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Cold spray technology provides protective coatings, additive manufacturing and repair to a wide array of in-
dustrial sectors. Alternative tags for cold spray include, kinetic metallisation, kinetic fusion, hypersonic spray,
gas dynamic cold spray, cold spray printing, and cold spray additive manufacturing. These processes employ the
same physics principles of accelerating micrometre-sized particles to supersonic velocities that impact and
adhere onto a suitably prepared substrate. Numerical modelling has been used extensively to study particle
impact modelling. The prediction of critical velocity, deformation mechanism and, more recently, residual
stresses have been areas of interest that have been evaluated by numerical methods such as Lagrangian, Eulerian,
Smoothed Particle Hydrodynamics, Coupled Eulerian-Lagrangian, and Molecular Dynamics. The crucial findings
of these models are summarised, and their comparative outcomes assessed with a critical analysis of their merits
and weaknesses. The process parameters applied in the simulations such as particle diameter, impact velocity,
pre-heat temperature and material chemistry is compiled. The experimental techniques used for residual stress
measurements; such as X-ray diffraction, neutron diffraction, material removal, curvature measurement and

deformation techniques, are concisely reviewed from the context of being applied to cold spray deposits.

1. Introduction
1.1. Cold spray technology

Cold spray (CS) technology belongs to the group of thermal spray
processes in which micrometre-sized particles (5-100 pm) are acceler-
ated to supersonic velocities (300-1200 m/s) through a de-Laval nozzle
to impact a substrate and form a coating [1-3]. Unlike thermal spray
coating, in CS technology, the particle temperature is lower than its
melting point [2,3]. Adhesion to the substrate and internal splat-to-splat
cohesion is achieved largely through metallurgical bonding and me-
chanical interlocking caused by the increased local plastic deformation
in the particle/substrate interface [2,4,5]. Since CS processing takes
place at a much lower temperature than conventional thermal spray
technology, then common issues such as oxidation, melting, evapora-
tion, thermal residual stresses and phase transformation can be avoided
[5-8]. CS coatings are used in manufacturing and heavy machine in-
dustries: for example, aerospace, automotive, medical, marine and other
fields. The coating protects the substrate from aggressive environments
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such as low temperature corrosion from fluids, oxidation at high tem-
perature, and harsh reactive environments. CS has found extensive niche
applications in additive manufacturing (known as CSAM, cold spray
additive manufacturing) to manufacture components and for repair
overhaul [5,9-12]. Residual stresses are developed during coating
deposition and have been found to significantly impact component life.
As the impact dynamics are boundary conditions that control the
development of residual stress, it is important that the influence of CS
processing parameters be fully understood.

The impact velocity of the particle plays a vital role in the splat
deformation and bonding mechanism between the particle and the
substrate [13,14]. The particles must be deposited at a critical minimum
velocity that leads to adiabatic shear instabilities (ASI), which causes
metallurgical bonding due to explosive cladding [15,16]. When a par-
ticle impacts the substrate there are changes in temperature and plastic
strains that are depicted in Fig. 1a. This leads to localized heating that
then leads to localized plastic flow, which is also known as adiabatic
shear. There is a point of thermal instability known as ASI that arises
when thermal softening becomes larger than the rate of strain hardening
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Fig. 1. Schematic representation of the jet formation due to (a) Adiabatic Shear Instability, first proposed by Assadi et al. [15] and (b) Hydrodynamic Plasticity
proposed by Hassani et al. [18]. TS = thermal softening, SRH = strain rate hardening, V., = edge velocity, Vs = shock velocity.

[17]. At this point of instability, jetting is found to occur in the periphery
of the particle. But a recent hypothesis claims that the bonding is due to
hydrodynamic plasticity and not ASI [18]. This study performed simu-
lations with and without thermal softening and found that the plastic
strain distribution and particle deformation was similar. It was argued
that the jetting was caused due to pressure release and not ASI. Pressure
waves are generated as the particle impacts the substrate. The generated
pressure waves are compressive and are non-uniformly distributed in
the particle and substrate (Fig .1b). The two velocities of interest are V,
(edge velocity) and Vi (shock velocity). During the early stages V, >V;
but a point is reached when Vs >V,. This is the point where the hydro-
dynamic stresses exceed the flow strength of the material and jetting
occurs [18-20]. Other studies dealing with hypervelocity impacts such
as liquid droplet impact, shaped-charge jetting and explosion welding
have also concluded that the jetting is caused due to the pressure release,
hence agreeing with this mechanism [19,20]. The paper proposing

hydrodynamic plasticity [18] as the mechanism for the bonding rather
than adiabatic shear instability (ASI) led to a debate between Assadi
etal. [21] and Hassani et al. [22]. The discussion points by Hassani et al.
[22] are convincing; however, further investigations are worthwhile to
examine any validity for ASI can completely be ignored.

The critical velocity of the particle is a material-specific parameter
defined by the material properties of density, particle size and
morphology [13,23]. These mechanisms of adhesion can be investigated
by experimental studies; but herein lie fundamental practical limita-
tions. For example, when a CS particle impacts a substrate, significant
plastic deformation takes place for 0-100 ns; resulting in very high
strain-rates (about 107 s~!) [4]. The impact process and particle defor-
mation cannot be acutely observed during coating deposition. In fact,
experimental analysis of single and multiple impacts relies on post
coating analysis. Numerical methods can, therefore, provide insights
concerning the understanding of the impact and deformation processes.
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Fig. 2. Number of reported publications on cold sprayed particle impact numerical models and the yearly rise in the number of citations (until July 2020).
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1.2. Overview of modelling methods

Table 1 lists the advantages, disadvantages, computational accuracy
and efficiency of the different modelling techniques used to model cold
spray particle impact. And Table 2 list numerical modelling process
parameters for particles impacting a substrate. The bulk of the published
work studies the effect of particle size, impact velocity and particle/
substrate preheat temperature. Many numerical simulations have been
developed to study the impact and deformation process of the particle
and substrate under different constraints such as material combination
[2,4,14,15,24], impact velocity [4,14,25], particle diameter [4,26], pre-
heating temperature [3,27], mesh size [13], impact angle [13] and
impact configuration [28]. Methods for modelling particle impact
include Smoothed Particle Hydrodynamics (SPH), the Lagrangian
method, Arbitrary Lagrangian Eulerian (ALE) and the Eulerian method
[27,29]. There have also been studies conducted by Coupled Eulerian-
Lagrangian (CEL) and Molecular Dynamics [18,30].

The Lagrangian method has been widely used to model high-velocity
impact but there is an issue of excessive mesh distortion that leads to the
termination of the program. Other issues include very high plastic strain,
rebound of particles and unrealistic deformation of the particle and
substrate. Some publications use adaptive meshing e.g. ALE in the
Lagrangian method to provide a strain history that is sequenced with
respect to the deformation time [27,31-36]. Another advantage of using
the Lagrangian method is the use of the axisymmetric method with heat
transfer that reduces the computational time significantly. With the
advancement in computational software, Eulerian methods have been
used widely because the deformation simulation is comparable to
experimental observations. But one disadvantage of using the Eulerian
method is that the contact properties, for instance, conductance and
coefficient of friction, cannot be varied since the software (e.g., Abaqus
FEA) employs default contact interactions [37]. This software limitation
can be overcome by using the Coupled Eulerian-Lagrangian (CEL)
method in which the particle is Eulerian, and the substrate is
Lagrangian. SPH is another form of the Lagrangian method in which the
elements are discretized as particles; as demonstrated by examples based
on this method [26,38-41]. Molecular Dynamics (MD) is also being used
to model nano-particle impact to study dislocation and adhesion
mechanisms [30].

Fig. 2 depicts the yearly publications and citations of various finite
element models in peer-reviewed journals. The Lagrangian method has
been the most used method due to its availability in commercial soft-
ware. However, there has been a reduction in the number of publications
from 2017 and the usage of other methods such as CEL and Eulerian
have increased. Most of the numerical models (n = 84) use Lagrangian
formulation, while n = 23 for Eulerian, n = 17 for SPH, and n = 10 for
CEL. There has been a steady increase in citations with every year
showing that numerical modelling is a highly researched topic that is
heading towards interlinking multi-scale models. The use of MD simu-
lations, which is adept at studying stress, strain and temperature effects
under high-speed impacts, is noticed in Fig. 2. Several MD simulations
have examined dislocations and other microstructural changes using
Quasi Coarse-Grained Dynamics (QCGD) [42,43]. However, the particle
sizes are in the range of nanometres (nm), which are difficult to relate to
CS practice.

1.3. Model assumptions

There are basic assumptions considered when modelling the particle
impact. In most of the cases, the particle is assumed to be perfectly
spherical. This condition may not be valid in experiments since there can
be deviations from spherical morphologies [36]. Additionally, small
satellites can be attached to particles that arise from powder
manufacturing processes such as atomization [44]. Another assumption
is that the impact velocity for multiple particle impacts is simplified to
have the same velocity. But in experiments, there is a velocity
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distribution based on the particle size distribution [44].

It has been observed that only some numerical models consider heat
transfer, which is a limitation since an important outcome is to predict
critical velocity. For instance, numerical studies coupled with experi-
mental validation show that the critical velocity decreases as the initial
particle temperature is increased [29,45]. Therefore, consideration of
heat transfer within the model improves the validation accuracy.

There are other phenomena that cannot be modelled or are difficult
to model by finite element methods. These phenomena include the effect
of surface roughness, micro-cracks at the interface, stresses due to phase
transformation, stress relaxation, coating-substrate bonding, splat-splat
bonding, and interactions among these material behaviours [6,46].
These are important phenomena that influence cold spray technology
and, especially, residual stresses predicted without these phenomena
might not be accurate. Furthermore, the material properties used for the
residual stress modelling can affect the residual stress profiles obtained
[47]. Section 7 on ‘Future research’ provides techniques that address
these issues for researchers.

1.4. Residual stresses

Residual stresses affect the integrity, performance, service life, fa-
tigue performance and corrosion resistance [48,49] of coated compo-
nents. There have been experimental studies dedicated to measuring
residual stresses in CS coatings and its effect on coating adhesion and
fatigue life of the component [23,50-53]. The residual stresses formed in
the cold sprayed coating is mostly compressive due to the plastic
deformation and peening effect [49,54]. There are different stresses
formed during and post particle impact that affect the final residual
stress state in CS coatings [55]. These three stresses are listed below.

(a) Peening stress: The high impact velocity of the particles causes
compressive stresses in the coating. The underlying mechanism is
comparable to the shot peening process used in engineering
components to impart compressive stresses. Peening stresses
improve the fatigue life and delays crack propagation in
components.

(b) Quenching stress: Quenching stress is caused due to the
contraction of the impacted particle that is restricted by the un-
derlying coating or substrate. Quenching stresses are tensile due
to the restricted contraction of the splat that is at a higher tem-
perature, and the underlying coating or material that is at a lower
temperature. Quenching and peening stresses are often grouped
and referred to as deposition stresses.

(¢) Thermal stress: Thermal stresses are caused due to the difference
in coefficient of thermal expansion (CTE) of the coating and
substrate. The stresses can be tensile or compressive depending
on the mismatch of CTE. For example, tensile stresses will be
formed in the coating and compressive stresses in the substrate if
CTEcoating > CTEsybstrate-

Thermal and quenching stresses do not affect largely the residual
stress state in CS coatings due to the lower deposition temperatures. The
thermal stresses are magnified for substrate temperatures greater than
400 °C [56,57]. Thermal and quenching stresses can be ignored if
temperatures are lower than 400 °C.

Residual stresses can be measured by experimental techniques such
as Xray diffraction (XRD) [58-68]; neutron diffraction
[55,65,66,69-82]; curvature measurements [49,62,83,84]; material
removal such as hole-drilling and layer removal [60,62,68,79,83-87];
digital image correlation [88]; deformation measurements such as strain
gauges [89]; the contour method [71,72]; the ring-opening test [90-93];
and nanoindentation [94]. There are limitations to experimental tech-
niques: they take time and resources to obtain accurate residual stress
values [95]. There are also differences in the experimental methods of
measuring residual stress; e.g., the layer removal and hole drilling
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Fig. 3. Formation of jet for a 25 pym Cu particle impacting Cu substrate with an impact velocity of 550 m/s. Particle and substrate are at room temperature (295 K).
Contact time are represented. The impact was simulated using the axisymmetric Lagrangian method in Abaqus FEA. Image adapted from [103].

methods rely on the three-dimensional strain distribution during a
destructive measurement, whereas X-ray and neutron diffraction tech-
niques rely on the interatomic spacing of selected crystalline peaks to
measure residual stress [55,76,79,89].

The verification of a finite element (FE) simulation of residual stress,
therefore, requires a comprehensive understanding of the nature of re-
sidual stress measured in the experimental and modelling results. Hence,
residual stresses in the cold sprayed coating can be measured using
numerical simulations [57,88]. The common methods used for residual
stress modelling are temperature-displacement coupled Lagrangian,
Eulerian and Coupled Eulerian-Lagrangian methods [18,29,47,96].
Commonly used commercial software for modelling residual stress in CS
coatings include Abaqus FEA owned by Dassault Systems Simulia
(Johnston, RI, USA) and Ansys/LS-DYNA (Canonsburg, PA, USA).

Table 3 shows numerical models that have studied residual stresses
in cold sprayed coatings. Table 4 summarises experiments that have
measured residual stresses in cold sprayed coatings. Tables 3 and 4 will
be discussed further in Sections 5.1 and 5.2 respectively.

1.5. Prior review documentation

There are limited review papers on the numerical modelling of cold
spray impact. Wen Ya Li et al. [45] summarises the effect of impact
velocity, impact angle, pre-heating and prediction of critical velocity.
Wen Ya Li et al. [29] also summarise numerical models using the
Eulerian method and mention residual stresses. Review papers, sum-
marised in Table 5, address the bonding behaviour [9,97,98], the effect
of process parameters [5,7,99,100], particle deformation [6,7,45], and

residual stresses [29,101,102] in cold sprayed coatings.

This current review addresses particle impact numerical modelling
in association with residual stresses. This work summarises numerical
methods for modelling particle impact and residual stresses; thereby
providing deep insights into the strategies for modelling of residual
stresses.

2. Particle deformation and bonding mechanisms

There have been several theories for the bonding mechanism in cold
sprayed coatings, but adiabatic shear instability (ASI) is the theory
agreed upon by a majority of researchers
[6,7,9,15,29,45,97-99,101,103]. ASI is caused when a particle travels
with or above its critical velocity and impacts the substrate. Critical
velocity refers to the particle impact velocity above which the particle
bonds to the substrate. The critical velocity differs with materials, par-
ticle size, pre-heat temperatures and impact angle [45]. ASI was first
proposed by Assadi et al. [15] through their numerical and experimental
work as being responsible for the bonding of cold sprayed coatings. This
was confirmed by Grujicic et al. [103] and since then similar studies
[13,25,27-29,45] have been exploited to predict critical velocities for
different material combinations. However, it was proposed by Hassani et
al [18] that hydrodynamic plasticity is the reason for bonding and not
ASI [21,22].

When a particle impacts the substrate with or above its critical ve-
locity, a pressure field is generated and propagates within the particle
and substrate at their point of contact. The pressure field causes a shear
load that pushes the material in the horizontal direction, and this causes
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Fig. 4. The relation between critical velocity, Vickers Hardness, ratio of Young’s modulus and yield strength for some of the commonly used materials in cold spray
coatings (Data is obtained from papers in Table 2 and Hardness data from databases such as Azom and Matweb [248-256]).
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localized shear straining. Under critical conditions, the shear loading
leads to an ASI where thermal softening dominates over local strain and
strain rate hardening [98,103,104]. ASI causes the material to flow in a
viscous manner outward and causes the jet formation that is typical of
cold sprayed coatings. Fig. 3 shows the jet formation in the finite
element simulation performed by Grujicic et al. [103]. The onset of ASI
is used to predict the critical velocity and other processing parameters.

