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Abstract. The objective of this study is to create an ultra-thin palladium foil with a molecular dynamic (MD)
simulation technique on a copper substrate surface. The layer formed onto the surface consists of a singular 3D
palladium (Pd) nanoparticle structure which, by the cold gas dynamic spray (CGDS) technique, is especially
incorporated into the low-cost copper substrate. Pd and Cu have been chosen for their possible hydrogen
separation technology applications. The nanoparticles were deposited to the substrate surface with an initial
velocity ranging from 500 to 1500 m/s. The particle radius was 1 to 4 nm and an angle of impact of 90° at room
temperature of 300 K, in order to evaluate changes in the conduct of deformation caused by effects of size.
The deformation mechanisms study revealed that the particle and substrate interface is subject to the interfacial
jet formation and adiabatic softening resulting in a uniform layering. However, shear instabilities at high impact
speeds were confirmed by the evolution of von Mises shear strain, temperature evolution and plastic strain.
The results of this study can be used to further our existing knowledge in the complex spraying processes of cold

gas dynamic spray technology.
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1 Introduction

Hydrogen is an ideal energy carrier due to its low
environmental impact combustion enthalpy. Hydrogen
fuel can be used in aircraft, vehicles, ships, or other
machinery directly. Although many issues are to be
overcome in the use of hydrogen technology, hydrogen is
generally believed to become the main energy carrier in this
century as part of the Fourth Industrial Revolution (4IR)
[1]. To improve the pureness of hydrogen, consideration is
given to the separation membrane as the ultimate and
effective technologies. This includes dense metal mem-
branes, ion conductive membranes, and microfiltration
membranes [2]|. Of these options, dense metal membranes
produce the purest stream of hydrogen [3]. Among pure
metal membranes, palladium is the best candidate since it
has excellent hydrogen dissociation capabilities and
sufficiently highly hydrogen diffusivity [4-6]. The mem-
branes from palladium and palladium alloys were the
subjects of past research [3,7-9]. Except for chemical
vapour deposition and sputtering deposition [10-12], which
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are normally used as separation technique, a new surface
treatment technique, the cold gas dynamic spraying
(CGDS), can also be used to produce the Pd membrane.
CGDS is preferable because this advanced technology
ensures the generation of layers without unnecessary
particle heating which preserves the original physical and
chemical features. The velocity of the particles is increased
to supersonic velocity by a high-speed gas stream through
CGDS. Nevertheless, the characteristic interaction of the
deposited particle with factors that influences the deposi-
tion process has difficulties, including the elimination of
defects in the deposited substrate, as well as the
preservation of chemical and mechanical stability in
working conditions. Chemical stability is required to
reduce surface fouling and poisoning to avoid inter
distributions of elements between the deposited layer
and substrate. In order to reduce stresses caused by the
different heat expansion factor of the deposited layer and
the substrate, mechanical stability is also required [13-17].
The performance of the membrane produced by cold gas
dynamic can be enhanced by studying the process of Pd
nanoparticles deposition on a metal substrate.

The computational modelling can be an alternative
means of analysing the deposition process compared to the
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larger experimental studies. Typically, the molecular
dynamics (MD) approach was used to examine the
transient phenomena occurring the process of impact
and to investigate the microscopic development of
substrate film growth [18-22]. Some studies also docu-
mented single particle impact simulation using MD.
The impact behaviour of ductile materials such as copper
and aluminium after deposition was investigated by
Oyinbo and Jen [23] using the effects of various processing
variables such as preheating temperature, initial impact
velocity, coefficients of friction, and different material
combinations. They discovered that the increase in initial
kinetic energy increases with increasing substrate temper-
ature and equivalent plastic strain. Au and Cu particles
were modelled by Gao et al. [24,25] with a couple of
hundred atoms to study the influence of particle deposition
variables in cold spray, they found that higher tempera-
ture, initial impact velocity, and larger particle size
increased the particle/substrate overall bonding strength.
Malama et al. [26] modelled the Ti and Ni impact on a Ti
substrate, they discovered that higher bond strength is
achieved by increasing particle size. Their study examined
about 2000 atoms for the analysis. The effects of spray
parameters on small clusters of up to 400 atoms as model
systems were studied by Joshi and James and it was
demonstrated that particles seemed to rebound out of the
substrate at impact angles exceeding 90 degrees [24,27,28].
Daneshian and Assadi [29] modelled on the interatomic
impact of constitutively ductile nanomaterials and identified
the particle size effect and speed of impact in the fragmenta-
tion, deformation, and rebounding of ductile particles.

Experimental and numerical investigations were con-
ducted by Del Popolo et al. [30,31] with Pd clusters and Au
substrate. The orientation of the substrate crystal was
taken to be in [111] direction. They discovered that layer by
layer dissolution of the clusters does not occur but rather at
the Pd cluster edges. Another investigation was carried out
by Guo et al. [32] on the Pd islands growth on the surface of
Nickel substrate with orientation [111] direction. They
found out that with 0.4 monolayers or less of the Pd
coverage, 2-dimensional mechanism of the growth
appeared while 3-dimensional islands occur at the higher
monolayer. The stability and structure of Pd particles
were also studied by Rojas et al. [33] on the Pt [h &[] and
Au [h k1] surfaces at different degrees and discovered that
along the crystallographic orientation of the substrate, the
Pd adlayers grew pseudo morphically and epitaxially.

