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A B S T R A C T

This study presents a numerical analysis of commercially pure Ti and Ti–6Al–4V powders under cold spray
conditions. The primary objectives are to investigate the deformation mechanisms, splat formation during the
cold spray process, and the impact of the oxide layer. Initially, structural data obtained from transmission
electron microscopy (TEM) are used to model the oxide structure through molecular dynamics simulations.
Subsequently, molecular dynamics are employed to evaluate the mechanical properties of the oxide layer.
Finally, finite element-based models are utilized to analyze and visualize the deformation process and the
thermal effects when single Ti/Ti–6Al–4V particles impact substrates of the same material. These results offer
an understanding of splat evolution and oxide residuals that affect particle attachment to substrates of the
same material. The implications of these findings for designing and developing robust cold-sprayed Ti alloys
are briefly discussed, emphasizing the potential for optimizing cold-spray process parameters and enhancing

coating quality.
1. Introduction

Titanium and its alloys have garnered significant attention due
to their unique combination of functional and structural properties,
including an excellent strength-to-weight ratio, high resistance to oxi-
dation and corrosion, biocompatibility, and low toxicity [1–10]. These
attributes make titanium highly desirable for applications in aerospace,
biomedical, and corrosive environments. However, pure titanium has
limitations, such as low fatigue and yield strengths and intermediate
fracture toughness values [7]. To address these limitations, titanium
alloys such as Ti–6Al–4V have been developed by alloying titanium
with elements that stabilize the 𝛼 and 𝛽 phases, resulting in im-
proved mechanical properties suitable for aerospace and biomedical
applications [8–10].

In recent years, there has been growing interest in developing repair
methods for aging structures, with additive manufacturing techniques
gaining increasing attention [11]. One such additive manufacturing
method is the cold spray (CS) technique. Cold spray is a promising
method for depositing metallic coatings and repairing damaged com-
ponents, offering advantages such as low-temperature processing and
the ability to retain desirable material properties.
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Cold spray technology, developed in the mid-1980s in Novosibirsk,
Russia, has since attracted significant research interest [1,12–21]. Nu-
merous parameters affect the structural integrity of the cold spray
process, including powder or particle size, feeding rate, gas type (nitro-
gen or helium) and temperature, gas pressure, and the distance between
the nozzle outlet and the substrate. Optimizing these parameters en-
hances deposition efficiency. Furthermore, controlling particle velocity
is crucial, as it must be high enough to ensure bonding between the
substrate and the particles. Low velocities lead to elastic rebounding of
particles, while high velocities cause erosion and material loss in both
the substrate and the powder [1,14].

During the impact of metallic powders, the topical oxide layer is
initially cracked and removed from the interface due to the jetting
phenomenon. Subsequently, the substrate and particles form geometri-
cal interlocking and metallic bonding due to plastic deformations [22,
23]. Localized melting during and after impact results in temperature
increases sufficient for recrystallization, forming new dislocation-free
grains with improved ductility [24]. Understanding these phenomena
and their dependence on cold spray parameters is crucial for optimizing
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Fig. 1. High-Resolution Transmission Electron Microscopy image of the topical oxide formed on grade 2 and 5 titanium. The thickness of the oxide layer in both cases is
approximately 4 nm and the fast-Fourier transform shows that it has an amorphous structure.
the process and achieving desirable coating properties. Insights into
deformation mechanisms, cracking phenomena, and splat formation
can contribute to developing robust Ti-based materials and advancing
cold spray technology for various industrial applications.

This study investigates the influence of topical oxide layers on the
deformation, heating, and splat formation that facilitate the bonding
of commercially pure Ti and Ti–6Al–4V powders during the cold spray
process onto substrates of the same material. Molecular dynamics
simulations are used to calculate the stress–strain behavior of the
oxide layer. These properties are then incorporated into finite element
analyses of single-particle cold spray events to quantify the influence
of the oxide layer on the cold spray process.

2. Methods

2.1. Material characterization

High-Resolution Transmission Electron Microscopy (HRTEM) was
employed to characterize the oxide layer on both Commercially Pure
Ti (CP-Ti) and Ti–6Al–4V powders. This analysis serves to quantify the
oxide layer’s thickness and identify its crystal structure. After exposure
to ambient air for a few hours, the oxidation rate at room temperature
stabilizes, as indicated by the logarithmic law of oxidation kinetics and
experimental studies [25,26], making the measured oxide thickness a
reliable estimate of its stable value.

