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1  Abstract

Cold spray is a solid-state particle deposition technique with a wide range of applications for coating,
repair and additive manufacturing. Cold spray parameters are normally tuned to obtain deposits with
minimal porosity and thus highest strength. However, there are specific applications such as biomedical
prostheses, heat sinks and energy absorbing products, where a higher exposed surface area can lead to
enhanced performance, rendering porosity a desirable feature. Few recent studies have experimentally
evaluated the potential of cold spray technology for obtaining porous deposits. To enhance the
efficiency of these approaches, here we developed a detailed numerical framework that can determine
the topological and mechanical features of cold spray porous deposits. A series of combined Eulerian-
Lagrangian finite element models were developed considering a multi-material feedstock, one
constituent of which served as a porogen. Different powder blends of pure Ti mixed with either Al or
Cu, as the sacrificial powder, with varying volumetric fractions were analysed. A novel post-processing
approach was developed to remove the sacrificial powder and extract distinct characteristic indicators
from the simulations’ output; these indices include porosity and structural connectivity of the remaining
Ti structure. Equivalent plastic strain was considered as an index to assess the strength of the resultant
deposit. The obtained data regarding particle deformation were in agreement with preliminary
experimental tests. The numerical results revealed that Ti-Cu combinations can yield deposits with
higher Ti particle deformation compared to the Ti-Al blend and hence, lead to a better inter-particle
bonding. Our study presents a robust numerical approach for selection of cold spray process parameters
towards obtaining coatings and freestanding porous metal parts with modulated porosity, connectivity
and strength.

Keywords: Cold spray, Finite element method, Porosity, Connectivity, Coupled Eulerian Lagrangian,
Sacrificial powder, Porogen, Additive manufacturing.

2 Introduction

Cold spray (CS) is a solid state deposition method in which micron-scale powder particles of 20-100 um
in diameter are accelerated to velocities up to 500-1200 m/s by a supersonic gas stream passing through
a De Laval nozzle [1]. Upon impacting the substrate surface, particles undergo plastic deformation and
adhere to the substrate and subsequently to the already bonded powder at solid state, forming a dense
deposit. Its unique features, including the low process temperature, promote the application of CS for
creating thick deposits of various materials on a wide range of substrates; this makes CS suitable for
depositing protective coatings, spot repair and maintenance of defected parts, and more recently
additive manufacturing of load bearing structures [2,3]. This intrinsic flexibility allows for modulating
deposit properties across its thickness; the gradient properties can be tuned based on the target
application to modulate mechanical properties and the interaction of the deposit with the surrounding
environment. Designing a porous coating is a representative case where having a porous external layer
and a solid core can be beneficial for a range of applications such as mass transfer, wave absorption [4],
electrochemical electrodes [5] or orthopaedical implants. Traditional routes to obtain porous metallic
objects include plasma or flame spray [6,7], additive manufacturing [8], combustion sintering [8],
chemical or arc vapor deposition using a space holder (polymeric spheres or foams), or powder
metallurgy methods and sintering [9,10]. Majority of these techniques are high temperature processes
that induce large residual stresses, undesired phase transformations, recrystallization, oxidation or
contamination in the fabricated porous object; they are also highly restricted regarding the final size of
the deposit. Unlike these technologies, CS obtains bonding through plastic deformation at a low thermal
input and thus avoids almost all the above-mentioned issues upon deposition. Additionally, CS can offer
significantly higher flexibility in terms of deposit dimensions and is also characterized with a much
higher build up rate (e.g., 10-14 times higher than common powder bed additive manufacturing [11]).
Particles in CS adhere to the substrate and form a dense coating if they are accelerated to a “critical”
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velocity that is a function of the powder’s thermo-mechanical properties. One approach to get porous
deposits using CS is to adjust the key process parameters, such as standoff distance, particles’ shape
and size, gas stagnation pressure and temperature, nozzle transverse speed and substrate temperature.
This approach to obtain porous CS deposits is based on working at velocities lower than the critical
range to reduce the probability of adhesion for all impacting particles; implementing this method will
lead to substantially low deposition efficiency (DE) and limited control on porosity and connectivity.
An alternative approach to achieve CS deposits with modulated porosity and desirable mechanical
properties is to include a sacrificial material in the feedstock powder, which will be removed using a
post-deposition treatment for example chemical etching or thermal processes, such as vaporization or
diffusion [5,12-15]. In this way, it is possible to control the porosity level while still achieving
favourable mechanical properties for the deposit.

Regarding the latter approach that offers the opportunity to modulate the porosity, it should be noted
that CS deposition of multi-material feedstock requires careful selection of many interconnected process
parameters; these are affected by the choice of powder materials, their particle size distribution, and
respective volume fractions. If thermo-mechanical properties of the two constituent materials are
notably different, finding the proper process parameters that would provide the suitable condition for
achieving critical velocity for both powder types will be quite challenging [16]. Considering these
complexities, as a common practice, the process parameters for multimaterial depositions are chosen
based on experimental trials. Thus, numerical simulations can provide notable advantages in this regard
by substantially reducing the experimental effort and the related costs.

Since early on, various numerical tools have been adopted to simulate different aspects of CS process.
The initial efforts, which are continuing to evolve till now, were focused on determination of critical
velocity for different powder-substrate combinations [1,17,18], along with the evolution of residual
stress in the coating and substrate [19-21]. Other researches started to employ FE for investigating the
other parameters that affect the efficiency of CS deposition such as substrate temperature [22].
Numerical models have been also adapted to predict the grain boundary and crystalline structure of the
final resultant coating, which will be determined in part by the mesoscale deformation of particles,
depending on the selection of process parameters [23].

