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Abstract: CSAM is a solid-state process for depositing metal or metal-based composite
materials in which the fine particles of metal or composite material are accelerated to su-
personic velocity, making successful bonding feasible due to the high-impact velocity and
heavy plastic deformation, all without the melting of the feedstock material. This review
examines the basic CSAM mechanism, including deposition dynamics, bonding mecha-
nism, dynamic recrystallization, residual stress evolution, and post-spray heat treatments
which affect microstructural and mechanical properties. Although controlled by a few key
factors like particle velocity, strain rate, and temperature rise, the bonding efficiency itself
refines the grains through dynamic recrystallization, hence improving coating strength
and performance. The predominating compressive residual stresses that enhance fatigue
resistance and mitigation strategies to improve coating durability by post-spray anneal-
ing and laser peening are discussed. This review, by providing an overview of material
behavior, optimization techniques, and advanced modeling approaches, underlines the
CSAM potential for high-performance applications in aerospace, biomedical industries,
and machinery. It further underlines its importance for the advancement of manufacturing
innovation and materials science.

Keywords: cold spray additive manufacturing; cold spray materials; residual stress;
microstructure formation; phase transformations

1. Introduction
Cold spray additive manufacturing (CSAM) represents a step forward in metal addi-

tive manufacturing, wherein a solid-state deposition process is applied for the fabrication
and repair of metallic components [1–4]. CSAM is different from traditional techniques of
fusion-based processing because it does not involve melting and subsequent solidification.
Instead, it accelerates the metal powders to supersonic velocities by means of a pressur-
ized gas stream, enabling bonding through high-impact collisions without melting the
feedstock material. This unique approach minimizes thermal degradation, making CSAM
particularly suitable for temperature-sensitive materials and applications.

Material dynamics are a very important aspect in the CSAM, through which the
possibilities and limits are determined. Relevant factors, in this case, refer to the bonding
mechanisms of particles at interfaces, the evolution of residual stress during deposition,
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and accompanying microstructural changes in metals upon deposition. Furthermore, all
these aspects have a strong impact on the performance and wear behavior of cold-sprayed
coatings in their diverse applications, including but not limited to aerospace and biomedical
industries, machinery, and more.

This review focuses on the complex physical and mechanical phenomena underlying
CSAM: the bonding mechanisms driven by high-velocity impact, the influence of residual
stress on coating integrity, and dynamic recrystallization on grain refinement and phase
transformation. Considering these issues, this work seeks to provide an overview of the
process parameters, material behavior, and optimization strategies that must be realized
for CSAM to operate and fabricate high-performance metallic coatings with properties
amenable to specific applications. By this exposition, CSAM is placed as one of the most
advanced technologies that connect manufacturing innovation to material science. We refer
to these excellent reviews to obtain comprehensive insights into the material dynamics of
the cold spray (CS) process [5–7].

The rest of this review paper is organized as follows. Section 2 discusses the mech-
anisms and modeling of high-velocity impact and solid-state bonding in CSAM. Sec-
tion 3 explains the bonding mechanism(s) in cold spray technology. Section 5 describes
phase transformation and amorphization during cold spray. Section 5 explains residual
stress in CSAM. Section 6 describes in situ grain refinement by dynamic recrystallization.
Section 7 explores the contributions of metastable microstructures to post-spray heat treat-
ment. Section 8 highlights the summary and outlook.

This review systematically explores the material dynamics in CSAM, focusing on the
fundamental mechanisms governing bonding, residual stress evolution, phase transforma-
tions, and microstructural changes. The paper is structured to provide a comprehensive
understanding of these aspects and their implications for high-performance applications.

The review begins with an in-depth analysis of bonding mechanisms in CSAM
(Section 2), emphasizing adiabatic shear instabilities, mechanical interlocking, and met-
allurgical diffusion that facilitate particle adhesion. The section discusses the influence
of particle velocity, substrate properties, and critical velocity thresholds on bond strength
and presents experimental and computational studies demonstrating the localized strain
distribution, temperature rise, and jet formation at impact sites.

Next, phase transformation and amorphization in cold spray (Section 3) are examined,
highlighting how high strain rates induce phase transformations, such as martensitic
transitions and nanocrystalline structures in certain alloys. This section also addresses
the amorphization effects observed in materials like Zn, Ni, and Co-based alloys, where
rapid cooling following impact disrupts lattice structures. High-resolution TEM and
computational modeling approaches are reviewed to illustrate the microstructural evolution
of cold-sprayed coatings.

The discussion then shifts to residual stress in CSAM (Section 4), a critical factor
influencing the durability and performance of deposited coatings. This section examines
the formation of compressive and tensile stresses due to particle impact, substrate inter-
actions, and process conditions. It also reviews experimental techniques such as neutron
diffraction and X-ray diffraction (XRD) for measuring residual stress distributions and
explores mitigation strategies, including heat treatments, optimized deposition strategies,
and laser shock peening.

In Section 5, the role of in situ grain refinement through dynamic recrystallization
is analyzed. The review details how severe plastic deformation and high strain rates
drive grain refinement, influencing the final microstructure and mechanical properties of
cold-sprayed deposits. A comparison of grain evolution in FCC, BCC, and HCP metals is
presented, along with the impact of particle size and deposition temperature on microstruc-
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tural stability. The discussion extends to how dynamic recrystallization enhances hardness,
ductility, and fatigue resistance, making CSAM an effective technique for producing dense,
high-strength coatings.