Fig. 1 presents HRTEM images of the oxide layer on both types
of titanium powders. Fast-Fourier Transform (FFT) analysis reveals
that the oxide layer is amorphous in structure, with a thickness of
approximately 4 nm for both powder types. Despite the presence of
other elements in Ti–6Al–4V powders, Scanning Transmission Electron
Microscopy (STEM) images did not detect significant quantities of these
elements in the oxide layer, suggesting that the oxide structure is
consistent across both types of titanium powders.
2 
2.2. Molecular dynamics simulation

As described in the previous section, the titanium surface oxide
exhibits an amorphous structure. Thus, a representative amorphous
oxide structure is needed to calculate the mechanical properties of this
layer. A 10 × 10 × 10 nm3 rutile oxide structure was initially chosen.
According to Zhang et al. [27], the density of amorphous titanium oxide
is 3.74 g/cm3, which is lower than the density of rutile oxide (4.25
g/cm3).

All molecular dynamics (MD) simulations were conducted using the
LAMMPS code [28]. The force field employed was the second moment
tight binding QEq (SMTB-Q) [29], which includes interactions among
three components: electrostatic interactions (𝐸𝐸 𝑆 ), oxygen–oxygen in-
teractions (𝐸𝑂 𝑂), and short-range metal–oxygen interactions (𝐸𝑀 𝑂).
The charge equilibration (QEq) method, combined with the force field,
adjusted the partial charges of each atom based on interactions with
neighboring atoms [30].

Initially, the box size was set to 1.5 times the necessary size for
amorphous titanium oxide density, and the system temperature was set
to 5000 K. This high temperature ensures that all atoms are free to
move within the system. Subsequently, the ’fix deform’ command was
used to adjust the density of the system to match that of amorphous
titanium oxide over 3 ns with a timestep of 1 fs. The system was then
maintained at 5000 K and a constant volume for equilibration using the
NPT ensemble over 2 ns. Following this, the system was linearly cooled
to room temperature, and finally, it was thermally equilibrated at 300
K for 1 ns. Periodic boundary conditions were applied in all directions
throughout these steps.

Due to the inherent randomness of the ensembles, each repetition
of this procedure produces a different structure. Key factors influencing
the final structure include the cooling rate and the annealing time
at 1.5 times the box size. Therefore, three cooling rates (1 K/ps,
2 K/ps, and 4 K/ps) and three initial annealing times (1 ns, 2 ns,
and 4 ns) were investigated. The Berendsen thermostat’s exponential
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decay during cooling was set to 1 to ensure adherence to the preset
emperature profile.

The nine obtained amorphous samples were analyzed using the ra-
ial distribution function (RDF) and compared with the experimentally
btained RDFs (Ti–Ti) from Zhang et al. [27]. The structure with the
losest main peak position and the full width at half maximum was
elected for further analysis.

The chosen amorphous titanium oxide structure was then used
n subsequent molecular dynamics simulations to estimate the stress–
train behavior of the film. A block with dimensions of 3.8 nm in height
nd 3 nm in length and width was created by replicating and removing
xtra atoms. Periodic boundary conditions were applied in the ‘x’
nd ‘y’ directions to create a repeating system, while the ‘z’ direction
as shrink-wrapped to prevent atoms from exiting the boundary. The

tructure was energetically minimized using the conjugate gradient
ethod and brought to thermal equilibrium using both canonical (NVT)

nd isothermal–isobaric (NPT) ensembles over 1 ns.
After equilibration and stabilization, the structure was subjected to

niaxial tension in the ‘𝑧’ direction at strain rates of 104 s−1 and 105 s−1.
According to Rida et al. [31], strain rates above 105 s−1 significantly
nfluence Young’s modulus and results from molecular dynamics sim-

ulations. The stress–strain curve of the amorphous titanium oxide film
was then computed based on the applied deformation.