A survey of the present literature, along with a familiarity with different available formulations for finite
element (FE) reveals their distinct and unique capabilities, each of which can be associated with a
different aspect of the CS deposition process. Among the present body of research in the field of FE
simulation of CS process the Lagrangian [24-27], arbitrary Lagrangian-Eulerian (ALE) [21,28-33],
smoothed particle hydrodynamics (SPH) [29,34,35] and coupled Eulerian-Lagrangian (CEL) [36-38]
are the prominent and most-investigated formulation methods.

However, due to the innate complexity of the CS process, prohibitive computation costs and the
constraints of the simplifying assumptions in some of the FE formulations, a major part of the research
has been focused on numerical simulation of impact and bonding of a single, or a small number of
particles to the substrate.

In the recent years, researchers have tried to validate and employ the capabilities of different
aforementioned FE formulations. Shayegan et. al [21] and Yin et. al [39] were able to simulate the CS
impact of 10 to 40 particles and validate their FE results against the experimental data, exhibiting the
capabilities of well-known FE formulations to model the multi-particle impact in CS. Lee et. al. [29]
were able to integrate a damage prediction model, while simulating the impact of about 90 particles
using SPH formulation [29]. Instead, Saleh et. al. could significantly increase the number of considered
particles in an SPH model without considering the damage. Ghelichi et. al. [25] were among the first to
consider a precise representation of the R-R particle size distribution in their model. Song et. al. [36]
proposed the capability of CEL FE method to simulate the CS deposition of a large number of particles
with the ability to consider an accurate size distribution. However, among the discussed studies, none
have simulated the deposition of a multi-material feedstock.

This paper presents a systematic FE scheme for simulating CS deposition using multi-material
feedstock, aimed at developing modulated porosity for any given set of materials and adopted CS
parameters. The obtained results are then post-processed to extract and propose several parameters that
assess the porous structure topology and its strength. With this framework, it is possible to numerically
evaluate the optimized CS settings, hence drastically reduce the number of the required tests and the
experimental costs incurred.

We adopted our developed methodology to compare CS deposits obtained from spraying two sets of
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material combinations, namely Ti-Al and Ti-Cu, in which Al and Cu act as sacrificial materials. We
also compared the results in terms of qualitative particle deformation with some preliminary
experimental trials of cold sprayed Ti-Al deposits. Both Al and Cu can be chemically dissolved after
deposition, using commercially available chemical solutions that have no effect on Ti structure at room
temperature [13,15,40-42]. These sacrificial materials are much more deformable than Ti, and their
content, along with other process parameters, can be controlled to tailor the topological and mechanical
properties of the remnant porous structure, without having major drawbacks on inter-particle adhesion
of the Ti particles.

3 Numerical model development

CS process can be modelled as a sequential ballistic impact of metallic powder particles on a substrate.
As described before, in the literature, several different FE techniques are proposed to model the space
discretization for simulation of CS process. Xie at al. [43-46] compared all the different approaches for
a single particle impact and concluded that the CEL approach provides the most robust and accurate
solution for CS simulation. Unlike the conventional Lagrangian method, a CEL model consists of both
an Eulerian and a Lagrangian domain. In the Eulerian domain, the material is not constrained to a
predefined element discretization; instead, it can freely flow through a stationary element discretized
domain and each element at any given time can contain a specific amount of material, which is indicated
by a volumetric fraction index ranging between 0 and 1. This allows for simulation of models with high
deformation extents without distortions and inaccuracies of other Lagrangian models.

The basis of the FE model developed here using Abaqus 2017 commercial software, is similar to the
model proposed by Song [36]. The CEL approach was implemented, in which the particles were defined
using an Eulerian space discretization and the substrate as a Lagrangian domain. Explicit dynamic
temperature-displacement analysis was developed for systems of around 200 particles for both Ti-Cu
and Ti-Al combinations, with different volumetric mixtures. Figure 1 shows a representative model for
50-50% volume fraction of Ti-Cu blend. An Al substrate at room temperature of 300° K was considered
for all simulations. It should be noted that due to the operational constraints of CEL formulation, the
effect of DE for each individual powder constituent was not considered in the model. Different aspects
of the model are described in detail in the following sections.

300 um

Figure 1: a) CS assembled model with the Eulerian parallelepiped domain on top and the Lagrangian substrate at
the bottom, b) Random arrangement of a multi-material feedstock representative model with 50-50% V/V at t=0
(distinct colors refer to two different metals)

It is worth mentioning that a perfectly spherical powder was considered as the simulated morphology,
and the aliased surface of the magnified particles in the insert in Figure 1 is due to the required filtration
of Eulerian domain elements based on their material content, which will be discussed in the next
sections.

3.1 Material and contact properties

The CS process consists of multiple non-linear dynamic impacts, involving high strain rate plastic
deformation and temperature change. To accurately simulate this phenomenon, the effects of
temperature, strain rate and hardening on the particle and substrate deformation should be considered
in the respective material properties. In this work, these aspects were implemented using the Mie-
Grineisen equation of state (EOS) and rate-dependant Johnson-Cook plasticity model. The erosion and
cracking process, happening at a very high impact velocity, were neglected and no failure or damage
model was implemented.



The Mie-Grineisen EOS was adopted to describe the linear elastic response of the materials with the
following equation that relates the pressure p to the density p [47,48]:

c? It
p =%(1—%ﬂ)+%poem (1)
Where:
e [ isthe Griineisen material constant
e ¢, isthe internal energy per mass unit
e p, is the reference density
e ¢, and s are material constants that define the linear relationship between the shock velocity

and the particle velocity
e 7 isthe nominal volumetric compressive strain and it is equal ton = (1 — %")
The adopted EOS parameters for all the materials are reported in Table 1.