Section 6 focuses on the stabilization of metastable microstructures through post-spray
heat treatments, which play a crucial role in refining mechanical properties and eliminating
defects. This section evaluates how post-deposition annealing, thermal diffusion, and mi-
crostructural coarsening influence coating performance. Studies on heat treatment’s effects
on bonding strength, porosity reduction, and fatigue resistance are reviewed, providing
insights into optimizing CSAM deposits for structural applications.

Finally, the summary and outlook (Section 7) consolidate key findings on bonding
mechanisms, stress evolution, phase transformations, and microstructural refinement. It
also identifies current limitations and future research directions, including real-time mon-
itoring, AI-driven process optimization, and multi-material deposition strategies. The
section highlights the growing potential of CSAM for aerospace, biomedical, and industrial
applications, emphasizing its role in advancing next-generation additive manufactur-
ing technologies.

2. High-Velocity Impact and Solid-State Bonding in CSAM: Mechanisms
and Modeling

The deposition mechanism in CSAM is based on high-velocity particle impact and
solid-state bonding to build a part layer by layer. The process begins with a high-pressure
gas, such as helium, nitrogen, or air, which is heated and accelerated through a converging–
diverging nozzle to supersonic speeds, typically between 300 and 1200 m/s [8]. In general,
the gas stream conveys fine metal or composite powder particles, usually in the size range
of 1–50 µm, at very high velocity toward the substrate. The particles undergo severe
plastic deformation on impact so that their kinetic energy is converted into localized heat
and pressure. This process is termed adiabatic shear instability that softens the material
without melting, promoting solid-state bonding at the atomic level through both mechanical
interlocking and metallurgical mechanisms.

Reducing the particle size leads to an increase in the critical adhesion velocity (Vcr) [9],
which is attributed to the higher surface area-to-volume ratio in smaller particles. This
results in reduced kinetic energy [10], faster heat dissipation from the bonding interface [8],
and a greater presence of absorbents and oxides that obstruct bonding [11]. Additionally, a
higher oxygen content in the powder further hinders bonding and reduces the ductility of
the deposit.

The CSAM involves a substrate with high-velocity particles bonded by plastic de-
formation mechanisms or by solid-state bonding. Due to this, factors include particle
velocity, impact energy, strain rate, and temperature rise that are mathematically described
in the process.

Ek =
1
2

mv2 (1)

where m is the mass of the particle and v is the velocity of the particle.
For effective deposition, particle velocity v must be higher than the critical velocity Vc,

which is the minimum velocity at which plastic deformation and bonding can be sufficient.
If V < Vc, the particle will rebound instead of sticking. Critical velocity depends on
material properties such as hardness, ductility, and density and can be approximated by
the following:

Vc ∝
√

σy

ρ
(2)

where σy is the yield strength of the material and ρ is the density of the material.
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Upon impact, particles undergo severe plastic deformation, characterized by a high
strain rate, as follows:

.
E ≈ ϑ

d
(3)

where v is the impact velocity, and d is the diameter of the particle.
The high strain rate generates localized heating due to adiabatic conditions. This heat

facilitates bonding by softening the material. The deformation also increases the contact
area between the particle and substrate, enhancing mechanical interlocking.

The rise in temperature ∆T during impact is caused by the conversion of kinetic energy
into heat. It is given by the following:

∆T = η
σy ∈p

ρcp
(4)

where η is the fraction of plastic work converted to heat, σy is the yield strength of the
material, ∈p is the plastic strain, ρ is the density of the material, and cp is the specific heat
capacity. The process of adiabatic heating acts to promote bonding through the softening of
the material at the particle–substrate interface without melting. This solid-state bonding
preserves material integrity, which is of particular importance for CSAM applications.

The contact pressure P at the particle–substrate interface can be estimated using the
Hertzian contact theory for elastic-plastic deformation:

P = k
√

ρϑ2 (5)

where k is the proportionality constant depending on material properties, ρ density of the
particle, and v is the particle velocity.

To predict deposition, material behavior is modeled using equations such as the
Johnson-Cook plasticity model [12] for high strain rate conditions:

σ = (A + Bεn)
(
1 + C ln

( .
ε
))(

1 −
(

T − To

Tm − T0

)m)
(6)

where A, B, C, n, and m are material constants, ε is strain,
.
ε is the strain rate, T is temperature,

To is reference temperature, and Tm is melting temperature.
Various material models can be used for this purpose, as discussed in [13], but finding

an appropriate model is still a challenging task. The main reason for this situation is the
lack of material data at very high strain rates during cold spray, up to 109, as mentioned
in [14]. Even in the low-strain-rate regime, there is a general dearth of data on plastic
constitutive properties of materials in this micro-sized particle form.

Numerical simulation is indispensable for the understanding of the underlying mech-
anisms of particle impact and deformation in CSAM. These are mainly performed by
mesh-based numerical methods such as the finite element method because of their strength
in solving complex mechanical interactions. The main goal is to predict the temporal
development of deformation patterns and the associated field variables, such as stress,
strain, and temperature, for different material and impact conditions. The jetting phe-
nomenon has been explained by two main mechanisms: adiabatic shear instability (ASI)
and hydrodynamic pressure-release (HPR) [15]. These mechanisms are mainly explained
by the finite element method (FEM) simulations, a numerical technique that has its roots in
continuum mechanics.
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3. Bonding Mechanisms in CSAM
CSAM is unlike other methods of metal additive manufacturing, as the bonding occurs

through solid-state impact rather than melting. When metal particles collide at high speeds
with a substrate or previously deposited layers, they create strong metallurgical linkages
through extreme plastic deformation. Generally, it is known that the powder particles can
only attach themselves to the substrate when a critical velocity, Vcr, is reached. The particle
velocity which is needed for the adhesion of particles to take place is called the critical
velocity Vcr [12]. Particles just bounce off the surface of the substrate if their Vp is less
than the Vcr [16]. Bonding that occurs at or over Vcr gives a cohesive overlay. For the most
part, erosion of the substrate may occur when Vp is more than Vcr. The plot of deposition
efficiency, kd = ∆ms/Mp, as a function of Vp, gives Vcr, where Mp is the total weight of
particles impacting the substrate and ∆ms is the weight gain of the substrate. Vcr is in the
range of 500 to 1000 m/s depending on parameters like gas temperature and pressure,
powder characteristics, and substrate characteristics.