Physical bonding, also termed as mechanical bonding, and metal-
lurgical bonding has been suggested as mechanisms that enhance
coating adhesion to the substrate [9]. Hence, critical velocity is an
important parameter that has also been explored to investigate bonding.
For example, Fig. 4 compiles the critical velocities of different materials
plotted against the Vickers hardness of the CS coating. Note that each
data point represents identical particle and substrate materials; i.e.,
spraying particles of chemistry ‘A’ against an ‘A’ substrate. It is seen that
there is a linear relationship between the critical velocity and Vickers
hardness. The Young’s modulus and yield strength ratio display a linear
relation with the critical velocity, which shows that the critical velocity
must be higher to obtain successful bonding in harder materials and vice
versa. The Young’s modulus/yield strength ratio is plotted to view the
elastic to plastic transition in metals and alloys. Materials with a lower
Young’s modulus and yield strength ratio, such as Ti-6A1-4V, IN718 and
SS316, require higher impact velocities for bonding. This is due to the
elastic to plastic transition that is required for bonding between the
coating and substrate, which occurs at higher velocities for these
materials.

Table 6 represents the mechanical and thermal properties of the
materials being studied. It is seen that there is a notable relation between
the thermal properties and critical velocity. High critical velocities are
associated with materials of low thermal diffusivity; noting that thermal
diffusivity is thermal conductivity divided by density and specific heat
capacity. This velocity-thermal diffusivity relationship is related to the
assumption of ASI since a particle impacting a material with high
diffusivity will attain thermal instability quicker than for materials of
lower diffusivity. Such correlations can benefit industrial outcomes and
further improvements to understanding CS formation mechanisms
include dissimilar material combinations, pre-heating and particle size
affects.

3. Material properties
3.1. Elastic properties

The elastic behaviour of the particle and substrate can be predicted
using temperature-dependent data of Young’s modulus (E) with respect
to Poisson’s ratio (v). The parameters E and v must range from room
temperature up to and above the melting point of the material. Some
studies indicate that the temperature at the particle/substrate interface
can reach above its melting point in the early stages of impact [27,81].
The intermolecular potential for solids at high temperature was devel-
oped by Gustav Mie (in 1903) [105]. The form of this relationship was
extended by Gruneisen (in 1912) giving rise to the Mie-Gruneisen
equation of state (EOS) that captures elastic behaviour [47]. EOS is a
thermodynamic equation describing the characteristics of solids and
fluids. The internal energy and pressure of the material can be charac-
terized by the following relations [47,106]:

e(V,T) = e,y (V) +er(V,T) (@]

F(‘;/)eT(M T) (2)

p(V T) =Py +

where V = /p denotes the specific volume, T denotes the temperature, p

is the pressure, e is the internal energy and I' is the Gruneisen parameter
that represents the thermal pressure from a set of vibrating atoms. The
subscript ref refers to parameter at the reference temperature while (V,
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T) refers to the parameter at certain volume and temperature [47,96].
Combining Egs. (1) and (2), the common form of the Mie-Gruneisen EOS
is obtained [107]:
r
p—pu =7 (En—En) 3)
\%4
where py and Ey are pressure and internal energy from the Hugoniot
approximation. A ‘Hugoniot’ is a mathematical approximation from the
pressure-volume (p — V) curve for materials under shock conditions
[107]. En is internal energy per unit volume. The Mie-Gruneisen
parameter I is defined as:

r—r/e @
P

where I', is material constant and p, is the reference density. Ep,
Hugoniot energy, is given by:

Ey = ’;ﬂ (5)
Po

where n = 1 — (p/p,) is the nominal volumetric compressive strain.
Combining Egs. (3)-(5), the Mie-Gruneisen EOS is rewritten as:

Iﬂ() ’7
2

P =Pu (1 - ) +rupoEm (6)

The Mie-Gruneisen EOS is represented in the linear ‘Us — Uy’
Rankine-Hugoniot1 form for numerical simulations [108]. The EOS
without phase transitions and dynamic yielding, along with a linear fit
assumption for shock velocity [47,96] as a function of particle velocity,
is represented as [109]:

Ux = Co + S[Jp (7)

where U represents the shock velocity, C, is the isentropic speed of
sound, U, is the velocity of the particle, s is a dimensionless parameter
that is related to the pressure derivative of the isentropic bulk modulus
[96]. The U; — U, result is given by:

pr)cﬂz _ 5
T (1-5) +Tup,En ®)

2

One disadvantage of the EOS method is for the need of reliable and
complete data that includes thermal expansion effects [110,111].
Commercial software such as Abaqus FEA does not include EOS and
coefficient of thermal expansion data as material properties, since it is
logically impossible [37]. This issue can be overcome by using
temperature-dependent elastic properties, such as Young’s Modulus and
Poisson’s ratio, with CTE to study residual stresses. Additionally, the
Mie-Gruneisen EOS must be used in conjunction with temperature-
dependent viscosity to obtain comparable deformation behaviour of
splats [47,96]. Even though EOS is capable of incorporating thermal
expansion effects, it is difficult to obtain reliable and complete data.
Hence, an alternative method that is often used models residual stresses
as temperature-dependent elastic properties and CTE [29,57].

3.2. Plastic properties

The traditional plastic stress/strain values do not suffice for numer-
ical modelling of high-velocity impacts because the material undergoes
a broad range of strain rates and temperatures [112]. Most of the nu-
merical simulations use models developed for specific materials.

! Rankine-Hugoniot represents the material response with an advancing
shock wave and is based on the conservation of volume, energy and mo-
mentum. This form is used as a linear expression in simulations because the
coefficient of the quadratic term is negligible.
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3.2.1. Johnson-Cook plasticity (JC) model

The Johnson-Cook plasticity formulation is suitable to model the
elastic-plastic response of the material [112,113]. The material behav-
iour at high strain rates and temperature is given by [113]:

6= (A+Be)(1+Clne)(1-T") ©

where ¢ is the equivalent plastic strain; ¢ = &/¢, is the dimensionless
plastic strain rate where ¢ is strain rate and ¢, is reference strain rate; and
T* is homologous temperature. The five material constants are A = static
yield strength, B = strain-hardening modulus, n = strain-hardening
exponent, C = strain rate-sensitive coefficient, and m = thermal soft-
ening exponent [47].

3.2.2. Preston-Tonks-Wallace (PTW) model

The PTW model was developed for metallic plastic flow under
explosive loading and high-velocity impacts [114]. The flow stress is
defined as [115]:

0:2[?_\.4-(1111[1—q;exp(—ﬁ—z—;)} }Gp (10)
a:mﬁ:?& 7?)?7(,0:6%[7(5)—1 an
prrw ¢

where 7, is the normalized work-hardening saturation stress, 7, is the
normalized yield stress, @ is strain hardening rate, ¢ is the equivalent
plastic strain, sg is the saturation stress at 0 K and ppryy is the strain
hardening constant.

3.2.3. Mechanical Threshold Stress model (MTS)

The Mechanical Threshold Stress model is a physics-based model
suitable for high strain rate and high deformation simulations [116].
The plastic shear modulus (Gp) from Eq. (10) is defined by the MTS
model [117]:

D
exp (%) -1

where Gy is the shear modulus at 0 K, D is a material constant, Ty is a
temperature material constant and T is the material temperature [115].

The work-hardening saturation stress and yield stress are obtained
from the equations below [115]:

Gy(T) = Go - (12)

P PN
T, = max{ so — (5o — S0 )erf «Tin E 1 S0 <i> (13)
& 74
; . 2 N
Ty = max{ yo — (Yo — Yoo )erf «Tln E ,min{y, <£—p) L 80 (8—”) }
& ¢ Vs

(14)

where T = T/Tm, Tm is the melting temperature, s, is the saturation
stress near the melting temperature, x is the temperature dependence
constant, y is the strain rate dependence constant, &, is the plastic strain
rate, f is the high strain rate exponent, yy is the yield stress constant at 0
K, y is the yield stress constant near melting temperature, y; is the
medium strain rate constant, y» is the medium strain rate exponent. The
unnamed parameter (é) in Egs. (13) and (14) is given by [115]:

=5 () (%7) 4

where M is the atomic mass.
PTW and MTS models were used by Cormier et al. [115] in com-
mercial Abaqus FEA software. PTW and MTS parameters use the
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subroutine ‘VUHARD’ since they are not available within the user
interface of Abaqus FEA. Few models use PTW and MTS, while the
Johnson-Cook plasticity criteria is most widely applied.

3.2.4. Zerilli Armstrong (ZA) model

The Zerilli Armstrong (ZA) model can model the plastic behaviour of
material [118]. ZA is a dislocation mechanics-based constitutive relation
that describes flow stress of metals. A modified version of the ZA model
can describe the flow stress at high temperatures [119,120]:

6= (Cy+ Ce"exp(— ((Cs + CaT)T" + (Cs + CeT")Iné" ) 16)

where ¢, is the equivalent plastic strain, ¢" is the equivalent plastic strain
rate normalized with respect to the reference strain rate <ép /é0> ;T =

T — T,, where T is the absolute temperature and T, is the reference
temperature. Cy, Cs, C3, C4, Cs, Cg and n are material constants.

Apart from elastic and elastic-plastic behaviour, other properties
such as density; coefficient of thermal expansion; thermal conductivities
of the solid and liquid; specific heat capacities of the solid and liquid;
and latent heat must be used in the simulation. All the above-mentioned
parameters, except latent heat, are temperature-dependent and values
from room temperature to the melting point must be available.

4. Numerical methods
4.1. Lagrangian model

Most of the early models used a Lagrangian model for particle impact
[3,4,13,27,28,32]. Normal impact models take advantage of the sym-
metrical nature of the impact and employ quarter [4] or axisymmetric
models [27,32] to reduce computational time significantly. The
Lagrangian method mostly uses hexahedral elements for meshing, with
the mesh refined in the particle and closer to the substrate impact area to
obtain comparable deformation behaviour and for mesh convergence.
However, mathematical truncation errors are likely in the Lagrangian
method due to severely distorted elements [32], which can be overcome
by using Arbitrary Lagrangian-Eulerian (ALE) adaptive remeshing [32].
The ALE method requires an additional computational step where
continuous remeshing, either arbitrary or in a pre-defined fashion, is
used; which can increase the computational time [14,15,25,121-124].
Additionally, previously published sources cite that there are more
drawbacks when using the ALE method [123]. For instance, unrealistic
particle deformation at high speeds [121], a decrease in equivalent
plastic strain with time [122], and underprediction of the particle/
substrate interface temperature [123] are notable drawbacks reported in
the literature. These drawbacks are highly affected by the frequency of
the remeshing increment [121], interpolation errors during the
remeshing [122], high strain gradients closer to the interface [122], and
deviation of integration and material points during remeshing [123].
The contact interactions between splats also impose restrictions on ALE.
The nodes within the contact zone cannot be automatically re-meshed
since contact interactions override the ALE routine.

Another major disadvantage in the Lagrangian model is the severe
distortion of the particle and substrate that causes the program to
terminate above a certain impact velocity [3]. This impact velocity can
be determined only when the user simulates the model. For the case of
20 pm Cu impacting a Cu substrate, Li et al. found that the program
terminates due to excessive grid distortion above 500 m/s [3].
Temperature-dependent Young’s modulus, Poisson’s ratio, density,
thermal conductivity and specific heat must be used in a dynamic
explicit temperature-dependent module for particle analysis. The plas-
ticity needs to be modelled using the Johnson-Cook plasticity model or
other similar models due to the high strain rates on impact.

As mentioned, Li et al. performed impact of Cu particle (20 pm) on
Cu substrate at an impact velocity of 500 m/s. It was concluded that the
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Fig. 5. (a) Contours of effective plastic strain for Lagrangian and Eulerian method [128], (b) Macroscopic picture for 20 mm Cu ball on low carbon steel [129].

maximum temperature and plastic strain was acting around the contact
zone and not the initial impact area. The melting of the particle or
substrate was not the bonding mechanism but bonding arose from ASI
[3]. There was no heat transfer between the particle and substrate
interface (adiabatic process), modelled after Grujicic et al. [103]. Doing
so, caused the localization of shear and the impacting particle softens
due to the heating which ultimately led to ASI. The numerical model was
then run at different impact velocities. The velocity at which the ASI
form is the critical velocity. The critical velocity for Cu particle (20 pm)
impacting Cu substrate ranged from 298 to 356 m/s and depended on
particle temperature and oxidizing conditions [13]. A study on velocity
effects was also performed using Lagrangian and ALE methods. It was
found that the meshing size affects the localized shear instability and the
deformation using the ALE method was similar to the experimental
observations [27].

Yildrim et al. [4] simulated material combinations of copper, tita-
nium, 316 L steel and aluminum with different impact velocities using
the Lagrangian method. The model was used to study the bonding be-
tween the particle and substrate bonding of different materials bonding
using a cohesive zone model. The effective interfacial cohesive strength
parameter was varied to study the bonding behaviour. The numerical
model deepened the understanding of bonding and showed the influence
of interfacial strength on critical velocity. The critical velocity estimated
is lower for high cohesive strength showing that improving surface
conditions by cleaning the oxides or contaminants improves the
bonding. This method can probably be used to study the effect of surface
preparation, although it can be difficult to estimate the cohesive
strength for different surface preparations.

Yin et al. [28] studied two 20 pm Cu particles impacting a Cu sub-
strate in parallel and sequential configurations with respect to spray
distance. Additionally, a sequential impact of three particles and mul-
tiple impacts involving five particles examined the formation of
porosity. Although the deformation in the Lagrangian method was not
comparable to experimental observations due to the distorted element in
the jet, it provided an understanding of particle-particle interaction and
porosity formation. The porosity formation during cold spraying showed
that due to the nature of the deformation of the particles, the coating is
less dense on the surface when compared to the inside of the coating.
This observation also agreed with experimental studies performed by Li
et al [125].

King et al. used Lagrangian axisymmetric with ALE remeshing for
copper particles impacting commercially pure and 7050 aluminum [32].
The numerical model was used to understand the deformation and
adhesion mechanism. Although there were earlier works using ALE
remeshing [25,27], this work was unique in terms of finding if the
bonding is due to interfacial melting and also performed experiments to

confirm this. And from the numerical and experimental study, it was
confirmed that there can be the presence of interfacial melting.

4.2. Eulerian model

The Eulerian method is suitable to model high deformation pro-
cesses, which makes it suitable for CS. The deformation behaviour of
particle impact for the Eulerian method is comparable to experimental
observations [2,3,29,57,126,127]. Li et al. first proposed to use the
Eulerian model for CS impact to overcome the elemental distortion
experienced in the Lagrangian method [27]. In the Eulerian method, the
mesh consists of 3 regions- particle or particles, the substrate and void.
Commercial software such as Abaqus FEA, allows the Eulerian method
to model one part and segments can be partitioned for other sections.
Different materials can be assigned to the regions using the multi-
material mode within Abaqus FEA [37]. The material within the mesh
can flow freely, which makes it suitable to model severe plastic defor-
mation in CS [29]. The contact between the particle and substrate
cannot be varied because the software (Abaqus FEA) incorporates
default contact interactions [37]. The Eulerian method does not allow
2D models; however this is overcome by using a single element in the
thickness direction, referred to as a Eulerian slice, to reduce computa-
tional costs. The width and height of the substrate are usually taken as
five times larger than the particle diameter [29,45]. The bulk of the CS
impact modelling work using the Eulerian method has been carried out
by Li et al. [2,3,29,57,126,127].

Li et al. [2] used a Eulerian slice to model the impact of Cu (351 m/s),
Ni (374 m/s) and Al (514 m/s) particles on Cu, Ni and Al substrates at a
mesh size of 0.2 pm. The model aided understanding of the experiments
that studied interface behaviour. The model does not make significant
advances compared to the previous models published, however the
model is used to study the interfacial temperature change and compared
to experimental observations. It was found that the interfacial temper-
ature increased to a high value but lower than the melting point. This
was found to be closer to recrystallisation temperature and it was
concluded that recrystallisation occurs.

A similar model by Yu et al. [126] used the Eulerian slice model to
study the impact of Cu particles (20 pm) on a Cu substrate at velocities
from 200 to 700 m/s to determine the critical velocity at which jetting
begins. One of the applications of obtaining critical velocity from a
numerical model previously developed by the research group
[2,3,29,57,126,127] was demonstrated in this work. The critical ve-
locity for Cu/Cu system was found to be around 290 m/s and good
deposition was observed in the range of 290 to 400 m/s, above this
splashing was found to occur. In another work, Yu et al. [127] used the
previously established model to study the effect of preheating on the
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particle impact behaviour. It was concluded that preheating helped to
form a uniform deformation pattern that was beneficial in increasing the
effective contact area between the particle and substrate.

