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Abstract  

A virtual platform for metal Cold Spray (CS) Additive Manufacturing process has been 
developed to predict with high fidelity the optimal process parameters and the coating 
properties under different process parameters. The validated and integrated multiphysics, 
multiscale computational model forms the core of the present virtual platform and consists of: 
(1) a multiphase CFD model for supersonic gas flow characterising the trajectory of the powder 
particles in the Cold Spray system; (2) a mesoscale FEM model to simulate bonding for single 
particle impact (3) and a continuum scale FEM model for coating build-up by considering multi 
particle-substrate impact events and computing the effective stress, strain, and temperature 
evolution during the build. The model has been validated with experimental data for different 
material systems, and successfully employed to guide the manufacturing process by providing 
guidelines for optimal process parameters including gas pressure, gas pre-heat temperature, 
and the powder mass flow rate.  Besides validating the prediction of the virtual platform, the 
experimental data serve as key inputs to the machine learning toolbox. 
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1. Introduction 
Cold spray (CS) is an emerging additive manufacturing (AM) technique based on powder 
deposition process. During CS process, powder particles are accelerated into a very high 
speed by high-pressure gas flow before impacting onto the substrate surface, as illustrated in 
Figure 1. The coating formation and the part build up only uses kinetic energy, which is the 
essential difference from thermal spray coating; therefore, both powder particles and substrate 
are at low temperature solid state while the coating forms and the part builds up. The formation 
of a part build is achieved by transforming the kinetic energy of the powder particles into large 
plastic deformation. The impact process occurs in the time scale of 100 nanoseconds. There 
is no bulk melting and only localized melting is observed at the particle-substrate interface.  
Materials which are temperature sensitive and oxygen sensitive can benefit from this distinctive 
feature of the CS process. Furthermore, the high impact velocity of powder particle to substrate 
in CS AM process can help to build the part with negligible porosity and minimal residual stress. 
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Hence, the CS AM process is a favourable process for building uniform non‐porous coatings 
and parts without allowing for substrate heating [1][2] Due to the low process temperature, cold 
spray coatings also have many merits such as cold worked microstructure, low oxidation, low 
thermal and residual stresses, and negligible to nil phase change. The cold spray process is 
able to deposit different materials to create multiple material coatings, create functional 
coatings where needed, and also used to deposit add-on coatings/structures to existing 
components. Furthermore, cold spray as a AM process has the outstanding advantage of very 
high feed rates (up to 14kg/h) . 

 

Figure 1 Schematic diagram of cold spray process 
 
Studies on metal CS processes have revealed that the coating and the part properties and 
qualities of the specific coating material system are significantly influenced by the operating 
parameters, such as powder shape and mass flow rate, process gas type, pressure and pre-
heated temperature [1]. A powerful and accurate computational tool to address the whole 
process is essential to significantly reduce the trial-and-error cost in the development of a new 
process with the optimal process parameters for the product with the highest quality.  The 
paper presents an integrated multi-physics multi-scale computational model for cold spray 
additive manufacturing process, and is validated by experiments for different powder-substrate 
material combinations. The computational model is composed of three modules as illustrated 
in Figure 2.  In Section 2, the mesoscale computational model based on Finite Element Method 
(FEM) for particle-substrate bonding is presented. In Section 3, a computational model based 
on FEM for the part build is presented. Section 4 introduces the computation model based on 
multiphase Computational Fluid Dynamics (CFD) for particle laden flow in CS AM process. 
Good agreement between the experimental data and the model predictions validate this 
multidisciplinary multiscaling computational approach. 
 

 

Figure 2 Schematic of the simulation platform for metal cold spray process 
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2. Computational Model for Bonding 
 
Different methods have been reported for modeling bonding between particle and substrate in 
metal cold spray.  These include: (1) FEM model with Lagrangian Formulation [3][4][5][6][7] . 
Although this is a well-developed method, it suffers from element distortion for large 
deformations at high impact velocities.  (2) SPH (Smoothed Particles Hydrodynamics) [8] which 
is a particle-based, Lagrangian approach has no mesh distortion. The results are comparable 
with FEM, but the computational cost of SPH is expensive. Furthermore, in SPH the material 
interface boundary is not explicit and also suffers from numerical tensile instability. (3) FEM 
using Eulerian Formulation [9][10][11][12] using Eulerian element has material flow through 
fixed elements being tracked by Eulerian Volume Fraction (EVF). The references show more 
accurate solutions than the Lagrangian method can be achieved. However, the drawback of 
this method is that it is not straightforward to explicitly identify the material interface. 
  