In cold spray deposition, two different bonding mechanisms should be distinguished,
i.e., particle-to-substrate bonding and particle-to-particle bonding. Particle-to-substrate
bonding is crucial for the formation of the first layer of particles and to determine the
bonding strength between coating and substrate, and particle-to-particle bonding, which
governs the build-up of the cold-sprayed deposit and is directly related to the cohesive
strength and physical properties of the deposited material.

3.1. Fundamentals of Bond Formation

In cold spraying, the bonding mechanism of the particles onto a substrate is based
on a solid-state cold-welding process. It happens due to extremely high strain-rate plastic
deformation upon impacting, coupled with adiabatic shear instabilities at the particle–
substrate interface [17]. These latter instabilities further develop and enhance localized
deformation and heat rise, which is important in forming a good bond. Adiabatic shear
instabilities at the particle/substrate interface cause exceptionally high-degree plastic
deformation to localize around the contact boundary. In fact, the deformation is often so
severe that it results in the formation of metal jets. Experimental and numerical studies are
consistent in showing that plastic deformation within deposited particles is heterogeneous.
It was shown that high deformation (strain > 10) is concentrated at inter-particle interfaces,
whereas the particle caps (regions at the top or outermost parts of individual particles)
undergo only slight deformation (strain < 0.5). This difference occurs over extremely short
timescales, typically tens of nanoseconds. Figure 1a shows that increasing impact velocities
(300–600 m/s) lead to higher localized temperatures at the particle–substrate interface,
promoting bonding through plastic deformation. Figure 1b,c reveal the effects of particle
impact, with SEM images showing material flow and jetting, while simulations demonstrate
greater deformation and interfacial bonding at 600 m/s compared to 500 m/s [14].

The bonding can, in principle, take place without heating, fusion, or mechanical in-
terlocking when atomically clean, flat surfaces of two components are brought into direct
contact [18,19]. In practice, the metallic surfaces are never flat and are always covered
by a thin oxide layer. These oxide layers must be either broken or removed for clean
metallic surfaces to come into intimate contact and to enable solid-state bonding. This
can be accomplished by compressing and stretching the interfacial region through plastic
deformation. In the context of CS, bonding is believed to occur because of this type of
interfacial deformation: severe plastic deformation breaks the oxide layer and allows for
the atomic-level contact of metallic surfaces. Importantly, the oxide layer acts simply as a
geometrical constraint rather than an “energy barrier” to metallurgical bonding, as it can
be overcome through sufficient deformation at the interface. Another key discussion is
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the role of jetting, where material is ejected outward from the particle–substrate interface.
The influence of the native surface oxide layer is also a subject of interest [11,20]. Addition-
ally, researchers examine the effects of interfacial melting [21,22] and interface solid-state
amorphization [23]. These mechanisms will be explored in detail in the following section.

The rapid deformation at the interface is accompanied by a corresponding rise in
temperature. The rise in temperature is closely related to the effective strain experienced at
the inter-particle interfaces. Simulations have been conducted that show the distributions
of strain and temperature will not be uniform near the interface region when a spherical
copper particle impacts on a flat copper substrate. For instance, for some conditions, the
maximum interface temperature can be around 1150 K and may be much higher than
the melting temperature if the initial particle temperature is high. These results reveal
that the bonding process strongly depends on parameters like particle velocity and initial
temperature. In this region of high strain rate deformation, extreme thermal events occur
due to its limited spatial dimensions. Heating rates at the particle/substrate interface
can reach ~1010 K/s, followed by rapid cooling rates of ~109 K/s during the deposition
of a single particle. These extreme thermal dynamics are critical for the microstructural
evolution of the coating formed during cold spraying. Higher gas temperatures during the
process result in increased peak temperatures and longer durations of thermal exposure,
further affecting bonding and the resultant coating microstructure.
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particle on a copper substrate at initial velocities of 500 m/s and 600 m/s, adapted from Ref. [14].

The bonding process in cold spray is complex, and no single mechanism can fully
explain it. Other factors likely contribute to effective bonding. Shear localization at
impact interfaces, for example, can lead to microscale or nanoscale mixing or interlocking
structures, as observed in cold-sprayed aluminum. These interfacial features, including
roll-ups and bulges at the nanoscale, enhance mechanical interlocking at particle–particle
boundaries. Similar phenomena have been observed in processes like explosive welding
and cladding. Additionally, the intense localized deformation can break oxide layers on the
particle surfaces, allowing for clean metallurgical contact between particles and substrates.

