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In this work, molecular dynamics simulations were conducted to investigate deposition behavior of composite
graphene nanoplatelets (GNPs)-Ni particles at various velocities and with different graphene contents. The re-
sults indicated that GNPs impede plastic deformation of the metallic particle and stress transfer to it, simulta-
neously limiting metallurgical bonding at the interface with the substrate. The particle/substrate bonding
mechanism was a combination of metallurgical bonding and van der Waals forces physisorption, with the
metallurgical bonding playing the primary role in adhesion strength. Increasing the impact velocity and
decreasing the GNP content, both resulted in a larger area of metallurgical bonding, thereby enhancing the
bonding strength. The particle/particle adhesion involves lateral and interlayer connections among GNPs,
activating additional mechanical interlocking between the adjacent particles. Subsequent impact of the up-
coming particles tamped the previously deposited one, leading to densification effect. These results deepen our

comprehension of how graphene nanoplate-metal composites form.

1. Introduction

Graphene exhibits excellent physicochemical properties, making it
attractive for both structural and functional applications [1,2]. In
particular, due to its unique two-dimensional structural characteristics
and large specific surface area, it can offer a higher degree of contact
when incorporated in a metal matrix [3,4], while exhibiting an ultrahigh
elastic modulus and yield strength as well as outstanding thermal
properties [5]. Graphene nanoplatelets (GNPs) are considered to be
attractive reinforcing materials for metal matrix composites (MMCs)
[6,7]. Currently, the most common manufacturing methods for gra-
phene nanoplatelets (GNPs)-metal matrix composites are powder met-
allurgy techniques, including hot pressing [8,9] and spark plasma
sintering [10-13]. Additive manufacturing including selective laser
melting [14,15] has been also used more recently for this purpose.
Available studies have demonstrated that the addition of GNPs can
improve wear resistance, strength, Young’s modulus, hardness, and
thermal conductivity of materials [16-19]. However, these
manufacturing methods require extremely high processing
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temperatures. This thermal input, in turn, greatly increases the risk of
structural damage of GNPs [20], phase transformation, oxidation and
thermal stress, thereby compromising the composite materials’
performance.

Cold spray (CS) is an emerging deposition technique that combines
lower operating temperatures with the conversion of the kinetic energy
of particles into plastic deformation. It allows for the deposition of pure
metals [21,22], alloys [23-25], and MMCs [26-29] at very low tem-
peratures (well below the melting points of the metals). CS ensures good
bonding between particles and the substrate while minimizing oxida-
tion, melting, and particle coarsening, thus exhibiting high potential for
effective manufacturing of GNPs-metal composites.

Most studies on the CS process involving 2D materials have been
conducted experimentally [27,28,30]. While experimental techniques
have shed valuable light on the feasibility of the deposition and the
physical/microstructural characteristics, experiments are often limited
in understanding the dynamic mechanisms involved in the CS deposition
process of such complex composite powders. Since bonding in the CS
process occurs at the molecular scale, molecular dynamics (MD)
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simulation can be considered as an ideal tool to shed more light on the
aforementioned mechanisms [31,32].

This study addresses the gap in understanding the mechanisms
involved in the CS deposition of GNPs-Ni particles. Using MD simula-
tions, herein we unravel the complex bonding dynamics of GNPs-Ni
particles during their deposition onto a Ni substrate. Our research
delves into the interactions between individual particles during CS
deposition, exploring a range of graphene concentrations and particle
impact velocities. With a meticulous examination of particle flattening
ratios, microstructural evolution, dislocation kinetics, and the accumu-
lation of stresses and strains, we endeavor to explain the bonding
mechanisms at the particle/substrate and particle/particle interfaces.
The developed simulations elucidate the impact of GNP content on
bonding behavior and strength, as well as the synergistic effects between
GNPs and the metal matrix, advancing our fundamental understanding
of 2D metal matrix composite deposition by CS. This comprehension is
essential for the optimization of graphene-based metal composite
properties, which are set to be instrumental in a spectrum of applica-
tions, from electronics to aerospace engineering.

