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SIMULATING MULTI-PARTICLE DEPOSITION BASED ON CEL METHOD:
STUDING THE EFFECTS OF PARTICLE
AND SUBSTRATE TEMPERATURE ON DEPOSITION

The subject matter of this study is to use numerical simulation methods to study the influence of the temperature
of particles and substrates on the post-deposition coating during the multi-particle deposition process of cold
spray. The goal is to study the temperature of AI6061 particles and the temperature of the substrate, which are
factors that have a greater impact on the deposited coating, and to observe the shape of the coating and the
temperature distribution of the cross-section of the substrate after deposition. The tasks to be solved are as
follows: use Python scripts to model multi-particles, generate and randomly assign positions according to par-
ticle size distribution in the Euler domain, and establish a cold spray multi-particle collision model to simulate
the process of cold spray deposition. The following methods were used: The influence of temperature and sub-
strate temperature on the deposited coating was studied through a single variable method; the Coupled Eulerian
Lagrangian (CEL) method was used to simulate the collision process of cold-sprayed Al6061 multi-particles.
The following results were obtained: changing the temperature of AI6061 particles has a more obvious control
effect on the porosity of the deposited coating; after particles of different temperatures impact the constant-
temperature substrate, the high-temperature area on the surface of the substrate is mainly located at the junction
of pits; after the particle temperature reaches 650K, the coating changes after deposition are no longer signifi-
cant, indicating an optimal temperature range for AI6061 particle deposition; increasing the temperature of the
substrate can increase the depth of particle deposition on the substrate; at the same time, it serves as a reference
basis for further using the CEL method to predict the porosity of the AI6061 coating. Conclusions. The scientific
novelty of the results obtained is as follows: 1) powder preheating can effectively reduce the porosity of AI6061
coating; 2) the CEL method has good robustness and is used to simulate cold spray multi-particle deposition to
monitor the porosity of the coating, which cannot be achieved by the SPH and ALE methods.

Keywords: cold spraying technology; CEL; Al6061; temperature; multi-particle deposition; substrate.

Cold spray technology is often used as the main way
to repair surface damage and improve performance of

1. Introduction

Cold spray technology is a solid-state deposition
technology that originated in the 1980s [1]; the particles
accelerate to 400-1200 m/s in the Laval nozzle and then
directly impact the surface of the substrate, eventually
forming a layer on the surface of the substrate uniform
thin coating [2, 3]. What happens to particles during the
deposition process is physical reaction, which is mainly
the plastic deformation of the particles during the depo-
sition process [4, 5]. During the deposition process, the
residual stress is the result of particle/substrate and parti-
cle/particle interaction, and finally in the substrate a
dense coating is formed on the material; during this pro-
cess, the interaction between particles continuously com-
presses the residual stress. This process helps to improve
the fatigue resistance and high strength properties of the
coating, thereby improving the performance of the part
surface [6,7].

materials in the aviation field [8-10]; In the actual spray-
ing process, the inevitable defect is the porosity of the
coating. Studying the influencing factors of coating po-
rosity has always been the focus of researchers. Using
numerical simulation methods to study coatings can sat-
isfy the prediction of coating performance and is more
economical. The current mainstream methods for simu-
lating the cold spray deposition process include the SPH
method, the ALE method and the Coupled Eulerian La-
grangian (CEL) method. The SPH method is a meshless
adaptive Lagrangian calculation method, which is mostly
used to simulate ultra-high-speed collisions. The ALE
method combines the characteristics of pure Lagrangian
analysis and Eulerian analysis. It is often used to simulate
solids and fluids; However, it cannot well characterize
the results after spraying when the particles are extremely
deformed during the cold spraying process. The CEL
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method has higher accuracy and robustness than the
above two methods, and is currently a better method for
simulating the multi-particle deposition process of cold
spray. Especially for the situation where particles un-
dergo large deformation, large displacement and large
strain during deposition; The advantage is that the parti-
cles are wrapped in an Eulerian domain, which avoids the
need for remeshing and highly distorted elements.
Saleh [11] used the SPH method to simulate the impact
model of single-particle and multi-particle Al6061 parti-
cles on the Al6061 substrate, and further analyzed the re-
sidual stress distribution by studying the deposition pro-
cess of AI6061 particles on the AI6061 substrate. Lin [12]
used ALE to simulate the evolution of residual stress dur-
ing cold spraying of AI6061 particles on an Al6061 sub-
strate. Interfacial bonding is one of the important factors
in the numerical simulation of residual stress evolution in
cold spraying. Song [13] used the CEL method to simu-
late the deposition process of Ti6Al4V particles on the
Ti6AIl4V substrate to study the effects of the temperature
and speed of the particles on the porosity of the coating.
MacDonald [14] used the CEL method to study the effect
of temperature on the flattening rate of a single particle
after it hits the substrate. Xie [15] used the CEL method
to simulate and study the deformation level of the sub-
strate surface after different particle temperatures hit the
substrate. Zahiri [16] simulates the impact of a single Cu
particle on an Al substrate through the CEL method, and
studies the deformation effect after particle temperature
and velocity collision; The above are all simulations
based on single particle collisions; Single particle colli-
sion cannot fully express the structure of the entire coat-
ing; Therefore, the multi-particle collision model is the
closest to the cold spray process; thus enabling numerical
simulation methods to predict the performance of new
coatings.