2.3. Finite element modeling

To simulate the cold spray process at the particle–substrate inter-
face, a numerical model was developed using the ABAQUS/Explicit fi-
ite element software package (Dassault Systèmes, Vélizy-Villacoublay,
rance) with a Lagrangian formulation. The Arbitrary Lagrangian Eu-
erian (ALE) formulation was employed for both the particle and sub-

strate to capture large deformations accurately.
The substrate was modeled as a cylinder, and the particle was

epresented as a perfect sphere impacting the substrate along the
ormal direction. Due to the axisymmetric nature of the problem, only
 quarter of the system was simulated. The dimensions of the substrate,
ncluding its height and radius, were based on the average particle
adius to ensure that stress distributions were accurately represented.

To incorporate the topical oxide layer, shells with a thickness of 3.8
nm – consistent with the observed nanoscale titanium dioxide layer –
were added around the particles and the top layer of the substrate.

Interactions between the particle and substrate were modeled us-
ng a surface-to-surface contact formulation. For the contact pressure-
verclosure, hard contact was used to implement zero-penetration of

the two materials. For the tangential motion, the coefficient of fric-
tion of 0.4 was used [32]. The Taylor–Quinney coefficient or inelas-
tic heat fraction was set to 90% of the plastic work [33,34], and
00% of the friction work was converted into heat. The oxide layers

were constrained to their respective surfaces to simulate their presence
accurately.

Boundary conditions were applied to reflect the physical constraints
f the system. The bottom surface of the substrate was fixed, and

symmetric boundary conditions were applied to the side surfaces to
represent a complete cylindrical geometry.

During the simulation, the particle was accelerated towards the
substrate at a constant velocity to mimic the impact process typical in
the cold spray technique. The substrate temperature was maintained at
an ambient temperature of 25 ◦C.

Plastic deformations within the system were modeled using the
Johnson–Cook model, which is commonly used to predict material be-
havior under high strain rates [35]. However, the traditional Johnson–
Cook model’s accuracy diminishes at extremely high strain rates [36].
To address this, a modified Bilinear Johnson–Cook (BJC) model was
used:

𝜎 = (𝐴 + 𝐵 𝜀𝑛)
[

1 + 𝐶 𝑙 𝑛(1 + 𝜀̇ )
][

1 − ( 𝑇 − 𝑇𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 )𝑚
]

(1)

𝜀̇0 𝑇𝑚𝑒𝑙 𝑡 − 𝑇𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛

3 
Table 1
Parameters for Bilinear Johnson–Cook model
for Ti-based powders [37,38].
J-C Parameter CP-Ti Ti–6Al–4V

A [MPa] 390 862
B [MPa] 481.61 331
n 0.319 0.34
𝐶1 0.0194 0.012
𝐶2 0.041 0.029
m 0.655 0.8
𝑇𝑚[𝐾] 1933 1974
𝜖̇0 1 1

𝐶 =

{

𝐶1 𝜀̇𝑝 < 𝜀̇𝑐
𝐶2 𝜀̇𝑝 ≥ 𝜀̇𝑐

(2)

The BJC model uses two sets of constants for different strain rate
egimes, enhancing accuracy at high strain rates.

To implement the BJC model, a subroutine code was developed
nd integrated into ABAQUS, allowing the simulation of the bi-linear
tress–strain behavior of the Ti-based powders during the cold spray
rocess.

The bi-linear Johnson–Cook parameters for CP-Ti and Ti–6Al–4V
owders, used in the simulations, were obtained from previous studies
nd are provided in Table 1 [37,38]. These parameters are crucial for

accurately representing the material response and capturing the plastic
deformation behavior during impact and bonding.

Brittle cracking criteria, based on Hillerborg et al. [39], were used
to model damage in the titanium oxide layers. This approach identi-
ies and removes failed meshes within the oxide layers, representing
ections that have cracked or failed due to particle impact.

Oxide behavior was modeled using the Rankine criteria [40], which
etects cracks based on tension softening and stiffening, representing
ode I fracture behavior. Crack propagation was assessed using frac-

ure energies for Modes I and II, with key parameters derived from
olecular dynamics simulations.

A mesh sensitivity analysis was conducted to ensure the reliability
and accuracy of the simulations. This analysis determined that a mesh
size of 1

50𝑑𝑝 (where 𝑑𝑝 is the particle diameter) provided acceptable ac-
uracy with minimal differences in maximum equivalent plastic strain

compared to finer mesh sizes.
Adaptive meshing was used to optimize deformation and heat gen-

eration modeling near the impact area. The substrate was divided
into smaller partitions and meshed according to distance from the top
surface, facilitating faster convergence during simulations.