2. Molecular modeling and simulation
2.1. Model construction and interatomic potentials

Fig. 1 illustrates the schematic diagram of the MD model developed
to simulate the CS process. The simulation system consisted of a Ni
substrate and GNPs-Ni composite particle. The composite particle model
was based on both experiment [30] and simulation [33], where a
spherical Ni particle with a diameter of 80 A was wrapped by 30 discrete
GNPs. According to Stukowski’s [34] surface construction algorithm,
the total coverage fraction of all GNPs was calculated to be 68.59 %,
corresponding to 0.18 vol%. The GNPs-Ni particle included 6,435C and
24,499 Ni atoms. The substrate was a rectangular block with dimensions
of 180 A x 180 A x 90 fk, composed of 280,908 Ni atoms. The atoms of
the Ni substrate were distributed in three different regions [35,36]: the
Newtonian layer, the thermal layer, and the fixed layer. The Newtonian
layer was in contact with the particle, to represent the morphological
changes of the particle. The thermal layer uses the Berendsen [37]
temperature control method to absorb the heat generated during the CS
process. The fixed layer prevents the substrate atoms from sliding during
the CS process. The lattice parameters of the FCC single-crystal Ni par-
ticles and the Ni substrate are 3.524 A [38], and the length of the C-C
bond in graphene is 1.42 A [39]. As shown in Fig. 1, the 80 A diameter
defect-free single-crystal Ni nanoparticles, although smaller than the
particle sizes in powders used in CS techniques, can qualitatively
reproduce the deformation behavior of particles under impact [40]. In
the present study, we aimed to investigate the bounce-off phenomenon
associated with the presence of graphene. To eliminate the rebound
effects typically caused by inadequate particle velocity or the presence
of oxide layers, the native oxide layer around both the particles and the

(a) (b)

GNP
Ni particle

Ni substrate

2 Newtonian layer

Lo

Fig. 1. Schematic of the developed (a) GNPs-Ni and (b) pure Ni MD model for
cold spray process simulation.
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substrate in the models were deliberately neglected.

For reference, a model of pure Ni particle was also constructed using
the same method. To investigate the effect of graphene content on
particle deposition, particles with different graphene contents were
modeled. In the GNPs-Ni particles, 80 % and 50 % of the GNPs atoms
were retained, with total coverage fractions of 54.88 % and 34.30 %,
respectively, corresponding to volume fractions of 0.14 vol% and 0.09
vol%. For ease of description, they are referred to hereafter as the 0.8-
GNPs-Ni particle and the 0.5-GNPs-Ni particle, respectively.

This study employs the Adaptive Intermolecular Reactive Empirical
Bond Order (AIREBO) potential to determine the interactions between
carbon atoms [41], as it has demonstrated excellent performance in
simulating the assembly of GNPs [39,42,43]. The interactions between
Ni atoms are obtained through the Embedded Atom Method (EAM)
potential developed by Mendelev et al. [44]. The Ni-C interactions are
represented by the Morse potential, which is calculated by using the
following equation:

UMorse(r) _ D[(l _ e Plrre) )2 _ 1] (D)

where D represents the binding energy, f is the potential parameter and
1. represents the distance for potential energy minimum. The specific
parameters for the Morse potential describing the interaction between
Ni and carbon C are as follows: D = 0.433 eV, p = 3.244 1/;\, and re =
2.316 [D\, with parameters obtained from ab-initio calculations, a method
that has been used to represent the preparation of graphene-Ni com-
posites [42,43,45].

2.2. Cold spray simulation

LAMMPS software [46] has been used for the MD simulations, uti-
lizing the Ovito (Open Visualization Tool) software [47] for post-
processing of simulation results. To avoid size effects, periodic bound-
ary conditions are applied in the x and y directions. The z direction is
subject to non-periodic (shrink-wrapped) conditions [48,49]. To prevent
initial interactions between the particles and the substrate, Ni particles
are initially placed sufficiently far from the Ni substrate surface, with a
separation of 1 nm [40]. Before CS simulation, the particles and sub-
strate are equilibrated at 300 K using the Parrinello-Raman algorithm
(NPT) [49,50]. In a previous study [51], it has been demonstrated that
the intense plastic deformation experienced by the impacting particles
occurs almost adiabatically. Therefore, after equilibration, the particles
are simulated for collision in the microcanonical (NVE) ensemble.

