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1. Introduction

The cold gas dynamic spray (CGDS) is a deposition process of materials with the aid of accelerating
relatively small particles varying from 10 pm to 50 pm size with the help of a propellant gas flow at
supersonic velocity to accelerate the particles to very high speed (greater than 500 m/s) typically.
Subsequently, these particles impact the substrate to create the film of desire. This impact allows bonding
to take place between the particles and substrate as soon as deformation happens (Grujicic et al., 2003;
Luetal., 2019; Oyinbo & Jen, 2019; Raoelison et al., 2017; Richer et al., 2008; Seraj et al., 2019; Zhang
etal., 2008). However, the mechanism for bonding is technically complex because it is difficult to explain
this bonding process. A possible evidence in this regard is the short impact process during the experiment.
Notwithstanding, the numerical approach seems one of the best options or solutions for explaining this
bonding mechanism. But before this identified solution or option, there are other approaches which have
been used such as the analytical and experimental approach of fine structural characterization. Past
computational simulations (Bae et al., 2008, 2009; Guetta et al., 2009; Assadi et al. 2003; King et al.,
2010; Abreeza Manap et al., 2012; Oyinbo & Jen, 2020; Takana et al., 2008) have shown that mesh-
based finite element analysis (FEA) using Lagrangian codes and finite difference analysis (FDA) codes
to investigate the cold spray bonding mechanism have associated limitations of excessive mesh distortion
and difficulty in tracing moving and free interfaces respectively, and this approach is unsuitable to predict
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accurately the critical velocity (Yin et al., 2011). They made the assessment difficult in a number of ways
until recently smoothed particle hydrodynamics (SPH) method proved vital or fairly attractive in solving
solid mechanic problems related to the high-velocity impact of bonding identified above (Gnanasekaran
etal., 2019; Manap et al., 2011a,b, 2012; Zhou et al., 2007).

Cold spray deposition process has been extensively studied by LS-DYNA and ABAQUS, (the
explicit finite element commercial packages) to study the deposition and bonding mechanism during the
particle and substrate impact. Also these codes can be used for predict the threshold velocity, that is the
critical velocity above which there is adherence between the particles and the base material. Mostly in
the literature (e.g. Bae et al., 2008, 2009; Grujicic et al., 2004b; Assadiet al. 2003; Hassani-Gangaraj et
al., 2018; Kim et al., 2010; King et al., 2010; Li & Gao, 2009; Yin et al., 2013), the Lagrangian numerical
algorithm is the focus of many researchers. 3D and axisymmetric models for particle and substrate impact
was first used by Assadi et al. (2003), to establish the impact phenomenon by using ABAQUS/Explicit
version 6.2-1. Yin et al. (2013), Li et al. (2006), and Grujicic et al. (2004b) also investigated the behavior
of particles and substrate during impact with the application of Lagrangian analysis model. Li et al.
(2006) were among the first researchers that incorporated material damage mechanisms in the model as
well as Lagrangian adaptive mesh domains (Lagrangian-Eulerian method) to control the excessive
element distortion and mesh size control respectively.

Therefore, this study presented a finite element approach of a numerical model to investigate the
profile of the deformed sprayed particles and the residual stresses analysis at the interfacial zone of
particle and substrate impact during CGDS by using Lagrangian approach of ABAQUS explicit software.