In CSAM, the consolidation of powder particles is achieved with minimal porosity.
As each layer of powder is deposited, incoming particles undergo deformation, rotation,
realignment, and bonding. With increasing layer thickness, continuous particle impact
results in plastic deformation, tamping, and densification, like shot peening. Materials
with high plasticity, such as face-centered cubic (FCC) metals (e.g., Al, Ni, and, Cu), are
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particularly suited for cold spray, yielding high-density parts with low porosity. In contrast,
body-centered cubic (BCC) metals (e.g., W, Ta, Mo, Nb, α-Fe, and β-Ti) tend to exhibit
lower plasticity, resulting in coatings with greater porosity. Hexagonal close-packed (HCP)
metals (e.g., α-Ti, Zn, Zr, Co, and Mg), which have fewer slip systems, typically produce
higher-porosity cold-sprayed parts compared to FCC metals under similar conditions. For
instance, cold-sprayed titanium often exhibits greater porosity than cold-sprayed copper
when using identical processing parameters. Ultimately, the porosity of cold-sprayed
materials is influenced by both the properties of the particles (such as size and shape) and
the process conditions (including gas temperature and pressure).

3.2. Adhesive and Cohesive Bonding in CSAM

Bonding mechanisms in CSAM can be classified as adhesive and cohesive. Adhesive
bonding occurs at the particle–substrate interface, where the initial layer of particles ad-
heres to the substrate through mechanical interlocking and plastic deformation. Cohesive
bonding, on the other hand, occurs between successive layers of particles within the de-
posited material, strengthening the bulk of the deposit. Both bonding types contribute to
the integrity and mechanical performance of the final CSAM part, with cohesive bonding
being crucial for maintaining structural cohesion in thick deposits. ASTM C633-13(2021)
is generally used for the Standard Test Method for Adhesion or Cohesion Strength of
Thermal Spray Coatings [25]. X. Wang et al. investigated the characterization and mod-
eling of the bonding process in cold spray additive manufacturing [26]. Through the
experimental investigation, the research concluded that bonding strength at the cold spray
deposit–substrate interface increases as the spray angle decreases from 90◦ to 45◦, where
maximum bonding strength is achieved. However, as the spray angle decreases, deposi-
tion efficiency and strength of the bulk deposit material also decrease. S. Boese carried
out the laser-assisted cold spray of aluminum alloy 6061 [27]. The adhesion test results
demonstrate that bond strength increases with laser power, rising from 18.4 MPa at 1 kW
to 76.8 MPa at 6 kW. Samples sprayed at higher powers (5 kW and 6 kW) experienced glue
failure, indicating adhesion strengths above 77 MPa, as the coating itself did not fail. Lower
power samples failed cohesively within the coating. The manufacturer-reported minimum
adhesion strength of 68.9 MPa was exceeded in these tests. The increased bond strength
is attributed to enhanced bonding at the interface and between splats, driven by the heat
introduced by the laser. R. Huang developed a novel adhesion strength test to understand
the adhesion mechanism in cold spray coatings [28]. The results showed that increasing
particle velocity can enhance adhesion strength. The tensile strength of an A5052 substrate
impacted by copper particles in nitrogen gas increased gradually with particle velocity,
reaching a critical range of 600 to 900 m/s, where it experienced a rapid rise. Beyond this
range, tensile strength plateaus near 250 MPa, indicating a maximum bonding capacity
is reached despite further velocity increases. In another study by M.R. Rokni et al. on a
6061 Al substrate, the tensile adhesion strength and shear adhesion strength were found to
be 78.2 MPa and 72.5 MPa, respectively [29]. Some of the previous work on the bonding
mechanism has been summarized in Table 1.
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Table 1. Summarized previous work on the bonding mechanism.

Author Key Findings Reference

Assadi et al. Identified adiabatic shear instability as a key bonding
mechanism in cold spray.

[14]

Borchers et al. Examined the microstructural and macroscopic
properties of cold-sprayed copper coatings.

[12]

Rahmati and Ghaei Highlighted the role of particle/substrate interactions
using numerical simulations.

[13]

Wang et al. Investigated the effect of impact velocity and angle on
bonding strength.

[26]

Huang and Fukanuma Studied the influence of particle velocity on adhesive
strength.

[28]

4. Phase Transformation and Amorphization During Cold Spray
Phase transformation and amorphization are commonly observed phenomena in the

cold spray process [30]. High strain rate deformation during cold spraying often induces
phase transformations, such as the martensite phase transformation of austenite in steels
and other material systems. For instance, P. Richer [30] studied microstructural changes in
CoNiCrAlY during cold gas dynamic spraying, where intense plastic deformation from
particle impact caused substantial grain refinement of the γ-phase matrix. This resulted
in nanocrystalline structures with enhanced mechanical properties, along with a more
uniform and stable microstructure due to the dissolution of β-phase precipitates into the
γ-matrix caused by lattice instability and elevated energy states.

In cold-sprayed WC–Co coatings, cobalt undergoes a phase transformation from
a close-packed hexagonal (HCP) to a face-centered cubic (FCC) lattice structure due to
extreme plastic deformation and high strain rates during particle impact [9]. Similarly,
amorphous microstructures have been identified in cold-sprayed zinc coatings through
TEM analysis, as evidenced by halation features in selected areas in electron diffraction
patterns instead of clear lattice fringes (Figure 2) [31]. Numerical simulations confirmed
that these amorphous structures result from the melting of Zn particles under severe plastic
deformation, followed by rapid cooling [31,32].
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Amorphization has also been observed at the particle–substrate interface during cold
spray deposition. Q. Wang et al. [33] reported the inclusion of amorphous zones around the
periphery of the particle–substrate interface. High-resolution TEM (HRTEM) investigations
revealed the formation of a small amorphous zone (~3 nm radius) surrounded by random
Al and Mg lattices. This was attributed to the disruption of the lattice structure caused
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by severe plastic deformation at high strain rates, which accommodated rapid material
intermixing at the interface.