In addition, Li et al. [57] modelled the impact of a Cu particle (20
pm) impacting Cu and Al substrates using the Eulerian slice model with
heat transfer to study residual stresses. This was a significant advance-
ment in cold spray modelling. The period of the simulation was set at 1
ps to study the residual stresses with a mesh resolution of 0.2 pm. As
well, multiple particle impact to obtain a thicker coating was imple-
mented to compare with experimental residual stress profiles. Li et al.
[29] published a review paper on the Eulerian method to model cold
spray impact. The effect of mesh resolution, impact velocity, pre-heating
and oxide film was summarised.

Fig. 5 compares Lagrangian and Eulerian simulations with an
experimental macro-image [128,129]. It is seen that the Eulerian
method of modelling provides visually comparable results with the
experimental deformation. The distribution of the effective plastic strain
is similar for the Lagrangian and Eulerian methods, which has been the
driving force to incorporate the Eulerian method for CS impact model-
ling. Drawbacks of the Eulerian model are (i) the requirement of a fine
mesh that increases computational time, (ii) the inter-mixing of the
particle and substrate that renders it difficult to distinguish the particle/
substrate interface [128], and (iii) coalescence of the particles in a
multiple particle method [46].

The size of the mesh used in the Eulerian model could also influence
the simulation results [29]. The literature [27,29,130] indicates that the
shape of the deformed particle and the numerical results of plastic strain
and temperature, derived from the simulation, were influenced by the
mesh size. The predicted plastic strain and temperature for coarser mesh
sizes were lower than the fine mesh as the results are element-averaged
similar to the Eulerian method [29,130]. The finer mesh sizes lead to
increased computational time. It was found that a mesh size of 1/100 dp
(dp is the particle diameter) yields desirable results [29].

Several researchers have provided modified formulations to solve the
coalescence issue in droplet or bubble modelling [131-133]. Although
the formulations proposed are for droplet/bubble modelling they have
been reported here as the method is probably transferrable to CS particle
impact modelling. The techniques used for droplet/bubble modelling
are front tracking, level set, marker particle, shock capturing, VOF, and
Lattice-Boltzmann [134,135]. Miihlbauer et al. [134] provides a
comprehensive review for the model formulation. Some of the advan-
tages and disadvantages of selected methods will be highlighted here.

Front tracking is a robust and accurate method but requires mapping
of the interface mesh onto the Eulerian mesh and dynamic remeshing,
which increases the computational time. The level set method is
conceptually simple and easy to implement, however there are issues
with accuracy and mass conservation. The marker particle method has

high accuracy and is robust but is computationally expensive and re-
quires re-distribution of the marker particles [134].

Balcazar et al. [132] used a multiple marker level set method to
prevent coalescence of droplets/bubbles. The model agreed well with
the experimental results. Modified versions of level set formulations
have been proposed by Chang et al. [131] and He et al. [133]. The re-
sults of the modified versions agree with experimental or previously
established numerical methods. Although the numerical methods to
prevent coalescence are used in droplet/bubble modelling it is not used
in CS impact modelling as commercial software is primarily used for
modelling. Incorporating formulations to prevent coalescence can be
explored further by researchers working on numerical modelling
simulations.

4.3. Smoothed Particle Hydrodynamics (SPH)

Smoothed Particle Hydrodynamics is a non-mesh based Lagrangian
method that was initially developed for astrophysics problems and then
applied to engineering problems. It can undergo severe deformation,
which attracted early publications that modelled high-velocity impacts.
The mesh is discretized into smaller elements. Each element is assigned
characteristics of the material [26,38,39,136] with the precise size
decided by the mesh resolution [39].

Manap et al. performed simulations of a Cu particle impacting steel
substrate at various velocities to determine the bonding mechanism. It
was found that the rebounding distance was minimal, implying good
bonding, for velocities between 450 and 1000 m/s [40]. Manap et al.
studied the effect of Al and Ti particles (25 pm) impacting Al, Ti and mild
steel substrates at velocities of 700 to 800 m/s. The elastic properties
were modelled using Mie-Gruneisen EOS while plastic properties were
modelled using the Johnson-Cook plasticity model. It was concluded
that the SPH method can be used to optimize spray parameters and to
predict coating quality [136]. Another study of the rebound phenome-
non by Manap et al. employed SPH for a 25 pm Al particle impacting an
Al substrate at 450, 700 and 1050 m/s [41]. The work performed by
Manap et al. were based on a similar SPH formulation where the
interaction was considered using a cohesive zone model [38,40,41,136].
The only notable progress made among the different papers were
applying the model to find the critical velocity and the velocity range for
deposition while comparing it with experimental results.

Gnanasekaran et al. [26] carried out single and multiple particle
impact using 2D and 3D SPH models for Cu/Cu configuration. The effect
of particle diameter and impact angle was studied using an in-house
code. It was concluded that the bonding was effective for impact an-
gles between 80° and 90°. Increasing particle diameter caused the ki-
netic energy to increase, which resulted in an early onset of thermal
softening. The notable progress made in this work is that the failure
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Fig. 7. Effective plastic strain distribution for Cu/Cu simulations using (a) SPH model, (b) SPH (particle) and Lagrangian (substrate), (c) Lagrangian model [128].

model was included, and the code was developed in-house. Using an in-
house code can give the researcher freedom and flexibility to modify the
formulation. This is an attractive future research direction as SPH
method has certain drawbacks and ability to modify SPH formulation
can probably help in overcoming these drawbacks.

Li et al. studied impact angle, particle diameter and mesh resolution
used in SPH simulation for Cu/Cu configuration at a velocity of 500 m/s.
The size of the SPH particles had minimal effect on the deformation and
compression ratio; thereby making it suitable for CS simulation [39].
Fig. 6 compares Lagrangian and SPH simulations for Cu/Cu with respect
to impact angle [39]. For normal impact, the maximum plastic defor-
mation acts in the region around the impact zone and jetting forms. On
decreasing the incident angle, the plastic deformation becomes non-
symmetrical and plastic strain increases on the right-hand side. There
is a decrease in the contact area with the decrease in incident angle and
this was also observed in the experimental studies performed. The
deformation modelled by SPH is comparable to that modelled by
Lagrangian with the exception of some splashing in the jet region [39].

A comprehensive comparison of Lagrangian, Eulerian and SPH
methods by Yin et al. [128] found that SPH and Eulerian models were
suitable for simulation of the CS process rather than the Lagrangian
method due to problems of rebound and mesh continuity for the latter.
SPH and Eulerian deformation patterns were comparable to the exper-
imental observations. Fig. 7 compares models for pure SPH, SPH-
Lagrangian and pure Lagrangian methods obtained from Yin et al.
[128]. The pure SPH model undergoes significant splashing in the jetting
region and undergoes high plastic deformation. The combination of SPH
for the particle and Lagrangian for the substrate, (Fig. 7b), is comparable
to a pure Lagrangian approach (Fig. 7c). The particles adhere well to the
substrate without undergoing the rebound phenomenon [128].

Although the SPH method is suitable for high deformation simula-
tions, there are limiting drawbacks [137]. The results from SPH are less
accurate when compared to other methods (e.g., Lagrangian or Coupled
Eulerian-Lagrangian) when there is no severe deformation. SPH requires
a fine mesh to obtain comparable results with other methods and this
increases the computational time. The CEL method is more suitable and
provides accurate results for models involving high deformation (see
Section 4.4). SPH is viable for simulations when other methods are (i)
computationally expensive, or (ii) unable to model extreme levels of
deformation. This is evident from the number of papers published using
different methods for CS modelling (Fig. 2). The number of models
employing SPH technique is much lower than the other methods.

Tensile stability is another limitation of SPH, where the particle
motion becomes unstable under a tensile stress state. The instability
arises from the interpolation technique of SPH and causes particle
jetting, particle fragmentation at the jetting region, and particle con-
nectivity issues. This behaviour of the SPH method is evident from Fig. 6
and Fig. 7. It is seen that the SPH particle undergoes fragmentation and
jetting prediction by SPH is greater than by other methods. Higher order
kernel functions (e.g., quadratic, cubic, or quintic mathematical

constructs) can obtain more accurate and stable results, but at the
expense of increased computational time [137].

The contact interaction between the particle and substrate also re-
quires consideration. The default contact interactions between the par-
ticle and substrate may not be captured well by the SPH method. The
poor contact interactions arise due to pseudo-particles, which are dis-
cretized elements of the mesh that are not part of the default contact
interactions and are similar to point mass. There are also limitations to
the contact thickness requirements and only default or reasonable non-
zero contact thickness must be specified. Additionally, higher frictional
values should not be used in the contact interaction of the SPH particles
and contact cannot be defined between a Eulerian mesh and SPH
domain. The contact interaction is an important feature in CS modelling
and all the contact limitations of SPH method must be considered [137].

The computational time for SPH is higher than other methods and
requires a finer mesh for accurate results. Using parallel computer
processing will reduce computational time for multiple particle impact.
However, there are numerical limitations when parallelisation is
considered for SPH. The minimum number of pseudo-particles is 10,000
to have good scalability. Certain results associated with SPH particles,
such as a history output in Abaqus FEA, are not supported. Contact is-
sues can be encountered. For instance, slave nodes cannot be assigned to
the SPH domain and the general domain (if used) must be assigned to the
entire SPH domain. The computational process also becomes intensive
as dynamic load balancing cannot be used and leads to a significant
increase in memory usage [137].

4.4. Coupled Eulerian-Lagrangian (CEL)

Coupled Eulerian-Lagrangian (CEL) uses Eulerian and Lagrangian
formulations and is more effective than Eulerian alone when contact
interactions between the particle and substrate must be varied since
Eulerian employs default contact interactions [37]. CEL method has
been used to model thermal spray impact of yttrium-stabilized zirconia
(YSZ) particles on a stainless steel substrate [47,96] as well as the impact
of CS particles [31,138-141].

Bolelli et al. modelled a quarter of the particle-substrate domain of
30 pm particle WC-Co (12% and 17%) impacting on a substrate of the
same material. The particle before impact was designed with pores of 3
pm diameter at a spacing of 8 pm. The impact velocity varied from 400
to 700 m/s while the particle temperature varied from 700 to 1000 K
with the substrate at a constant temperature of 373 K. The simulation
runs were carried out with and without damage initiation criteria and
the results compared with experimental SEM images [139]. It was found
that the model with the damage initiation criteria was comparable to the
experiment. Increasing the impact velocity promotes the particle
spreading and increases the bonding to the substrate, but also causes
fragmentation and particle rebound.

Jing et al. used Abaqus FEA to simulate Cu and Al particles (25 pm)
impacting on Cu and Al substrates at 300 K using Lagrangian, ALE and
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Fig. 8. Equivalent plastic strain contour for (a) Lagrangian, (b) ALE, (c) SPH-Lagrangian and (d) CEL for Al/Al with impact velocity of 700 m/s [33].

CEL methods. The particle velocity varied from 400 to 700 m/s and the
particle temperature from 300 to 700 K. Multiple impacts were studied
using the CEL method by using a quarter model. It was concluded that
the Eulerian method was more effective in estimating porosity and
process parameters [31].

Xie et al. used 2D Lagrangian, 3D SPH, ALE and 3D CEL models for Al
and Cu under a full factorial design of experiments with the variables of
particle diameter (20 and 25 pm), impact velocity (500-840 m/s) and
temperature (300-873 K). The coefficient of friction was varied in the
CEL model and did not have a significant effect on the plastic strain and
temperature [33]. Fig. 8 compares the CEL, SPH-Lagrangian, ALE and
Lagrangian models for Al particles on an Al substrate at an impact ve-
locity of 700 m/s [33]. The Lagrangian model (Fig. 8a) was aborted due
to excessive element distortion, which is a drawback of this method. The
Arbitrary Lagrangian-Eulerian (ALE) model (Fig. 8b) can undergo
excessive mesh distortion. The lack of adhesion was identified as gaps
between the particle and substrate and indicated rebounding particles.
The SPH-Lagrangian model (Fig. 8c) can simulate high deformation
where the particle adheres to the Lagrangian substrate. However, the
particle undergoes excessive plastic deformation that is different from

D,=26.44 nm

the Lagrangian and ALE model. It was concluded that the excessive
plastic deformation is a limitation of the SPH model within the Abaqus
FEA software since thermo-mechanical effects are not considered
correctly.

Hassani et al. simulated impact of Cu particle on a Cu substrate using
Lagrangian and CEL methods. The impact velocity was 550 m/s and the
substrate temperature was 298 K. The main conclusion was that the
jetting phenomenon was pressure-driven and not due to ASI. This was
concluded by removing the thermal softening exponent during the
simulation in the Johnson-Cook model [18]. Some of the drawbacks of
CEL are similar to that of the Eulerian method (refer to Section 4.2). The
mesh size and particle coalescence in multiple particles are drawbacks.
A mesh size study was implemented by Hassani et al. [18] and found its
influence on particle deformation and numerical results. The mesh res-
olution study was carried until a mesh size of 1/80 dp (dp is particle
diameter), which is closer to the mesh size of 1/100 dp found by Li et al.
for pure Eulerian method [29].

Fig. 9. Molecular Dynamics simulation for 20 nm Ti particle impacting Ti substrate for different initial velocities [232].
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Fig. 11. Molecular Dynamics simulation showing microstructure for an impact velocity of 1300 m/s of 20 pm Al particle impacting Al substrate. The colours indicate
the phases: yellow - fcc, red — hep, magenta — surface and blue — disordered. The arrows indicate the formation of jets [42].

4.5. Molecular dynamics (MD)

Molecular dynamics (MD) simulations can capture the interactions of
atoms or molecules using the classical equations of motion [142,143].
Defect formation, grain boundaries, structural transformation, radia-
tion, elastic and plastic mechanical properties, friction and shockwaves
are some fields where MD has been applied [144,145]. MD simulations
are used to model CS impact to study microscopic mechanisms in the
coating and substrate system [146].

Rahmati et al. simulated the impact of Cu particles (5 to 40 nm) on a
Cu substrate using LAMMPS code (Large-scale Atomic/Molecular
Massively Parallel Simulator) developed by Sandia National Labora-
tories. The initial pre-heating temperature for the particle and substrate

11

was 300 K with a particle impact velocity of 1000 m/s. The nucleation
and gliding of dislocations were reported to form at the point of impact
and then spread throughout the particle as it deforms. The Von mises
stress and shear stress was also reported. Additionally, the temperature
in the jet zone reached about 1000 K [30]. The particle penetration into
the substrate and flattening increases with an increase in the impact
velocity, as observed in Fig. 9. MD simulations allow the study of
nucleation, dislocation glide and microstructural changes. Fig. 10 shows
the dislocation network for a particle of 40 nm at an impact velocity of
1000 m/s [30]. The changes in the microstructure during and post-
impact deformations can also be studied using a variant of MD known
as QCGD (quasi-coarse-grained dynamics), Fig. 11.

Joshi et al. [142,143] reported the impact of Cu particles (0.5 to 2
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Fig. 12. (a) Through thickness residual stress distribution for Cu/Al configuration, (b) Magnified stress profile of (a) closer to the coating/substrate interface, (c)
Residual stress contour acting on Cu coating, (d) Residual stress contour acting on Al substrate for an impact velocity of 700 m/s [57].

nm) on a Cu substrate using LAMMPS code. The initial temperature of
the particle and substrate was 300 K. The impact velocity varied from
300 to 850 m/s while the impact angle was from 60° to 90°. The adia-
batic softening, ASI and interfacial jet formation at high velocities
resulted in a uniform coating. It was concluded that the best deposit was
achieved for an impact velocity of 700 m/s, a particle size of 2 nm and an
impact angle of 90°. However, as mentioned in a previous section, the
particle sizes are in the range of nanometres (nm), which are difficult to
relate to CS practice.

Gao et al. simulated impact of a Cu particle on Cu and Ni substrates
for velocities of 300, 500, 700, 900 and 1100 m/s and particle tem-
peratures of 300, 400 and 500 K. The size of the particle; impact ve-
locity; and the substrate hardness and temperature affect the bonding
strength of the deposit [147]. Gao et al. simulated the impact of Au
particles on an Au substrate using the MD method. The size of the par-
ticle was defined in terms of the number of atoms and was fixed at 152,
276 and 420 atoms. The impact velocity (300 to 1000 m/s) and particle
temperature (300, 400 and 600 K) were varied. Higher impact velocity
and larger particle size result in stronger bonding between the particle
and substrate due to higher kinetic energy [146]. A notable observation
made is that better contact between the particle and substrate is directly
translated to a better bonding strength [39,146,147]. However, this
observation from the numerical models and has not been validated with
experimental work.