Therefore, this study tailors the effect of many variables
to describe the atomistic interaction between Pd nano-
particles and Cu substrate using molecular dynamics. Our
research focuses on the fundamental systems of plasticity
and metal hardening for the characterization of Pd
nanoparticle deformation behaviour at a fundamental
level. The particle/substrate interface is also taken into
account, which leads to a further deformation mechanism
due to the high localized temperature.

2 Molecular dynamic simulation

In order to carry out a series of MD simulations
in this study, the CGDS method is simulated using a
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Fig. 1. Schematic model for Molecular dynamics simulation.

“Large-scale atomic/molecular massively parallel simula-
tor” (LAMMPS) [34]. For visualizing and analysing
atomistic simulation data, open visualization tool
(OVITO) [35] together with the algorithm of dislocation
extraction (DXA) [36-38] were adopted. The research
considers the effect of nanoparticles on a three-dimensional
(3D) metal substrate surface. The simulation system
includes both palladium nanoparticles (Pd) and copper
(Cu) atoms as the substrate. The Pd nanoparticles consist
of 2,310 atoms while the Cu substrate with fcc lattice
structure consists of 77,326 atoms. The substrate is
considered rectangular, single-crystal block with dimen-
sions of 15nm x 15nm x 4.0nm and lattice spacing of
0.361 nm. The Pd nanoparticles are spherical with a lattice
spacing of 0.389nm arranged in fcc lattice structure.
Figure 1 shows the simulation model used for the CGDS
deposition process and the simulation conditions for the
analysis are presented in Table 1. The model atomic
interaction is described by the Embedded Atom Method
(EAM) potential function [39,40] as described below

E; = Fua (Zpﬁ(nj)) + %Z‘Daﬁﬁj, (1)

i i#i

pi= frij)- (2)

Here, the atoms in the model are labelled ¢ and j where
(j#1). ; and pg are the distance and electron density
respectively between the atom ¢ and j in the solid.
The density, p; is the summation of individual atomic
densities, f(r;)with respect to atom 4. The potential
function is denoted by ®af, and the embedding function,
F is the energy that is needed to move atom i into the
electron cloud of type «.

Periodic boundary conditions were used in the x and y
directions and non-periodic boundary conditions in the
zdirection. The Newton motion equation was integrated
with the Verlet algorithm for each atom [41,42]. 1fs
integration time-step was adopted. To prevent interaction
between the nanoparticle and substrate, the particle was
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Table 1. Schematic calculation plan used in the MD simulation.

Materials Nanoparticle spherical Pd cluster (diameter 1, 2, 3 and 4nm),
43-2,310 atoms
Substrate rectangular Cu (15nm x 15nm x 4.0 nm)

Duration of simulation
Time-step

Particle diameter

Impact velocity

Angle of impact

Initial Stand-off distance
Boundary condition
Potential used

Initial temperature
Substrate crystal orientation

Operating conditions

approx. 77,326 atoms

20 picoseconds

1fs (0.001 ps)

1-4 nm

500-1500 m/s

900

1.5 nm

pps

Embedded-atom-method (EAM) [37,38]
300-1000 K

[100] [010] [001] for , y and zaxis

positioned 1.5 nm over the substrate surface. Nosé-Hoover
thermostat [43] were used before the actual deposition of
the particle, to both equilibrate the substrate and the
particle for 10 ps with NVT ensemble at 300 K. The initial
particle velocity of 900 m/s was set after equilibration in
the z-direction. For adhesion to occur, this initial velocity
should be greater than the critical velocity of copper and
below particle erosion velocity [44]. The study carried out
by Goel et al. [45] with varying initial temperature revealed
that the velocity used in this analysis is less than the
velocity of which particle melting is anticipated to occur.
This CGDS deposition process takes place in the NVE
ensemble. The thermal coupling was removed, and the
entire system was assumed to be thermally insulated for
20 ps. The MD simulation of particle impact was assumed
to be an adiabatic process in this study.

3 Results and discussion

3.1 Palladium nanoparticle’s deposition morphology
on the substrate at different time periods

First, the morphology of the deposited powder was
carefully studied and the Pallaidum nanoparticle morpho-
logical evolution deposited at 900m/s initial impact
velocity on the Cu substrate were shown in Figure 2 small
cross-sections of the system were shown in the figures and
the Pd nanoparticle atoms are showed in red balls and the
blue atoms are the Cu substrate atoms. The entire process
of deposition is of three phases: absorption, impact and
relaxation according to the evolution of the morphology.
At absorption, the Pd nanoparticle with an initial velocity
accelerate towards the surface of the substrate from its
original location slowly and retained almost the same
spherical structure. At impact, the nanoparticle/substrate
collision occurs at the interfacial zone. The Pd atoms
structure changes as some of the atoms spread on the
surface of the substrate and some penetrated into the
substrate. Meanwhile, some atoms of the substrate were
forced to form jet on the interface and buildup around the
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Fig. 2. A cross-sections of the Pd nanoparticle’s deposition
morphology impacting the Cu substrate at 900m/s at (a) Ops