Herein the impact velocities are considered to range from 300 to
1500 m/s, maintaining an interval of 100 m/s near the point of interest.
The duration time of the MD simulation for the CS process is set to 20
picoseconds (ps). In this study, it is assumed that the simulation is
converged when the relative change in kinetic energy between two
consecutive iterations is less than 10712 [52]. According to this criterion,
all simulations converged before 20 ps.

When spherical particles strike a substrate at high velocity, they
undergo deformation due to the impact, causing the particles to flatten.
This deformation can be quantified by the flattening ratio [48,53],
which is a parameter describing the degree of particle compression in
CS. The flattening ratio can be defined as the compressive strain in the
particle € (¢ = 1-h/D), where h is the height of the particle after defor-
mation, and D is the initial diameter of the particle. To ensure that the
slight differences in the quantitative values for the mentioned models lie
within the confidence intervals, we conducted three simulations with
varying initial atomic velocities for each case and reported the average
values for each quantity.
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3. Results and discussion
3.1. GNPs-Ni particle and pure Ni particle deposition

Fig. 2 demonstrates the process of CS deposition for a GNPs-Ni par-
ticle and a pure Ni particle. Fig. 2(al-el) indicates that the deformation
of the pure Ni particle initiates at the particle’s south pole. As time
progresses, the central region of the particle begins to deform and
compress the below Ni atoms, causing them to move outward. At 9 ps,
the top region of the particle also undergoes notable deformation. Fig. 2
(a2-e2) demonstrate the plastic deformation of GNPs-Ni particle during
deposition. Similar to the pure Ni particle, deformation starts from the
bottom and propagates throughout the entire particle. Concurrently, the
GNPs develop cracks and are disrupted by the impact.

After deposition, the pure Ni particle exhibits severe plastic defor-
mation at the lowermost part, and its shape undergoes a permanent
change, exhibiting a flattened bottom that penetrates the substrate
surface, achieving good metallurgical bonding with the Ni substrate. In
contrast, the GNPs-Ni particle exhibits a small number of Ni atoms
extruding from the cracks in the GNPs, indicating weak metallurgical
bonding with the Ni substrate. The presence of GNPs at the parti-
cle-substrate interface hinders the formation of well-bonded particles,
which is consistent with experimental reports [30]. GNPs act similarly to
the oxide layers wrapped around the metal particle, preventing metal-
lurgical bonding at the interface [40].

As shown in Fig. 3, the dislocation plasticity of the Ni particle initi-
ates at the circular edge of the flattened bottom, where the nucleation of
the first Shockley partial dislocation is observed. It is well known that
these partial dislocations are the main carriers of plasticity in FCC metals
with low stacking fault energy [54]. As the particle flattening increases,
more partial dislocations emit from the surface and glide inside the
particle. Due to the deformation occurring at a very high strain rate,
Fig. 3(cl) and (c2) show that the bottom part of the particle is
completely occupied by a pile of dislocations after only 5 ps, with a
higher density of dislocation tangles in the lower half of the particle and
predominant Shockley dislocations.

The development of plastic deformation at the particle-substrate
interface can also be studied based on the evolution of shear strain in the
system’s atoms [47,55], as shown in Fig. 4. At 3 ps, the deformation
caused by the impact of the particle and the substrate leads to an in-
crease in strain in the impact area, (see Fig. 4(al) and (a2)). The
continuous deformation of the particle results in high strain in the
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impact area, with significantly higher local strain produced at the bot-
tom part of the Ni particle, as shown in Fig. 4(c1) and (c2). On the other
hand, in the GNPs-Ni model, the Ni substrate undergoes minimal strain,
further indicating that the GNPs can hinder the Ni substrate from un-
dergoing plastic deformation. Consistent with experimental results [30],
GNPs seem to act as a “buffer” layer serving as a damping medium.

After deposition, a significant shear movement is observed in the
GNPs with larger strain values (see Fig. 4(el)), attributed to the defor-
mation and squeezing of the Ni particle pushing the GNPs outward.
Additionally, high shear strain is concentrated in the areas where the
GNPs are ruptured.