Table 1: EOS parameters for Ti, Al and Cu [30,35,46,49]
Ti Al Cu

Co[m/s] Sound velocity 4779 5386 3940
S Slope in Usversus U, 1.089 1.339 1.489
I'o Grineisen coefficient 1,18 197 2.02

The plasticity was assumed to be governed by the Johnson-Cook (JC) plasticity model with temperature
and strain rate dependency [48,50]. In Johnson-Cook model, the stress g;_ is defined as:

& =
oj-¢c = [A+B&"] [1 + CIn (8—)] [1-T™] 2
0
With T being a non-dimensional temperature defined as:
0 forT < T;
~ T - Tt
T = forT, <T<T, 3)
Tm — 1t

1 forT > T,

Where ¢ is the equivalent plastic strain, € is the equivalent plastic strain rate, &, is the reference plastic
strain rate, T,, is the melting temperature of the material and T; is the transition temperature defined as
the one at or below which there is no temperature dependence of the yield stress. Coefficient A is the
yield strength, B is the hardening modulus, C is the strain rate sensitivity coefficient, n is the hardening
coefficient and m is the thermal softening coefficient.

All of parameters for the JC plasticity model of the three utilized materials are listed in Table 2.

Table 2: Johnson-Cook plasticity parameters for Ti, Al, and Cu [30,31,46,49,51]

Ti Al Cu
A [MPa] Yield stress 806.57 148.4 90
B [MPa] Hardening constant 481.61 345.5 292
n Hardening exponent 0.319 0.183 0.31
m Thermal softening 0.655 0.895 1.09

exponent

Tm[K] Melting temperature 1923 916 1356
T:[K] Transition temperature 298 293 298
C Strain rate constant 0.0194 0.001 0.025
€ Reference strain rate 1 1 1

Other material parameters (namely thermal conductivity, density, shear modulus, and specific heat)
were required to solve the heat transfer and dynamic/kinetic equations. The temperature dependant
values of these parameters were extracted from the material property database (MPDB) provided by
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JAHM Software, Inc [52]. However, for the sake of brevity only the values for room temperature data
are reported here Table 3. The inelastic heat fraction for CS was assumed equal to 0.9 [1,46]. The latent
heat was neglected to avoid its significant nonlinearity that would result in artificially induced incorrect
energy peaks.

Table 3: Material properties at room temperature (300K) [52]

Ti Al Cu
p [kg/m?] Density 4499 2698 8939
G [MPa] Shear modulus 40634 25889 47364
c [J/(kg-K)] Specific heat 523.9 898.2 383.62
A [W/(m-K)] Thermal 21.129 237.2 315.82

conductivity

Multiple interactions were defined in the model to describe the interaction between individual particles
and also with the substrate. Surface-to-surface contacts were assigned to define the interaction between
each material and the substrate, while a general contact determined the interaction between particles.
All the interaction properties considered a hard contact in the normal direction, while allowing
separation after contact. They all assumed that the generated heat constituted 90% of the energy [46].
The tangential behaviour was modelled with a penalty formulation of friction considering different
coefficients of coulomb friction, the values for which are reported in Table 4 [46]. It should be
mentioned that the intrinsic interaction between the Eulerian material instances is sticky and no slip or
separation occurs at the Eulerian body interfaces [48]. Therefore, the particles could not rebound from
the deposit, leading to a full deposition DE.

Table 4: Coulomb friction coefficients used in Ti-Al and Ti-Cu simulations [53,54]

Ti-Al Ti-Cu
UBetween particles 0.43 0.43
Usacrificial material-Substrate 0.8 0.23
LTi-Substrate 0.32 0.32

4 Particle arrangement

To provide an accurate representation of the actual deposition process, particles within the Eulerian
domain were generated following a Rosin-Rammler (R-R) size distribution based on the data provided
by the corresponding suppliers, with their positions being randomly allocated to avoid any overlap. The
R-R distribution, represented by Eq.4, is a common way to describe the size distribution of feedstock
powder [55-58]:

n

d
R(d) = 100 e‘(?) (4)

In whichd is the particle size, R(d) is the cumulative percentage of material powder with the
corresponding particle size d, d' is the mean particle size (i.e., size parameter), and n is a measure of
the particle size spread (i.e., distribution parameter); a smaller n value means a wider powder size
distribution. Therefore, the size distribution of an intended powder can be described, given the value of
d' and n. These parameters were evaluated by comparing different pairs of R(d) and d in the R-R
distribution to find the best fit. The considered R(d) and d pairs were taken from datasheet provided
by suppliers of commercially available powders (Table 5). All the considered powders are spherical
and produced with atomization technique. The obtained R-R parameters for each powder are shown in
Table 6 and the powder distribution is represented in Figure S1.

Table 5. Particle size distribution data used to evaluate Ti, Al, and Cu R-R distribution provided by suppliers

D10 [um]* D50 [um]* D90 [um]*
Ti Gd2 (TLS, Germany) 15.06 33.28 48.68
Al CG (GMBH, Germany) 19.61 34.32 60.93
Cu (Safina, Czech Republic) 18 29 40

*Values of D10, D50 and D90 indicate that 10, 50 and 90% of the particles have a diameter smaller than the mentioned
sizes, respectively.