Malama et al. reported a study of Ni and Ti particles impacting a Ti
substrate. The impact velocity, temperature and particle diameter were
varied. The particle deposition increases with an increase in impact
velocity, deposition temperature and particle diameter [145]. Goel et al.
[148] simulated the impact of copper particles on the copper substrate
using the LAMMPS code. The topography, depth of penetration, shape of
the splat and flattening ratio depended on the impact velocity. It was
also found that the Von Mises stress varied with impact velocities above
500 K, while it was independent of impact velocity below 500 K.
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5. Residual stresses
5.1. Numerical modelling of residual stresses

Although there are many publications on the topic of cold spray and
particle modelling, there are limited studies on the residual stresses
formed due to cold spraying. This Section discusses notable publications
that refer to residual stresses in thermal spraying since this knowledge
base can be extended to modelling residual stresses in CS. The numerical
models that encompass residual stresses from Table 3 are summarised in
this Section.

Li et al. [57] used the Eulerian slice method (Abaqus FEA) to model
residual stresses for Cu/Cu and Cu/Al combinations for single and
multiple particles. The maximum residual stress and plastic deformation
acted in the region surrounding the particle and not at the initial point of
impact. The combination of material, impact velocity and pre-heating
temperature affect significantly the state of the final residual stress.
The effect of temperature was more significant for the Cu/Al (ID3b)
system than for the Cu/Cu (ID3a) couple. Fig. 12 shows the through-
thickness residual stress and residual stress contour obtained from FE
simulation for Cu/Al obtained from Li et al. [57].

Song et al. [88] modelled the residual stresses formed when a single
Ti6Al4V particle impacts a Ti6Al4V substrate. The 3D Lagrangian model
with Johnson-Cook plasticity and dynamic failure model (Abaqus FEA)
was used to predict the residual stress profile. The stresses at the
microscopic level (ID2a and ID2b) exhibited much higher stress range
than the macroscopic level (ID2c) obtained from [149]. The compressive
stresses were higher with increasing impact velocity from 700 m/s
(ID2a) to 800 m/s (ID2b) in the direction parallel to the particle-
substrate interface. The residual stress profile (microscopic level) from
the numerical model was comparable with experimental measurements
from Focused Ion Beam-Direct Image Correlation.

The numerical study of impact angle on residual stress was carried
out by Benenati et al. [150]. The model used the 2D Lagrangian model
(ANSYS-AUTODYN) to study the effect of impact angle and material
combination on residual stresses. The residual stresses were higher and
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Fig. 13. (a) Conversion of the point cloud to FE mesh, (b) Residual stresses acting in YSZ coating and SS301 substrate [161].

compressive in nature with the increase in incident angle (angle be-
tween incident velocity and substrate surface). It was verified, unsur-
prisingly, that the density and yield stress of the coating material
affected the residual stress state. The residual stresses for Al and Cu
coating on Al, Cu and Ti substrates had lower values (ID5a to ID5f).
While the residual stresses for Ti coatings were of higher magnitudes
(ID5g to ID5i). It has been observed that there is a scarcity of published
work on the effect of impact angle on residual stresses. This can be a
probable future research direction to gain more insights as the impact
angle is not going to be in normal direction in all the applications. And
from the study done by Benenati et al., it is seen that the nature and
magnitude of residual stresses can vary with impact angle.

Saleh et al. [81] studied the residual stresses and bonding mecha-
nism for multiple particles impacting a substrate of AA-6061-T6. It was
determined that the bonding between the particles was thermo-
metallurgical due to “micro-welding” that occurred in the thin molten
rim forming around each particle. It was agreed that the residual stress
state is a result of dynamic strengthening and thermal softening of the
alloy and the peening effect. The numerical stress profile (ID1) agreed
with neutron diffraction experiments and theoretical (Tsui-Clyne) re-
sults [151]. Lin et al. [152] studied an AA6061 coating on an AA6061
substrate using single and multiple particle impacts. The bonding be-
tween coating and substrate affects the local residual stresses (ID6). The
balance between peening stresses, which cause compressive stresses,
and relaxation that arises during bonding leads to the final residual
stress state.

Shayegan et al. [153] studied Al coating on a magnesium substrate
(AZ31B) using single and multiple particle impacts. The residual stresses
(ID7) were compared with XRD measurements that revealed compres-
sive stresses on the substrate surface (—20 to —54 MPa); whereas they
were close to zero at a depth of 70 um (material was removed by elec-
tropolishing for sub-surface measurements as XRD has limited pene-
tration capability). A parametric study was performed to study the effect
of impact velocity, particle diameter, impact angle, particle shape and
friction between the particle and substrate on the residual stress.
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Residual stresses generally increase with an increase in the above-
mentioned parameters; however, noting that it remains unchanged for
a friction parameter greater than 0.3.

Yildrim et al. [122] simulated impact of Cu particles on a Cu sub-
strate and also found that increasing the impact velocity increased the
magnitude and depth of compressive residual stresses (ID8). However,
an increase in particle diameter was not influential and this was
attributed to differences in strain rate effects because the simulated di-
ameters were 50 pm and 5 mm. Yusof et al. [154] simulated the impact
of spherical and elliptical shaped Al particles impacting Al substrate.
The elliptical particle did not bond well to the substrate and induced
tensile stresses (ID9) that can be harmful for the coating; while spherical
particles induced compressive stresses, which is desirable in improving
wear and fatigue life.

Ovideo et al. [155] performed a parametric study of the impact of
SS316 particles on SS316 substrate using an explicit analysis. The pa-
rameters studied were particle velocity, temperature, mass, morphology
and substrate temperature. Higher impact velocity increases the
compressive residual stress while particles with lower temperatures
have slightly higher compressive stresses (ID10). With the increase in
particle mass, as indicated by an increase in diameter, the magnitude of
residual stress decreases. This was attributed to the model size effects- a
larger particle will have effects on a wider region of the substrate, which
reduces the axial residual stress. Lower substrate temperatures lead to
high compressive stresses in the substrate. This is consistent with the
Johnson-Cook model used in the numerical model where plastic defor-
mation at lower temperatures occurs at a higher flow stress.

Phan et al. [156] used a Lagrangian approach to study residual
stresses for multiple Ti particles impacting a Ti substrate. It was seen that
the residual stresses (ID11) were highest and tensile at the coating/
substrate interface, which can be detrimental to the coating because it
can cause crack formation and propagation. Wang et al. [157] used the
ALE method to model the impact of Cu particle(s) on a Cu substrate for
single and multiple particle impact. Residual stresses were reported in
the X, Y and Z-directions (ID12). Residual stress in the x-direction is
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compressive on the top of coating and reduces in magnitude with respect
to thickness and eventually becomes tensile. The numerical model is in
good agreement with the experimental XRD and contour methods.

Finite element birth and death methods® have also studied the
thermal-mechanical deformation and residual stress distribution
[155,158]. This method has been increasingly used in modelling of cold
spray additive manufacturing where large components are simulated to
study deformation and process parameter optimization. In the study
performed by Lin et al. [158], it was found that the variation in residual
stress is dictated by the scan direction; i.e., the direction and pattern of
the power source to create a component in additive manufacturing.
Stresses were higher towards the end of the scan. This observation can
be used to optimize the scan strategy and reduce residual stresses in the
final component. The drawback of using the finite element birth and
death method is that it does not consider the peening effect that can
affect the residual stresses below a deposition temperature of 400 °C.
However, quenching and thermal stresses affect the residual stresses for
systems exceeding a 400 °C deposition temperature, and these stresses
can be captured by using the birth and death method [56,57].

Abu Bakar and Arif [159-161] combined a point cloud and a finite
element method to model the spray process. Tensile stresses are formed
in the earlier stages due to quenching, the stresses become compressive
due to differences in thermal expansion. This analytical method is effi-
cient because it uses the mesh of the deformed particles to perform FE
calculations that predict the stresses. It was found that the presence of
pores and cracks leads to stress relaxation, which is undesirable since it
leads to preferential sites for crack initiation and propagation. The
particle impact for these simulations was executed using the SPH
method. After impact, the deformation is converted to point cloud and
then to a FE mesh that is used to calculate residual stresses (Fig. 13a).
Fig. 13b shows the residual stress contour obtained for a ceramic (yttria-
stabilized zirconia, YSZ) coating and a SS301 substrate. The residual
stresses are largely dominated by the post-deposition stresses due to
differences in coefficients of thermal expansion [161].

Fardan et al. [47] studied the thermal spraying of YSZ on a stainless
steel (SS) substrate. It was found that the thermal conductance between
the coating and substrate can affect the residual stress values. This can
be a challenge because the thermal conductance value must be given as
an input for thermo-mechanical simulations when using Lagrangian and
Coupled-Eulerian-Lagrangian methods. Lyphout et al. [162] studied the
residual stresses for HVOF-sprayed Inconel 718 on an Inconel 718 sub-
strate for impact velocities of 500 and 600 m/s. Compressive stresses
(ID13) were found to be present in the coating/substrate interface and
the magnitude decreased with the increase in coating thickness.

5.2. Experimental measurements of residual stresses

Several experiments have been dedicated to measuring residual
stresses in CS coatings and CSAM components; e.g., non-destructive
methods such as XRD [58-62,64,67,68,85,157] and neutron diffrac-
tion [65,66,69-74,81,82]. Other techniques such as material removal
[60,62,68,79,83-87], contour method [71,72] and ring-opening test
[90-93] can also be used to measure residual stresses. Diffraction
techniques (XRD and neutron diffraction) are extensively used due to
their non-destructive nature of measurement. However, XRD has pene-
tration capabilities limited to several micrometres while neutron
diffraction can penetrate up to several millimetres [163]. This limitation
of XRD may be addressed by incremental electropolishing to remove the
material so that through-thickness residual stresses can be measured
[61,153]. However, the measured residual stresses can deviate from the
original residual stress values. As material removal can lead to a change
in volume which in turn affect the residual stresses. This is often

2 Finite element birth and death refers to a technique where the finite ele-
ments can be activated or deactivated at the discretion of the user.
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Fig. 14. Residual stress profile from neutron diffraction and numerical model
with theoretical fits for AA6061-T6 coating on AA6061-T6 substrate [81].

overcome by compensating for the alteration, but this can prove to be
quite difficult for anisotropic materials like cold spray coatings. Hence, a
non-destructive technique like neutron diffraction is much more suitable
to obtain residual stresses.

Neutron diffraction measurements have also been used to measure
residual stresses in CSAM components [65,66]. Luzin et al. [65] studied
residual stresses of Ti CSAM component on SS and Al substrates using
neutron diffraction. The residual stresses were attributed mainly to the
thermal stresses caused due to the different CTEs of the cold spray
component and the substrate. It was concluded that the thermal stress
was approximately 10 times larger than the deposition stress.

Luzin et al. [65] studied residual stresses in cuboidal components
while Sinclair-Adamson et al. [66] studied cylindrical and funnel-
shaped Cu components on Al substrate using neutron diffraction.
Axial, hoop and radial stresses for both components were reported. The
compressive residual stresses were comparable to the previously pub-
lished results from CS coatings [49,73,75]. The residual stresses in
CSAM reveals a lower magnitude than traditional casting or powder bed
fusion methods; making it a suitable method for manufacturing certain
geometries. Vargas-Uscategui et al. [72] studied residual stresses of
CSAM Ti on a Ti substrate using neutron diffraction and the contour
method. It is known that the residual stresses in CSAM depends on the
component geometry [65,66]. Residual stress measurements showed
that the inner and outer surfaces exhibited tensile stresses due to the
thermal stresses that arise from temperature transients during the
deposition process. It was also found that residual stresses were higher
for low traverse speeds. This led to the conclusion that deposition with
high traverse speeds and low feed rates were beneficial for CSAM
deposition.

The process parameters during CS deposition affects residual
stresses. Impact velocity, process temperature, alloy content and depo-
sition speed influence residual stresses [70,72,93]. Spencer et al. [70]
used neutron diffraction to measure the residual stress on Al, AA7075
and AA6061 coatings on Mg substrates. The residual stresses were
dominated by peening stresses and not thermal stress for AA7075 and
AA6061. This behaviour does not agree with the conclusion of Luzin
et al. [65]. A probable explanation is that CS coatings formed from alloys
are dominated by thermal stress rather than peening stress.

Spencer et al. [73] used neutron diffraction on a Cu/Al configuration
and data-fitting by means of an analytical model. The residual stresses in
Cu coatings were higher than in Al. Fig. 14 compares the neutron
diffraction analysis with the numerical model and indicates good
agreement but noting that the errors in experimental measurements are
large. This higher deviation in experimental data might be attributed to
the type of stresses, such as micro stresses, that are measured. Thus,
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Fig. 15. Comparison of residual stress distribution for Ti6Al4V coating on Ti6Al4V substrate using experimental (neutron diffraction), contour method and analytical

prediction [71].

there must be a good understanding of the technique and awareness of
potential drawbacks.

Another effective way of measuring residual stresses employ
analytical models, which are compared with experimental studies
(neutron diffraction and contour method) [69-71,75,80,82]. Boruah
etal. [71] studied residual stresses in cold sprayed Ti6Al4V coatings on a
Ti6Al4V substrate using neutron diffraction, the contour method and an
analytical model. The stresses were tensile on the top of the coating and
then become compressive closer to the interface with the substrate. On
the other hand, the stresses in the substrate are compressive near the
interface and change to tensile through the thickness. The tensile stress
was attributed to the higher deposition temperature. Hence, the
quenching stress dominates the peening stress because of the thermal
gradients imposed by the high deposition temperature. Fig. 15 compares
the stress profiles from neutron diffraction, the contour method and the
analytical model where it is observed that the analytical model reflects
the same trends exhibited by the contour and neutron diffraction
methods. The major inconsistencies appear at the coating — substrate
interface; i.e., within a band of 2 pm. The neutron diffraction experi-
ments exhibit a high deviation since these studies are limited to a
crystallographic plane {1011}, which may be affected by texture and
localized hardening [71].

Methods such as the contour method [157], material layer removal
[62,83,86], hole drilling methods [60,68,84,85,87] and curvature
measurement [62,83,84] techniques are also capable of measuring re-
sidual stresses. An additional method, the ring-opening test, involves
cutting a ring and then measuring the deformation to obtain the residual
stress [90-93]. The curvature measurement technique can measure
deposition stress but is limited in comparison to other techniques. The
curvature measurement technique is applicable to samples with certain
shape and thickness, which hinders its usage in industry. Additionally,
the residual stresses measured using curvature measurement can be
inaccurate due to the model assumptions and considering the material
behaviour to be linear [46].

Rech et al. [62] studied an Al cold sprayed coating on a AA6061
substrate using the curvature, material layer removal and XRD methods.
There was a good agreement between the curvature and XRD methods
with a difference of about 15-20% (standard deviation), while the de-
viation was about 30% for material layer removal. The discrepancy in
the measured residual stress values is probably due to the difference in
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sample preparation with possible attribution to the different stress
relaxation. It was also confirmed that the residual profile depends on the
number of passes and the thickness of each pass [62].

Ryabchikov et al. [84] used hole drilling and curvature measure-
ments to study Cu, Ni, NiZn, AlZn and Ni95Al5 cold sprayed coatings on
an Al substrate. There were differences in the measured stresses between
these two methods for the Ni and NiZn coating. The differences are
largely due to variations in coating preparation or coating thickness. But
it was concluded that the difference for the residual stresses arose from
the plastic deformation that is inherent to the hole drilling method.
Additionally, the hole drilling method has several other limitations. The
residual stresses measured are macro-residual stresses and measuring
micro-residual stresses can be difficult [68,79]. However, the micro-
residual stresses can be measured using drilling steps smaller than the
grain size [68]. The destructive nature of the hole drilling method in-
fluences the residual stresses since stress relaxation due to micro-
cracking occurs in brittle materials [79]. The FE assumptions and the
gauge volume measured can render comparison to other techniques
difficult. The sample is assumed to be a homogeneous material and does
not account for changes in microstructure such as microvoids, oxides
between the deposited particles, and secondary phase particles. The
assumption of material homogeneity can significantly affect the residual
stress measured using the hole drilling method because local changes in
Young’s modulus [79] are not considered. Similarly, brittle phases
within a composite coating material are prone to cracking during hole
drilling, which can be difficult to incorporate when compensating for
strain changes with drill depth.