Fig. 5 shows the evolution of von-Mises stress in both the GNPs-Ni
particle and the pure Ni particle during impact. Stresses are trans-
mitted from the base of the Ni particle to its top, until the entire particle
experiences stress. The average stress value within the Ni particle is
higher than that in the Ni substrate, leading to an overall higher plastic
deformation and the generation of higher residual stresses in the Ni
particle. The overall stress in the GNPs is higher than that in the Ni
particle, indicating that the GNPs undergo more deformation and absorb
more impact kinetic energy. These results are consistent with experi-
mental reports showing that significant stress is introduced into the
graphene structure during the CS process, with GNPs bearing a consid-
erable portion of the impact load [30].

As previously described, from the very beginning of the impact, the
highest level of deformation is concentrated in the particle-substrate
contact area. As the particle velocity approaches zero, the contact area
undergoes extremely high local stress, which may lead to stress con-
centration, resulting in relatively large local displacements. Due to such
large displacements, the crystallographic symmetry of part of the par-
ticle-substrate interface is broken, as demonstrated by the atomic
structure of the deformed particle at 4 ps shown in Fig. 6(al) and (a2).
The Polyhedral Template Matching (PTM) results show that atoms with
non-FCC crystal structures in the contact area are more present in the
pure Ni model than in the GNPs-Ni, indicating that the impact causes the
transformation of the FCC crystal structure. This crystal structure
transformation extends to the entire particle at 9 ps (Fig. 6(b1) and
(b2)). As the particles begin to bond with the substrate, the non-FCC
crystal structure in the system transforms into the FCC structure. Ulti-
mately, the GNPs-Ni particle presents more FCC structured atoms than
the pure Ni particle (see Fig. 6(cl) and (c2)). This difference in
morphology is again due to the presence of GNPs wrapped around the
composite particle surface, hindering the movement of Ni atoms inside

(dl)

20 ps

Fig. 2. Plastic deformation evolution during deposition of (al-el) pure Ni particle and (a2-e2) GNPs-Ni particle both flying at a velocity of 500 m/s. (el) and (e2)

Enlarged interface image on (1 0 0) slice plane.
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Fig. 3. Dislocation network evolution for (al-el) GNPs-Ni particle and (a2-e2) pure Ni particle during impact with a velocity of 500 m/s.
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Fig. 4. Shear strain evolution for (al-el) GNPs-Ni particle and (a2-e2) pure Ni particle during impact with a velocity of 500 m/s.
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Fig. 5. Von-Mises stress evolution on (1 0 0) slice plane of (al-e1) GNPs/Ni particle and (a2-e2) pure Ni particle during impact with a velocity of 500 m/s.
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Fig. 6. Atomic structure of the particles at 20 ps after the impact: (al-c1) and (a2-c2); Right view image on (1 0 0) slice plane of GNPs-Ni particle and pure Ni

particle, respectively; (d1) and (d2) top view image on (0 0 0) slice plane of GNPs-Ni particle and pure Ni particle, respectively. The atoms in the Ni particle were
removed in (d1) and (d2). (el) and (e2) show the RDF of Ni particle in the two models.
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Fig. 7. MD simulation snapshots presenting the effect of variation in impact velocity on deposition state during the CS process for velocities of 300 m/s, 400 m/s,
500 m/s, 1000 m/s and 1500 m/s. (al-el) Lateral view on (1 0 0) slice plane of atomic structure. (a2-e2) Lateral view of atomic structure of GNPs-Ni particle. (a3-e3)
Enlarged bottom view of atomic structure of GNPs-Ni particle. Red arrows indicate the regions of crack propagation in GNPs, where interfacial bonding between the
particle and the substrate occurs. (f) Crack propagation in GNPs at 1500 m/s. Crack are marked by black lines.
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it, and maintaining the stability of the crystal structure.

In addition to PTM, the Radial Distribution Function (RDF) can also
be used to verify the degree of atomic crystallinity. Fig. 6(el) and (e2)
show the calculation results of the RDF. The first peak position of the Ni
particle RDF is at 2.5 A. The first peak value of the GNPs-Ni model is
higher than that of the pure Ni, indicating that the GNPs-Ni model has
more crystalline structures, due to the GNPs hindering the deformation
of the Ni particle to produce amorphous structures.