Table 6. Calculated R-R parameters for Al, Ti and Cu powders

d'[mm] n
Al 41.299 2.5098
Ti 37.206 2.8561
Cu 31.355 3.8627

Definition of process parameters was supported by simulations performed using the commercial
software package from Kinetic Spray Solutions (KSS GmbH, Buchholz, Germany) [59] assuming
nitrogen as the propellant gas. In all the simulations, the OUT1 (Impact Innovation GmbH, Germany)
was selected as the nozzle with an expansion ratio of 5.6 and a total length of 160 mm. KSS software
estimates the variation of particle impact velocity and temperature for each particle diameter, based on
computational fluid dynamic (CFD) simulations of the two-phase flow through the nozzle and the free
jet, for each set of process parameters, including powder material, stagnation pressure and temperature.
More details on the KSS calculations are available in [60,61]. The temperature and velocity variation
trends were then accurately fitted by third order polynomial functions using a Python code [62]. The
KSS software simulations were run with stagnation pressures of 50 and 30 bars, and temperatures of
750 °C and 500 °C for Ti-Cu and Ti-Al powder mixtures, respectively. The selected pressure and
temperature for the Ti-Al cases were set comparatively lower to account for the practical issues
associated with nozzle clogging by Al in experiments [63,64]. Figure 2 shows the predicted trends of
particle impact velocity and temperature for each material in both powder mixtures. The fitted
polynomial coefficients are listed in Tables S1 and S2.

Particle velocity and temperature for the TiCu simulations
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Figure 2. Estimated impact particle velocity (V) and temperature (T,) as a function of particle diameter,
obtained from KSS simulations

4.1  Model construction

A customized algorithm was implemented with a Python script to automatically construct the multi-
particle model. The inputs of the script are the number of particles for one constituent phase and the
corresponding volume percentage in the feedstock powder. The algorithm computes the particles size
according to the R-R distribution using the corresponding d' and n values for each material (Table 6);
and then, randomly positions each particle in the empty space inside the Eulerian domain, while
avoiding any overlap. Occurrence of no overlap was ensured by checking if the Euclidean distance
between the centroid of a new particle “n” with the centroid of all the particles “j”, already set in the
model, was higher than the sum of the radius of both concerned particles (R,, and R;). The equation
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below provided the mathematical description of this criterion:

\/(xn - x]_)Z + (yn - y]_)Z + (Zn - Zj)z >Ry, + Rj (5)

Where x,,, ¥, z,, are the Euclidean coordinate of the centroid of the new particle “n” and x;,y;, z; are

those of an already set particle “j”. A particle location (x,, y,, z,) was accepted only if Eq.5 was
satisfied for each j going from 1 to n, or in other word, for all the particles already set in the Eulerian
domain. In case a particle’s location was rejected, a new one was randomly created and tested.

Next, the algorithm assigns velocity and temperature fields, correlated to individual particle diameters
according to the fitted equation from KSS output. The process that is employed to evaluate the particles’
location, velocity and temperature is schematized in the flowchart at Figure 3.

Definition of initial model Input:
Desired number of Ti particles
V/V of Ti-Al/Cu in the feedstock powder
R-R parameters
Sizes of the particle generation domain

With the same procedure
evaluate the particle
location, velocity and
temperature for the
second material until the
desired V/V of the
feedstock powder is
reached

Are all the
Ti1 particles
located?

YES

Extraction of a single Ti particle size according 7
to the Ti R-R statistical distribution
Launch the code
L for the model
Random localization of the particle inside construction with

the particle generation domain the particles
information just

evaluated

NO:
Try a new
location

Is the particle distant
enough from other
particles without any
overlap?

Evaluation of the Ti particle velocity and
—— temperature according to its size with the
data in Table S1 and S2

Figure 3: Flowchart for the evaluation of the particles’ location, temperature, and velocity.

Regarding model discretization, the whole Eulerian domain and the Lagrangian domain near the impact
zone were meshed with a regular, fine, constant cubic grid of the same size. In the Lagrangian domain,
the mesh size is linearly increased towards the boundaries of the model, up to a mesh size 7 times higher
than the initial one. The cuboid Eulerian domain was meshed using 3D, 8-node thermally coupled,
reduced integration (EC3D8RT) elements with viscous hourglass control and second-order accuracy.
The thin cuboid Lagrangian body was mostly discretized with 3D, 8-node thermally coupled, reduced
integration (C3D8RT) elements with viscous hourglass and distortion control, with a length ratio
parameter equal to 0.1. To avoid inaccuracies resulting from the hourglass control and reduced
integration, only in the region coinciding with the Eulerian domain, a fully integrated element type
(C3D8T) with second order of accuracy was employed to discretize the Lagrangian domain. In addition,
thin layers of infinite elements were utilized at the external boundary regions of the substrate. These
partitions were meshed with CIN3D8 element type to minimize the reflection of dilatational and shear
waves back into the region of impact [25]. Therefore, the model was fixed and constrained by the
infinite elements and no boundary conditions were applied on any part of the model. Due to the absence
of any boundary condition on the lateral sides of Eulerian domain, the particles could freely outflow
from the model without exerting unwanted stresses. However, this was foreseen and avoided by
particles being generated in a smaller volume inside the Eulerian domain to allow the particles to deform
inside the domain, resulting in an almost zero material outflow.
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The dimension of the Eulerian domain was assumed large enough to contain all the particles. The size
of the Lagrangian domain was determined accordingly, so that the substrate was 0.3 mm high, and its
width was always 3 times the lateral dimension of the Eulerian domain.

For the step time incrementation, the automatic time incrementation available in Abaqus with an
element-by-element approach was implemented, without any mass scaling.