Residual stresses for similar material combinations were mostly
affected by peening stresses. Whereas, for dissimilar materials there can
be effects of thermal mismatch stress due to different CTEs. As well,
coating thickness, deposition pressure, deposition temperature, sub-
strate temperature, stand-off distance, alloy content, surface prepara-
tion, and stress relaxation can affect the residual stresses. The influence
of such processing variables can be investigated by numerical and
analytical models to reduce the time, effort and costs associated with
experiments.

6. Effect of process parameters

Process parameters affect the cold sprayed coatings [29,45]. This
section examines these effects on cold spray numerical models with a
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Fig. 16. Plastic contour for 20 pm Cu particle impacting Cu substrate at various impact velocities, (a) 200 m/s, (b) 250 m/s, (c) 280 m/s, (d) 290 m/s, (e) 300 m/s,
(f) 310 m/s, (g) 320 m/s, (h) 330 m/s, (i) 400 m/s, (j) 500 m/s, (k) 600 m/s, (1) 700 m/s [126].

focus on particle deformation behaviour and residual stresses.

6.1. Particle impact velocity

The impact velocity of the cold sprayed particles is crucial to achieve
bonding of the coating to the substrate. A particle with a higher impact
velocity imparts higher kinetic energy that is converted to plastic
deformation during impact [29,45].

Several studies have studied the effect of impact velocity (Table 2).
These models have been dedicated to determining the critical velocity.
Fig. 16 shows the effective plastic contour for a 20 pm Cu particle
impacting a Cu substrate at various impact velocities. It is found that the
phenomenon of jetting starts at an impact velocity of 290 m/s, which has
been confirmed as the critical velocity of Cu from experiments [29].
From numerical simulations, it was observed that the jet formation
continues until 400 m/s at which point there is a non-continuous jet.
Thus, the deposition window is between 290 and 400 m/s for Cu as
predicted from the simulation. A further observation is that the plastic
deformation, crater size and jetting increases with an increase in impact
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velocity. Similar observations have been observed in other in-
vestigations on the effect of impact velocity [29,45].

There is no clear correlation between residual stresses and impact
velocity [57,88,122,152,153,155]. Residual stress increases in for the
Cu/Cu particle/substrate couple when impact velocity is increased from
300 to 500 m/s, whereas there is no change from 500 to 700 m/s. For the
Cu/Al combination, residual stress increases between 300 and 500 m/s;
while between 500 and 700 m/s, there is a slight increase in compressive
stresses [57]. Song et al. concluded that the residual stress increases with
an increase in impact velocity for Ti6Al4V/Ti6Al4V from 700 to 800 m/s
[88]. However, the residual stress profiles for velocities of 700 and 800
m/s were similar but with higher magnitudes for the latter. However,
the study of Li et al. [57] revealed noticeable changes in residual stress
profile shapes. This might be attributed to a multiple impact simulation
by Li et al. [57] and the inter-particle effect that affects the residual
stress profile to a larger extent; while Song et al. used a single particle
simulation [88]. The trend observed by other researchers is that residual
stresses generally increase with an increase in impact velocity
[122,152,153,155].
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6.2. Particle and substrate temperature

Pre-heating the particle and substrate in CS coatings increases the
deposition efficiency [29,45]. Increasing the particle and substrate
temperatures causes thermal softening that facilitates deformation [32].
Pre-heating the particle and substrate provides a more uniform defor-
mation. The plastic strain, flattening ratio, crater depth and jet length
increased with the temperature increase of the particle and substrate
[29,45,127,164].

Residual stress is also affected by the pre-heating temperatures used
in the CS process. Oviedo et al. [155] studied residual stress for a SS316/
SS316 couple combination for various pre-heating substrate tempera-
tures. Through-thickness residual stress in three different directions-
axial, shear and radial were presented. It was observed that as the pre-
heating temperature is increased, there is a shift in the average resid-
ual stress from compressive to tensile stresses. This is because of
quenching and thermal stresses dominating over peening stresses. [t was
also found that the residual stress profiles for the axial and shear di-
rections were similar while radial residual stress profile was different.
The effect of substrate pre-heating is more pronounced in radial and
shear directions than in axial direction. In another study performed by Li
et al. [57], there was minimal effect of pre-heating on Cu/Cu combi-
nation. But there were significant changes in residual stress contour for
Cu/Al. The compressive stresses acting in the particle and substrate
reduced with increase in pre-heating temperature from 100 °C to 300 °C.
Hence, the nature and magnitude of residual stresses can change dras-
tically with pre-heating temperature and material combination.

6.3. Particle diameter

Certain numerical studies have studied the effect of particle diameter
on the CS process. It was found that for a fixed velocity the particle
diameter (5 and 25 pm) did not influence the evolution of the particle
and substrate shape [103]. On the other hand, the study by Gnanase-
karan et al. [26] observed changes in effective plastic strain, shape and
temperature; which was attributed to the increase in kinetic energy of
the particle as its mass increased with respect to diameter. The tem-
perature also increased with an increase in particle diameter due to a
larger portion of kinetic energy being converted to heat and plastic
energy. It was concluded that a particle of larger diameter leads to
effective bonding and a successful coating. However, the higher tem-
perature pushes the process to transition towards a thermal spray pro-
cess with associated issues such as oxidation, phase transformation and
melting [7,26,165].

The particle diameter also influences the critical velocity that is
predicted for material combinations and other fixed parameters [4]. The
general trend is that for the same material, larger diameters exhibit
lower critical velocities than smaller diameters since smaller particles
experience higher dynamic yield strength and behave stiffer due to
higher strain rates [166]. Another explanation is larger particles have
higher kinetic energy and require lower velocity to bond with the sub-
strate [4].

Residual stress is also affected by the change in particle diameter
[153]. It generally increases with an increase in particle diameter due to
their higher kinetic energy causing a larger plastic region in the sub-
strate. However, some studies have indicated no significant changes in
plastic strain, temperature and residual stresses [122,166]. This devia-
tion in behaviour can be due to several reasons such as (i) the diameters
and material considered; as well as (ii) the assumptions embedded
within the numerical model. For example, Yildrim et al. [122] consid-
ered diameters of 50 pm and 5 mm. These are large boundary conditions
where no continuum in response would be expected since other studies
have indicated that there are no noticeable changes after a certain
diameter [143]. As well this particular numerical model, possibly, did
not include heat transfer; nor did the material model capture the phys-
ical behaviour accurately [122,166].
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No particles of different sizes impact with similar velocity or tem-
perature in the practical application of cold spray. This results from the
physics principle of the CS de-Laval nozzle that causes the larger parti-
cles to achieve a lower velocity at a higher temperature and vice versa.
The CS process does not employ a fixed particle diameter but a particle
size distribution. These practical complexities signify the attributes of
numerical models in studying particle deformation, plastic strains,
temperature and residual stresses. Studies on the way will have more
realistic models that incorporate multiple particle impact with di-
ameters similar to the particle size distribution in experiments [152].
Then, these models will need to be verified with the practice of cold
spray so that optimization and efficiency gains can be realized.

7. Future research

Numerical modelling of cold spray particle impact has deepened the
fundamental knowledge and understanding of this process. Temporal
and local distribution of strains, stresses, temperature and pressure
distribution have been explored by means of numerical models
[16,29,45,103,167]. However, some materials phenomena are not
considered in these models; for example, the role of micro and macro-
cracks, stress relaxation, interactions between splats, impact onto an
uneven surface or previously deposited layer, phase transformations,
and microstructural changes. Furthermore, the specific numerical
method has further limitations that must be considered. This section
suggests future research in the numerical modelling of cold spray
processes.

1. Modelling cracks: There are limited models that consider crack for-
mation and propagation for cold spray particle impact. However,
there are advances in crack modelling within the field of ballistic
impact [168-170] that can be extended to cold spray. Crack
modelling due to a single particle impact can be performed using a
two-stage step. The first step consists of a dynamic explicit step
where the particle impact is modelled. The second step builds on the
first step where the reformed mesh, node displacements and stress
are now used as input conditions for subsequent iterations. Crack
propagation can be instigated by either a standard approach or XFEM
(extended finite element method); taking note that (i) the standard
method requires more manual intervention than XFEM, and (ii)
XFEM has a higher computational time. This approach can be diffi-
cult when considering multiple impact problems because it requires
multiple coupling between the two steps that increases significantly
the computational time. The material properties are modelled using
Johnson-Cook plasticity and fracture criterion; such as stress triaxi-
ality [168] and fracture energy [169].

2. Phase transformation stresses: Temperature-dependent phase trans-
formations occurring in cold spray [171] are not as significant when
compared to thermal spray. Nevertheless, this field is important to
explore since phase transformations lead to changes in the lattice
volume and mechanical properties that cause stresses which can be
modelled using finite element methods. The modelling technique
would require phase transformation equations to be either defined
within the finite element method or coupled with software capable of
calculating phase diagrams and properties of different phases (e.g.,
CALPHAD approach by Thermo-Calc Software AB, Solna, Sweden or
JMatPro, Sente Software Ltd., Surrey, United Kingdom). A CALPHAD
approach is suitable to calculate the properties of the new phases that
are then used in a finite element form to calculate stresses. Similar
approaches have been used in powder bed fusion additive
manufacturing [172,173] and welding [174]. Additionally, phase
field modelling along with finite element and CALPHAD has been
employed in thermal spray to understand solidification [172,173]. In
addition to temperature-dependent phase transformations, some
materials e.g. cobalt-based alloys undergo face centred cubic (fcc) to
hexagonal close pack (hcp) transformation under high strain during
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cold spraying or mechanical strain during service loading [175,176].
Although the transformations are strain-dependent, the rate of this
transformation is temperature-dependent as indicated by Cavaliere
et al. [176]. Finite element modelling of this strain transformation
should thus be modelled as a temperature-dependent behaviour
within the material definition.

3. Modelling the whole coating layer: Most models are dedicated to
simulating single particle impact. Thick coatings can be simulated by
the impact of multiple particles as the expense of high computational
time; which makes this approach unattractive. Other methods such
as modelling the coating layer through finite element birth and death
methods [46] or analytical models [69] can be suitable alternatives.
The birth and death method can also be described as a ‘layer-by-
layer’ technique that has been extensively used for thermal spray
coatings. However, technical issues arise for cold spray since it is
necessary to include the peening effect; which is not an issue with
thermal spray because thermal stresses dominate. Hence, future
research can consider the inclusion of peening within the birth and
death method. The attractive feature of this approach is the relatively
low computational time. Modelling the whole coatings also serves
the purpose of providing a base model which can be further devel-
oped to investigate the thermal and/or mechanical properties of the
coating. Currently, mechanical evaluation of coating material in
finite element does not include the coating build-up through indi-
vidual splats. Instead, the microstructure is modelled as a single or
composite material [177]. Modelling the whole coating can therefore
improve the finite element based prediction of mechanical and/or
thermal properties, including material damage behaviour during
service loading e.g. using mesh deletion or node adjustment methods
[178,179]. Such an approach will provide a complete design package
interlinking coating build-up and its properties with superimposed
residual stress.

4. Multiscale modelling: The above-mentioned future directions have
pro et contra. Single or multiple particle impact provides more in-
formation at the expense of high computational time. While, the
layer-by-layer (or ‘birth and death’) technique employs assumptions
and approximations that may lead to inaccurate results, it is rec-
ommended that multiscale models can link these micro- and macro-
scale models [46,180]. The proposed computational framework
would consist of modelling residual stresses at the microscale for
single or multiple particles that would be used to generate a repre-
sentative volume element (RVE). The RVE can be used to predict
residual stress level at the macro-scale. Several RVE’s can be devel-
oped for different process parameters (e.g., particle diameter, impact
velocity, temperature) so that residual stresses can be studied [46].

8. Summary

A comprehensive review of the particle impact and residual stress
modelling for Lagrangian, Eulerian, Coupled Eulerian-Lagrangian,
Smoothed Particle Hydrodynamics, Molecular Dynamics and some
hybrid methods were discussed. A brief section on experimental residual
stress measurements utilizing XRD, neutron diffraction, material
removal (layer and hole drilling), curvature measurement and defor-
mation methods (contour and ring-opening tests) have also been pre-
sented. The following is a summary of the study:

1. The earlier particle impact models were modelled using Lagrangian
methods. Some of the drawbacks are a) it requires very fine mesh
(increased computational time), b) rebound in multiple particle
impact and c) termination of the program due to extreme particle
distortion. The Eulerian model was capable of simulating the high
distortion process and was able to overcome the extreme particle
distortion experienced in the Lagrangian method. The deformation
from the Eulerian model was also comparable to the experimental
observations. Some of the drawbacks in the Eulerian approach
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include very fine mesh requirement and the contact interactions
cannot be varied as the software enforces default interactions.

. From the study, it is seen that the SPH and CEL are superior to pure

Eulerian and Lagrangian method due to their robustness and com-
parable results with experiments. It is also evident that hybrid
models such as using point cloud with the FE method (SPH) can
leverage the advantages of each method. Molecular Dynamics
method could be of interest to study the microstructural changes
(such as recrystallisation and dislocations) but the particle diameter
is relatively small (in order of nm) which is a drawback.

. The deformation bonding behaviour is affected by the material

combination. The impact velocity has a certain range between which
the bonding is effective. Too low velocity can lead to rebound and
too high velocity can cause excessive jetting leading to material loss.
It was believed that the adiabatic shear instability (ASI) was the
reason for the bonding, but the study by Hassani et al. [18] gives a
new mechanical view of adhesion (pressure waves causing hydro-
dynamic plasticity). The effects and influence of ASI are in question
with regard to deformation mechanisms in CS according to Assadi
et al. [21]. Nevertheless, this aspect of fundamental understanding
has opened the discussion to consider hydrodynamic effects in CS
coatings. It was also seen that there is a linear relationship between
the mechanical properties (like Vickers hardness and Young’s
modulus/yield strength ratio) and the critical velocity of the similar
material combinations. This means that materials with higher
hardness and Young’s modulus/yield strength ratio require a higher
velocity to deform and adhere the particles to the substrate.

. The maximum plastic strain and temperature were found to be acting

in the surrounding region and not the initial contact zone. It was also
reported that the temperature in the particle/substrate interface can
reach close to its melting point leading to thermo-metallurgical
bonding. Pre-heating the particle and substrate leads to a more
synchronized deformation.

. The residual stresses are dependent on the material combination,

impact velocity and temperature of the particle/substrate. For cold-
sprayed coatings, there is the presence of compressive stresses on the
surface and tensile stresses closer to the interface for both coating
and substrate. The effect of temperature is significant for dissimilar
materials (e.g.: Cu/Al) while it is minimal for similar materials (Cu/
Cu). There also exists a certain velocity above which the residual
stresses do not change much. For incline impacts, larger incident
angles (angle between incident direction and substrate surface)
resulted in the larger compressive zone and higher magnitude of
stresses. The residual stress state in cold sprayed coatings are affected
by peening effect, dynamic strengthening and thermal softening of
the material.

. Residual stresses can be measured experimentally using non-

destructive diffraction techniques like X-ray and neutron diffrac-
tion. XRD is widely used in material phase characterization and can
measure residual stresses. However, XRD has limited penetration
capabilities while neutron diffraction can penetrate up to a few mm.
Some destructive techniques such as hole drilling and material
removal also provided residual stress profiles similar to the diffrac-
tion techniques [60,62,68]. But there have also been certain studies
where there can be discrepancies in the profiles [79]. This is because
material removal technique is better capable of measuring macro-
stresses while diffraction is suited for micro-stresses. However,
micro-stresses can be measured using smaller incremental steps in
the hole drilling method [68]. Curvature measurement is another
experiment suitable for monitoring residual stresses. But curvature
measurement is at times not suitable for softer materials due to the
excessive plastic deformation and affects the residual strains being
measured.

. Experimental residual stresses also showed that the stress profile is

highly affected by process parameters such as particle velocity,
particle temperature, deposition pressure, substrate temperature,
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Table 1

Summary of the different modelling techniques for cold spray impact modelling.