A summary of previous research on phase transformation and amorphization is
presented in Table 2.

Table 2. Summarized previous work on phase transformation and amorphization.

Author Title Findings Reference

P. Richer et.al Microstructural changes in
CoNiCrAlY during cold gas
dynamic spraying

Significant grain refinement of the
Î³-phase matrix and dissolution of
Î²-phase precipitates observed.

[30]

Q. Wang et al. High-resolution microstructure
characterization of the interface
between cold-sprayed Al coating
and Mg alloy substrate

Amorphous zones identified at the
particle–substrate interface due to
severe plastic deformation.

[33]

5. Residual Stress in CSAM
Residual stresses are a key feature of cold spray additive manufacturing (CSAM),

arising primarily from the high-velocity impact and plastic deformation of particles during
deposition. These stresses, predominantly compressive near the surface, significantly
influence the mechanical properties and durability of CSAM components. For example,
in commercially pure titanium, residual stresses are largely driven by thermal mismatch
between the titanium and aluminum substrates due to differences in their coefficients
of thermal expansion (CTE), particularly at elevated spraying temperatures [34]. This
mismatch stress, often surpassing deposition stress, can be mitigated by matching CTEs or
removing the baseplate post-deposition. While CSAM typically induces mild compressive
deposition stress (e.g., −20 MPa in this study) that enhances crack resistance, excessively
high spraying temperatures may introduce tensile stresses, increasing the risk of surface
cracking. Stress distribution also depends on sample geometry, with planar coatings
showing equal-biaxial stress and thick-wall deposits exhibiting uniaxial stress. When
spraying parameters are carefully controlled, CSAM offers advantages over traditional
methods like Selective Laser Melting (SLM) by generating lower residual stress levels.

In the CSAM of copper, residual stresses are generally compressive and beneficial,
with measured values around −40 to −50 MPa [35]. These stresses, primarily resulting
from peening effects rather than thermal mismatches, help prevent surface cracking and
distortion, contributing to improved dimensional stability compared to SLM, which often
induces tensile stresses. Spraying parameters, such as particle velocity and gas tempera-
ture, allow for control over residual stress levels, making CSAM a favorable method for
producing durable, crack-resistant copper components with minimal distortion.

Further studies have explored the behavior of residual stress in different materials
under CSAM. V. Luzin [36] investigated the residual stress and thermo-mechanical prop-
erties of cold spray coatings of Cu and Al. Using neutron diffraction, Luzin showed that
stress accumulation in these coatings is primarily driven by kinetic effects rather than
thermal ones. Cu coatings exhibited higher residual stress due to greater plastic deforma-
tion during particle impact, resulting in superior compaction and mechanical properties
closer to bulk material characteristics compared to Al coatings. These findings provide a
robust framework for understanding residual stress behavior across various materials and
spraying conditions.

M. Saleh [37] employed numerical simulations to analyze the deposition of Al-6061-T6
particles, focusing on both single and multi-particle impacts. The study highlighted that
residual stress profiles result from a balance between dynamic strengthening, thermal
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softening, and kinetic shot peening effects, with kinetic effects dominating. Importantly,
localized adiabatic heating at particle peripheries caused severe plastic deformation and
melting, enhancing adhesion and the overall deposition mechanism.

Similarly, N.B. Maledi et al. [38] studied the influence of cold spray parameters on the
microstructure and residual stresses of Zn coatings on mild steel. Their findings showed
that high temperatures and pressures provide the necessary kinetic energy for mechanical
bonding, which is evident in particle plastic deformation and flattening. Optimal parame-
ters were identified as 525 ◦C, 8 bars, and a 15 mm stand-off distance, which yielded high
hardness and low residual stresses. Increasing temperature and pressure reduced residual
stress, while shorter stand-off distances further minimized them. However, excessive
temperatures softened the material after an initial hardness increase, and higher pressures
had minimal impact on micro-hardness. Residual stress for the mild steel substrate was
measured at 0.5 ± 1.6 MPa under these optimal conditions.

These studies collectively demonstrate that controlling residual stress in CSAM
through careful selection of spraying parameters and understanding material-specific
behaviors is essential for producing high-performance components. The dominance of
kinetic effects, as validated through experimental and numerical approaches, underscores
the unique advantages of CSAM in minimizing residual stresses compared to traditional
additive manufacturing methods.

5.1. Development of Residual Stresses

The plastic deformation during particle impact generates residual stress within the
coating, which can enhance certain mechanical properties. Compressive stress, which
is commonly found in CSAM, improve fatigue resistance and limit crack propagation,
increasing the overall durability of the coating. However, tensile stress may develop in
certain regions, which can reduce the coating’s long-term stability if not properly managed.
Several key theories have been proposed regarding the deformation sequences and bonding
mechanisms involved in the Cold Spray technique [14,21,37,39]. The primary theories focus
on the interface temperature and the significant adiabatic instabilities that arise during
the plastic deformation of both particles and the substrate. Other theories suggest that
successful bonding is only achievable if a critical velocity is attained, which determines
both the contact area and contact time.

Tsui and Clyne progressive deposition models are one of the most popular models
used in the cold spray process which provides quantitative framework for understanding
residual stress development during the deposition of coatings, particularly in processes like
cold spraying [40]. This model considers that residual stresses accumulate incrementally
as successive layers are deposited, with a strong emphasis on the interaction between
the substrate, the deposited layers, and the process conditions. It distinguishes between
thermal effects, such as cooling-induced thermal contraction, and kinetic effects, primarily
caused by the high-velocity impact of particles. In cold spray processes, kinetic effects
dominate due to the significant plastic deformation (peening) of the particles upon impact.