This article proposes a multi-particle deposition
model to simulate the deposition process of Al6061 par-
ticles on the AI6061 substrate; Modeling of Al6061
multi-particle model through Python script; Use the CEL
method to establish a multi-particle deposition model,
embed the multi-particle model into the multi-particle
deposition model, and simulate the cold spray process;
Single factor analysis was used to further observe the
shape of the coating and the temperature distribution on
the surface of the substrate after deposition by changing
the temperatures of the particles and the substrate, as well
as the effect of temperature on porosity.

2. Experimental/Theoretical Details
2.1. Particles Model and Euler domain

A typical particle size distribution measured using a
microvolume laser powder analyzer is shown in Figure 1.

The cumulative probability distribution of the particle
sizes shown is estimated by a lognormal function.
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Fig. 1. Particle size distribution
and cumulative distributions

In order to accurately represent the actual cold spray
process, this article generates particles by uniformly sam-
pling mass fraction parameters; The position coordinates
of each particle are randomly assigned within the Euler
domain; 200 Al6061 particles with a diameter of 20-70
microns are modeled through a Python script. It is neces-
sary to ensure that each particle is distributed inde-
pendently and there is no contact between particles to
meet the conditions for simulated spraying. The Euler do-
main must wrap all particles. The Euler domain is set to
the long method. The advantage is that it can generate a
uniform hexahedral structure mesh [15]. Some scholars
set the Euler domain as a cylinder [17]. The mesh gener-
ated by the cylinder is mainly a tetrahedral mesh, It is
difficult to converge during the calculation process.

2.2. Material model

Simulate the multi-particle deposition process
through the CEL method. Assuming that the material is
isotropic, an inelastic heat share parameter needs to be
set, and its properties are shown in Table 1. Plastic hard-
ening uses the Johnson-Cook plasticity model to describe
the dependence of material behavior on rate and temper-
ature [18], and adds a hardening Johnson-Cook model
representation.

The parameters of the Johnson-Cook plasticity
model are obtained by least squares curve fitting of the
deformed particle shapes measured in the ALIPIT
test [19]. The ratio of plastic energy converted into heat
is 0.9 [20]. The corresponding thermal response of a ma-
terial is defined by its temperature-dependent thermal
properties, such as Specific heat, Thermal conductivity
and Thermal conductivity coefficient [21].
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Table1l adopts dynamic, temperature-displacement, Explict
Material properties for Al6061 model; define tangential and normal behavior as well as
- friction coefficient. Assign materials to all particles in the
Properties Parameters Value predefined field; use the discrete field volume fraction
Density, 2700 tool to set parameters for all particles in the Euler domain,
_3 - - -
p/(kg - m~3) and calculate the volume fraction of all particles in the
Specific heat Cp , 1009 Euler domain through field data to ensure that later the
(kg K) calculation proceeds smoothly.
Thermal
conductivity
coefficient A, 155
(W/m-K)
General Melting 925
temperature, K
Inelastl_c heat 09
fraction
Elastic
modulus, Gpa 69.11
Po1s_son’s 0.331
ratio, v
Shear modulus,
GPa 25.9
A (Mpa), B (Mpa), 270, 154.3,
n, m 0.239, 1.42
Reference 1
Johnson-Cook strain rate
model Reference 298 =
temperature, K f2zez
. 0.002, 0.0029, 2 :
Ci G & 597.2 ‘
Failure -0.57, 1.45, Fig. 2. Half-section view of model assembly
o d;, d,, d3, d,, ds 0.47,0.011, and meshing
initiation 16

2.3. Particle velocity, temperature
and predefined fields

The work of this article investigates the effect of
particle and substrate temperature on post-deposition
coatings. Reference [4] gives all Al6061 particles veloc-
ity value of 585 m/s in this article to ensure that all
AIl6061 particles can be uniformly ordered particles/sub-
strates, and particle/particles deposit. As stated above, all
particles are included in the Euler domain, so the essence
is that all particles flow in the Euler domain, and the dep-
osition process will be completed in the Euler domain.