The presence of GNPs reduces the metallurgical bonding between Ni
particles and the Ni substrate, as shown in Fig. 6(d1) and (d2), where Ni
particle form a small bonding area with the substrate at the cracks sites
of the GNPs (marked by red arrows); while pure Ni particle form a large
bonding area with the substrate (marked by black arrow). In the pure Ni
model, Ni particle bond to the Ni substrate through a large number of
crystalline FCC atoms, and the bonding mechanism is metallurgical. This
result is consistent with previous studies proposing similar bonding
mechanisms [48,56]. We conducted further measurements of the
bonding area, with the GNPs-Ni particles and pure Ni particles exhib-
iting bonding areas to the substrate of 229.67 A% and 2869.76 A2,
respectively. These results underscore the inhibitory effect of graphene
on particle adhesion to the substrate, leading to a decrease in deposition
efficiency. This finding highlights the role of graphene in modulating the
interfacial interactions in such systems. In the GNPs-Ni model, on the
other hand, Ni particles bond to the Ni substrate through fewer crys-
talline FCC atoms, and there is van der Waals force physisorption at the
interface between GNPs and the Ni substrate [57,58], with a lower
strength compared to metallurgical bonding [59]. Therefore, the results
indicate that the bonding mechanism between GNPs-Ni particles and the
matrix is a combination of metallurgical bonding and van der Waals
force physisorption.

3.2. Effect of impact velocity on deposition

To further investigate the influence of particle velocity on its
deformation and bonding state, additional simulations were conducted
with different impact velocities as presented in Fig. 7. At 300 m/s, only a
small number of Ni atoms were squeezed out in between the GNPs,
failing to bond with the Ni substrate in an FCC structure, and relying
solely on the van der Waals forces between the GNPs and the Ni sub-
strate; this low strength bonding led to the rebound of GNPs-Ni particle
after impact. This is in line with experimental observation for impacts
with velocities lower than critical values in cold spray where particles
were reported to rebound instead of adhering. At 400 m/s, more Ni
atoms in the particle are squeezed out and crystallized to form an FCC
structure, which enables the Ni particles to adhere to the Ni substrate, as
marked by the red arrow in Fig. 7(b3). At 500 m/s, the Ni particle ad-
heres to the Ni substrate mainly along two areas of adhesion, as marked
by the red arrows in Fig. 7(c3). At 1000 m/s, the higher impact energy
increases the plastic deformation at the interface area (Fig. 7(d1-d2)),
causing a large amount of material flow plastically to the edge of the
interface. Whereas, at the center of the interface, the amorphous atoms
crystallize into metallurgical crystalline grains. In this state, the main
active mechanism is metallurgical bonding and the particle is firmly
adhered to the substrate through three areas of adhesion. Upon impact
at velocities as high as 1500 m/s (see Fig. 7(el-e2)), the Ni particle
experience a dramatic increase in temperature due to the conversion of
kinetic energy into thermal energy, as illustrated in the Fig. S3(a). This
temperature spike leads to a localized melting area at the particle/sub-
strate interface. Since the cooling rate in the CS system is high, the atoms
do not have enough time to rearrange into the crystal structure and
remain amorphous after the deposition process [60-62]. Consequently,
the increased thermal energy enhances the chance of more interface
atoms melting, causing a higher portion of the crystalline structure to
become disordered after local solidification and transition into an
amorphous state, as seen in Fig. S3(c). The evolution of particle
morphology from spherical to non-spherical during the impact process,
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helps to increase the contact area between the particle and the substrate.

In summary, higher impact velocity enlarges the contact area be-
tween the GNPs-Ni particle and the Ni substrate, which is beneficial for
increasing interatomic interactions and thus enhancing the bonding
strength at the particle-substrate interface. Higher velocities further
promote the bonding of the Ni particle with the substrate through FCC
structures. Moreover, the number of cracks formed and the length of
crack propagation increase with the increase of impact velocity, as
indicated by the red arrows in Fig. 7(a3-e3). This escalation is attributed
to the heightened stress induced by greater impact forces, which surpass
the fracture toughness of the GNPs, leading to crack propagation, as
indicated by the black lines in Fig. 7(f). The results show that impact
velocities lower than 400 m/s are not sufficient to achieve effective
bonding between the particle and the substrate and that 400 m/s is the
threshold velocity for formation of metallurgical bonding in this mate-
rial system. However, for the case of pure nickel particle-substrate
interaction, the simulations showed that metallurgical bonding could
occur even at 100 m/s.