TEMPMAVG
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Figure 4. From left to right: material, temperature (K), and velocity (m/s) distribution at (t=0) for the Ti-Cu
model with 50-50% V/V
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, ~
’ \
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Figure 5. Snapshots of particle arrangement at different time steps for the Ti-Cu model with 50-50% V/V

4.2 Mesh Convergence Analysis
A mesh convergence analysis was performed considering different mesh sizes of 1.5, 2, 3 um in the
Eulerian domain, while keeping the rest of parameters including particles’ sequence, location,
dimension, velocity, and temperature constant. Table 7 shows the element numbers for each simulation
and the required time to complete it.

Table 7. Simulation time, total elements number and number of used cores for the same simulation with
different mesh sizes
Eulerian/Finer Mesh size  Total number of elements  Number of cores  Simulation time [h]

1.5 pm 24.636.325 30 208.33
2 pm 9.824.283 20 56.40
3 um 2.918.220 10 16.38

The results indicated that in the Eulerian domain, the Von-Mises stresses, the equivalent plastic strain
8



(PEEQ), and the plastic strain in the principal direction (PE) stabilized for mesh sizes lower than 2 pum.
A similar result was obtained by Song et al. [36]. Instead, in the Lagrangian domain, a linear variation
was obtained for both strain (PEEQ and PE) and VVon-Mises stress with no clear convergence point,
which is in line with available studies on the FE simulation of CS process with fully Lagrangian
discretization. To achieve accurate results in similar Lagrangian cases of high plastic deformation, it is
suggested to carry out a linear extrapolation to “zero element size” [1,65,66]. Since the deposit was
formed in the Eulerian domain, elements of 2 um were selected as the optimal mesh size to balance the
accuracy and computation costs.

3.0 B
= 2.5 i
E 2.0
g 1.5 ]
S 1.0 y
= 0.5 y
0.0 | ] ] — ]
0.00 0.20 0.40 0.60 0.80 [x1.E-6]
Time [s]
Figure 6: Kinetic (ALLKE) and Internal energy (ALLIE) variation for the whole model during the entire
simulation

Figure 6 shows the plot of kinetic and internal energy variation upon impact and during powder
deformation. During the simulation, the kinetic energy is almost all transformed in internal energy with
a constant and stable trend showing the stability of the solution.

5 Experimental tests

Computational cost and available FE modelling methods prohibit the simulation of CS phenomenon in
macro-scale. However, it is still possible to compare the behaviour observed in the simulated deposit at
micro-scale with the data acquired from actual CS samples. To that aim, a CS sample of Al-Ti
(50% W/W or equally 62.5% V/V of Al) mixture was prepared considering an Al annular substrate.
The deposit was obtained using Impact Spray System 5/8 with OUT1 nozzle, operating at 30 bar and
500° C with nitrogen as the propellant gas; these are the same parameters used in the development of
the numerical model. The feedstock particle size distributions were those listed in Table 6. Sample’s
cross section was cut, englobed in cold resin, ground and polished consecutively with refined polishing
papers, diamond pastes, and finally with a colloidal silica suspension. The prepared surface of the
sample, which represents a cross section of the deposit and substrate, was then examined with SEM
Zeiss Evo 50. Image binarization algorithms from ImageJ software [67] were used to locate and define
the amount of Al, Ti and pores in the SEM sections.

6 Results

6.1  Numerical simulations

Multiple simulations were conducted considering the following volume fractions of 30, 40, 50, and 70%
for the sacrificial material both in Ti-Cu and Ti-Al blends. The final deposits with the obtained stress,
strain, and temperature fields for the models with 50/50% volumetric mixture of Ti and sacrificial
material are shown in the Figures 7 to 15. It should be noted that Figures 9 and 11 correspond to the
variation of stress, strain and temperature along a path through the deposit thickness. For these two
diagrams, the path is selected in a way that it does not pass across any pores. The paths are showed in
Figure 8 and 10.

The high velocity impact resulted in high deformations. The soft particles (sacrificial material) were
severely deformed, showing higher PEEQ than the harder Ti particles. On the other hand, the Ti
particles experienced much higher stresses due to its higher stiffness and melting temperature. Indeed,
the sacrificial materials’ temperature stayed quite close to their melting temperature, reducing their
stiffness and therefore stress, according to Eq. 2. Generally, the deformation was more concentrated
near the particles’ boundary. These high deformations were made possible because of the higher
temperature at the particles’ interface, which was increased as a result of the heat produced through
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Figure 7. The top view of Ti-Cu 50/50% V/V deposit, representing the Ti volume fraction (EVF_Ti) in which

the red region consists of Ti and the blue one of Cu, temperature (TEMPMAVG [K]), PEEQ (PEEQVAVG) and
the Von-Mises stress (SVAVG [MPa])
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Figure 8. The central sectlon of the Ti-Cu 50/50% V/V dep05|t On the top left image showing the Ti volume
fraction (EVF_Ti) in which the red region consists of Ti and the blue one of Cu. On the same image the red
arrow indicates the path of extracted results presented in Figure 9
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Figure 9. Variations of stress, strain and temperature along the coating thickness (X) of the Ti-Cu 50/50% V/V
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deposit. The gray background indicates the Ti, and the white one Cu. X=0 is at the substrate level. The analysed
vertical path passing through the particles of each material is shown in Figure 8
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Figure 10. Central section of the TiAl 50/50% V/V deposit. On the top left image showing the Ti volume
fraction (EVF_Ti) in which the red region consists of Ti and the blue one of Al. On the same image the red
arrow indicates the path of extracted results presented in Figure 11
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Figure 11. Variations of stress, strain and temperature along the coating thickness (X) of the Ti-Al 50/50% V/V
deposit. The gray background indicates the Ti, and the white one Al. X=0 is at the substrate level. The analysed
vertical path passing through individual particles is shown in Figure 10
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Figure 12. Central section of the Ti-Cu 50/50% V/V corresponding substrate. the red arrow passing through the
substrate in the left figure indicates the path of extracted results presented in Figure 14
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Figure 13. Temperature field of the central section of the TiCu 50/50% V/V corresponding substrate
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Figure 14. Variations of Von-Mises stress, strain and temperature along the substate thickness (X) of the Ti-Cu
50/50% V/V deposit. X=0 is at the substrate level. The analysed vertical path passing through the substrate is
shown in Figure 12
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Figure 15. Variations of principal stresses along the substate thickness (X) of the Ti-Cu 50/50% V/V deposit.
X=0 is at the substrate level and S33 orthogonal to the substrate surface. The analysed vertical path passing
through the substrate is shown in Figure 12