This article controls the temperature range of
Al6061 particles and Al6061 substrate to 400K-700K,
and increases the temperature by 50K for each working
condition, and studies the effects of different temperature
working conditions on the post-deposition coating. A
coupled temperature-displacement dynamic step with an
appropriate time period is assigned to track the entire
multi-particle impact process from the start of the simu-
lation to the complete stop of all particles, with a total
range of 970 ns to 1000 ns; where the contact model

3. Results and Discussion

Single factor influence was used to study the influ-
ence of the temperature of Al6061 particles and substrate
on the deposited coating. Figure 3 shows a cross-sec-
tional view of the Euler volume fraction of the coating
after deposition of particles and substrates in the temper-
ature range of 400K-700K; EVF void value, the red EVF
void has a value of 1, indicating the void area, the value
of blue EVF void is 0, which means that the element is
filled with material; observing the value of EVF void can
characterize the porosity of the coating.

Observing the thickness of the coating, it can be
seen that changing the particle temperature has a more
obvious control effect on the porosity of the coating. In-
creasing the temperature of the particles is beneficial to
the deposition process; the substrate temperature is con-
stant, and increasing the temperature of the particles can
reduce the porosity of the coating increases the density of
the deposited coating. By simulating the deposition of
multiple particles on a substrate using the CEL method,
the porosity of the coating after deposition can be moni-
tored.
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Fig. 3. Cross-sectional view of the Euler volume fraction of the coating after deposition
of particles and substrate in the temperature range of 400K-700K;
(al-a7): Substrate constant temperature 400K;
(b1-b7): Particle constant temperature 400K

Figure 4 shows the temperature distribution on the
surface of the substrate after particles of different temper-
atures impact the constant-temperature substrate. Figure
4 shows that there are many pits on the surface of the
substrate. The high-temperature areas of the substrate af-
ter the deposition are mainly distributed in pits and pits.
The junction can also be explained as: the high tempera-
ture zone is mainly located at the extrusion part between
particles; during the deposition process, the particles im-
pact the surface of the substrate to form pits, and the junc-
tion of the pits generates a large amount of heat due to
the high-speed extrusion of the particles, causing the sub-
strate to heat up rapidly, and the temperature is higher
than the initial temperature of the substrate, which is con-
ducive to the mechanical interlocking between the parti-
cles and the substrate.

In Figure 4, select seven points a, b, ¢, d, e, f, and g
on the same part of the substrate surface, and observe the
temperature changes of these five points during the dep-
osition process under different temperature conditions
are shown in Figure 5; from the temperature curve of the
substrate surface, it can be seen that the temperature of
the substrate surface dropped briefly, then rose sharply
and then dropped again. Due to a large number of parti-
cles continuously hit the surface of the substrate, causing
the surface of the substrate to heat up rapidly. This pro-

cess is a deposition between the particles and the sub-
strate, and the temperature of the substrate reaches a peak
during this process; when some particles complete the
deposition on the substrate, the subsequent particles con-
tinue to hit the particles that have completed the deposi-
tion. This process is a deposition between particles. This
process transfers less heat to the substrate, so the temper-
ature of the substrate decreases. During the temperature
drop of the substrate, the temperature of the substrate de-
creases. An oscillation curve appears, because the subse-
quently deposited particles continue to deposit with the
previous coating. And a small part of the heat generated
during the deposition is transferred to the substrate, caus-
ing the temperature drop rate of the substrate to change.
When the thickness of the coating reaches a certain value,
the particles very little temperature is transferred to the
substrate, so the surface temperature of the substrate de-
creases steadily.