Surface & Coatings Technology 409 (2021) 126835

Method Advantages Disadvantages Computational efficiency Computational accuracy
Lagrangian + Less computational time - Termination of the program High computational effort and time = Low
+ Good particle/coating interface tracing due to high mesh distortion to simulate extreme deformation Due to highly deformed
- Rebound of particles in elements
multiple impacts
Smoothed particle + Capable of modelling extreme - Less accuracy High computational effort and time =~ Low

- Higher computational time and

hydrodynamics deformation - Tensile instability
(SPH) - Fine mesh to obtain accurate
results
effort
Eulerian + Capable of modelling extreme - Requires fine mesh which

Coupled Eulerian
Lagrangian

Molecular dynamics

deformation
+ Deformation pattern is comparable to
experimental observations

+ Capable of modelling extreme
deformation

+ Allows to model interaction between
particle and substrate

+ Understanding the atomic level
mechanism

+ Capability of modelling deformation of
grain boundaries, phase transformations
and dislocation movement

increases computational time.
- Particle deformation and
numerical results affected by
mesh size

- Particle coalescence

- Inter-mixing of particle and
substrate

- Mass scaling cannot be used
- Particle coalescence

- Requires fine mesh which
increases computational time.

- Size effect (nano-level in MD vs
micro-level in FEA)

- Time limitation (simulate time
period of 1-100 ns)

- Describing equations of motion
and interatomic interactions can
be difficult

to obtain results comparable to
other FE methods

Lower computational effort and
time

Lower computational effort and
time

N/A

Very high computational effort and
time to simulate micron-sized
particle impacts

Requires fine mesh to obtain
results comparable to other FE
methods

Good

Good

N/A

Difficult to compare MD with
other FE method in terms of
accuracy

material, stand-off distance, number of passes, thickness of each
pass, surface preparation, traverse speed etc. Numerical models are RS
at times not capable of performing process parameter optimisation
for such a large pallet of parameters. Some of the analytical models
developed by Boruah et al. [69] and Tsui-Clyne progressive deposi- TS

QCGD

SPH
SRH

Quasi-Coarse-Grained-Dynamics
Residual stress

Smoothed particle hydrodynamics
Strain rate hardening
Thermal softening

tion model provide residual stress profile closer to the experiments. XRD X-ray diffraction
This signifies that way forward is to have a combination of numerical ZA Zerilli Armstrong
and analytical model to study the effects of different parameters.
Symbols
From the author’s knowledge, there are still some matters that need
to be addressed via numerical simulations. Some of the issues not A JC static yield strength
addressed in the simulations are stress relaxation due to cracks and re- B JC strain hardening modulus
sidual stress due to phase transformations. Moreover, the recrystallisa- C JC strain rate sensitive coefficient
tion mechanism should be also studied for a better understanding of the Co Isentropic speed of sound
properties. The future direction would be to incorporate hybrid and D Material constant (MTS)
interlinking multi-scale models to simulate thermo-mechanical with E Young’s modulus
microstructural effects to provide a more holistic view. e Internal energy
Eng Hugoniot internal energy
Nomenclature En Internal energy per unit volume
Gy Plastic shear modulus
ALE Arbitrary Lagrangian Eulerian Go Shear modulus at 0 K
ASI Adiabatic Shear Instability m JC thermal softening
CEL Coupled Eulerian Lagrangian M Atomic mass
CS Cold spray n JC strain hardening exponent
CSAM  Cold spray additive manufacturing p Pressure
CTE Coefficient of thermal expansion PH Hugoniot pressure
EOS Equation of state PrTW Strain hardening constant (PTW)
FE Finite element s Pressure derivative of isentropic bulk modulus
FEA Finite element analysis So Material constant at 0 K (PTW)
HT Heat transfer Seo Saturation stress near Ty,
HVOF  High-velocity oxygen fuel T Temperature
JC Johnson-Cook Tm Melting temperature
MD Molecular dynamics T, Reference temperature
MTS Mechanical Threshold Stress T Homologous temperature
ND Neutron diffraction To Material constant temperature (MTS)
PTW Preston-Tonks-Wallace T T =T/Ty
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Table 2
Summary of the process parameters used in the numerical simulation of particle impact modelling. (HT — Heat transfer).
Particle Substrate HT  Method Notes Ref
Material Diameter Velocity Initial Material Initial
(m/s) Temp Temp
X X)
Cu 20 pm 351 298 Al 298 v Eulerian slice Plastic strain and temperature results [2]
Ni (ABAQUS) were reported. Temperature rise has
Ni 374 298 Al been reported closer to the particle-
Cu substrate interface in the earlier stages
Al 514 298 Cu of impact.
Ni
Cu 20 pm 500 298 Cu 298 v Lagrangian Max. plastic deformation and [3]
Symmetric temperature were found in the
(ABAQUS) surrounding region of the contact zone.
Higher particle initial temperature
promotes the bonding
Cu 5, 25, 100, (340-600) - Cu - v 3D Lagrangian Various material combinations, impact [4]
5000 pm Symmetric speed and effective cohesive strength
Al 25 pm (400-790) Al (ABAQUS) were used. Mechanical interlocking
SS316 25 pm (500-740) SS 316 was observed for some combinations
Ti 25 pm (560-830) Ti
Cu 25 pm (220-450) Al
Al 25 pm (450-900) Cu
Cu 20 pm 200-800 - Cu 298 v 2D axisymmetric Critical impact velocity depends on the  [13]
(410) Lagrangian (LS particle size and velocity distribution.
Dyna) Experimental results reported that
oxygen content in the particle affects
the critical impact velocity.
Cu 10 pm 550 298 Cu 298 v 3D CEL ABAQUS Argued hydrodynamic plasticity causes ~ [18]
symmetric model (1/  bonding and not adiabatic shear
4th) instability. Plastic strain, Temperature
and Von mises stress were reported.
Lagrangian model was used to compare
with published sources.
Cu, AA 1100 20 pm 200-500 298 Cu, AA 1100 298 v 3D Lagrangian Different settings such as usage of ALE, [25]
80 pm (ABAQUS) different meshing size, coefficient of
20 mm friction and material damage were
studied.
Cu 10-30 pm 350, 500 - Cu - v 3D SPH Lagrangian Plastic strain, Temperature and Von [26]
2D SPH Lagrangian mises stress were studied with the
variation of particle diameter.
2D SPH method was used for incline
and multiple particle impact
Cu 20 pm 300-700 - Cu - v 2D Lagrangian and Comparison between ALE and the [27]
(310) ALE (LS Dyna) Lagrangian method was performed
Cu 200 pm 500 - Cu - v 2D Lagrangian (LS Sequential and parallel impacts of 2 [28]
Dyna) particles were performed. Multiple
particle (5) impact was also reported.
Cu 5-40 nm 1000 300 Cu 300 v MD with LAMMPS The evolution of stresses (direct and [30]
shear), von Mises stress and
temperature data were reported.
Cu, Al 25 pm 400-700 300-700 Cu, Al - v Lagrangian, ALE and  The impact angle was varied from 45° [31]
CEL (ABAQUS) to 90°. Multiple impacts were also
carried out. CEL was found to be
effective in modelling the impacts and
the results were compared to
experiments
Cu 15 pm 310-890 - AA 1100- - v 2D Lagrangian Temperature distribution for the [32]
H12 axisymmetric with numerical model was reported.
AA 7075-T6 ALE meshing
Cu/Al 20, 25 pm 500-840 Cu/Al Cu/Al 300-873 v Lagrangian, ALE, CEL is robust and accurate for large [33]
SPH and CEL deformations. Impact velocity and
(ABAQUS) particle temperature had a significant
effect on the results, while the
coefficient of friction had minimal
effects
Al 30 pm 120-780 300 Al 300 v Axisymmetric Mie-Gruneisen EOS was used. Preston- [34]
Cu Cu Lagrangian with ALE Tonks-Wallace (PTW) material model
Ni Ni (ABAQUS) was used to predict behaviour at high

20

strain rates. To model the bonding FE is
divided into 3 steps — particle impact,
post-processing to find bonded
elements and restarting simulation
prior to rebounding. Mesh sizel/200th
particle diameter. The impact velocity
started at 120 m/s and increased by 50

(continued on next page)
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Table 2 (continued)
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Particle Substrate Method Notes Ref
Material Diameter Velocity Initial Material Initial
(m/s) Temp Temp
X )
m/s until bonding occurred. And then
reduced by 10 m/s to predict the
minimum velocity.
Al 10-30 pm 300-700 298 Mg 298 ALE (ABAQUS) Single and multiple particle impacts [35]
were deposited on a micro-channel
substrate. Effect of particle size,
velocity and the pre-heat temperature
is studied.
Al 25 pm 650-900 - Al - SPH with FORTRAN Experiments were also performed to [38]
compare the deformation and the
interfacial bonding
Cu 10 pm 500 - Cu - Lagrangian and SPH Studied variation in impact angle, [39]
in LS-Dyna particle diameter and SPH particle size.
The size of the SPH particle size has a
minimum effect on the results
Cu 25 pm 700 - Steel - SPH and CTH Performed comparison of SPH and CTH [40]
Al 450-1000 methods.
Variation of velocity was used to study
the adhesion of Al particle to steel
Al-Si 25 pm 200-1200 - Mild Steel - SPH The critical velocity and the range was [41]
found for good adhesion of Al-Si
particle on mild steel substrate
Al 20 pm 700-1300 165 Al 300 Quasi-coarse- Mesocale microstructural development [42]
grained dynamics of single Al particle impact was carried
(QCGD), Molecular out. Evolution of pressure, strain and
Dynamics temperature profiles were reported.
Jetting behaviour is attributed to the
interaction of shockwave velocity and
velocity of particle/substrate interface.
Al 20 pm 700-1600 530 Al 298 Quasi-coarse- Model capable of predicting [43]
grained dynamics microstructure and kinetics related to
(QCGD), Molecular heat generation, dissipation, pressure
Dynamics evolution and propagation
Cu, AL, Ni, 316 L 5-25 pm 400-800 295 Cu, Al, Ni, 295 Axisymmetric Various material combinations and [103]
SS, Ti6Al4V 316 LSS, (ABAQUS) process parameters were studied. The
Ti6Al4V adiabatic shear instability in particle/
substrate region promotes the adhesion
between particle and substrate.
Ni 22 pm 500 400 AA6061-T6 400 3D Lagrangian Bonding is better for normal impact [115]
(ABAQUS) than angular impact. Plastic strain
Al, SS304 20 x 40 values from simulation values were
pm compared with shear strength values
from experiment and were in good
correlation.
Vitreloy-1 30 pm 385-485 629-983 Carbon steel, 373 3D Lagrangian Metallic glass coatings on different [118]
SS, AA7075- (ABAQUS) metallic substrates have been studied.
T6,
IN625
WC-Co 40 pm 300-500 1000, SS 300 Lagrangian HVOF process to study impingement [181]
1200, (ABAQUS) and bonding mechanism. The kinetic
1300 energy of the particle has a significant
role in plastic stress localization and
melting in particle/substrate interface
Cu 20 pm 200-700 - Cu - Eulerian slice Plastic strain and temperature results [126]
(290) (ABAQUS) were reported.
Cu 20 pm 290 323-973 Cu 323-973 Eulerian slice The effect of pre-heating the particle [127]
(ABAQUS) and substrate was carried out in the
study.
Al 25 pm (650-900) - Al - 2D SPH Lagrangian Various material combinations used to [136]
Ti (750-1000) Ti predict critical velocity.
Al (400-1050) Mild steel
Ti (630-800) Al
WC12Co, 30 pm 400-700 700, 850, WC12Co, 373 3D CEL symmetric Pores were introduced in the particle. [139]
W17Co 1000 W17Co (1/4th) ABAQUS Plastic deformation, temperature and
Von mises were reported.
Al 5-30 pm 500-800 373-573 Al-2017 T3 - CEL (ABAQUS) Single and multiple particle impacts [141]
were carried out. Porosity, temperature
and plastic strain data were reported.
Cu 520 A 300-850 - Cu - MD Plastic strain and Von Mises stress [143]

21

distribution was reported. For a
velocity of 500 m/s and 20 A, the
bonding was good.

(continued on next page)
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Table 2 (continued)

Particle Substrate HT  Method Notes Ref
Material Diameter Velocity Initial Material Initial

(m/s) Temp Temp

X )

Cu/Ni - 300, 700, - Cu/Ni - v MD Bigger cluster (particle), higher [147]

1100 velocity and higher temperature

improves the bonding

Cu 2.892 nm 500-3000 500-1000 Cu 300 v MD MD simulation was used for process [148]

parameter optimization. Impact
velocity of 2000 m/s and temperature
of 1000 K gave a smooth deposition.
Cu, Ni, Fe 10, 20, 30 600, 700, 373-1073 Cu, Ni, Fe 298 v Lagrangian Deposition behaviour of thermally [164]
pm 800 (ABAQUS) softened particles was studied using
numerical and experimental methods.
Increasing particle impact temperature
leads the particle to deform more

intensively.
Cu 5 pum 300-800 298 Al 298 v 3D Lagrangian Different particle sizes used to study the ~ [165]
10 pm (ABAQUS) effect on critical velocity. Three-

dimensional simulation is more
accurate than two-dimensional due to
the additional degrees of freedom.

High Density 50-500 150-250 248, 298, HDPE, PC, 298 v 3D Lagrangian Impact of polymer particle on particle [166]
Polyethylene pm 348 LDPE, Cu (ABAQUS) substrate was studied. Impact velocity,
(HDPE) temperature, diameter and the material
combination is varied.
Cu 25 pm 400-700 298 SS 298 v CTH code (SANDIA) Numerical simulations of splat and [182]

crater sizes were compared with
experimental and were in good

agreement.
Al 20 pm 200-700 298 Al 298 v Eulerian slice Studied the impact of various materials ~ [183]
(300) (ABAQUS) on their respective substrates. The
Ni (330) Ni effect of variation in velocity was
IN718 (500) IN718 studied.
Fe (350) Fe
Ti (520) Ti
Cu 20 pm 250-700 298 Cu 298 v Eulerian slice The model is used to predict the critical [184]
Fe Fe (ABAQUS) impact velocity. The paper also
Ni Ni predicted critical velocities for Fe, Ni,
SS304 SS304 $S304, Al, Inconel 718 and Ti6Al4V
Al Al
IN718 IN718
Ti6Al4V Ti6Al4V
WC12-Co 30 pm 375-425 1200 AISI 1045 300 v Axisymmetric Optimum velocity was found to be 400  [185]
Lagrangian m/s. Adhesion and rebound energy was
(ABAQUS) tracked and confirmed that bonding
occurs in a range, and when plotted it is
between the 2 intersection points.
Above or below the intersection points
the adhesion energy is lower than
rebound which leads to particle
rebound.
Ni 30 pm 500 298 Ni 298 v Axisymmetric Mie-Gruneisen EOS and Preston-Tonks- [186]
Ti 25 pm 500,750 Ti Lagrangian Wallace (PTW) were used. Morphology
(ABAQUS) of crater of numerical and experimental
micrograph are compared.
AA6061-T6 40 pm 612 298 AA6061-T6 298 3 Lagrangian Mie-Gruneisen EOS and Johnson-Cook [187]
(ABAQUS) model were used. Spray angle (45° to
612, 800, 509 90°) effect was studied for 612 m/s.
980 Effect of velocity was studied for
normal impact. Bonding strength
increased with spray angle decreased
from normal impact while deposition
efficiency and strength of bulk material
decreased. Increasing impact velocity
and pre-heating temperature improves
the quality of deposit.
Al ~40 pm 457 418 Al6061 378 v 2D Lagrangian Mie-Gruneisen EOS and Johnson-Cook [188]
Al,O3 451 (ABAQUS) model were used. FE set-up consisted of
aluminum particle impacting substrate
followed by alumina impacting on
aluminum. The shape of the particles
was digitized from micrographs.
Cu 20 pm 290 298 Al, Ni, Steel 298 ® Eulerian The deformation pattern and particle [189]
20, SS316L, (ABAQUS) penetration depend on the material
Fe, IN718

(continued on next page)
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Particle

Substrate

Material

Diameter

Velocity
(m/s)

Initial
Temp
x)

Material

Initial
Temp
x)

HT

Method

Notes

Ref

Ti6Al4V

WC-Co

Cu
Ni
Mild steel

Cu

Al

Al

AA 6061-T6

Cu

R-TiO,

Ti6Al4V

Cu, Al

Cu, Al, Ni, Ti

Cu
Al

IN718

Ni

30 pm

20 pm

30 pm

30 pm

20 pm

25 pm

20 pm

20 pm

30 pm

10-90 pm

20 pm

20 pm

25 pm

30 pm

30 pm

20 pm

730
855

515-629

300-700
300-850
300-850

500

300-1000

200-1000

300-900

500

800

700-1025

300-500

440

400-950

450-750
600-850

672

518

754
865

715-890

298

298

300

300

298

298

800-855

25-600

290

298, 398,
498

298

780

SS304

Ti6Al4V

Carbon Steel,
Al7075

Cu

Mg

Al

AA 6061-T6

Cu

Cu, AlMg3,
$S304, Ti, R-
TiO,

Ti6Al4V

Cu, Al

Al, SS

Cu, Al, MS, Ti

Al
Cu

IN718

573

373

298

298

300

300

298

297

298

373

298

290

298

298, 398,
498

298-723

23

3D Lagrangian
(ABAQUS)

Lagrangian and CEL
(ABAQUS)

2D Lagrangian
(ABAQUS)

2D Lagrangian
(ABAQUS)

LS-DYNA
(Lagrangian)

SPH

Eulerian (LS-DYNA)

Axisymmetric
Lagrangian
(ABAQUS)
CEL and SPH
(ABAQUS)

CEL
(ABAQUS)

Lagrangian
(ABAQUS)

Lagrangian
(ABAQUS)
Lagrangian
(ABAQUS)
2D Lagrangian
(ABAQUS)

3D Lagrangian
(ABAQUS)

combination. Preheating also provides
a coordinated deformation.
Temperature, plastic strain and stress at
3 monitored elements were reported.
High plastic deformation and higher
temperatures at the peripheries
correlated with the experimental
observation.