The overall trend of variation of principal stresses through substrate thickness in Figure 15- an initial
compressive stress later compensated by a tensile stress- is in accordance with the expected behaviour
due to the peening effect of subsequent particles impacting the substrate surface. However, it should be
noted that, as discussed before, the sudden stress variation in Figure 15 could be partly associated with
the relatively rough mesh size that was considered for the substrate model.

The outputs of the simulations were further elaborated using an ad-hoc Python script, developed to
perform in-depth analysis on the topological indices of the deposits. For this post-processing step, the
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final state of deformed deposit within the Eulerian domain was imported into the Python code in the
form of a 3D NumPy array [68]. This was possible since the deposit in the Eulerian domain was meshed
with a regular and non-deformable grid, elements of which had a cubic shape with 2 um side/mesh size.
Therefore, the Eulerian mesh could be considered like a 3D matrix where each mesh element
corresponded to a matrix element/voxel in the same exact location in the space. Each element in the
coating has a triplet of Euclidean spatial coordinate (X,;, Ye;, Z,;) that can be associated to a triplet of
matrix indexes (i, j, k). This association was performed with the following equations:

. Xel - Xmin
=

mesh size
Yel - Ymin

_ 6
J mesh size ®)
_ Zey = Zmin

mesh size

Where X,,in, Ymin and Z,,;, were the lowest X,;,Y,; and Z,; dimensions among all the imported
elements and the “mesh size” was equal to 2 um.

Once each mesh element ID was associated to an array in a 3D matrix, it was possible to construct a
matrix (3D NumPy array) with each voxel containing the material (Ti or Al/Cu or void) that was
dominant in the associated mesh element. Moreover, another 3D-array storing the local PEEQ value
was constructed. These arrays were analysed mostly with the Scikit-Image [69] and the PoreSpy [70]
libraries. The sacrificial materials (Cu and Al) were removed in an approach, which simulated the
chemical etching process, i.e., eliminating the zones that were directly or intermediately connected to
the surface of the deposit. In this way, the sacrificial material that was fully surrounded by Ti and thus
not accessible to the chemical solution, was not removed from the deposit, making the removal process
as realistic as possible. To that aim, all the sacrificial material voxels were grouped in “bodies”. Each
body was made of all the neighbouring voxels of the same material. For this purpose, the 26-
connectivity approach was implemented. In this approach each voxel is considered neighbour to any
pixel that touches one of their faces, edges, or corners (Figure 16) [71].

Figure 16. Schematic description of 26-connectivity concept: all the 26 grey voxels are 26-connected to the
central red voxel [71]

Following this approach, successively, only the sacrificial material bodies directly in contact with the
external environment were transformed into pores (empty voxels), leaving the blind ones intact.
Several parameters were considered as qualitative indices and were calculated for each deposit (Tables
8 and 9). All the considered index parameters are briefly defined as follows:

o  Porosity (%): indicates the porosity of the Ti deposit after removal of the sacrificial material. It is
calculated as the internal pore volume divided by the total deposited volume.

e  Connected Ti (%): indicates the volumetric percentage of the Ti connected material that forms a
single body. This parameter serves as an interconnectivity index for the porous deposit. A value
lower than 99% indicates that some Ti deposited particles were isolated by the sacrificial material,
and thereby were not in contact with the rest of the porous structure.

e  Connected pores (%): presents the volumetric percentage of the connected pores. This value
indicates the degree of interconnectivity between the empty spaces in the structure.

e  Remaining Al/Cu (%): indicates the volumetric percentage of the sacrificial material that remained
in the deposit after the simulated etching. A none-zero value is indicative of some sacrificial
material being englobed by Ti.

13



e Connectivity density (1/um?) indicates the number of connections in a given volume. Technically,
it is the ratio of the connectivity number S, of the etched deposit to its volume. 3; is the first Betty
number that indicates the number of the handle-like structures in a body. In other words, it is the
maximum number of cuts that can be made without dividing a body into two separate pieces. It is
calculated using the Euler-Poincard formula and the Alexander duality theorem [71-73]. More
information on the evaluation of this index can be found in the supplementary data.

Table 8: Topological indexes extracted for the porous structure obtained from Ti-Al deposits

Al Vol% 30% 40% 50% 70%
Porosity% 26.67 37.02 51.74 65.00
Connected Ti% 99.96 99.12 99.58 59.96
Connected pores% 96.24 98.42 99.69 99.91
Remaining Al% 0.2 0.11 0.02 0
Connectivity density 10.21 11.92 10.49 8.03
[1/10° um?]