(b) 2ps (c) 4ps (d) 8ps (e) 10ps (f) 12ps (g) 14ps (h) 16 ps
(i) 18ps (j) 20 ps.

particle. The interpenetration of the nanoparticle/
substrate atoms on the surface occurs at this stage. Both
the nanoparticle and substrate at the interfacial zone
deform plastically. Some atoms at the impacted region of
the substrate rebound and the nanoparticle were rear-
ranged. Full expansion of the system was then achieved,
and the stage of relaxation came. The energy minimization
was performed to aid the atoms structural rearrangement.
As shown in Figure 3, the substrate lattice arrangement
was followed by the reconstruction of the particle structure
after 10 ps. The kinetic energy of the system assumed to
approach a minimum stable value. The kinetic energy of
the system first increased to a maximum value at around
2ps then decreased and later experienced a stable
minimum value. At the initial stage, the nanoparticle
retained the initial crystal structure, then the atoms at the
lower part of the particle restructure after impact follow
the arrangement of the substrate atoms, and eventually,
the whole particle reconstructed from the lower part to the
upper part. The degree of reconstruction depends on the
incident energy of the nanoparticle. The rearrangement of
the deposited Pd coating lattice structure and the atoms of
the substrate is advantageous for the hydrogen separation
membrane to increase the membrane efficiency by
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Fig. 3. Energy and structural evolution of the Pd nanoparticle deposited at 900 m/s on the Cu substrate.

400+

350

300

250 4

200+

g(r

150

100

50+

a(n

— Ops :.,
164 |—— 0.5ps|
— 1ps
144 |—— 1.5ps|
—— 2.0ps|
124 [—— 2.5ps|
— 3.0ps|
104 |— 3.5ps|
——4.0ps o
84 [—4.5ps|
—— 5.0ps|
6 -
44
24
0 4A T T T T T T
0 1 2 3 4 5 6
r(ps)

(b)

Fig. 4. The (a) Pd-Pd nanoparticle (b) Cu-Cu radial distribution functions at the various instants.

substantially reducing hydrogen atoms resistance and the
diffusion path inside the membrane because of the lattice
mismatch.

After the deposition, the entire system tended towards
a balanced state in the course of the deposition.
The nanoparticle morphological evolution was accompa-
nied by the structural development observed at certain
points by the nanoparticle RDF (radial distribution

functions) as shown in Figure 4. During the first phase
of deposition, there were small projections in the RDFs,
showing the short-ranged and long-ranged order of the
crystal-structural properties. The cluster crystallinity
subsequently weakened significantly, and characteristics
liquid-like nature emerged. The fluctuation of RDF's which
tended to 1 showed the characteristics of the long-ranged
disorder and short-ranged order. On the relaxation point,
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(a) (b)
Fig. 5. Post-impact particle meshed topography at 500 K with (a) 500m/s (b) 700m/s (¢) 1000 m/s (d) 1500 m/s velocity from the
simulation of MD.

(d)

Table 2. Maximum splat diameter and height above the substrate of various velocities and at indicated impact

temperature.

Velocity (m/s)

Maximum splat diameter (A)

Maximum splat height (A)

At 300K At 500K At T00K At 300K At 500K At 700K
impact impact impact impact impact impact
500 4.79 4.65 4.60 2.79 2.85 2.80
700 5.66 5.67 5.45 2.74 2.53 2.42
1000 6.28 6.08 5.87 2.52 2.36 2.33
1500 6.98 6.82 6.56 2.40 2.01 2.04

in the RDFs, some small peaks took place and the crystal
structure again emerged. Therefore, the nanoparticle
transforms to liquid-like state from the crystal structure
state then evolved back into its crystal form after the
impact.

Figure 5 shows cross-sections of the splat after it has
solidified at the end of the simulation. The splats
topography 1is specifically illustrated by the figures.
The dark line in the cross-sections reflects the substrate’s
top surface, and below that line reflect splat propagation in
the substrate. To this extent, the cross-section shows,
therefore, the depth of penetration, flattening, and sub-
surface penetration dimensions simulated at different
temperatures and velocities, and the maximum splat
diameter and height are presented in Table 2.
For clarification of measurements, slicing the z—z section
of the coated surface and disengage substrate atoms was
used to obtain cross-sections of the splats. The z—z section
was named for all particles.