Two sets of finite element simulations were performed: the first
explored the effects of topical nano oxide films on crater diameter for
both Ti–6Al–4V and CP-Ti powders, while the second investigated the
ffects of powder impact, particle radius, velocity, and oxide thickness.

Analyzing the resulting crater diameters provided insights into these
parameters’ influence on the cold spray process for Ti-based powders.

A summary of the parameters used in the finite element simulations
is provided in Table 2, offering a comprehensive overview of the
imulation setup and conditions. The table references experimental

works that informed the selected ranges for cold spraying titanium
powder.

Damage models were incorporated to capture material behavior
during deformation and failure. For Ti–6Al–4V, a Johnson–Cook dam-
age model was employed, which is effective for high strain rate condi-
ions [44]:

𝜀̄𝑝𝑙𝑓 =
[

𝑑1 + 𝑑2𝑒𝑥𝑝(𝑑3
𝑝
𝑞
)
][

1 + 𝑑4𝑙 𝑛(
̇̄𝜀𝑝𝑙

𝜀̇0
)
](

1 + 𝑑5
𝑇 − 𝑇𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛

𝑇𝑚𝑒𝑙 𝑡 − 𝑇𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛

)

(3)

Parameters 𝑑1 to 𝑑5 are experimentally measured constants re-
ported by Kay [44], with values of −0.09, 0.27, 0.48, 0.014, and 3.87,
respectively.
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Table 2
Parameters that are changed to study their effect on the cold spray process.

Parameter [Units] Range

Impact Velocity, V (m/s) [41] 600, 700, 800, 900a, 1000, 1100, 1200, 1300
Oxide Thickness, t (nm) [42,43] 1, 2, 3.8a, 5, 7
Diameter of particle, D (μm) 10, 20, 30a, 40, 50, 60

a The base numbers used for parameter studies.

For CP-Ti, a ductile damage model was used [45], which predicts
crack nucleation and growth based on stress triaxiality and strain rate.
The damage criterion is given by:

𝜔𝐷 = ∫
𝑑 ̄𝜀𝑝𝑙

𝜀̄𝑝𝑙𝐷(𝜂 , ̇̄𝜀𝑝𝑙)
(4)

This model effectively captures the behavior of materials with duc-
tile deformation and failure. Detailed parameters for the CP-Ti ductile
damage model can be found in the referenced study.

Incorporating these damage models into the simulations allows an
accurate representation of Ti–6Al–4V and CP-Ti responses to defor-
mation and failure under cold spray conditions, providing valuable
insights into material behavior during the process.

3. Results

3.1. Oxide characterization and mechanical properties

Using an annealing–quenching method in molecular dynamics, an
amorphous structure for titanium oxide was obtained. Fig. 2 illustrates
the mean square displacement of the titanium atoms during the an-
nealing step. For the first 1.5 nanoseconds of the simulation, the atoms
exhibited a diffusion constant of 4 × 10−9 m2/s. Despite fluctuations
in the diffusion rate, the average rate remained constant during this
period. After 1.5 nanoseconds, the diffusion rate dropped to near zero,
indicating that the atomic positions stabilized with minor fluctuations.

Following the annealing step, quenching and equilibration were
performed. The final structure obtained was used to analyze the partial
pair functions for Ti–Ti, Ti–O, and O–O. Fig. 3 displays these pair func-
tions. The peak positions correspond to the nearest neighbor distances.
In the Ti–Ti partial pair function, a slight peak is observed before the
main peak, indicative of edge-sharing titanium pairs, while the sec-
ond peak represents corner-sharing pairs. Comparisons across repeated
models reveal that the ratio of corner-sharing pairs consistently exceeds
that of edge-sharing pairs [46]. However, due to the amorphous nature
of the structure, these peaks are less defined compared to those in
crystalline titanium oxide (e.g., rutile). In contrast, the O–O pair func-
tion lacks distinct edge/corner-sharing features, further confirming the
amorphous structure. The nearest neighbor distances in the O–O, Ti–O,
and Ti–Ti pairs are 1.92 Å, 2.56 Å, and 3.58 Å, respectively. The higher
density of oxygen atoms results in closer packing among oxygen atoms
and between oxygen and titanium atoms, whereas the titanium atoms
are more shielded by oxygen, leading to a greater distance between
titanium atoms.