At a high impact velocity of 1500 m/s, a large number of amorphous
atoms are produced in the particle upon impact. This indicates that
maintaining the impact velocity within an optimal range is crucial for a
successful CS deposition. This helps to balance the deformation of the
particle, the generation of crack in GNPs, and the formation of metal-
lurgical bonding.

The plastic deformation of particles is closely related to the impact
velocity, mainly caused by the well-known dislocation processes
(emission, glide, recombination, annihilation). Fig. 8 illustrates the
shear strain and dislocation network distribution during the impact. As
the impact velocity increases, the shear strain experienced by the GNPs-
Ni particle increases significantly, leading to a more pronounced plastic
deformation, as shown in Fig. 8(al-el). The dislocation density within
the material also increases, predominating in the form of Shockley dis-
locations, as illustrated in Fig. 8(a2-e2). It is well known that these
partial dislocations are the main carriers of plasticity in FCC metals with
low stacking fault energy [63-65]. Based on previous studies [66-68],
Shockley partial dislocations appear at the edges of stacking fault planes
under severe plastic deformation conditions. Since the stacking fault
energy of nickel is low, the formation of stacking faults is a common
phenomenon during the deformation process, which results in a higher
contribution of Shockley partial dislocations compared to other dislo-
cations. However, when the impact velocity reaches 1500 m/s, the sit-
uation changes. At such an extreme impact velocity, the number of
dislocations significantly decreases, most probably due to the fact that
under such high speed impact, most areas of the material undergo an
amorphous transformation. Amorphous materials lack long-range or-
dered crystal structures, so dislocations, as crystal defects, are difficult to
form in amorphous regions.

Fig. 9 depicts the effect of impact velocity on the particles’ flattening
ratio, where a higher impact velocity results in a greater flattening ratio.
Nonetheless, it remains almost unchanged for impact velocities higher
than 800 m/s. The reason is that at higher velocities the particles have
fully collapsed onto the substrate, reaching their maximum deformation
limit. There are no significant gaps or micro-cracks on the interface,
leaving no space to accommodate more atoms, and thus further
increasing the velocity does not significantly affect the deformation of
the particle.

3.3. Effect of graphene content on deposition

Investigating the effect of graphene content on the CS deposition, as
shown in Fig. 10, implies that compared to the GNPs-Ni particle, 0.8-
GNPs-Ni particle and 0.5-GNPs-Ni particle at an impact velocity of
500 m/s form a larger area of metallurgical bonding with the substrate.
The simulations suggest that with a reduced graphene content, the GNPs
at the interface cannot connect laterally and are squeezed to the edges of
the contact zone during the impact, exposing the Ni core to the Ni
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Fig. 8. Shear strain and dislocation network distribution during impact with velocities of 300 m/s, 400 m/s, 500 m/s, 1000 m/s and 1500 m/s. (al-el) Side view
image on (1 0 0) slice plane for shear strain. (a2-e2) Side view image for dislocation network distribution.
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m/s and 1500 m/s.

substrate and thus facilitating crystallization to form an FCC structure.
Thus, the lower the graphene content, the higher the area of the FCC
structure bonding, resulting in a more robust interface. This is consistent
with the experimental report by Sun et al. [30], where the deposition
efficiency of the IN718-GNPs composite coating increases as the GNPs
content decreases. These results not only deepen our knowledge of the
interfacial stability in graphene nano-metal composites but also hold
significant implications for the optimization of experimental design of
the CS deposition. By adjusting the graphene content, we can effectively
control the microstructure and properties of the composite materials,
which are crucial for research and application development.

The flattening ratio for GNPs-Ni particle, 0.8-GNPs-Ni particle, and
0.5-GNPs-Ni particle (measured to be 0.194769, 0.198799, and
0.22384, respectively) increases as the graphene content decreases,
confirming again that a lower graphene content is more conducive to
particle deformation.