The influence of impact velocity is a determining factor
for the splat topography as shown in Figure 5. With a
500m/s velocity and at 500K initial temperature, the
topography is significantly hemispheric, pyramidal at
1000m/s, and flat over the surface of the substrate like
a mushroom at 1500 m/s. In addition, the splat diameter
decreases with an increase in the velocity of impact, and so
does the degree of splat dissemination in the sub-surface.
The flattening diameter of the nanoparticles was lower at
preheating temperature of 700 K compared with 500K at
500 m/s initial velocity. The liquidity behaviour in relation
to temperature is therefore nonlinear. The liquidity has

improved considerably at higher velocities: the diameter of
the splat is gradually flattened at higher velocities (1000 m /s
—1500m/s). The propagation of subsurface also appears to
be decreasing with increasing particle temperature.
The height ratio of splat below and above the impact
surface is 83.2%, 73.6%, and 63.4% for 300, 500, and 700 K
preheating temperatures respectively at 1500 m/s impact
velocity.

According to the investigation carried out by Escure
et al. [46], at temperature of 300K, the diameter of
aluminium splats was less than the splats obtained at
1000 K. This phenomenon has only occurred at higher
impact velocities in this current study, i.e. splat diameter
increased at 1000 m/s to1500 m/s higher impact velocities
but was reduced at relatively lower velocity of 500m/s
when the preheating temperature increases. There is a need
for an appropriate and higher initial impact velocity to
overcome the inertial forces that obstruct the spreading of
the nanoparticle on the substrate. The particle kinetic
energy is converted into three components of work- surface
energy, viscous deformation and substrate in-depth
propagation. The strength of the intermediate contact is
also dependent on the pressure of the impact, which
depends greatly on the surface of contact, and therefore the
quality of the splat.

3.2 Flattening ratios

In this work, flattening aspect ratio and flattening diameter
ratio [47] were utilised as a quantitative indicator and
their variation with impact velocities and preheating
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Fig. 6. Variation in (a) flattening diameter ratio (b) flattening aspect ratio with respect to particle impact velocity at preheating

temperatures of 500 K, 700 K and 1000 K.

temperatures are shown in Figure 6. Flattening aspect ratio
is defined as the ratio of post-impact particle maximum
diameter to the splat total height after impact. Whereas,
flattening diameter ratio is the ratio of the post-impact
maximum particle diameter to the original diameter of the
particle. In the earlier stages of thermal coating work, a
theoretical analysis of the flattening mechanism was
conducted in order to quantitatively understand the
process of flattening. Nevertheless, the degree of sub-
surface substrate penetration due to the impacting
nanoparticle is not considered. Thus, in this study,
flattening aspect ratio is implemented as a better
parameter for measuring both horizontal and vertical
deformations. From Figure 6, it is clear from that flattening
aspect ratio is consistent at temperatures up to 500 K in
comparison to the flattening diameter ratio and at
velocities below 1000 m/s. Well, that is because the overall
deformation of the system is considered in flattening aspect
ratio, and the effect of the vertical deformation is not
discarded unlike the flattening diameter ratio. Since the
degree of the splat subsurface propagation has a greater
influence on the overall flatness, the measurements of splat
topography are in line with the explanation above. It is
recommended therefore that a more appropriate measure
of the flattening aspect ratio can be used to assess the
overall deformation mechanisms than the flattening
diameter ratio. This parameter changed quickly over
and above 1000m/s to 1500 m/s impact velocity.

3.3 Evolution of von Mises shear strain

To examine the recrystallization behaviour and to describe
the extent of deviatoric deformation, it is important to

evaluate the value of a single characteristic strain, von
Mises shear strain was used to calculate this value.
The atoms plastic deformation was quantify using Shimizu
et al. [48] proposed algorithms. A comparison of two atomic
configurations (start configuration and during impact)
using OVITO was carried out for each atom i to calculate
the atomic local shear strain (von Mises strain). The first
approach was to calculate the local lagrangian strain
matrix, n; = 1/2 (JJZ»T — I) using a local deformation matrix
J;, von Mises shear strain was then computed for each
atoms i. The von Mises shear strain n"**** is a good measure
of inelastic local deformation and is shown in equation (3)

mises

2

2, — n2)+ 02, — n%)+(n2,—n2,)
—\/n§z+ L —

3)

Using this algorithm at different initial impact
velocities, the von Mises shear strains is shown in Figure 7
at 500K initial temperature. Figure 9 indicates that the
highest shear strain is centred directly below the sub-
surface with higher impact velocities while the average
strain is apparent at lower velocities at the interface or at
peripheral atoms. This illustrates how the material’s
recrystallization patterns are affected by different im-
pacting velocities. This also explains why the residual
strains are located on the subsurface of the substrate
resulting from cold spray systems at higher spray rates.
Residual strain caused by such phenomena was shown to
cause an orthopaedic implant to fail. The non-destructive
neutron diffraction method was also proposed [49] to
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Fig. 7. Local atomic strain evolution at (a) 500 m/s (b) 700 m/s (¢) 1000m/s (d) 1500 m/s after impact with preheating temperature

of 500 K.

characterize the substrate residual strains. MD is therefore
useful for studying these sub-surface phenomena that
require complex experimental setups otherwise in order to
examine these details.