The average coordination number of titanium atoms was deter-
mined from the Ti–O partial pair function by integrating the area under
4 
Fig. 2. Mean square displacement plot of Titanium atoms in the titanium oxide
structure with respect to time. The trendline shows the diffusion rate of Ti atoms
during this simulation.

the first peak. This yielded a coordination number of 4.37, consistent
with measurements by Petkov et al. [47] for amorphous titanium oxide.

Angular distribution analysis was performed to assess the average
atomic positioning. The major peaks in the Ti–O–Ti angular distribution
closely resemble those of crystalline oxides, as noted by Rino et al. [48].
However, the peaks are smaller and more blunt due to the amorphous
nature. Fig. 4 shows double peaks in the O–Ti–O, Ti–O–Ti, and Ti–Ti–
O angle distributions, reflecting edge-sharing and corner-sharing pairs.
The first peak corresponds to edge-sharing pairs, while the subsequent
peak represents corner-sharing pairs. Unlike in crystalline systems,
these peaks are more dispersed and less pronounced.

It should be noted that although the annealing–quenching method
is a rapid approach to obtaining the amorphous structure, it tends
to produce an excess of octahedral structures. This is because many
interatomic potentials, including the SMTB-Q used here, are optimized
for crystalline phases like rutile and anatase, leading to some errors in
the results.

Subsequently, a tensile test was conducted on the amorphous struc-
ture. The stress–strain curve from this simulation is shown in Fig. 5. The
test was performed at two strain rates. Rida et al. [31] indicated that
Young’s modulus is strain rate-independent below 5 × 105 s−1, while
strain rates above this threshold affect Young’s modulus. The results
demonstrated no significant difference in Young’s modulus at strain
rates of 104 s−1 and 105 s−1. However, the yield stress increased by
approximately 30% at the higher strain rate. Young’s modulus for both
rates was 42.4 GPa, with ultimate stresses of 1.65 GPa at 104 s−1 and
2.13 GPa at 105 s−1. For finite element analysis, the lower strain rate
values were used due to their greater reliability and closer alignment
with experimental conditions.

3.2. Influence of topical oxide layers on cold spray process

Previous studies on the impact of titanium particles on titanium
substrates have largely overlooked the presence and influence of topical
oxide layers [49,50], with few investigations into their effects on other
materials [22,51]. Despite their nano-scale thickness, these oxide layers
possess significant strength and energy absorption capabilities. As a
result, some of the oxide layers may remain intact upon impact. Addi-
tionally, small amounts of oxide between the particle and substrate can
act as weak links within the system, as the intermolecular interactions
between the oxide layer and titanium are weaker than those between
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Fig. 3. Partial pair correlation functions for amorphous titanium oxide model obtained
from molecular dynamics.

titanium atoms, making fracture initiation more likely at these weak
oints [52].

Understanding the relationship between impact velocity and
article–substrate interaction is crucial for optimizing the cold spray
rocess and achieving the desired coating properties. Fig. 6 demon-

strates how impact velocity affects particle shape, bonding mechanisms,
and efficiency. Results show that within the velocity range of 600 to
1200 m/s, the interface between the substrate and particle expands as
impact velocity increases, leading to a larger contact area. However, at
the highest velocities of 1000 and 1200 m/s, no significant increase in
impact area is observed.

Figs. 7a and c illustrate the effect of topical nanosized oxide layers
on the splat crater diameter. The presence of a stiff and strong oxide
ayer limits the compression of the particle compared to particles
ithout TiO2, resulting in a smaller splat crater diameter when an
xide layer is present. Figs. 7b and d further demonstrate that a portion
f the oxide layer remains intact post-impact and is not completely
emoved by impact or subsequent jetting forces, as similarly observed
y Rahmati et al. [22] and Navabi et al. [51]. This indicates that small

oxide layers are likely to remain at the interfaces between cold-sprayed
powders (CP-Ti or Ti–6Al–4V) and their substrates.

The presence of oxide layers also affects impact-induced tempera-
tures. With an oxide layer present on the particle and substrate surfaces,
temperatures do not exceed 990 K for CP-Ti and 1045 K for Ti–6Al–
4V, as shown in Fig. 8. These temperatures are significantly lower than
hose observed without an oxide layer (1183 K for CP-Ti and 1342 K
or Ti–6Al–4V). The lower temperatures are attributed to the absorption
f kinetic energy by the oxide layer, which is mostly expelled from the
nterface, resulting in reduced energy absorption by the substrate. The
emperature evolution in both titanium grades is similar, though the
aximum temperature in CP-Ti is lower due to its higher ductility.

