осадження, яка широко використовується в адитивному виро-
бництві. Температура частинок здебільшого використовується для регулювання пористості покриття. У цій статті викори-
стовується скрипт Pyhon для моделювання мультичастинкової моделі; потім мультичастинкова модель вкладається в модель 
осадження CEL для імітації фактичного процесу мультичастинкового осадження холодним розпиленням; метод CEL має ха-
рактеристики високої точності та надійності і був обраний в якості методу моделювання для моделі мультичастинкового 
осадження. Пористість покриття виражається шляхом вивчення величини площі пустот EVF в до-майданчику Ейлера. На 
поверхні покриття було відібрано кілька груп зразків для розрахунку пористості кожної групи, а середнє значення було прийнято 
за пористість всього покриття. Чисельні результати показують, що підвищення температури частинок може ефективно 
зменшити пористість покриття. Середня пористість покриття при температурі частинок 600 К: 5,08 %; 650 К: 4,02 %; 700 К: 
3,58 %; після завершення осадження внутрішня частина покриття виглядає ущільненою. Температура підкладки впливає на 
поєднання покриття та підкладки. Рекомендується, щоб різниця температур між частинками і підкладкою не була занадто 
великою. Метод CEL імітує процес мультичастинкового осадження холодним розпиленням, що є ефективним методом спо-
стереження і прогнозування пористості покриття, який також недосяжний для методів SPH і ALE. 
Ключові слова: холодне розпилення, CEL, осадження, температура, мультичастинковість, пористість, підкладка. 
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