3.4 Effect of the velocity of impact on palladium
nanoparticle deposition

In accordance with the morphological evolution, the Pd
nanoparticle temperature evolution after impacted on Cu
substrate at a different initial velocity of the incident was
shown in Figure 8a. As nanoparticles were adsorbed on
the surface of the substrate, the rise in the binding energy
led to increasing the temperature of the nanoparticles.
The particle kinetic energy was converted to thermody-
namic energy of the substrate during the collision process
and thus the temperature of the particle dropped
rapidly and continuing approximately for about 2-6 ps.
The particle temperature with high impacted kinetic
energy decreases rapidly than the lower cases. During
relaxation, the temperature of the particle declined in the
form of a damping oscillation and approached the thermal
temperature of the substrate-temperature-control layer.
The nanoparticle with high initial impact velocity at each
point of the deposition cycle took less time and held higher
temperature until equilibrium because of the higher initial
energy than the low initial impact velocity.

Figure 8b indicates a transition in particle-equivalent
plastic strain over time for initial impact velocities of
500m/s, 700 m/s, 900 m/s and 1100 m/s. The strain values
for impact velocity are steadily increasing and latter attain
equilibrium. This change in equivalent plastic strain values
from approximately 4-7ps suggests softening of the
material because of increases in plastic shear strain
deformation rate and a decrease in von Mises stress.

3.5 Particle size effect on palladium nanoparticle
deposition

Another important parameter for optimal cold gas
dynamic spray (CGDS) coatings for separation membrane
is the size of the deposited particle. Figure 9 demonstrates
the result obtained by varying particle sizes with an initial
velocity of 500m/s at an impact angle of 90°. The result
obtained from this analysis shows that the particle size
should be no less than 1nm in radius, as the substrate
cannot be coated uniformly. At 2nm, thick and uniform
coatings were observed. The deposition height increases as
the particle size increase to 2nm, as shown in Figure 9b.
Above 2nm particle size, no significant differences are
observed in the deposition indicating that optimal coating
for conditions used in this analysis is obtained with particle
sizes varying in the range of 1nm to 2nm. Figure 10
indicates the changes in the temperature and plastic strain
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Fig. 9. Cross-section view of particle/substrate impact at particle size of (a) 1nm, (b) 2nm, (c¢) 3nm, (d) 4nm diameter at initial

temperature of 300 K.

of the nanoparticle with respect to time after impact at the
interfacial zone. The nanoparticle with higher particle size
at each point of the deposition cycle held a higher
temperature until equilibrium because of the higher initial
energy and larger contact particle/substrate surface area
than the particle with a small radius. Also, the plastic

strain increases by increasing the particle size as the
deformation progress overtime in the interfacial zone,
leading to the softer and plastic deformation of the Pd
nanoparticle in the contact region because of wide contact
areas between the particle and the substrate material,
varying from plastic nature to viscous flow at deformation
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zone. This phenomena reflects the thermal relaxation in
this analysis and can be attributed to the parameters in the
Johnson-Cook model [50].

3.6 Comparison with previous experimental
and numerical results

The results of this study of molecular dynamic (MD)
simulation comply with previously published experimental
and numerical results [14,51-54]. In the MD report, the
flattening increases with the increase in impact speed. The
flattening ratio increases and then starts to decrease,
indicating an optimal initial velocity for high-quality
deposition. There is a similarity with Assadi et al. [14]
experimental observations, where particles of copper are
deposited with the cold spray process on the copper
substrate. In addition, the outcome of the MD simulation is
consistent with previously reported experimental results on
von Mises shear strain variations [14]. Jodoin et al. [52]
experimental study show that the effect of particle
morphology on particle velocities is more pronounced for
the larger range of particle size. According to Goldbaum
et al. [53], the adhesive force of splats varies in the
deposition pass with their particle size and particle
location. The particles deposited at the centre of the
deposition pass displayed a greater adhesion relative to the
particles on the boundary of the deposition pass. These
results are in agreement with the present MD simulation
analysis. Also, there is a similarity between the results of
the MD simulation and the findings of Ghelichi et al. on the
numerical analysis for the cold spray Cu/Cu coating
process [55]. The estimates of MD simulation of the time
variance of the plastic strain during the cold spray process
are consistent with the results of the Grujicic et al. [56] and

Joshi et al. [27] FE simulation research. In both analyses,
the strains for initial velocities greater than critical velocity
are unexpectedly subjected to high shear strain-rate
deformation and material softening. The variance in the
strains values in relation to the approaching distance in this
study showed similar trends in the MD simulation and
findings of thermo-mechanical finite element simulation of
the cold gas dynamic spray process [57].

4 Conclusions

A detailed analysis of the deposition, morphology, energy,
and surface characteristics of the Pd nanoparticle at the
specific initial velocity of 900 m/s was performed at room
temperature by MD simulations. The flattening ratio, the
local maximum substrate temperature, the amount of the
particle embedded, and the reconstructed structure were
examined in detail. There are three steps in the entire
deposition process: absorption, collision and relaxation.
The deposition method revealed at each point strikingly
distinct morphological properties and processes of energy
transformation.