3.4. Particle on particle deposition

Particle-particle interface is also of utmost importance during CS, as
this is directly correlated with the deposit build-up once the initial

particles successfully adhere to the substrate and form the first layer of
the coating. Here the interparticle interaction was studied by depositing
a second particle on the already deposited one, as shown in Fig. 11,
Fig. S5 and Fig. S6, correspond respectively to GNPs-Ni particle, 0.8-
GNPs-Ni particle and 0.5-GNPs-Ni particle depositions. The model in-
volves two Ni particles, each with an initial velocity of 500 m/s, flying
one after the other at a 20 ps interval. The second particle strikes the
already deposited one, forming a simple stacking structure. The simu-
lation indicated that the bottom part of the second particle undergoes
slight plastic deformation, while the bottom and top zones of the first
particle undergo stronger plastic deformation. This slightly increases the
contact area of the first particle with the substrate, further promoting
metallurgical bonding. However, for the deposition of GNPs-Ni particle
(Fig. 11) and 0.8-GNPs-Ni particle (Fig. S5) system, no metallurgical
bonding is observed between the first and second particle and they are
connected by GNPs, through interlayer and lateral connections. For the
deposition of the 0.5-GNPs-Ni particle system (Fig. S6), the reduction in
GNPs leads to a diminished hindrance to metallurgical bonding between
particles. Consequently, the particles are cohesively bonded through a
combination of metallurgical bonding and connections by GNPs.
Furthermore, the second impact leads to an increase in the flattening
ratio of the first particle, indicating a densification effect on the un-
derlying layer [49]. As shown in Fig. S7, Fig. S8 and Fig. S9, the un-
derlying particle expands outward, potentially squeezing the
surrounding particles in a multiparticle scenario to fill the existing gaps
[49].

Fig S10, Fig. S11 and Fig. S12 illustrate the evolution of the dislo-
cations and the HCP structure within distinct particles. Notably, the first
particle exhibits a higher dislocation line length and density of HCP
structures compared to the second one, suggesting a more extensive
plastic deformation. Fig. 12, Fig. S13 and Fig. S14 depict the distribution
of dislocations across different particles, highlighting those dislocations
nucleated at the particle/particle interface and subsequently propagated
throughout the bulk of the second particle. These findings underscore
the significant role of particle/particle interface in facilitating load
transfer during CS deposition.

Fig. 13, Fig. S15 and Fig. S16 illustrate stress distribution following
an additional 20 ps of relaxation after both particles collide. The internal
stresses distribution, as shown in Fig. 13(b), indicate high stress in the
GNPs at the interface between the two particles, implying that the
interatomic interactions are stronger at the particle-particle interface,
consistent with the study by Gao et al. [49]. The reason for the higher
stress in the GNPs at the interface is the interconnection of GNPs from
different particles, causing local bending and wrinkling in the GNPs. At
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Fig. 10. MD simulation snapshots showing the effect of graphene content on CS deposition for (al-d1) 0.8-GNPs-Ni particle and (a2-d2) 0.5-GNPs-Ni particle at an
impact velocity of 500 m/s. (aland a2) Side view before impact. (b1 and b2) Side view after impact. (c1 and c2) Side view on (1 0 0) slice plane after impact. (d1 and
d2) Bottom view of GNPs-Ni particle after impact.

2 ps 3 ps 4 ps 10 ps 20 ps 20 ps
[ |Other EIFCC M HCP M BCC M Graphene

Fig. 11. Interaction of two particles (GNPs-Ni particle) subsequently impacting a substrate at impact velocities of 500 m/s. (al-f1) Side view of the atomic structure
during impact. (a2-f2) Side view on (1 0 0) slice plane of the atomic structure. The atomic structures, except for the FCC, HCP, BCC and graphene structures, are
shown in gray in f1 and f2.

the interface, some parts of the two layers of graphene are nearly par- lateral connections (marked with blue circles); these lateral connections
allel, with an average interlayer spacing of 3.4 A. help the GNPs to be assembled into a network that more firmly encap-

Microstructural evolution of GNPs during the CS deposition was also sulate the particles. Furthermore, during CS deposition, GNPs on adja-
analyzed. As shown in Fig. 14(a-b), Fig. S17(a-b) and Fig. S18(a-b), cent particles also interconnect through interlayer and lateral
discrete GNPs covering the same particle are interconnected through connections, as shown in Fig. 14(c-d), Fig. S17(c-d) and Fig. S18(c-d);
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Fig. 12. Dislocation network distribution during impact between the two subsequent particles (GNPs-Ni particle) at a velocity of 500 m/s.
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Fig. 13. Von-Mises stress distributions after impact between the two subsequent particles (GNPs-Ni particle).