Table 9: Topological indexes extracted for the porous structure obtained from Ti-Cu deposits
Cu Vol% 30% 40% 50% 70%
Porosity% 27.03 36.27 48.22 66.81
Connected Ti% 99.94 99.63 99.11 95.68
Connected pores% 96.49 98.83 99.86 99.70
Remaining Cu% 0.15 0.07 0.01 0
Connectivity density 9.78 11.94 14.46 11.14
[1/10° um?]

Figure 17 compares the statistical distribution of PEEQ for Ti particles in Ti-Cu and Ti-Al simulations
considering 30% V/V for the corresponding sacrificial powder, as a representative case. The area inside
the box plot of Figure 17 shows the values between the first and the third quartile, while the orange
horizontal line indicates the median value. The coloured area within the violin plot represents the
probability density function. The results indicate that Ti particles in the Ti-Cu deposits exhibited higher
particle deformation, which can be interpreted also as higher Ti particle bonding compared to the Ti-Al
case.

Ti PEEQ

1 M
==y

oA —_—

T T
Ti-Al Ti-Cu

Figure 17. Statistical distribution of PEEQ of Ti particles for Ti-Al and Ti-Cu deposits considering 30% V/V of
the corresponding sacrificial powders

As pointed out before, to reduce the computational costs and maintain the accuracy of the results, the
model and the resulting deposit in these series of analyses were developed at micro-scale using model
with 2 um of mesh size. Just to make a better comparison with the preliminary experimental findings
and to provide a clearer visual perspective of the obtained porous structures, a larger model with coarser
mesh of 3.5 um was constructed and analysed using different Ti-Cu compositions. These models
contained about 600 Ti particles and the corresponding required number of Cu. The higher number of
particles required much larger Lagrangian and Eulerian domains, i.e., a 0.3x0.3x2.5 mm Eulerian
domain and a 0.9x0.9x0.3 mm Lagrangian substrate in case of the 50-50% V/V Ti-Cu. Figure 18
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demonstrates the hereby described deposit models, after removing the sacrificial powder, i.e., Cu.

The deposit sections displayed in Figures 18 and 19 were achieved by applying view cuts on all sides
of the Eulerian domain, to achieve a better view of the internal arrangement of pores and particle
deformations. So, the sharp cut sections on different particles should not be mistaken for the material
outflow, the absence of which was discussed in section 4.1.
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Figure 18. Normalized PEEQ contour of cubic Ti porous structures obtained using different volume fractions of
sacrificial powder (Cu)
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Figure 19. Normalized Temperature (TEMPMAVG) and Von-Mises stress (SVAVG) contour of cubic Ti
porous structures for the model with 50% V/V of Ti and Cu

It is worth mentioning that the SVAVG contour in Figure 19 reflects only the volume fraction average
of Von-Mises stress for the voxels that contain any remaining material after etching from the initial
deposition simulation. So, the presented values do not reflect the re-evaluated magnitude of stress after
removing the accessible sacrificial material from the deposit, which is not a part of the current study.
6.2 Experimental data
Figure 20 shows representative processed SEM images of the Al-Ti sample, obtained using 50% W/W
feedstock, at different enlargements. The images were analysed to calculate the macro-porosity and
approximate volumetric content of each constituent phase.
The images exhibit an Al matrix enclosing some spherical Ti particles, few of which are touching and
forming small agglomerates. The overall deposit is homogeneous with well dispersed Ti particles in the
Al matrix. The Ti particles exhibit minor or negligible deformation, retaining the original spherical
shape of the powder particles. Analysis of the processed SEM images determined that Al constituted a
mean value of 73.1% V/V, equivalent to 62.2% W/W of the whole deposit.
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Figure 20. SEM images at (a) 75x and (b) 500x magnification from the Ti-Al 50% W/W deposit; the darker
matrix consists of Al, and the lighter one of Ti particles

A linear arrangement of the deposited particles is identifiable in Figure 20 (a). This can be explained
by the fact that the powders of two materials were not pre-mixed prior to entering the gas flow. Instead,
each material powder was incrementally injected into the conveyer gas using separate feeders. The feed
rate was controlled by the rotation velocity of a feeder disk containing discretely spaced holes, which
explains the non-homogeneous mixture of the powders and the resultant distinguishable deposit layers.

Figure 21. a) A representative cross-sectional S/El\/i-image of the sample, b) FE cross section Ti-Al deposit
(2 um of mesh size); both the sample and FE deposit have around 70% V/V of Al phase and both the images
have the same scale bar

Figure 21 displays a qualitative comparison between the features on the cross-section of the deposited
sample and the one obtained from the numerical model; the numerical model was developed with
parameters equivalent to those used in the experiment considering the same volume fractions of
deposited powder mixture (based on the effective DE calculated from the SEM image analysis). The
cross-sectional views show similar results in terms of qualitative deformation and morphology of Ti
particles.

7  Discussion

Herein, multi-material CS deposition was modelled considering the peculiarities of mixed feedstock,
and the corresponding assignment of particle velocity and temperature as a function of main process
parameters. In each case, one constituent material in the mixture, either Al or Cu, was considered as the
sacrificial constituent. The sacrificial material was removed in a novel post-processing step that
numerically simulated the systematic removal of the sacrificial material to achieve a porous Ti deposit.
The obtained results indicated that the soft Al and Cu particles deformed heavily during deposition,
filling almost all the inter-particle spaces that would have been otherwise prominent in a pure Ti deposit,
leading to multi-material deposits with low porosity.