The topography and splats measurement were studied
explicitly using an automatic dislocation extraction (DXA)
algorithm including penetration depth calculation, overall
shape following sub-surface penetration and flattening
measures at different temperatures and impact velocities.
The topography of the splat depends heavily on impact
velocity. With a 500m/s velocity and at 500K initial
temperature, the topography is significantly hemispheric,
pyramidal at 1000m/s, and flat over the surface of the
substrate like a mushroom at 1500m/s. In addition, the
splat diameter decreases with an increase in the velocity of
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impact, and so does the degree of splat dissemination in the
sub-surface.

Impact velocity has been discovered for optimal dense
and uniform coating within a medium-range in this analysis
as 500 to 1100 m/s. In order to ascertain a deposition of
good quality during the cold gas dynamic spray process, it
is important to maintain impact velocity within an
optimum range. As the velocity of impact increases, the
kinetic energy decreases, the temperature of the particle
decreases, and the plastic strains increase considerably.

Analysis of the effect of particle size revealed that the
height of the particle deposited increases as the particle size
increased to 2nm. Above 2 nm particle size, no significant
differences are observed in the deposition indicating that
optimal coating conditions used in this analysis are
obtained with particle sizes varying in the range of 1 nm
to 2nm.

The analysis of von Mises shear strain, temperature
distribution and plastic strain at higher initial velocities
established shear instabilities of the system. The results of this
study of molecular dynamic (MD) simulation comply with
previously published experimental and numerical results. Our
current knowledge of cold gas dynamic spray processes can
also be enhanced with the results of this study.

The authors would like to acknowledge the financial support from
University Research Committee of the University of Johannes-
burg and the National Research Foundation of South Africa

References

1. M.A. Rosen, S. Koohi-Fayegh, The prospects for hydrogen as
an energy carrier: an overview of hydrogen energy and
hydrogen energy systems, Energy, Ecol. Environ. 1 (2016)
10-29

2. 5.C. Kluiters, Status review on membrane systemsa for
hydrogen separation, Energy Cent. Netherlands Pettern,
Netherlands, 2004, p. 1-8

3. S. Adhikari, S. Fernando, B. Engineering, M. State,
Hydrogen membrane separation techniques, Ind. Eng. Chem.
Res. 45 (2006) 875-881

4. K.S. Rothenberger, B.H. Howard, R.P. Killmeyer, A.V.

Cugini, R.E. Enick, F. Bustamante, et al., Evaluation
of tantalum-based materials for hydrogen separation at
elevated temperatures and pressure, J. Memb. Sci. 107
(2003) 19-37

. N. Boes, H. Zuchner, Diffusion of hydrogen and deuterium in

Ta, Nb and V, Phys. Stat. Solid A 17 (1973) 111-114

6. J. Chen, S. Qiu, L. Yang, Z. Xu, Y. Deng, Y. Xu, Effects of
oxygen, hydrogen and neutron irradiation on the mechanical
properties of several vanadium alloys, J. Nucl. Mater. 302
(2002) 135-142

7. P. Kamakoti, B.D. Morreale, M.V. Ciocco, B.H. Howard,
R.P. Killmeyer, A.V. Cugini, D.S. Sholl, Prediction of
hydrogen flux through sulfur-tolerant binary alloy mem-
branes, Science. 307 (2005) 569-574

8. D.J. Edlund, J. Mccarthy, The relationship between
intermetallic diffusion and flux decline in composite-metal
membranes: implications for achieving long membrane

lifetime, J. Memb. Sci. 107 (1995) 147-153

ot

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

S. Uemiya, Brief review of steam reforming using a metal
membrane reactor, Top. Catal. 29 (2004) 79-84

S. Yan, H. Maeda, K. Kusakabe, S. Morooka, Thin palladium
membrane formed in support pores by metal-organic
chemical vapor deposition method and application to
hydrogen separation, Ind. Eng. Chem. Res. 33 (1994)
616-622

V. Jayaraman, Y.S. Lin, M. Pakala, R.Y. Lin, Fabrication of
ultrathin metallic membranes on ceramic supports by sputter
deposition, J. Memb. Sci. 99 (1995) 89-100

Y. Huang, R. Dittmeyer, Preparation and characterization of
composite palladium membranes on sinter-metal supports
with a ceramic barrier against intermetallic diffusion, J.
Memb. Sci. 282 (2006) 296-310

H.Y. Lee, SH. Jung, S.Y. Lee, Y.H. You, K.H. Ko,
Correlation between Al;Oz particles and interface of
Al-Al,03 coatings by cold spray, Appl. Surf. Sci. 252
(2005) 1891-1898

H. Assadi, F. Gértner, T. Stoltenhoff, H. Kreye, Bonding
mechanism in cold gas spraying, Acta Mater. 51 (2003)
4379-4394

W.Y. Li, H. Liao, C.J. Li, G. Li, C. Coddet, X. Wang, On high
velocity impact of micro-sized metallic particles in cold
spraying, Appl. Surf. Sci. 253 (2006) 2852-2562

S.T. Oyinbo, T.-C. Jen, A comparative review on cold gas
dynamic spraying processes and technologies, Manuf. Rev. 6
(2019) 11-13