2. Material model description

The explicit finite element analysis program, ABAQUS / Explicit version 6.14-1 was used to study
the profile of the deformed sprayed particles and the compressive residual stresses analysis for solid
particle impact on ductile material such as Copper (Cu), and Aluminum (Al) during CGDS using
Lagrangian approach. This study was carried out using single and multiple particle impacts to examine
the effect of initial velocity and preheating temperature of the impacting particles on the residual stress.
Fig. 1(a)-(b) shows the basic dimensions used for the assembled particle/ substrate in the Lagrangian
domain. The particle morphology used for the numerical model is spherical due to the SEM observation
in Fig. 1(c). The direction of the deformed particle (radial path) was chosen for proper observation of the
equivalent plastic strain (PEEQ) and temperature (TEMP) evolution. The initial impact velocity of 500
m/s used for this simulation of Cu/Al (particle/substrate) is below its critical velocity. Note that 507 m/s
is the approximated critical velocity for Cu/Al (Grujicic et al., 2004b; Oyinbo & Jen, 2020; Xie et al.,
2015) by using shear localization analysis. In the numerical model, the impacting particles were modelled
as deformable spherical 3D objects. The linear elasticity model was developed on the Mie-Griineisen
State Equation (EOS). The Mie-Griineisen formulation was adopted as suggested by ABAQUS analysis
user’s manual for the material response characterization during the experimental testing condition
(Abaqus Analysis User’s Manual, 2014). As shown in Egs. (1)-(3), the pressure (p) and the internal
energy (E,;,) can be calculated simultaneously using the coupled equations (i.e. the equation of state and
the energy equation) at each material point.

Ion

1
p=pH(1—7)+FopoEm M

where py, Iy, and p, are the Hugoniot pressure, the material constant named Gruneisen’s gamma, and
initial density respectively. Thus, nominal compressive volumetric strain is: n = 1 — p/p,y. Linear
equation of state can always be written in the below form:

p=f+9En, (2)
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where f(p) and g(p) are functions of density only and depend on the particular equation of state model.
The linear Hugoniot form is written as (Abaqus Analysis User’s Manual, 2014):

3)

c? I
p= PoCoN (1_0_77

(1 _ Sn)z 2 ) + FOPOEm ’
where p, py, S and ¢ are the current density, initial density, linear Hugoniot slope coefficient and sound
bulk speed respectively. The Johnson-Cook plasticity model offers a definition of material movement for
both particles and substrate (Li & Gao, 2009). The flow stress (o) functions as illustrated in Eq. (4) are
the strain hardening, strain rate hardening and temperature softening where the working hardening
exponent (n) and plastic strain is denoted by &, the dimensionless plastic strain rate is the ratio of /&,
£, = 1.0 s7' and the substance constants A, B, C and m are shown in Table 1. T, T,, and T, are the
measured, melting and reference temperature respectively

o= (A+Be 1+ Cin(1+5)] (1- [ ]m) (4)

Tm—To

The thermal reaction study is carried out using the thermal conductivity properties and specific heat.
Table 1 shows the properties of the materials used for the analysis (Bae et al., 2008; Manap et al., 2011;
Yildirim et al., 2011).

Table 1. Material model for the numerical analysis.

Properties Copper Aluminum
Density (o) kgm 89 x 1073 2.7 x 1073
Shear modulus (G) GPa 44.7 44.7
Thermal conductivity (1) W/im.K 386.5 237.2
Specific heat (c) Jrkg ‘K 383 898.2
Sound velocity(Co) m/s 3940 5386

Us versus Up (s) 1.489 1.339
Griineisen coefficient (I5) 2.02 1.97

A MPa 90 148.4

B MPa 292 345.5

n 0.310 0.183

C 0.0250 0.001

m 1.090 0.895

Tm K 1356 916

To K 298 293

(a) (b) (c)
Fig. 1. Diagram illustrating (a) 3D Lagrangian single particle model (b) 3D Lagrangian multiple particles
model (c) Cu particles SEM morphology
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3. Results and Discussion