The model mathematically describes the residual stress accumulation as follows:

σr = f (σk, σt, E, ϑ, H, Y) (7)

where residual stress σk stress from kinetic effects (particle impact), σt is stress from thermal
effects (thermal contraction or expansion), E is Young’s modulus of the material, ϑ is
Poisson’s ratio, H is hardness of the material, Y is yield strength of the material. A summary
of the previous work on residual stress has been presented in Table 3.
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Table 3. Summarized previous work on residual stress.

Author Title Findings Reference

V. Luzin et al. Residual stress buildup in Ti
components produced by cold spray
additive manufacturing

Residual stress in coatings primarily
driven by kinetic effects rather than
thermal ones.

[36]

M. Saleh et al. Analysis of residual stress and
bonding mechanism in the cold
spray technique using experimental
and numerical methods

Residual stress profiles result from
dynamic strengthening, thermal
softening, and kinetic shot peening
effects.

[37]

N.B. Maledi et al. Influence of cold spray parameters
on the microstructure and residual
stresses of Zn coatings on mild steel

Optimal parameters identified for
reducing residual stress in Zn
coatings on mild steel.

[38]

5.2. Residual Stress Mitigation Techniques

Managing residual stress is crucial for ensuring the structural integrity and perfor-
mance of components produced through cold spray additive manufacturing (CSAM).
Excessive residual stresses can lead to issues such as distortion, delamination, or cracking,
particularly in components exposed to cyclic loading. To address these challenges, several
mitigation techniques have been developed, including post-spray annealing, laser peening,
and optimized deposition strategies.

Post-spray annealing involves heating the coated component to a temperature below
the melting point of the substrate and coating material. This process allows the redistribu-
tion of stress by promoting atomic diffusion and relieving localized stress concentrations.
Annealing is particularly effective in reducing tensile residual stress, which is undesirable
in most applications. Studies have shown that annealing can also improve microstruc-
tural cohesion between the substrate and the coating, further enhancing the mechanical
properties and fatigue resistance of CSAM parts.

C.J. Huang studied post-spray modification of cold-sprayed Ni–Ti coatings by high-
temperature vacuum annealing and friction stir processing [41]. This study explored
two post-treatments, heat treatment in a vacuum atmosphere (HTVA) and friction stir
processing (FSP), for synthesizing intermetallic compounds in cold-sprayed Ni–Ti coatings.
While HTVA can create uniform intermetallic phases under controlled conditions, FSP
demonstrated superior capability by significantly improving the microstructure, mechanical
properties, and wear resistance of the coating. FSP enhanced the coating’s microhardness
(1003.5 ± 65.9 HV0.1, approximately 4.5 times higher than the as-sprayed coating) and
wear resistance (improved by ~2 times). The findings highlight FSP as a highly effective
method for modifying metal-metal composite coatings and synthesizing dense intermetallic
compounds, outperforming HTVA in this application.

5.2.1. Laser Peening

Laser peening is another effective technique for residual stress mitigation in CSAM.
This method involves directing high-energy laser pulses onto the surface of the component,
inducing compressive stresses that counteract existing tensile residual stresses. Figure 3
illustrates the process of laser pinning. The process improves the surface hardness and
fatigue life of the component, making it particularly beneficial for parts subjected to cyclic
loading. Unlike traditional mechanical peening, laser peening offers more precise control
over the depth and distribution of compressive stresses. It has been extensively utilized
more recently in aircraft structures and nuclear-spent fuel storage canisters, as well as to
extend the wear life of jet engine fans and compressor blades [42]. N. Maharajan reported
the use of laser shock peening for post-processing of the cold-sprayed Ti6Al4V coating.
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The study concluded that in comparison to the as-sprayed condition, LSP on heat-treated
Ti6Al4V coating increases bond strength by more than 2.2 times [43].
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5.2.2. Optimized Deposition Parameters

Controlling deposition parameters during the cold spray process itself is another
strategy to mitigate residual stress. Parameters such as particle velocity, gas temperature,
and stand-off distance can significantly influence the residual stress profile in the coating.
Careful parameter optimization reduces the need for extensive post-spray treatments and
ensures that the residual stress profile is inherently favorable. For instance, G. Benenati
developed a deposition strategy for reduction in residual stress by using cold spray for an
additive manufacturing process [45]. This technique involves depositing layers one after
the other perpendicularly, that is, with a 90◦ relative orientation between successive layers.
It can achieve maximum equivalent stress up to 32% lower than a 0◦ relative orientation
angle for depositions of copper and aluminum.

5.2.3. Heat Treatment

Heat treatment significantly helps in the reduction of residual stress. For instance,
heat treatment at 800 ◦C reduced residual stress in cold-sprayed Inconel 625 and Inconel
718 coatings (with aluminum as the substrate) by minimizing porosities and enabling stress
relaxation through the cancelation of opposing stresses [46]. An aluminum substrate was
used in both cases. This process improved the mechanical performance of the coatings,
as evidenced by the absence of cracks in heat-treated samples during micro indentation
testing. In a study conducted by J.W. Murray et al., heat treatment significantly impacts cold-
sprayed C355 Al by reducing porosity and residual stress [47]. It decreased porosity levels
with increasing temperature, achieving up to 90% reduction at 225 ◦C, which improves
particle–particle bonding through diffusion. Additionally, heat treatment reduces the com-
pressive residual stress magnitude by half across the coating thickness, alleviating excessive
stress that could cause adhesive or cohesive failures while retaining enough compressive
stress to potentially improve fatigue life. These changes contribute to improved mechanical
integrity and durability of the coatings. M.R. Rokni et al. studied the microstructure and
mechanical properties of cold-sprayed 6061 Al in as sprayed and heat-treated conditions.
Figure 4a shows the as-deposited (AD) microstructure of cold-sprayed 6061 aluminum,
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characterized by moderate dislocation density and multiple low-angle grain boundaries
due to severe plastic deformation. In contrast, Figure 4b illustrates the stress-relieved
(SR) condition, where well-defined ultrafine grains form with reduced dislocation density,
indicating partial recovery through thermal annealing. Summary of previous work on
residual stress mitigation techniques have been presented in Table 4.
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Table 4. Summarized previous work on residual stress mitigation technique.