S.T. Oyinbo, T.-C. Jen, Feasibility of numerical simulation
methods on the Cold Gas Dynamic Spray (CGDS)
deposition process for ductile materials, Manuf. Rev. 7
(2020) 1-15

S. Lee, B.D. Yu, D. Kim, N.M. Hwang, Effects of cluster size
and substrate temperature on the homoepitaxial deposition
of Au clusters, J. Cryst. Growth 242 (2002) 463-470

D. Alamanova, V.G. Grigoryan, M. Springborg, Deposition
of copper clusters on the Cu ( 1 1 1) surface, Surf. Sci. 602
(2008) 1413-1422

T. Fang, S. Kang, J. Liao, Impact and spreading behavior of
cluster atoms bombarding substrates, Appl. Surf. Sci. 256
(2009) 13951398

S.G. Lee, H. Choi, Y.C. Chung, Molecular dynamics
simulation of film growth characterization of Fe and Cu on
Cu(111) surface in the early stages of the deposition process,
Curr. Appl. Phys. 11 (2011) 65-68

S.T. Oyinbo, T.-C. Jen, Molecular dynamics investigation
of temperature effect and surface configurations on
multiple impacts plastic deformation in a palladium-copper
composite metal membrane (CMM): A cold gas dynamic
spray (CGDS) process, Comput. Mater. Sci. 185 (2020)
109968

S.T. Oyinbo, T.-C. Jen, Investigation of the process
parameters and restitution coefficient of ductile materials
during cold gas dynamic spray (CGDS) using finite element
analysis, Addit. Manuf. 31 (2020) 100986

H. Gao, C. Liu, F. Song, Molecular dynamics simulation
of the influence factors of particle depositing on
surface during cold spray, Adv. Mater. Res. 654 (2013)
1916-1924

H. Gao, L. Zhao, D. Zeng, L. Gao, Molecular dynamics
simulation of au cluster depositing on au surface in cold gas
spray, in First Int Conf Integr Commer Micro Nanosyst Parts
A B, 2007, pp. 1-8



26

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

S.T. Oyinbo et al.: Manufacturing Rev. 7, 29 (2020)

. T. Malama, A. Hamweendo, I. Botef, Molecular dynamics
simulation of Ti and Ni particles on Ti substrate in the
molecular dynamics simulation of Ti and Ni particles on Ti
substrate in the Cold Gas Dynamic Spray (CGDS) process,
Process. Mater. Sci. Forum 828-829 (2015) 453-460

A. Joshi, S. James, Molecular dynamics simulation study of
cold spray process, J. Manuf. Process 33 (2018) 136-143
A. Joshi, S. James, Molecular dynamics simulation study on
effect of process parameters on coatings during cold spray
process, Proc. Manuf. 26 (2018) 190-197

B. Daneshian, H. Assadi, Impact behavior of intrinsically
brittle nanoparticles: a molecular dynamics perspective, J.
Therm. Spray Technol. 23 (2014) 541-550

M.G. Del Popolo, E.P.M. Leiva, H. Kleine, J. Meier, U.
Stimming, M. Mariscal et al., A combined experimental and
theoretical study of the generation of palladium clusters
on Au (111) with a scanning tunnelling microscope,
Electrochim. Acta 48 (2003) 1287-1294

M. Del Popolo, E. Leiva, H. Kleine, J. Meier, U. Stimming, M.
Mariscal et al., Generation of palladium clusters on Au(111)
electrodes: experiments and simulations, Appl. Phys. Lett.
81 (2012) 26352637

X. Guo, B. Zhong, P. Brault, Growth and ripening of two-
dimensional palladium islands on Ni (111) surface, Surf. Sci.
409 (1998) 452-457

M.I. Rojas, M.G. Del Po, E.P.M. Leiva, Simulation study of Pd
submonolayer films on Au (hkl) and Pt (hkl) and their relationship
to underpotential deposition, Langmuir 16 (2000) 9539-9546
S. Plimpton, Fast parallel algorithms for short-range
molecular dynamic, J. Comput. Phys. 117 (1995) 1-19

F. Spaepen, A survey of energies in materials science, Philos.
Mag. 85 (2005) 29792987

A. Stukowski, Structure identification methods for atomistic
simulations of crystalline materials, Model Simul. Mater. Sci.
Eng. 20 (2012) 045021

A. Stukowski, K. Albe, Extracting dislocations and non-
dislocation crystal defects from atomistic simulation data,
Model. Simul. Mater. Sci. Eng. 20 (2010) 085001

A. Stukowski, V.V. Bulatov, A. Arsenlis, Automated
identification and indexing of dislocations in crystal
interfaces, Model. Simul. Mater. Sci. Eng. 20 (2012)
085007

X.W. Zhou, R.A. Johnson, H.N.G. Wadley, Misfit-energy-
increasing dislocations in vapor-deposited CoFe/NiFe multi-
layers, Phys. Rev. B 69 (2004) 1-10

M.S. Daw, M.I. Baskes, Embedded-atom method: derivation
and application to impurities, surfaces, and other defects in
metals, Phys. Rev. B 29 (1984) 6443-6453

L. Verlet, Computer “experiments” on classical fluids. I.
Thermodynamical properties of Lennard-Jones molecules,
Phys. Rev. 1 (1967) 98-103

W.C. Swope, H.C. Andersen, P.H. Berens, K.R. Wilson, W.
C. Swope, H.C. Andersen, et al., A computer simulation
method for the calculation of equilibrium constants for the
formation of physical clusters of molecules: application to

43.