The crater ratio, representing the ratio of the crater diameter to the
particle diameter, normalizes the crater size relative to the particle size.
For Ti–6Al–4V powders, the crater ratio is 0.78 without an oxide layer
and 0.55 with an oxide layer. For CP-Ti powders, the corresponding
values are 0.83 without an oxide layer and 0.75 with an oxide layer.

his demonstrates the significant energy absorption of the oxide layer
nd its importance in optimizing cold-spray parameters.

Fig. 9a to 9c show how different parameters affect the crater ratio
in the cold spray of CP-Ti or Ti–6Al–4V powders. The presence of a
trapped oxide layer, as depicted in Fig. 7, is also noted. The crater ratio
ncreases with impact velocity due to higher particle kinetic energy,
5 
leading to greater fracture stress in the oxide layer and a reduced radius
of undamaged oxide as impact velocity increases.

Conversely, higher oxide thicknesses result in a lower crater ratio
due to the increased energy required to break a thicker oxide layer. The
radius of the residual oxide decreases with increased oxide thickness.
Finally, the crater ratio slightly decreases with increasing particle di-
ameter, but the ratio of the radius of the residual oxide to the particle
diameter remains relatively constant. This is explained by the larger
area undergoing pure compression in larger particles, which does not
ail during impact.

In summary, Fig. 9 indicates that particle diameter has a modest
impact on the final residual oxide, whereas the impact velocity and
exposure time of the oxide to ambient air significantly influence the
residual oxide in the coated layer.

4. Discussions

The finite element simulations have revealed the substantial im-
act of nanoscale oxide layers on cold spray impacts (Fig. 7). These

oxide layers are crucial for energy absorption before oxide fracture
and splat deformation, thereby mitigating impact forces and reducing
deformation severity on the substrate. However, the presence of these
oxide layers can weaken the adhesion properties between the deposited
particles and the substrate, potentially affecting the overall strength
and integrity of the cold-sprayed coating.

Stress concentrations around the deposited particles can lead to
crack initiation and growth, contributing to potential fatigue failure.
These stress concentrations arise from material heterogeneity between
the oxide layer and the substrate, geometric irregularities, and interfa-
cial defects, which negatively impact the long-term performance and
durability of cold-sprayed coatings.

The interplay between topical oxide layers, adhesion properties,
and stress concentrations during cold spray impacts is crucial for op-
imizing the process and designing coatings with enhanced adhesion
nd mechanical properties. Different parameters significantly affect
rater ratios and unbroken oxide radii (Fig. 9). CP-Ti shows higher

crater ratios and lower unbroken oxide radii compared to Ti–6Al–4V,
indicating better bonding characteristics for CP-Ti during the cold spray
process.

As impact velocity increases, crater ratios tend to increase, while
residual oxide radii decrease. This promotes increased bonding due
o the compression of the trapped oxide layer and expansion of the
onding area. However, very high velocities can lead to erosion, ne-
essitating a balance to optimize bonding while minimizing material

loss.
It is important to recognize the limitations of this disjointed ap-

proach at molecular and continuum scales. One significant limitation is
he exclusion of grain structure effect and recrystallization [24,53,54].

The grain boundaries in the particles play a crucial role in absorbing
impact energy and thus, influence the splat morphology and bonding.
Additionally, the current model lacks an accurate representation of
yielding and strain-hardening behavior in the substrate. Although the
bi-linear Johnson–Cook model is calibrated against experimental data
to approximate the material’s response, the absence of grain boundaries
and grain structures leads to a divergence between the simulation
results and the experimental observations. Addressing this discrepancy
will require incorporating more advanced modeling techniques, such as
crystal plasticity or coupled atomistic-to-continuum (ATC) simulations,
o better capture the true material behavior during impact.