Author Title Findings Reference

C.J. Huang et al. Post-spray modification of cold-sprayed
Ni-Ti coatings by high-temperature
vacuum annealing and friction stir
processing

Friction stir processing significantly
improved coating microstructure and
wear resistance.

[41]

N. Maharajan et al. Post-processing of cold-sprayed Ti6Al4V
coating by laser shock peening

Laser peening increased bond strength
by more than 2.2 times compared to
untreated samples.

[43]

G. Benenati et al. Deposition strategy in cold spray for
additive manufacturing to minimize
residual stresses

Layer deposition at 90 Â◦ relative
orientations reduced equivalent stress
by up to 32%.

[45]

J.W. Murray et al. Heat treatment of cold-sprayed C355 Al
for repair: microstructure and
mechanical properties

Heat treatment at 800 Â◦C significantly
reduced residual stress and improved
mechanical properties.

[47]

6. Dynamic Recrystallization and In Situ Grain Refinement
The high strain rates inherent to CSAM result in substantial dislocation multiplication

within the deposited material, a process that significantly contributes to work hardening
and enhances the mechanical properties. Cold-spray coatings exhibit heterogeneous mi-
crostructures resulting from in situ grain refinement at inter-particle and particle–substrate
interfaces, driven by dynamic recrystallization [48]. TEM analysis of Inconel 625 superalloy
coatings (with 4130 steel as the substrate) has confirmed the heterogeneous nature of spat
boundaries [49]. In a study by J. Wei, cold-sprayed Cu-10wt.%Ni (CuNi), Cu-10 wt.%Sn
(CuSn), and Cu-7wt.%Ni-2wt.%Si-0.9wt.%Cr (HS Cu) coatings have been found to exhibit
heterogeneous microstructures. It consists of fine grains at heavily deformed particle–
particle interfaces [50]. These interfacial regions exhibit higher hardness in contrast to the
particle interiors, which receive much less plastic deformation and work hardening. Further
supporting this heterogeneity, severe deformation, and high defect densities prohibited
indexing in CuSn and HS Cu during EBSD characterization. The mechanical properties
and hard distribution are considerably affected by this micro-structural diversity within
the coatings.
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Material-specific studies on coatings with Ta [51], Al [33,52–55], Ti [56–59], Ni [60,61],
and Cu [51,62–65] all show that under optimum conditions, small particle sizes and in-
creased temperature give nanocrystalline coatings with significantly better mechanical
properties. Mechanistically, this occurs either via the process of discontinuous dynamic
recrystallization, as observed for grain boundary migration, or continuous dynamic recrys-
tallization, which occurs with sub-grain rotation. These mechanisms give rise to ultra-fine
equiaxed grains with high-angle boundaries and directional ribbon-like sub-grains near
the interfaces, together with heavily deformed grains with dense dislocation walls. The
refinement of grains depends much on deposition conditions, including particle veloc-
ity, temperature, and plastic deformation. Higher particle velocities and increased gas
temperatures promote finer grain sizes, even down to several tens of nanometers, as re-
ported in nanosized coatings with microstructures such as titanium and copper. This
is responsible for heterogeneous mechanical property, including much higher hardness
at particle interfaces than their interiors found by nanoindentation tests. Q. Wang et al.
developed a new material model to predict the extreme deformation and grain refine-
ment during cold spraying [66]. It was found that material deformation is dominated
by ultra-high strain rate hardening, whereas jetting is controlled by thermal softening,
and grain refinement primarily occurs at the microparticle–substrate interface because of
dynamic recrystallization.

Dynamic recrystallization is both temperature- and deformation-dependent. If the
spray particles are not preheated, severe plastic deformation, as well as noticeable tempera-
ture increment, only locates along the inter-particle boundaries. With the increasing initial
particle temperature, the so-called thermal softening effect is gradually enhanced [57,58,67].
The proportion of high temperature (N0.4–0.5 Tm) and severe plastic deformed region
in a particle increases. Therefore, with higher particle velocity and gas temperature, en-
hanced grain refinement can be achieved [57,58]. Summary of previous work on dynamic
recrystallization has been presented in Table 5.

Table 5. Summarized previous work on dynamic recrystallization.

Author Title Findings Reference

J. Wei Cold spray deposition and
microstructure characterization of
CuNi, CuSn, and CuNiSiCr coatings

Interfacial regions in coatings exhibit
fine grains and higher hardness
compared to particle interiors.

[50]

Q. Wang et al. Development of a material model for
predicting extreme deformation and
grain refinement during cold spraying

Material deformation is dominated
by ultra-high strain rate hardening,
while jetting is controlled by thermal
softening.