In the present paper, FEM Eulerian Formulation in the commercial platform Abaqus/Explicit 
[13] is employed to simulate bonding between particle and substrate in metal cold spray. The 
geometry and boundary conditions of the axisymmetric FEM model is implemented by 
simulating impact of a single particle onto the substrate as shown in Figure 2. In the figure, the 
region with red colour represents the void region where there is no material, and the region 
with blue color represents the region of the powder particle and substrate. The substrate 
domain is set to be large enough to minimize boundary effects. The left edge of the Eulerian 
domain has symmetry boundary conditions, and the bottom and right edges are set to fixed 
boundary conditions. The top edge of the domain is set as a free boundary. 

 

Figure 3 Schematic diagram of FEM model for bonding in metal cold spray 
 
 
In the simulation, Johnson-Cook (J-C) plasticity model and Mie-Gruneisen Equation of State 
Equation of State (EOS) are employed to describe the material behavior during impact, and 
impact in the very short time scale (about 100 ns) is assumed to be an adiabatic process 
[3][11][14].  
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Here, A , B , C , n , m , 0 , and meltT   are material properties for J-C model.   is the strain, 

  is the strain rate, and roomT  is the room temperature. 0C , S , 0  are material parameters 

of EOS. 0  is the initial material mass density, and   is the current material density. The 

material properties of IN718 and Ti-6Al-4V are found in open literature and provided 
 
The model includes thermomechanical coupling during impact considering different impact 
velocities, impact angles and particle and substrate temperature. The influence of different 
particle size, and the influence of target surface morphology can be numerically studied. Model 
of bonding is achieved by performing single-particle impact analysis, by which the evolution of 
the particle and substrate shape, stress and strain fields, and temperature field are studied in 
detail. The onset of shear instability can be used to identify the critical velocity for bonding. The 
rebound, bonding and erosion phenomena under different impact velocities are used to 
determine the window of deposition. Statistical analyses on particle size, and target surface 
roughness are helpful in deducing the deposition window. 
 
The cold spray process addressing bonding of IN718 powder to IN718 substrate, and that of 
Ti-6Al-4V to Ti-6Al-4V, are modelled and simulated. The deformed configurations and the 
contour plots of stress, plastic strain and temperature fields under different impact velocities 
are shown in Figure 4. The metal jet with temperature at the melting point is formed and can 
be clearly observed, indicating adiabatic shear instability of the particle at the interface.  
 

 
 

Figure 4 Contour plots (row from top to bottom: Von Mises stress, the maximum principal 
strain and temperature, respectively) of simulation results for impact of an IN718 particle on 
an IN718 substrate at different impacting velocities (column from left to right: 400, 500, 600, 

680, 800, and 1000m/s, respectively) and for particle diameter of 46 𝜇𝑚. 
 
The simulation results of shear strain, shear stress, temperature, and pressure are analysed 
at different impacting velocities in order to identify the onset of adiabatic shear instability. From 
the results we could find the critical velocity 𝑉  for successfully depositing the IN718 powder 
particle onto IN718 coupon for bonding initiation with low deposition efficiency, and critical 
velocities 𝑉  with high deposition efficiency.  Moreover, the simulation results can also identify 
the critical velocities for successfully coating the Ti-6Al-4V powder particle onto Ti-6Al-4V 
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coupon for bonding initiation with low deposition efficiency, and with very high deposition 
efficiency. These critical velocities can be provided for CFD model as inputs to find the optimal 
combinations of operating gas pressure, gas pre-heated powder, and mass flow rate under 
which coatings with high deposition efficiency can be achieved. 
 
We also have investigated the effects of temperature of the powder particle on the critical 
velocity. We find that bonding is particle temperature dependent. As the temperature goes up, 
critical velocity for bonding gets getting. These critical velocities can in turn be by the CFD 
model to find the optimal combinations of operating gas pressure, gas pre-heated powder, and 
mass flow rate under which the particle reaches the critical velocity and thus coatings with high 
deposition efficiency can be achieved.  
 