Topical oxide layers also influence temperature behavior during
the cold spray process. Oxide-coated particles exhibit slower heating
rates but eventually reach similar asymptotic temperatures as non-
oxide-coated particles. The higher asymptotic temperatures observed
for Ti–6Al–4V suggest more favorable conditions for diffusion bonding
and geometrical interlocking, enhancing bonding strength [55]. In-
creased oxide thickness requires more elastic bending before interfacial
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Fig. 4. Normalized density of bond-angle distribution function for possible bonds in the amorphous titanium oxide obtained from molecular dynamics.
Fig. 5. Normalized density of bond-angle distribution function for possible bonds in
the amorphous titanium oxide obtained from molecular dynamics.

Fig. 6. Particle shape under different impact velocities, (a) 600, (b) 800, (c) 1000,
and (d) 1200 m/s.
6 
Fig. 7. (a) Stress distribution in the CP-Ti particle at the end of impact, (b) cracks
formed in the oxide layer of CP-Ti particle, (c) stress distribution in the Ti–6Al–4V
particle at the end of impact, (d) cracks formed in the oxide layer of Ti–6Al–4V particle.

or substrate failure, which reduces the available energy for splat and
substrate deformation and decreases crater ratios.

Understanding the slower heat transport through oxide layers com-
pared to crack propagation velocities helps predict and control crack
formation, optimizing bonding and adhesion between powders and sub-
strates. The cracking of oxides during cold spray deposition is crucial
for bonding and contact between metal particles and the substrate,
with metal-on-metal contact occurring in areas where the oxide layer
cracks, allowing bonding through diffusion, adhesion, and mechanical
interlocking.

However, the brittle nature of oxide layers presents challenges for
bonding, as their high strength and low thermal conductivity restrict
energy transfer and inhibit strong bond formation. Residual oxide por-
tions between metal particles and the substrate can weaken interfacial
strength and limit metal-to-metal contact. The specific characteristics
of different Ti alloys and contact parameters influence the behavior of
oxide films in Ti alloys, affecting bonding outcomes and the overall
performance of sprayed coatings.

To summarize, Fig. 10 presents a schematic of the cold spray process
of a single particle impacting the substrate. Unlike the finite element



M. Vandadi et al. Computational Materials Science 246 (2025) 113454 
Fig. 8. Temperature evolution in the oxide layer and substrate vs time in CP-Ti and
Ti–6Al–4V.

simulations in this work, particles in practice exhibit roughness and
sphericity, resulting in further fracture of the oxide layer. Thus, the
residual oxide values reported here represent upper estimates. Despite
this, controlling particle diameter and optimizing crater ratios enhance
contact and bonding between powder particles and substrates in cold
spray deposition processes, improving deposition efficiency and coating
quality [56]. The presence of nanoscale oxide films profoundly impacts
deformation mechanisms and cracking phenomena during cold spray,
which is essential for achieving desired coating properties and ensuring
the integrity and reliability of the coatings.

5. Conclusion

In summary, this study investigates the effects of topical nanoscale
Ti oxides on the cold spray mechanisms of CP-Ti and Ti–6Al–4V pow-
ders on substrates with the same material. The key conclusions of the
research are as follows:

1. The oxide layers on the surface of the examined powders had
an amorphous structure which has lower mechanical properties
compared to crystalline TiO2.

2. CP-Ti, being weaker and more deformable than Ti–6Al–4V,
shows larger contact areas, enhancing the bonding in CP-Ti
powders during cold spraying compared to Ti–6Al–4V.

3. Deposition efficiency improves as impact velocities increase
from 600 to 800 m/s. However, at higher velocities (1000–
1200 m/s), there is no significant change in deposition efficiency
and contact areas at the substrate-particle interface.

4. Topical nanoscale oxides increase the required critical impact
velocities for effectively bonding Ti and Ti–6Al–4V powders to
same-material substrates.

5. Residual oxide portions between metal particles and the sub-
strate weaken interfacial strength and limit metal-to-metal con-
tact.

6. Cold spraying of Ti-based powders on same-material substrates
involves splat deformation and topical oxide deformation and
cracking, resulting in localized heating and temperatures ex-
ceeding the recrystallization temperatures of the Ti-based alloys.
This allows for diffusion bonding and the formation of deformed
surfaces that can conform through geometrical interlocking.
7 
Fig. 9. Results of finite element modeling under different conditions, effect of (a)
velocity, (b) oxide thickness, and (c) particle diameter on the crater ratio and radius
of the residual oxide.

Fig. 10. Schematic of the cold spray process with the surface oxide.
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