[66]

7. Stabilizing Metastable Microstructures Through Post-Spray Heat
Treatment

The most widely used method for microstructural stabilization and mechanical prop-
erty improvement in CSAM coatings is post-spray annealing. Heat treatments allow the
metastable phases to transform into stable configurations, thus optimizing the mechanical
performance of the coatings. Other properties improved by post-spray annealing include
toughness, porosity reduction, and fatigue resistance. Annealed CSAM coatings reportedly
show better resistance to crack appearance and are thus suitable for applications involving
high stress.

P. Vo et al. discussed the mechanical and microstructural characterization of cold-
sprayed Ti-6Al-4V after heat treatment [68]. Their results showed that heat treatment
enhanced the inter-particle bonding and tensile strength, especially for helium-sprayed
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coatings annealed at 600 ◦C, which reached a tensile strength close to 85% of the
bulk material.

W. Sun et al. investigated the improvement in microstructure and mechanical prop-
erties of cold-sprayed Inconel 718 coatings after heat treatment with eddy currents [69].
The improvement was associated with reduced dislocation density and an increase in mass
transport between splats. As can be clearly observed from the SEM micrographs shown in
Figure 5, the particles are better bonded after heat treatment.
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Figure 5. SEM micrographs illustrate the surface morphologies of cold-sprayed IN718 coatings:
(a,b) as-sprayed, (c,d) furnace heat-treated, and (e,f) induction heat-treated. The circled regions in
(b,d,f) highlight the separated and bonded particles within the coatings, adapted from Ref. [69].

In another study, B.A. Mangour investigated the effects of heat treatment on the
microstructure and mechanical properties of cold-sprayed stainless steel 316 L coatings
produced using N2 and He as propellant gasses Figure 6 [70]. For N2-sprayed coatings,
tensile strength and elongation at fracture were initially low 113 ± 5 MPa and 1.3 ± 0.1%,
respectively, in the as-sprayed condition. Nevertheless, a remarkable improvement was
noted after annealing at 1000 ◦C (571 ± 50 MPa; 14.2 ± 1.1%). Strength decreased at
1100 ◦C (433 ± 39 MPa) due to grain coarsening. In contrast, He-sprayed coatings showed
twice the tensile strength of N2-sprayed coatings in the as-sprayed condition but lower
strength and ductility after annealing, probably due to inter-connected defects. The tensile
strength and ductility were significantly higher for the bulk samples, at 1048 ± 6 MPa and
91 ± 11%, respectively, thus underlining the gap between the properties of bulk material
and cold-sprayed coatings.
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at 1100 ◦C, adapted from Ref. [70].

8. Summary and Outlook
This review provides an in-depth analysis of the material dynamics governing CSAM,

focusing on bonding mechanisms, residual stress development, phase transformations, and
microstructural evolution. It is found that high-velocity particle impacts enable solid-state
bonding, driven by adiabatic shear instabilities and severe plastic deformation. Particle-to-
substrate and particle-to-particle interaction active bonding mechanisms play a determining
role in coating integrity and mechanical properties.

The review further emphasizes the creation of metastable microstructures, including
grain refinement and phase transformation due to extreme strain rates. Residual stress evo-
lution, basically compressive, improves fatigue resistance; poor selection of parameters can
generate unwanted tensile stresses, for which mitigation techniques have been developed,
like post-spray heat treatment and laser peening. Numerical modeling techniques, such as
finite element analysis and molecular dynamics simulations, have been very effective in
predicting particle impact behavior, strain localization, and temperature evolution.

It proceeds to a more detailed approach in the selection of materials in saying, “ductile
metals (FCC structures) can achieve a superior bonding with minimal porosity whereas
BCC and HCP metals have been challenged due to few slip systems. Substrate properties
such as roughness and mismatch of the coefficient of thermal expansion are found very
critical towards determining coating adhesion and mechanical performance”. In addition,
nozzle design and some process parameters like particle velocity, gas temperature, and
standoff distance showed a great influence on deposition efficiency and coating quality.

While CSAM has demonstrated significant advantages in aerospace, biomedical, and
industrial applications, challenges remain in fully optimizing the process for diverse
materials and geometries. The following areas require further research and development:

1. Material Behavior at Extreme Strain Rates: Process modeling is bound to suffer from
inaccuracies due to the absence of a valid material database on deformation at high
strain rates of up to 109 s−1. Further studies should be performed to measure and
characterize material responses under CSAM conditions.

2. Residual Stress Management: While compressive stress is generally beneficial, tensile
stress formation due to thermal mismatch can lead to coating delamination. Advanced
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stress-relief strategies, such as in situ laser peening or cryogenic cooling, should be
investigated to mitigate these effects.

3. Nozzle and Powder Morphology Optimization: Increased nozzle expansion ratios
and optimized powder size distributions further enhance particle velocity, uniformity,
and bonding efficiency. Future work may consider adaptive nozzle geometries as well
as hybrid gas mixing for optimization of acceleration.

4. Multi-Material and Functionally Graded Structures: The capabilities of CSAM in
the fabrication of gradient materials and multi-layered coatings remain largely un-
explored. The research should be directed toward process adaptation for dissimilar
material deposition, especially for aerospace and biomedical implants.

5. Integration of Post-Processing Techniques: While some successes regarding the me-
chanical properties of coatings have been obtained through post-spray annealing and
sintering, hybrid approaches-mechanical cold spray combined with HIP or FSP-may
give further enhancements in material integrity.

6. Advanced In Situ Monitoring and AI Optimization: Real-time thermo-mechanical
monitoring may be the path to enhancing deposition consistency. Future research
needs to combine high-speed imaging, infrared thermography, and machine learning
models to dynamically fine-tune process parameters.
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