The velocity and temperature
employed in the FEA model were
obtained from 1D simulations. The
study was complementary to
experiments and the particle adhesion
was mainly due to high-rate, adiabatic
plastic deformation of the substrate
which leads to material jetting.
Quantitative prediction of deposition
efficiency. The square of plastic strain
has a relation with the deposition
efficiency.

Different contact conditions such as
tangential friction, normal constraint,
and contact geometry are studied. The
plastic strain is independent of contact
conditions.

Single and 2-particle (parallel and
sequential) impact were performed.
Increased velocity leads to higher
deformation and better bonding.
Increase in incident angle weakens the
bonding.

The effect of adhesive forces on the
rebound of particles at high speed was
noticed.

The effect of oxide film (0.3 pm) was
studied on single and multiple particle
impact. Incline impact and also impact
on SS and Cu were performed.

Six different material models were
tested. JC, PTW, MKHL, VA, MZA and
GZ models were tested.

Ceramic particle impact on different
metal substrates. SPH model to study
the effect of surface roughness was also
developed.

Multiple particle impact. Velocity and
temperature affect the porosity. High
particle temperature and velocity lead
to lower porosity. Particle temperature,
velocity depends on the size of the
particle.

The effect of velocity, temperature,
coefficient of friction and material were
studied. Increase in velocity and
preheating increased the plastic strain.
Effect of spraying angle was studied. Al
substrate deforms more due to the
softer nature of the material.

Effect of surface roughness. Optimum
surface roughness for different material
combinations were obtained from the
thermo-mechanical impact.

Performed predictive assessment of
deposition efficiency and compared
with experimental measurements.
Single particle impact with different
preheat temperature to analyze particle
bonding behaviour. Substrate
preheating could increase the
metallurgical bonding and promote
coating/substrate adhesion strength.

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[140]

(continued on next page)
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Particle Substrate HT  Method Notes Ref
Material Diameter Velocity Initial Material Initial
(m/s) Temp Temp
X )
298, 473, Eulerian slice It is found that the mechanical interlock
673 (ABAQUS) of the particle and substrate improved
when the substrate temperature is
increased.
Ni 20 pm 300, 500, 298 Al 6061, Cu, 298 X Eulerian (LS-Dyna) Single and multiple particle impact is [205]
700, 900 SS performed. High velocity leads to
higher erosion.
Cu 20 pm 500 298 Cu 298 v 2D Lagrangian Early numerical model that tests [121]
(ABAQUS) different settings such as solution
procedure, hourglass control, element
distortion control, ALE meshing,
interface friction, material damage and
meshing size
CP-Ti 25 pm 200-1000 298, 873 CP-Ti 298, 873 v 2D Lagrangian Single and multiple particle impacts [206]
(ABAQUS) were carried out. Velocity and
temperature were varied to study the
bonding features and deposition
mechanism.
Cu 20 pm 600, 900 m/ 298 Ni, Al, SS, 298 X 2D axisymmetric Hardness of the substrate can affect the [207]
s CS (20 steel) Lagrangian and deformation behaviour of the particle.
Eulerian slice (LS This is seen only when coatings are thin
Dyna) and not for thick coatings.
AISI 4340 steel ~180 pm 350-700 - AISI 4340 - v Lagrangian (ANSYS The transfer from impact energy to [208]
steel AUTODYN) plastic deformation is studied for
different impact angle. The crater
volumes from the experiment were
compared with the numerical model.
Ash particle 200 pm 20 - SS - X DEM DEM was used to predict the wear rate [209]
and erosion mechanism. It was found
that shear impact energy affects the
wear rate. Simulation is compared with
previous experimental data.
Zn, Al 20 pm 450-500 - Steel - v 2D Lagrangian (LS- Effective plastic strain contour and [210]
DYNA) morphology were compared with
experiment.
Cu, Ni - 200-1000 423 S$S316, Cu 298 X 3D Lagrangian Critical velocity is estimated for [211]
(ABAQUS) different material combinations.
Critical velocity is found to be related to
adiabatic shear instability due to high
strain rate.
Cu, SS 316 L 25 pm - - Cu, SS316L - v 2D axisymmetric Analytical and numerical simulations [212]
Lagrangian were done. Analytical calculations were
(ABAQUS) used to estimate corrosion and erosion
velocities.
Ti 28 pm 760 1100 Ti, Al, Zr 298 v Lagrangian Warm spraying of Ti particle on Ti, Al [213]
(ABAQUS) and Zr substrates were performed. The
bonding behaviour was compared with
the experimental study.
Cu 20 pm 200, 430 313 Al 333 v 2D axisymmetric Bonding of cold sprayed particles was [214]
Lagrangian studied using numerical and
(ABAQUS) experimental methods. Mechanical and
physical-chemical adhesions were
studied. The deformation shape from
the numerical model was compared
with the experiment.
Cu 20 pm 100-600 298 Cu 298 v 2D axisymmetric Numerical simulation along with the [215]
(MSC-Marc) material model is used to identify
dislocation distribution. Cell size
distribution, plastic strain, temperature
and stress distribution have been
reported.
Ti 56.29 x 290-473 373-873 Al SS 298 v 2D Lagrangian Elliptical shape particle to replicate the ~ [216]
20 pm (ABAQUS) experiment. Incline impacts have been
also performed. Critical velocity for Ti/
SS is lower than Ti/Al. Higher substrate
hardness of SS is a reason for this.
Armco Fe, SS 50 pm 800 353 SS 293 v Lagrangian Numerical model is used to [217]
(ABAQUS) characterize the strain localization at
the particle/substrate interface.
AA 5056 25 pm 762-1067 293 AA 6061-T6 293 v Lagrangian Two-step ABAQUS analysis- dynamic [218]
(ABAQUS) impact and quasi-static fracture

24
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Particle

Substrate

Material

Diameter

Velocity
(m/s)

Initial
Temp
&)

Material

Initial
Temp
&)

HT

Method

Notes

Ref

Al

Al

Ta

Al

Cu

Ni

Fe

Al

Ti6Al4V
IN718

Cu
Ni
Ni

Cu

Ceramic

Cu
Ti

Cu

Cu

Cu

Clad diamond

Al

Ti

30 pm

40 pm

30 pm

20 pm

20 pm

16.5

30 pm

30 pm

25 pm

20 pm

26 pm
50 pm

25 pm

64 pm

2nm
20 nm

500

100-800

572

~580

300

390

360

420

500
490

300-650

650

800

450
650

571

300-700

600
480

400
800

589

350-700

348

293

293

298

298-

623

298

298

673

357

300

300

Steel 4340

Al

Cu
304 Ss
Cu
Ni
Fe
Al

Ti6A14V
IN718

AA6061
Cu
Al

Cu, Al, MS

Al, SS
Ti

Cu

Cu

Al

Al

Cu, Al SS

Ti

398

293

293

298

298-582

573

298

298-1273

~293

300

300

25

2D Lagrangian
(ABAQUS)

(ABAQUS)

ALE (ABAQUS)

3D Eulerian
(ABAQUS)

Eulerian slice
(ABAQUS)

Eulerian slice
(ABAQUS)

3D SPH Lagrangian

(In-house)

CEL (ABAQUS)

Axisymmetric
(ABAQUS)

3D Lagrangian
(ABAQUS)

MPM (Material Point
Method)

Axisymmetric
Lagrangian
(ABAQUS)

SPH Lagrangian

3D Lagrangian
(ABAQUS)

MD (LAMMPS)

analysis using Virtual Crack Closure
Technique.

Surface roughness and preparation
method is used to study numerically
and experimentally.

Adhesion and rebound phenomenon
with the increase in impact velocity is
studied. A window of velocity is
identified. Below this velocity, the
rebound is due to elastic energy and
above this window it is due to the
material strain rate effects

The 3D model is used to predict the
deformation. The particle shape is
irregular similar to the experiments.
The presence of water film for the
underwater cold spray is studied.
Higher kinetic energy was required for
good deposition to break through the
water film present on the substrate.
The effect of changing velocity, pre-
heat temperature, void size and
Eulerian slice thickness were studied.
Size of the void influences the solution
while the Eulerian slice thickness
doesn’t have an effect. There is a linear
relationship between preheat
temperature and critical velocity.
Critical velocity for different material
combinations obtained. Pre-heating is
used to soften the particle before
impact. However, the critical velocity
from simulation didn’t agree with
experiments.

Temperature and strain rate effects
have been studied. Johnson-cook
model modified to fit with
experimental results.

Particle is Lagrangian and the substrate
is Eulerian. Ceramic particle properties
are arbitrary, and the particle density
and impact angle is varied to study
substrate deformation.

Micro and macro model compared with
experiment. Substrate with lower
effusivity and substrate preheating can
result in improved quality of cold
sprayed coating.

Parameters from OpenFOAM is utilized
to model particle impact. The
morphology is compared to the SEM
images from the experiment.

Single particle and multiple particle
impact analysis were carried out. MPM
results compared with FE and
experiment in terms of compression
ratio.

Two different particle- Cu (26 ym) and
Cu clad diamond (50 pm) were
impacted sequentially. The contact
stress of the impact is used to gauge the
fracture points in the coating.

Lower velocity (400 m/s) is suitable for
depositing lighter materials like Al as it
results in less porosity.

The substrate hardness and impact
angle impact the bonding of the particle
and substrate. A similar behaviour was
observed in experiments performed.
High strain rates and temperature plays
a role in the deformation process.
Larger diameter causes a higher

[219]

[220]

[36]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]
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Particle Substrate HT  Method Notes Ref
Material Diameter Velocity Initial Material Initial
(m/s) Temp Temp
X )
temperature increase than a smaller
particle.
Al 1 mm 200-700 300 Ni, Cu, Al, 300 v MD (LAMMPS) Critical velocities determined using [233]
Steel, Ti experimental and numerical
simulation.
Cu 25 pm 800 293 Carbon steel 293 v 3D Lagrangian Symmetric and non-symmetric multiple ~ [234]
50 pm (ABAQUS) impacts performed. Experimental and
numerical methods used to study
mechanical properties and
microstructure.
Ti 60 pm 600 423 AISI 1050 423 v 2D Axisymmetric Numerical analysis used to complement [235]
AISI 2017 Lagrangian experiment. The increase of
Cu (ABAQUS) temperature in the particle-substrate
Ti6Al4V interface was reported.
Nb 25 pm 442-515 393-453 Nb 393-453 v 2D Axisymmetric Variation in velocity and temperature is [236]
Lagrangian studied in single and multiple particle
(ABAQUS) impacts. Experiments were performed
and FE is used to study Nb coating.
IN718 25 pm 300-700 873 IN718 300 v 2D Axisymmetric A numerical model is used to predict [237]
Lagrangian critical velocity. Plastic strain of the
(ABAQUS) particle and substrate are dominant
factors.
Metallic glass 30 pm 385-485 629-983 AISI 4340 - v 3D Lagrangian - [238]
(Vitreloy-1) (ABAQUS) with ALE
CRC-410 ~45 pm ~435 - AISI 4340 463-472 v 2D Lagrangian Commercially used alloy powders are [239]
CRC-425 ~430 (ABAQUS) studied using experimental and
CRC-300 ~451 numerical simulations. Ceramic and
Amperit 584 ~499 metallic contents were identified, then
Amperit 587 ~509 the shapes identified from SEM are
Diamalloy ~471 inputted in the numerical model to
304 study the impact behaviour.
Al 30 pm 380 629 Al7075 298 v Eulerian (ABAQUS) Sequential impact of particles carried [240]
out.
Cu 25 pm 20 298 PEEK 298 v Lagrangian Metallic coatings on polymer substrate.  [241]
(ABAQUS) Material jet was formed at the substrate
at the which facilitates the deposition
of coating.
IN718 22 pm 400 to 1200 - IN718 - v Lagrangian Single particle impact used to study the  [242]
(ABAQUS) deformation. Two different sets of
parameters used in the simulations.
Cu 10 pm 500 298 Al 298 v Lagrangian Single and multiple particle impact was [243]
(ABAQUS) performed.
Cu 41 pm 500 298 Cu 298 v 2D Lagrangian Different materials belonging to the [244]
AA6061 22.7 pm 530 AA6061 (ABAQUS) “soft” and “hard” group were studied.
Ti6Al4V 39.6 pm 1100 Ti6A14V Model could capture strain-rate

sensitive behaviour.

Note: Velocity in brackets were explicitly mentioned as critical velocities for the given process parameters.

Us Shock velocity ¢ MTS parameter
Up Particle velocity n Nominal volumetric compressive strain
v Specific volume 0 Strain hardening rate
Yo Yield stress constant at 0 K K Temperature dependence constant
y1 Medium strain rate constant v Poisson’s ratio
Y2 Medium strain rate exponent p Density
Yoo Yield stress constant at Tp, Po Reference density
c Stress response
Ts Normalized work-hardening saturation stress
Greek symbols Ty Normalized yield stress

High strain rate exponent
Material constant (Mie- Gruneisen)

p Declaration of competing interest
T

r Gruneisen parameter

14

€

é

é
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Strain rate dependence constant
Equivalent plastic strain
Dimensionless plastic strain rate
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& Reference strain rate
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Table 3
Summary of the process parameters used in the numerical simulation for residual stress modelling.
Particle Substrate Verification RS values Method Notes Ref
Material ~ Diameter  Velocity Initial Material Initial
(m/s) Temp temp
) )
AA 15 pm 585 - AA - Neutron ID1: 40 to SPH Multiple particles (400 [81]
6061- 6061-T6 Diffraction and —125 MPa particles) were used to obtain
T6 Tsui-Clyne the residual stresses. The
analytical results were compared with
model neutron diffraction
measurements and Tsui-Clyne
analytical model
Ti6Al4V 30 pm 700 - Ti6Al4V 573 Focused Ion ID2a: 176 to 3D Lagrangian Residual stress from the [88]
Beam Digital —352 MPa ABAQUS simulation was compared with
800 Image experimental results obtained
Correlation ID2b: 528 to by Focused Ion Beam- Direct
—176 MPa Image Correlation
ID2c: —32 to
52 MPa
[149]
Cu 20 pm 500-700 373-573 Cu 298 Neutron ID3a: 150 to Eulerian slice Single and multiple particle [57]
Diffraction [75] —25 MPa (ABAQUS) impact.
Residual stress in the direction
Al of the velocity was also
ID3b: 50 to reported.
—140 MPa
YSz 30 pm 100-240 3067-3250  SS 423 Hole Drilling ID4b: 225to  CELand Eulerian ~ The model predicted residual [47]
Method [245] —200 MPa (ABAQUS) stresses and compared with
experimental results (hole
drilling method) from the
literature
Al 20, 25 500 298 Al 298 - ID5a: 1662. 3D Lagrangian Normal and incline impacts [150]
Al pm Cu To —192.3 (ANSYS- for different material
Al Ti MPa AUTODYN) combinations (0°, 30°, 60°,
Cu Al ID5b: 302.8 90°). Larger incident angle
Cu Cu to —120.6 resulted in in a larger
Cu Ti MPa compressive zone and residual
Ti Al ID5c: 155.9 stress. Yield strength and
Ti Cu to —204.5 density of the material
Ti Ti MPa influenced the residual stress.
ID5d: 459.2 Residual stresses are presented
to —251.4 as Von-Mises stress
MPa
ID5e: 210.9
to —171.4
MPa
ID5f: 296.5
to —3703
MPa
ID5g: 519.6
to —496.4
MPa
ID5h: 424.9
to —576
MPa
1D5i:284.8
to —625.6
MPa
AA6061 19 pm 850-1050 293 AA6061 293 X-Ray ID6: 100 to 3D Lagrangian Three cases-single (19 pm), [152]
11-78 600-1300 Diffraction —350 MPa (ABAQUS) overlapping impact of 6
pm particles (19 pm) and multiple
random impacts (11-78 pm).
Residual stresses are reported
for different bonding models.
Al 20-60 400-900 293 Mg 293 X-Ray ID7: 50 to LS-DYNA Single and multiple impact [153]
pm Diffraction —100 MPa analysis is performed.
Johnson-Cook and Gruneisen
models were used. A
parametric study was also
performed.
Cu 50 pm 100-700 293 Cu 293 - ID8: 275 to 2D Lagrangian Material failure was also [122]
—75 MPa and ALE considered in the Lagrangian
3D Lagrangian model. Residual stresses were
(ABAQUS) also studied with varying

27
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Table 3 (continued)

Particle Substrate Verification RS values Method Notes Ref
Material Diameter  Velocity Initial Material Initial
(m/s) Temp temp
x) x)
Al 25 pm 400 300 Al 300 - ID9: 100 to SPH Irregularly shaped particle [154]
—400 MPa induces tensile stresses and is

harmful for the coating.
Spherical particles are better
due to the formation of
compressive stresses.