3.1 Deformation behavior of a single-Particle Impact Process using the Lagrangian approach

The experimental observation (King et al., 2010) of Cu/Al deformation after impact and the results
of three dimensional-numerical simulations using CEL approach are shown in Fig. 2. Fig. 3 shows the
mean stress distributions at the time interval of 60 ns of Cu/Al impact at 500 m/s. This is also called
PRESSURE in ABAQUS/Explicit. The compressive stresses are positive, and the tensile stresses are
negative (colored black). Around 10 ns, near to the contact area, the high-speed impact has caused great
compressive stress. Over time, the compressive and the tensile stress region expands and shrinks
respectively. At the symmetry axis underneath the substrate surface, tensile stresses start building up
after 10 ns. Particle rebound occurs before the tensile stress region growth reaches the surface of the
substrate. After the impact, the maximum plastic strain was found at the contact edge and small region
of tensile stress occurs locally at these regions too. But a large compressive stress region is observed
from the contact center downward the substrate as indicated by Fig. 3(f). The material fatigue resistance
can be greatly improved by this compressive residual stress, and the detail will be discussed in section
3.2.

At various times, the evolutions of the strain rate are shown in Fig. 4 for both the substrate and the
particle in the radial direction over the contact zone. It is clear at 5 ns that the strain rates attain the highest
value of 0.23 X 10°s~tin the particle/substrate. Then, there is a decrease of strain rates at 15 ns
below1 X 108571, and attain the minimum value at 30 ns. At 30 ns it is important to note that the value
of strain rates is in the range of 10*s™1, but not zero. The substrate strain rate is higher in all respect than
that of the particle. Although the higher value of these strain rates is recorded, their concentration is in a
very local area instead of the whole contact area.

Fig. 5 indicates the development of the PEEQ and TEMP of the Cu/Al interface across the contact
zone in the radial direction and at various times. It can be easily seen that both PEEQ and TEMP rise
from the middle of a contact area with the gradual development of the deformation along the horizontal
direction. In the contact zone, the Cu material becomes softer and deforms plastically than the material
of the Cu substrate in the other region, and therefore the particles travel uniformly with the substrate
surface

Fig. 2. The schematic illustration of Cu/Al deformation (a) SEM observation (King et al., 2010) (b) 3-
D simulation calculation.
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Fig. 3. The mean stress evolution at (a) 10 ns (b) 20 ns (c) 30 ns (d) 40 ns (e) 50 ns (f) 60 ns at 500 ms~?!
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Fig. 5. The distribution of (a) Temperature and (b) PEEQ with initial impact velocity of 500 m/s along
the radial direction of the Cu / Al contact surface

3.2 Residual stress in multiple-Particle Impact Process using the Lagrangian approach

The quality of bonding can be termed coating integrity between the particles and the substrate within
the coating (Luzin et al., 2011; Xie et al., 2015). The presence of residual stresses within the coating
influences the integrity of the coating. A numerical analysis is the best choice of analyzing the cold gas
dynamic spray complexity in order to capture the details of stress accumulation mechanics. There are
three stresses in cold gas dynamic sprayed coating namely; peening, thermal mismatch and quench
stresses. Due to the limitation of calculation time, it is difficult to determine the thermal mismatch stress
because cooling of the particle/substrate system in the simulation to room temperature is impossible.
Therefore, the only stress considered in this study is peening stress and quenching stress. The
combination of their effect is called evolving stress, which is the stress experienced when particles are
deposited on to the substrate (Suhonen et al., 2013). Fig. 6 shows the distributions of mean stress
(through-thickness stress) obtained from the simulation of four-particle impacts using the Lagrangian
approach for different process material combinations (Al/Al, Al/Cu, Cu/Cu/ and Cu/Al) at 500 m/s (Xie
et al., 2015). The selection of data is along the y-axis (axis of symmetry), from the point of the particle
impact to the lower part of the substrate. From Fig. 6 the compressive stresses are denoted by the positive
stresses while the tensile stresses are represented by the negative stresses.

The deposited particles induce distinguishing compressive stress beneath the substrate surface by
well-build plastic deformation of the impacted particles as a result of the peening stress. Cu/Al impact
experienced the maximum value of compressive stress which is 1535.1 MPa among the four cases of
impact (Fig. 7). The highest compressive stress generated by Cu particles impact can be observed at a
depth closer to the surface of the substrate while the highest compressive stress generated is located at a
distance close to 15um in the case of Al particles impact (Fig. 7). Along the y-axis, the compressive
residual stress magnitude starts reducing after reaching its peak value. As the compressive stress
approaching zero, there is a little observation of the compensatory tensile stress.