i
Before CS

After CS

Interlayer connection

Lateral connection

Fig. 14. The connections of GNPs (a) before impact and (b) after impact between the two subsequent particles (GNPs-Ni particle). The formation of (c) interlayer

connections and (d) lateral connections of GNPs.

the formation of these additional connections allows the networks
encapsulating each particle to further assemble into an integrated
network, consistent with the observations made by Yang et al. [33].
Interlayer connections are formed by van der Waals interactions be-
tween the adjacent GNPs, which contribute to the stability of the gra-
phene [69]; the same phenomenon has been observed in CS
experiments, where graphene layers were reported to coagulate into
more layers during CS deposition [30]. More importantly, the formation
of covalent bonds between the carbon atoms induces lateral connections
[39,45], as seen in Fig. 14(d), Fig. S17(d) and Fig. S18(d), where the
edge atoms of adjacent GNPs are interconnected through C-C bonds.
These strong covalent bonds provide a robust connection between GNPs,
which is crucial for the assembly of the integrated graphene network
[39,42]. The interconnections between GNPs enable the GNPs-Ni par-
ticles to bond together, activating a new form of mechanical interlocking
and offering an alternative bonding mechanism in addition to metal-
lurgical bonding.

The formation of these GNPs networks in the deposit are reported to
enhance the tribological performance of composite CS coatings [27,30]
demonstrating 20 % reduction in the friction coefficient compared to the
counterpart pure metal deposit [27]. This can be attributed to the
interconnected GNPs formed by multi-particle deposition, which
generate a continuous lubricating film of larger graphene on the wear
surface, thereby enhancing the wear resistance of the composite coating.

4. Conclusions

This study employed MD simulation to investigate the bonding state
of GNPs-Ni particles on a Ni substrate during cold spray deposition
exploring also the effects of impact velocity and graphene content on
single particle and double particles deposition. The key findings of this
study are as follows:

GNPs can impede plastic deformation and stress transfer, as they
absorb a significant portion of the impact energy, acting as a “buffer”
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layer that dampens the impact effects. Thus, their presence restricts
metallurgical bonding between the particle and the substrate during
cold spray deposition.

The bonding mechanism between GNPs-Ni particle and the substrate
is a combination of metallurgical bonding and van der Waals forces
physisorption, with the metallurgical bonding playing a predominant
role in the adhesion strength.

With an increase in impact velocity, the contact area between the
GNPs-Ni particle and the Ni substrate enlarges, while cracks in the GNPs
also increase, facilitating the direct contact of the Ni particle and the
substrate, thereby creating a larger area of FCC structure metallurgical
bonding. This phenomenon only occurred for velocities above 400 m/s.
As the velocity increased to 800 m/s, the disordering of Ni atoms in the
impact zone led to substrate damage that could indicate the erosion
observations in cold spray for velocities much higher than the critical
velocity. These observations correlate with the existence of a deposition
window for cold spray deposition of GNPs-Ni particles.

Lower graphene content facilitates particle deformation, and en-
hances the chance of the exposed Ni core to come into contact with the
Ni substrate, forming a larger area of FCC structure bonding, resulting in
a more robust and metallurgically bonded interface.

The subsequent impacting particle tamps the previously deposited
one, leading to an increase in the flattening ratio that can be correlated
to the density of the first layer of the coating. The bonding between the
subsequent particles is reinforced through the lateral and interlayer
connections of GNPs, leading to additional mechanical interlocking.

To come to the point, this work introduces for the first time the
microstructural evolution during the cold spraying deposition process of
GNPs-Ni particle. The results of our research will notably expand our
current understanding of the interfacial bonding mechanisms of CS
deposition techniques, especially for 2D material-reinforced metal ma-
trix composites. This insight will facilitate further research on optimi-
zation of deposition parameters of 2D material-reinforced metal matrix
composites and enhancement of their interfacial bonding. Looking
ahead, we will focus on the influence of the number of layers and dis-
tribution of 2D materials, such as graphene, on the CS bonding mech-
anism and the deposit properties.
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