SS316 15-75 400-800 800-1600 SS316 300-1000 - ID10: 400 to 2D Lagrangian The effect of particle diameter, [155]
pm —400 MPa Axisymmetric particle velocity, particle
(ABAQUS) temperature and substrate

temperature are studied.
Peening, quenching and
thermal residual stresses are
studied. Some comparison
with published literature

Ti 22 pm 700 873 Ti 300 - ID11: 414 to Lagrangian Higher stress in coating than [156]
600 MPa (ANSYS- the substrate. Residual stress is
AUTODYN) higher in coating/substrate

interface which can act as a
point of crack formation.

Cu 36 pm 500 298 Cu 298 Contour ID12:150to  ALE Single and multiple particle [157]
method and X- —200 MPa impact performed. Residual
ray diffraction stresses are simulated and

compared with experimental
methods using XRD and
contour method.

IN718 50 pm 500, 600 1543 IN718 - Neutron ID13: 250 to 2D The HVOF numerical results [162]
diffraction and —600 MPa Axisymmetric have been compared to
modified layer Lagrangian experimental results (neutron
removal (MSC Marc) diffraction and material layer
method removal method).
Cu 35 pm 579-677 456-598 Cu 293 - ID14: —25to  Lagrangian Three and 100 particle impact ~ [246]
Cu Al —250 MPa (ABAQUS) were performed.
Al Cu
Al Al
Table 4

Summary of the experiments measuring residual stresses (RS) in cold sprayed coatings. (C — Coating, S — Substrate, XRD — X-ray Diffraction, ND — Neutron Diffraction,
MR - Material removal (hole drilling and material layer removal), CM - Curvature measurement, Misc. — Miscellaneous, AM - Analytical model, FEM - Finite element
model).

Coating Substrate RS values Experimental method AM FEM Notes Ref
Material Thickness Material Thickness XRD ND MR CM  Misc.
(mm) (mm)
Al,03+A380 1-2 AA6061 3 C:-15to-90 v k3 x k3 k3 k3 % Two different blends of [58]
MPa Al203 with A380 were

made — spherical and
irregular shaped. Only
surface residual stresses
were presented.

IN718 1.22 - IN718 3 C: -100 to v x 3 x x x ® Different processing [59]
1.30 -400 MPa conditions are used and
S: -400 to XRD is used to measure
300 MPa residual stress at the

surface and the middle
of the coatings.

IN718 0.073 IN718 510 6.5 C: -50 to v x v x x x x Hole drilling method [60]
-250 MPa for 3 thicknesses.
S:-400 to 80 XRD for the thin coating
0.211 MPa after annealing. This
caused stress relaxation
C: -50 to in the coating, the
0.350 -250 MPa substrate remains
S: -250 to relatively unchanged.
50 MPa
C: -100 to
-200 MPa

(continued on next page)
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Coating Substrate RS values Experimental method AM FEM Notes Ref
Material Thickness Material Thickness XRD ND MR CM Misc.
(mm) (mm)
S: -200 to
0 MPa
AA6061 10 AA6061- 6 Direction-1 v x % x ® x % XRD measurements in [61]
T6 C: 0 to -40 different directions.
MPa Electropolishing used to
S: -40 to 50 get residual stress
MPa profile.
Direction-2
C: -20 to 45
MPa
S:0to 45
MPa
Al 0.674- AA6061 2 C: 100 to v k3 s v k3 k3 % The effect of substrate [62]
0.845 5.95 -350 MPa temperature on residual
S: 180 to stress is studied. Stress
-450 MPa profile obtained using
the MR method (layer
removal).
IN718 4 Al - C: -400 to v k3 % k3 k3 k3 3 Comparison of cold [64]
400 MPa sprayed and laser-based
powder bed fusion
performed. Residual
stress was high after
machining.
Ti SS - Ti: -50 to x v x x x v x Two different [65]
-150 MPa geometries were
SS: 300 to additively
Al -200 MPa manufactured — a thin
(3.3 mm) and a thick
Ti: -10 to sample (5.2 mm). The
-175 MPa presence of
Al: 50 to -50 compressive stress on
MPa the top surface is
beneficial as it prevents
crack formation and
propagation.
Cu Al 6061 - Cylinder: x v ® x x x ® Two geometries were [66]
103 to -58 additively
MPa manufactured - a
cylinder (¢ = 15 mm,
Funnel: 100 height = 100 mm ) and
to -123 MPa a funnel. The stresses in
three directions- axial,
hoop and radial were
presented. The presence
of compressive stress on
the top surface is
beneficial as it prevents
crack formation and
propagation. Residual
stress magnitudes lower
than casting and
powder-based additive
manufacturing where
melting is involved.
Zn - Mild 2 C: -0.5 to v k3 % 3 k3 k3 % Different processing [67]
Steel 26.1 MPa parameters used.
residual stress range is
for all the scenarios.
Al 0.14 mm Steel 2.36 -75 to 50 v x v x x % x Comparison of hole [68]
(AlZn5.5MgCu) (S8355J2) MPa drilling and X-ray
diffraction. Micro-
stresses by hole drilling
and XRD are
comparable.
Cu - Cu - Cu(C): -50 % v x x x v v The analytical model [69]
to 10 MPa [70,75,80] and [80,81] developed in this study
Cu (S): -50 [151] is used to compare with
Cu Al to 60 MPa finite element
modelling, neutron
Cu(C): -80 diffraction and Tsui-
Al Cu to 30 MPa Clune analytical model.
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Coating

Substrate

Thickness
(mm)

Material

Thickness
(mm)

Material

RS values Experimental method AM

XRD ND MR CM  Misc.

FEM Notes Ref

Al7075

Al6061

Al-6061-T6

Ti

Al

Al

AA7075

AA6061

Ti6A14V 4.5

Ti 50 mm

Cu 3

Al 3

Cu 3

Al 3

Mg

Mg

Al6061

Mg

Mg 3

Ti6Al4V 5

Ti 10 mm

Cu 3.1

Al 2.6

Al 2.6

Al (S): -75
to 110 MPa

Al (C): -10
to 10 MPa
Cu (S): -30
to 20 MPa

Al7075 (C):
-70 to 30
MPa

Mg (S): -80
to 110 MPa

Al6061 (C):
-20 to 20
MPa

Mg (S): -45
to 50 MPa

Al-6061(C):
-20 to 10
MPa
Al-6061 (S):
-10 to 20
MPa

Ti (C): -20
to 20 MPa
Cu (S): -30
to 50 MPa

Al (O): -15

to 10 MPa

Mg (S): -10

to 30 MPa

©(C);-20to0 % v x x x v
30 MPa

Mg (S): -10

to 5 MPa

AA7075
(C): -70 to
70 MPa
Mg (S): -70
to 90

AA6061

(C): -30 to

20 MPa

Mg (S): -40

to 60 MPa

C: -250 to x v x x v v
350 MPa

S:-225 to

100 MPa

C:-125to x v x x v x
60 MPa

Cu (C): 10 k3 v x k3 k3 v
to-40 MPa

Cu (S): 60

to-45 MPa

Al (O): 10

to-10 MPa

Cu(S):5to

-5 MPa

Cu (C): 40
to -80 MPa
Al (S): 90

to-70 MPa

30

The model developed is
in good agreement with
the results obtained

through other methods.

® Peening is significant
than thermal mismatch
stress.

[70]

v Neutron diffraction,
contour method with
FEM and analytical
model were used.

v Neutron diffraction and
contour method (with
FEM) were used.

x RS in Cu coatings is
higher than Al.

[71]

[72]

[73]

(continued on next page)
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Coating Substrate RS values Experimental method Notes Ref
Material Thickness Material Thickness XRD ND MR CM  Misc.
(mm) (mm)
Al (C): 5 to
-10 MPa
Al (S): 20 to
-12.5 MPa
Al 1.96 Al 3.08 C:5to0-25 x v ® x x Good agreement [74]
MPa between neutron profile
S: 50 to -25 and Tsui-Clyne model.
MPa
Cu 3 Cu 31 Cu(C): 10 x v ® x x RS in Cu coatings is [75]
to-40 MPa higher than Al coatings.
Cu (S): 60 A higher plastic strain is
Al 3 Cu 3.1 to-45 MPa experienced in Cu
particles impact.
Al(C): 10
Cu 3 Al 2.6 to-10 MPa
Cu(S):5to
-5 MPa
Al 3 Al 2.6
Cu(C): 40 to
-80 MPa
Al (S): 90
to-70 MPa
AI(C): 5 to
-10 MPa
Al (S): 20 to
-12.5 MPa
AA6061-T6 AA6061- - S: -14 to 30 x v b 3 x x Experimental and [81]
T6 MPa numerical work carried [82]
C:-13t07.5 out. A good fit between
MPa experimental and
numerical results
(scaled values).
IN718 0.216 — IN718 3 C: -500 to x x v v x RS reduces with [83]
1.173 -200 MPa increase in coating
S:-300 to thickness. The
200 MPa analytical model is
based on Hertzian
contact Ilyushin’s
elasto-plastic theory.
Cu MR: 0.44 Al 1.47 -51 MPa x x v v x MR (hole drilling) and [84]
CM: 0.43 -37 MPa CM used to characterize
RS.
Ni MR: 0.34 -98 MPa
CM: 0.27 -57.9 MPa
NiZn MR: 0.07 -420 MPa
CM: 0.21 -97.1 MPa
AlZn MR: 0.22 -22 MPa
CM: 0.25 -35.5 MPa
AA7075 Mg - Al17075 (C): x x v x x Hole drilling method [85]
(AZ31B- -80 to 20 utilizing Fiber Bragg
H24) MPa Grating sensors and
Mg (S): thermocouples used to
-180 to do in-situ
0 MPa measurements of strain
and temperature.
Temperature and
pressure of the carrier
gas are known to have
the largest effect on
residual strains.
AA6061 0.5-2 AA6061 4 -30to -110 k3 k3 v k3 k3 RS was higher for [86]
MPa thinner coatings.
Compressive stress
reduced decreased with
increasing coating
thickness.
AA7075 0.282 Mg - C:-10 to % x v x % Tensile residual stress [87]1
(AZ31B) -122 MPa on substrate and
S:0to12 compressive on coating
MPa

31
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Table 4 (continued)

Coating Substrate RS values Experimental method AM FEM Notes Ref

Material Thickness Material Thickness XRD ND MR CM Misc.
(mm) (mm)

due to the difference in

CTE.
SS 304L 3.1+0.1 AISI - As-sprayed: x x  d x v x ® Ring-opening tests [90]
4130 -3.3+£0.3 performed. residual
2.9 +0.1 steel MPa stress for as-sprayed
Annealed: and annealed
-3.7 £0.3 conditions are
MPa presented.
Cu-Cr-Zr ~3 AISI - As-sprayed: x x x x v x x Ring-opening tests [91]
4130 6.9 £1.0 performed. residual
steel MPa stress for as-sprayed
Annealed: and annealed
1.0+£0.5 conditions are
MPa presented.
Cu-0.1 Ag ~3 AISI - As-sprayed: x x x x v x x Ring-opening tests [92]
4130 -2.21 £0.3 performed. residual
steel MPa stress for as-sprayed
Annealed: and annealed
-0.3+0.3 conditions are
MPa presented.
Cu-0.1Ag 3.3 +0.1 AISI - As-sprayed: x x x x v x x Ring opening tests were [93]
4130 -2.2 £0.3 performed. residual
3.1 +0.1 steel MPa stress for as-sprayed
Annealed: and annealed
-0.3 £0.3 conditions are
Cu-5.7Ag 3.2 +0.1 MPa presented.
3.2 +0.1 As-sprayed:
-10.6 £0.3
MPa
Cu-23.1Ag 3.6 £0.1 Annealed:
-0.9 £0.3
3.6 £0.1 MPa
As-sprayed:
113.84+0.3
MPa
Annealed:
-0.4 £0.3
MPa
Table 5
Summary of previously published literature reviews on cold spray.
Author Year Paper title Ref
Yin et al. 2018  Cold spray additive manufacturing and repair: Fundamentals and applications [5]
Assadi et al. 2016  Cold spraying — A materials perspective [6]
Rokni et al. 2017  Review of Relationship Between Particle Deformation, Coating Microstructure, and Properties in High-Pressure Cold Spray [71
Wu et al. 2012  Advanced cold spray technology: Deposition characteristics and potential applications [9]
Li et al. 2016  Numerical Analysis of Cold Spray Particles Impacting Behaviour by the Eulerian Method: A Review [29]
Lietal. 2014  Modelling of impact behaviour of cold spray particles: Review [45]
Viscusi et al. 2019 A perspective review on the bonding mechanisms in cold gas dynamic spray [97]
Hussain 2012  Cold Spraying of Titanium: A Review of Bonding Mechanisms, Microstructure and Properties [98]
Li et al. 2020  Solid-state cold spraying of Ti and its alloys: A literature review [99]
Olakanmi et al. 2014  Laser-assisted cold-sprayed corrosion- and wear-resistant coatings: A review [100]
Luo et al. 2014  High velocity impact induced microstructure evolution during deposition of cold spray coatings: A review [101]
Sun et al. 2020  Post-Process Treatments on Supersonic Cold Sprayed Coatings: A Review [102]
Pathak et al. 2017  Development of sustainable cold spray coatings and 3D additive manufacturing components for repair/manufacturing applications: A critical [247]

review
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Table 6
Material properties of some commonly cold sprayed materials.
Material ~ Critical Hardness  Young’s Yield Melting Density ~ Thermal Specific heat Thermal References
velocity (HV) modulus strength point g/ conductivity capacity Diffusivity
(m/s) (GPa) (MPa) x) cm®) (W/mK) (J/kgK) (mm?/s)
Cu 290 50 110 33 1356 8.9300 385 385 111.98 [126,127,248]
Al 300 15 68 15 933 2.6989 210 900 86.45 [183,249]
Ni 330 65 205 59 1723 8.8900 61 460 14.84 [183,250]
SS316 500 173 197 290 1660 7.9700 15 510 3.69 [4,251]
IN718 490 380 205 550 1571 8.1900 11.4 435 3.20 [183,252]
Fe 350 62 200 50 1809 7.8700 76.2 444 21.81 [183,253]
SS304 395 129 197 215 1700 8.000 16.2 500 4.05 [184,254]
Nb 442 134 105 85 2683 8.4000 53.7 260 24.59 [236,255]
Ti6Al4V 500 349 115 880 1905.5 4.4705 7.2 561 2.87 [184,256]
Industrial Transformation Training Centre project IC180100005 that is [20] S.V. Klinkov, V.F. Kosarev, M. Rein, Cold spray deposition: Significance of

titled “Surface Engineering for Advanced Materials”, SEAM.
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