44.

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

57.

11

small water clusters computer simulation method for the
calculation of ~ uilibrium constants for the formation, J.
Chem. Phys. 76 (1982) 637-649

C. Braga, K.P. Travis, A configurational temperature Nosé-
Hoover thermostat, J. Chem. Phys. 123 (2005) 134101

T. Schmidt, F. Gartner, H. Assadi, H. Kreye, Development of
a generalized parameter window for cold spray deposition,
Acta Mater. 54 (2006) 729-742

S. Goel, N. Haque, V. Ratia, A. Agrawal, A. Stukowski,
Atomistic investigation on the structure — property
relationship during thermal spray nanoparticle impact,
Comput. Mater. Sci. 84 (2014) 163-174

C. Escure, M. Vardelle, P. Fauchais, Experimental and
theoretical study of the impact of alumina droplets on cold
and hot substrates, Plasma Chem. Plasma Process 23 (2003)
185-221

J. Shimizu, E. Ohmura, Y. Kobayashi, S. Kiyoshima, H. Eda,
Molecular dynamics simulation of flattening process of a
high-temperature, high-speed droplet — influence of impact
parameters, J. Therm Spray Technol. 16 (2007) 722-728
F. Shimizu, S. Ogata, J. Li, Theory of shear banding in
metallic glasses and molecular dynamics calculations, Mater.
Trans. 48 (2007) 2923-2927

R. Ahmed, N.H. Faisal, S.M. Knupfer, A.M. Paradowska,
Neutron diffraction residual strain measurements in plasma
sprayed nanostructured hydroxyapatite coatings for ortho-
paedic implants, Mater. Sci. Forum 652 (2010) 309-314

J. Vlcek, L. Gimeno, H. Huber, E. Lugscheider, A systematic
approach to material eligibility for the cold-spray process, J.
Therm Spray Technol. 14 (2005) 125-133

. C.-J. Li, W.-Y. Li, H. Liao, Examination of the critical

velocity for deposition of particles in cold spraying, J. Therm.
Spray Technol. 15 (2006) 212-222

B. Jodoin, L. Ajdelsztajn, E. Sansoucy, A. Zuiiga, P. Richer,
E.J. Lavernia, Effect of particle size, morphology, and
hardness on cold gas dynamic sprayed aluminum alloy
coatings, Surf. Coatings Technol. 201 (2006) 3422-3429
D. Goldbaum, J.M. Shockley, R.R. Chromik, A. Rezaeian,
S. Yue, J.-G. Legoux, E. Irissou, The effect of deposition
conditions on adhesion strength of Ti and Ti6A14V cold spray
splats, J. Therm. Spray Technol. 21 (2012) 288-303

D.L. Gilmore, R.C. Dykhuizen, R.A. Neiser, T.J. Roemer, M.
F. Smith, Particle velocity and deposition efficiency in the
cold spray process, J. Therm. Spray Technol. 8 (1999) 576-582
R. Ghelichi, S. Bagherifard, M. Guagliano, M. Verani,
Numerical simulation of cold spray coating, Surf. Coatings
Technol. 205 (2011) 5294-5301

. M. Grujicic, C. Zhao, W. DeRosset, D. Helfritch, Adiabatic

shear instability based mechanism for particles/substrate
bonding in the cold-gas dynamic-spray process, Mater. Des.
25 (2004) 681-688

D.Y. Ju, M. Nishida, T. Hanabusa, Simulation of the thermo-
mechanical behavior and residual stresses in the spray
coating process, J. Mater. Process. Technol. 92—93 (1999)
243-250

Cite this article as: Sunday Temitope Oyinbo, Tien-Chien Jen, Samson A. Aasa, Olayinka Oluwatosin Abegunde, Yudan Zhu,
Development of palladium nanoparticles deposition on a copper substrate using a molecular dynamic (MD) simulation: a cold gas

dynamic spray process, Manufacturing Rev. 7, 29 (2020)




	Development of palladium nanoparticles deposition on a copper substrate using a molecular dynamic (MD) simulation: a cold gas dynamic spray process
	1 Introduction
	2 Molecular dynamic simulation
	3 Results and discussion
	3.1 Palladium nanoparticle's deposition morphology on the substrate at different time periods
	3.2 Flattening ratios
	3.3 Evolution of von Mises shear strain
	3.4 Effect of the velocity of impact on palladium nanoparticle deposition
	3.5 Particle size effect on palladium nanoparticle deposition
	3.6 Comparison with previous experimental and numerical results

	4 Conclusions
	References