 
3. Computational model for particle laden flow in CS 
AM process 
 
The model to study particle laden flow is developed based on the multiphase flow solver in 
ANSYS/Fluent with the Discrete Phase Model (DPM). The governing equations and 
mathematical models can be found in the theoretical manual of ANSYS/Fluent.  The Shear-
Stress Transport (SST) of k-omega turbulence model is employed to express the turbulence 
characteristics of the gas flow in the inner region of the boundary layer as well as in the outer 
part of the boundary layer for a wide range of the Reynolds number. Powder particles are 
modelled by discrete phase model (DPM) in a Lagrangian reference frame, and with two-way 
interactions with the gas flow. Each individual particle is tracked in this model, with solutions 
for velocity and temperature. The force balance equating the particle inertia with the force 
acting on the powder particles, and can be written by 
 

   (3) 

where, FD(u-up) is the drag force per unit mass, which can take count for influence of the 
powder particle shape. The additional acceleration force, Fx can be part of the “virtual mass” 
of the fluid, pressure gradient in the fluid, the gravity force, Brownian force and Saffman's lift 
force. Two ways interaction between particle and airflow phases is evaluated and updated 
iteratively. 

The geometry model as illustrated in Figure 5 is developed in terms of the geometry dimensions 
of the internal gas flow channel in PlasmaGiken PCS-1000 system. The process gas inlet is 
modeled as the gas pressure inlet boundary condition, where the corresponding operating gas 
type, pressure, and pre-heated temperature is applied. The powder particles are released from 
the powder injection inlet, and the feed gas is applied at the inlet with a pressure inlet boundary 
condition. The CFD simulations are carried out under different combinations of the gas 
operating pressures and gas-preheated temperature. The mass flow rate of the powder and 
the powder particle size distribution are consistent with the experimental set-up. 
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Figure 5 Geometry model for CFD simulation of cold spray process 

Figure 6 demonstrates the solution of the particle tracks coloured by the particle velocity and 
particle temperature, respectively. Solutions of the in-flight powder particles in IN718 cold spray 
process are shown in Figure 7 under gas pressure of 6 MPa and different gas pre-heat 
temperature. The temperature, velocity, impingement angle to the substrate surface, and the 
spatial location of individual particles can be solved and recoded. Statistical results can be 
used to analyse the characteristics of the particle flow under different operating condition. The 
solution data is used to estimate the deposition efficiency, and to serve as input for the part 
build-up model. The solutions demonstrate: (1) the powder particle velocity and the particle 
impact temperature increases due to increased gas velocity upon increasing the gas pressure 
and the powder pre-heat temperature (2) the powder particle spatial distribution shows more 
particles in the region close to the centre of the spray pattern, and less at the edge of the spray 
pattern. Figure 8 shows the comparisons between the experimental measurements and the 
simulation results for the average powder particle velocities under different operating 
conditions. The simulation results agree well with the experimental measurements. 
 

 
Figure 6 Particle tracks colored by (left) particle velocity and (right) particle temperature 
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Figure 7 Simulation results of in-flight powder particles impacting on the substrate surface 
under operating gas pressure 6 MPa and pre-heated temperature (top) 200℃, (mid) 600℃, 

and (bot) 1000℃. From the left end of each row, the figure shows the statistic results of 
particle impact velocity, particle impact angle, particle temperature, particle spatial distribution 

along the radius direction, and spray pattern. 
 

 
Figure 8 Comparisons between experiment measurement and simulation results of average 

powder particle velocity for IN718 cold spray process 
 
 

4. Computational Model for Part Build 

Coating modelling is developed by multi-particle impact analysis. By introducing multiple 
particles, different stages of the coating process can be studied. The coating microstructure 
and surface morphology can be analyzed. The spatial distribution and the powder particle 
velocities can be deduced from the CFD simulations. Figure 9 shows the different stages for 
depositing the particles and building the part. The simulation results demonstrate the peening 
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effects in the deposition process: some pores are generated in the early stage of deposition 
process and close up when the coating builds up. The coating results show that in order to 
create a denser coating, the operating process parameters have to be carefully selected. 
 

 

 
 

Figure 9 (a) Distribution of powder particle size for simulating coating process; (b) and (c) 
intermediate steps in the coating process; (d) final step of coating process.  

 
 

5. Conclusion 

In this paper, a multiphysics computational model and a simulation platform for cold spray 
additive manufacturing process has been developed. The computational model for bonding 
successfully predicts the critical velocity for bond initiation and the critical velocity for strong 
bonding with high deposition efficiency. The computational model for particle laden flow 
accurately captures the in-fight particle information including the particle velocity and 
temperature. By comprehensively considering the results from the bonding model, the 
operational window for the process parameters can be accurately predicted, and the operation 
parameter with highest deposition efficiency can be deduced. These two models have been 
successfully validated by experiments. The computational model for coating/part build during 
the CS AM process shows much potential for predicting the porosity and surface morphology 
under different operating process parameter but is as yet unvalidated.  
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