The extent of deformation in terms of PEEQ of the Ti deposited particles was considered as an index
of the deposit’s strength[2]. Thus, it was postulated that the higher Ti particle deformation in Ti-Cu
mixtures could lead to higher particle to particle bonding and therefore increased CS deposit strength
(Figure 17). There are two main contributing factors to this increased deformation. One is the higher
stagnation temperature and pressure that can be considered for Ti-Cu simulation, leading to higher
particle velocity and temperature. The second reason is the higher density, and hence, inertia of Cu
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particles when compared to that of Al ones with equal size (Cu density = 8.96 g/cm?, and Al density =
2.7 g/lcm?®). Combination of higher particle impact momentum (higher velocity and density/inertia) and
higher thermal softening of Cu particles leads to higher deformation and PEEQ values in the Ti-Cu
deposits compared to Ti-Al. It is worth noting that when mixing Al with Ti powder to serve as sacrificial
material, it is challenging to achieve high particle deformation in the Ti phase (Figure 17), due to the
lower stagnation temperatures limited by the risk of nozzle clogging by Al particles.

As expected, increasing the amount of sacrificial material led to a notable increase in the porosity after
simulating the etching step, confirming that the deposit porosity is mainly induced by the sacrificial
material. Generally, in cases with a sacrificial material powder content less than 50% V/V, all the Ti
particles were interconnected, but at higher concentrations of sacrificial powder, disconnections
between Ti particles started to appear. This low Ti interconnectivity was particularly evident in the case
of Ti-Al deposit with 70% V/V of sacrificial material (Figure 21). Porosity predictably exhibited an
opposite trend, i.e., pores were largely interconnected in cases with higher sacrificial material contents
higher than 40% V/V, below which they were organized in the form of isolated unconnected groups.
When analyzing the remaining Ti structures, considering both pore and Ti particles’ connectivity, an
optimum state was achieved with 50% V/V of Cu in the Ti-Cu deposit, and 40% V/V of Al in Ti-Al
one. Above these levels, there will be a notable decline in Ti particle interconnectivity, and below them
the pore interconnectivity decreased. The difference between the optimum sacrificial powder content
for these two cases (Al vs. Cu) can be associated with the intrinsic difference in their deformability and
deposition parameters. These differences led to variations of Ti particles’ deformation between the two
models. Hence, to achieve a certain level of deformation and in turn, interconnection between the
deformed Ti particles, different values of each sacrificial material were required.

Generally, the residual amount of Al or Cu in the deposit after the simulated chemical etching was very
low. This can be correlated to the relatively small size of the modelled deposits, which results in a large
percentage of the sacrificial particles being connected to the external surface of deposit. In case of a
thicker depositions, the total amount of entrapped sacrificial material is expected to be higher. For that
matter, specific deposition strategies should be adopted to gain more control on the particle placement
and modulate the connectivity of the sacrificial material within the deposit bulk.

Inspection of the experimentally deposited sample’s cross-section revealed that Al constituted about

73% VIV of the deposit, despite the 62.5% V/V of the feedstock powder. This variation indicates the
higher compositional yield for Al compared to Ti powders in the deposit, which is in line with the higher
DE expected for more deformable Al particles. Comparison of the SEM cross-sectional images and the
deformation contour of the simulation using the same percentage of powder volume fractions, exhibited
quite dense deposits in both cases as a result of the high deformation of Al, which filled the otherwise
empty spaces between Ti particles. The Al yield in the deposited sample is considerably higher than the
proposed optimum amount of 40% V/V and chemical etching will not lead to an interconnected porous
Ti structure. This observation is in agreement with the observed trend in the FE data and highlight the
necessity to consider the effective DE of each individual phase in the blend, while designing
experiments to evaluate the correlation between the feedstock volume fraction and the compositional
yield in multi-material deposits, based on the thermomechanical properties of the constituent phases.
Future experiments will be performed to quantitatively compare the contribution of different feedstock
and validate the proposed computations framework for different material combinations.

8 Conclusions

A detailed numerical framework was presented for modelling multi-material cold spray deposition
aiming to obtain porous cold spray deposits through introduction of a sacrificial powder and
characterize their topological features. The effects of the sacrificial material type and volume fraction
were investigated highlighting the capability of the developed method to evaluate the optimum
condition. Based on the obtained results the following conclusions can be drawn:

- The intricate finite element model described here has proven to be a powerful tool able to
simulate the multi-particle cold spray deposition of a blended feedstock, while considering
particle size distribution and the individually assigned velocities and temperatures.

- The sacrificial material was removed in a novel post-processing step that numerically simulated
the systematic removal of the sacrificial material (simulating the chemical etching step) to
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achieve a porous Ti deposit.

The proposed modelling scheme was able to successfully provide the state of stress,
temperature, and strain in the final deposit, while allowing to identify and separately analyse
the effect of sacrificial powder content and material on the Ti particles deformation, and
porosity.

A strong and well-interconnected porous Ti deposit was obtained from 50-50% V/V Ti-Cu
feedstock, considering stagnation pressure and temperature of 50 bar and 750 °C, respectively.
The distribution of plastic strain and stress in the deposit of Ti-Al mixture proved the possibility
of obtaining a highly connected and porous Ti deposit, but with lower Ti particle deformation
and hence, lower cohesive strength. This was due to the limited stagnation temperatures
imposed by the nozzle clogging by Al at higher temperature, that in turn, led to lower Ti particle
deformation compared to the Ti-Cu simulation where higher stagnation temperature could be
considered.

Post-processing of the deposits’ configuration revealed that in most cases, inclusion of more
than 50% V/V of sacrificial powder will result in generation of a segregated Ti structure; on the
other hand, in cases with lower than 40% V/V of sacrificial material, the low porosity impeded
the formation of internal interconnected pore. These observations led to the conclusion that the
optimum porous, interconnected Ti structure would be achieved for values of 40 ~ 50% volume
fraction of sacrificial powder.
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