Fig 7 shows the plastic deformation of the four cases of particle/substrate impact at 500 m/s. As
illustrated in Fig. 7(c)-(d), all the particles of Cu deform plastically into a shape that is lens-like, while,
on the contrary, the Al particles at the top layer experienced partial deformation (Fig. 7(a)-(b)) with
respect to the deformation of the first particle layer (this is because the impact velocity, 500 m/s is far
below the Al critical velocity of 766 m/s (Grujicic et al., 2004b), and give rise to the distribution of the
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tensile stresses among the particles of Al. Cu particles produce more than two times the compressive
residual stress at impact than what Al particles produced in their respective substrate. The compressive
residual stress that is evidently higher in values in Cu/Al and Cu/Cu impact cases is an indication that
there is a significant amount of plastic deformation on impact because the initial kinetic energy is higher
for Cu particles.
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Fig. 6. The distributions of through-thickness mean stress for (a) Aluminium/Aluminium (b)
Aluminium/Copper (¢) Copper/Copper and (d) Copper/Aluminium

The residual stress distribution is significantly influenced by the preheating temperature and impact
velocity. In Fig. 8, the Cu/Cu impact simulation results with varying process conditions of the distribution
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of mean stress are shown. As shown in Fig. 8(a)-(b), there is an observation of a 60.0% increase in the
maximum value of residual stress with respect to an increase in the impact velocity by 200 m/s. Moreover,
there is an 8.5% increase in the maximum value of compressive residual stress with respect to an increase
in the preheating temperature by 200°C (Fig. 8(c)-(d)). A larger amount of material plasticity is obtained
with higher kinetic energy as a result of an increase in the impact velocity and preheating temperature
thereby give rise to a higher compressive residual stress. At higher preheating temperature and higher
particle impact velocity, there is the significance of this relative displacement thereby increases the
tensile stress between the particle/ substrate interface. At the interfacial zone, compressive stress
decreases as the tensile stress increases between the substrate and particle.
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Fig. 7. The distributions of compressive and tensile residual stresses for (a) Al/Al (b) Al/Cu (c) Cu/Cu
and (d) Cu/Al
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4. Conclusion

The following conclusions based on the simulation of deformation process using Lagrangian
approach of Abaqus/Explicit software were drawn:

- The computational efficiency of the Lagrangian approach and its ability to simulate complex material
model makes it one of the most used numerical methods. But the severe distortion of the mesh structure
in the deformed area can results in non-convergence and inaccuracy of the calculated result due to
numerical backslide effects.

- The evolution of compressive stress, tensile stress, strain rate, PEEQ, and TEMP of a single-particle
impact process are discussed in detail using the Lagrangian approach in order to accomplish a
qualitative understanding of cold gas dynamic spray contact process of cold sprayed particle on the
substrate. In general, it was noticed in the materials a region of compressive stress at particle and
substrate interfacial zone 10 ns after the first impact, where large plastic strains were induced. Plastic
deformation region of high strain rate was seen to be locally located at the particle bottom and at a few
distances under the surface of the substrate due to the short contact time (10°s™1) and about 1 GPa,
high contact pressure.

- The last section of this study shows the residual stresses in the multiple-particles impact process using
the Lagrangian approach. Depending on the type of material combination system for particle and
substrate impact, the type and magnitude of the residual stresses may significantly vary. The stress
generation mechanism that is differently manifested during cold gas dynamic spray deposition induces
compressive residual stress at the interfacial region. This mechanism can be associated not only to the
elastic nature of the material but more importantly the material plastic properties. Beneath the
substrate contact surface, the compressive residual stress increases with respect to an increase in the
preheating temperature and initial impact velocity.
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