Figure 6 shows Cross-sectional view of coating
temperature after deposition of particles and substrate in
the temperature range of 400K-700K; (a): Substrate con-
stant temperature 400K; (b): Particle constant tempera-
ture 400K. It can be seen from Figure 6 that the high-
temperature area of the coating after the deposition of the
particles is mainly located at the contact area between the
particles and the substrate.
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g: particle temperature 700K

Fig. 4. Temperature distribution on the surface
of the substrate after AI6061 particles of different
temperatures impact the constant-temperature
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Fig. 5. Temperature changes over time at selected 7
points on the substrate surface

As the temperature of the particles increases, the high-
temperature area also increases; by observing the thick-
ness of the coating after deposition, it is better to change
the temperature of the particles than to change the tem-
perature of the substrate. When the substrate temperature
is constant, after the particle temperature reaches 650K,
the coating changes after deposition are no longer signif-
icant, which shows that there is an optimal temperature
range for AI6061 particle deposition. Observing the tem-
perature cross section of the substrate, it can be seen that

the temperature of the particles does not have a signifi-
cant impact on the surface of the substrate after deposi-
tion; during the deposition process, it shows that the tem-
perature generated by the deposition between particles
mainly acts between particles. As can be seen from Fig-
ure 6, the temperature of the substrate has no obvious ef-
fect on the coating. Because during the deposition pro-
cess, most of the mechanical bite between particles oc-
curs; The changes that affect the temperature of the sub-
strate are mainly particles that deposit with the substrate.

Figure 7 shows Temperature cross-section of the
substrate after deposition of particles and substrate in the
temperature range of 400K-700K; (a): Substrate constant
temperature 400K; (b): Particle constant temperature
400K. It can be seen from Figure 7 that the temperature
of the substrate is constant, Increasing the temperature of
the particles does not have a significant effect on the tem-
perature of the substrate after deposition. Based on the
analysis of Figure 5, the rapid heating stage of the sub-
strate is caused by the direct impact of particles on the
substrate. When the subsequent particles deposit with the
particles, the heating of the substrate is not significant.
The results are the same as shown in Figure 6. The tem-
perature of the particles is constant. Increasing the tem-
perature of the substrate can increase the deposition depth
of the particles on the substrate, which is beneficial to the
combination of the substrate and the coating after depo-
sition. when the substrate temperature exceeds 650K,
sputtering occurs on the surface of the substrate. Exces-
sive temperature of the substrate causes the material to
soften, and the high temperature zone is mainly located
at the connection of the pits, which is the same as the re-
sult in Figure 4.

Conclusions

This article uses the CEL method to simulate the
process of cold spraying to simulate the deposition of
multiple particles on the AI6061 substrate. By studying
the effects of Al6061 particles and substrates at different
temperatures on the deposition results, the shapes of the
coating and substrate after deposition are observed, as
well as the coating and the temperature distribution of the
substrate cross section; Currently the CEL method can
accurately simulate the multi-particle deposition method
of cold spray deposition.

1. Changing the particle temperature has a more ob-
vious control effect on the porosity of the deposited coat-
ing, thereby improving the density of the deposited coat-
ing; preheating the particles can effectively reduce the
porosity; simulate multi-particles on the base through the
CEL method the deposition on the material allows mon-
itoring of the porosity of the coating after deposition,
which is not possible with the ALE method.
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Fig. 6. Temperature cross-section of the coating surface after deposition of particles and substrate in the temperature
range of 400K-700K. (al-a7): Substrate constant temperature 400K; (b1-b7): Particle constant temperature 400K
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Fig. 7. Temperature cross-section of the substrate after deposition of particles and substrate in the temperature range
of 400K-700K. (al-a7): Substrate constant temperature 400K; (b1-b7): Particle constant temperature 400K
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2. After particles of different temperatures impact
the constant-temperature substrate, the high-temperature
area on the surface of the substrate is mainly located at
the junction of pits; this is the result of high-speed extru-
sion between particle depositions. The latter particles
have little effect on the temperature change of the sub-
strate.

3. When the particle temperature reaches 650K, the
coating changes after deposition are no longer signifi-
cant, indicating that there is an optimal temperature range
for Al6061 particle deposition; therefore, excessively in-
creasing the temperature of the particles is not the best
solution.

4: Increasing the temperature of the substrate can
increase the depth of particle deposition on the substrate,
which is beneficial to the combination of the substrate
and the coating after deposition.

5. It isrecommended to use the CEL method to sim-
ulate the multi-particle deposition process in the later
stage, so as to calculate and predict the porosity of the
AIl6061 coating. Multi-parameter coupling effects were
used to study the porosity of Al6061 coating.
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MOJEJIOBAHHSA OCAI’KEHHSA BAT'ATBOX YACTHHOK
HA OCHOBI METOAY CEL: BUBYEHHSI BIVINBY TEMIIEPATYPHU
YACTHHOK I IIAKJIAJKH HA OCAIZKEHHSA

Kynv Tanv, Benvuze Xy,
O. B. Illlopinos, IOponz Ban

IIpexMeToM cTaTTi € BUKOPUCTAHHSA METOIB YUCEIBHOIO MOJEIIOBAHHA ISl BUBYCHHS BIUIMBY TeMIIEpaTypu
YACTHHOK 1 MiJKJIQJI0K Ha TOKPUTTS MICIIsl OCAKSHHS MMl 4ac MpOLEeCy OCa/KeHHs 0araThb0X 4aCTUHOK XOJOJHHM
po3mwieHHAM. MeTa moJsrae B TOMY, 00 BUBUUTH TeMIIepaTypy dacTuHoK Al6061 i TeMmepaTypy miaKIa K, SKAH
(dakTop Mae OB BIUIMB HAa HAHECEHE TMOKPHUTTS, a TAKOXK CIIOCTEpIiraT 3a OPMOIO MOKPHUTTS Ta PO3MOILIOM
TeMIepaTypy B MOMEPEIHOMY IIepepi3i MiIKIaaKH Mics HaHeCeHHS. 3aBAaHHA, sKi HeOOXiTHO BUPIIIUTH: BUKOPH-
CTOBYBaTH cueHapii Python a1 MomemoBaHHA 6araThboX 4aCTHHOK, TEHEPYBATH Ta BUIAAKOBO NMPU3HAYATH MO3UIIIT
BIMOBiTHO A0 pO3MOLTY YaCTHHOK 3a po3MipaMu B obnacti Eiiepa; cTBOPUTH MOJENb 31ITKHEHHS 0araTboxX 4acTH-
HOK XOJIOHOT'O PO3IHJICHHS I IMiTaLlii poliecy ocaKeHHs X0JI0IHOr0 po3IIeHHs. Bukopucrani meronu: Bruis
TeMIIEpaTypH Ta TEMIEPATypH MiAKIaJKH Ha HaHECEHe IIOKPUTTA BUBYABCA 32 JOIIOMOTOI0 METOIY OJHi€l 3MiHHOT;
Merox CEL OyB BHUKOpPHCTAaHUH IS MOJIENIOBAHHS MPOIECY 3ITKHEHHS XOJIOTHO PO3MIICHHMX 0araTo 4acCTHHOK
Al6061. Byo oTpuMaHO HACTYIIHI pe3yIbTaTH: 3MiHA TeMIlepaTypu 4acTHHOK Al6061 mMae OibIr O4eBUIHIA KOHT-
POJIBHUI BILIMB Ha MOPUCTICTh HAHECCHOTO TIOKPHUTTSL; MiCJIS TOTO, SIK YACTHHKH 3 PI3HOIO TEMIIEPATYPOIO BILIUBAIOThH
HA MAKIAIKY 3 TTOCTIHHOI TEMIIEpaTyporo, BUCOKOTEMIIEpaTypHa 00IacTh Ha MOBEPXHI MIAKIAIKA B OCHOBHOMY
po3TamioBaHa Ha CTHKY sIMOK; Komu micist Toro, sSik Temmeparypa YacTuHOK gocsrHe 650 K, 3MiHM mOKpHTTS micis
ocaJpKeHHsI OUTBIIEe He € 3HAYHUMH, 10 BKA3ye Ha Te, IO iCHye ONTUMAIIEHUN Jiara30H TEMIepaTyp s OCa KCHHS
gacTrHOK Al6061; miBUINECHHS TeMITepaTypH IiAKIAAKA MOKe 301IBIINTH TIIHOMHY OCa HKEHHS YaCTHHOK Ha TIi/IK-
nanani; BoqHOYAac BiH CIYXKHATE €TaTOHHOK 0623010 1 moansoro Bukopuctanas Meroxy CEL s nporHo3yBaHHS
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nopucrocti mokputts Al6061. BucHoBku. HaykoBa HOBU3HA OTpUMAaHKX pe3y/IbTATIB MOJArae B HACTYHOMY: 1) mo-
TIepEIHE HATPIBaHHS MOPOLIKY MOXKe e(peKTHBHO 3MEHIINTH MOpHUCTicTh TOKpUTTSI Al6061; 2) meton CEL Mae nodpy
Ha/liiHICTh 1 BUKOPUCTOBYETHCS JUTS iMiTalii oca/KeHHs 0araTboX YacTHMHOK XOJIOMHUM PO3IHJICHHSM JUISl MOHITO-
PHHTY ITOPUCTOCTI MOKPHUTTS, YO0 HEMOXIINBO nocsrti Meronamu SPH i ALE.

Karwuosi caoBa: texuonorisi xononHoro Hamwienns; CEL; Al6061; temmeparypa; 6araTouacTHHKOBE oca-
JOKEHHS, ITAKIIaIKa.
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